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Preface 

This thesis has been submitted to the Department of Materials Science and Engineering, 

Faculty of Natural Sciences, Norwegian University of Science and Technology (NTNU) in 

partial fulfilment for the degree of Philosophiae Doctor (PhD). This thesis contains the results 

of the research carried out at the Department of Materials Science and Engineering at the 

Norwegian University of Science and Technology (NTNU) from 2015 to 2018. The presented 

research was performed under supervision of Geir Martin Haarberg (Professor, NTNU) as main 

supervisor, and Signe Kjelstrup (Professor, NTNU) and Asbjørn Solheim (Senior Scientist, 

SINTEF) as co-supervisors. This work was funded by the Research Council of Norway as a 

part of the research project “Sustainable and Energy Efficient Electrochemical Production and 

Refining of Metals (SUPREME)” project no. 228296 under ENERGIX program. This project 

was also supported by the industrial partners Hydro Aluminium, Boliden, Glencore, and 

Permascand. 

The thesis is written as a collection of papers, with some already published and others are 

intended for publication at a later stage. But all the work has been presented at various 

international conferences and at meetings where industry partners attended. The list of co-

authors contributed to the work has been mentioned in all the individual papers in Chapter 3. 

All the experimental work was conducted by me, except the Laser Flash Analysis (LFA) 

included in paper 3 (Chapter 3.3). The LFA analysis was performed by Anne Støre (Research 

Engineer, SINTEF). All the writings and data processing have been performed by myself. The 

co-authors have contributed by regular scientific discussions and provided input and strong 

comments to improve the manuscripts. 

 

    Trondheim, 3rd October 2018 

Sathiyaraj Kandhasamy 
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Summary 

Industrial processes for the production of metals and alloys by metallurgical and 

electrochemical methods generate a lot of waste heat due to irreversible losses. This waste heat 

could be used as a power source to produce electricity. An inexpensive molten carbonate 

electrolyte based thermocell demonstrated the possibility to use this waste heat as a power 

source. A thermocell is an electrochemical cell with two symmetrical electrodes placed in an 

electrolyte solution, but a difference in temperature is established between the electrodes. The 

temperature difference creates a potential difference between the electrodes by ion migration 

in the electrolyte, and electrical energy may be generated. The ion-conducting molten 

carbonate electrolyte with two symmetrical gas (CO2|O2) electrodes in the thermocell delivers 

a high Seebeck coefficient (~ 1 mV/K). It shows the advantage to harvest industrial waste heat 

at high temperatures and utilize the available CO2 rich off-gases from metal producing 

industries. In this thesis, the molten carbonate thermocell components were further optimized 

to enhance the Seebeck coefficient and power conversion efficiency, which was not studied 

systematically before.  

First, the flow rate of the gas supply to the electrodes and content of solid oxide in the molten 

electrolyte mixture were optimized. The dispersion of solid oxide in the molten carbonate was 

found to reduce the heat flux and enhance the conditions for thermoelectric conversion. The 

change in Seebeck coefficient was reported for various ratios of eutectic (Li,Na)2CO3 and 

dispersed solid oxide MgO and for varying gas (CO2|O2) flow rates to the electrode/electrolyte 

interfaces.  

The surface charge of the dispersed solid oxide plays a crucial role in thermocell behavior. So, 

the change in electrical and thermal conductivities of the electrolyte mixtures dispersed with a 

different surface area of MgO were measured. AC impedance spectroscopy technique was used 

to measure the electrical conductivity (σ) of the electrolyte mixture at 550 °C by constructing 

a conductivity cell with capillary electrodes. A simple heat flux DSC was used to measure the 

thermal conductivity (λ) of molten electrolyte with solid oxide mixture for the first time. The 

determined thermal and electrical conductivities and thermocell Seebeck coefficient were used 

to estimate the figure of merit. The electrolyte mixture dispersion with a larger surface area of 

solid MgO provides a better (σ/λ) ratio and enhanced figure of merit (ZT) of 1.1. The ZT was 

comparable to the semiconductor thermoelectric materials.  



The thermocell performance was also investigated with various selected solid oxides dispersed 

in the electrolyte mixture. The thermal and chemical stability of the dispersed solid oxides and 

the electrolyte mixtures were systematically analyzed. The solid oxides of Al2O3 and LiAlO2 

showed a significant chemical reactivity to the carbonate melt compared to MgO and CeO2, 

and subsequent changes on the thermocell Seebeck coefficient was experienced. The 

electrolyte containing the MgO and LiAlO2 gave a Seebeck coefficient of -1.8 mV/K at Soret 

equilibrium (after 100 h), which are -1.6 (MgO) and -0.9 (LiAlO2) mV/K at initial time. Thus, 

the solid MgO with larger surface area offered the better conditions for the thermoelectric 

conversion and high chemical stability.  

The thermo-physical and physicochemical properties of the electrolyte mixture may be tuned 

to reduce the liquidus temperature to ~ 400 °C in order to operate the molten carbonate 

thermocells below 500 °C (liquidus temperature of (Li,Na)2CO3). The multi-component 

(ternary and quaternary) carbonates mixtures were studied to achieve a low liquidus 

temperature, by mixing the molten (K and Ca) carbonate and LiF additives into binary 

(Li,Na)2CO3. Still, the Seebeck coefficient of the thermocells remains larger (-1.5 mV/K) for 

the multi-component carbonates electrolyte mixture. 

In the above mentioned preliminary experiments, a metallic gold was used as the current 

collector for the gas (CO2|O2) electrodes to avoid the formation of interference oxide layers 

during operation. Finally, for further reduction in energy generation cost, an inexpensive and 

stable alternative metal current collector was identified to replace the gold. The present 

compositions of the electrolyte mixture and electrode gas of the thermocell were analogous to 

the cathode side half-cell of the molten carbonate fuel cell (MCFC). So, in this study the 

suitability of the MCFC’s nickel-based cathodes to operate the molten carbonate thermocell 

was investigated. Thus, in this thesis a thermocell with non-critical and inexpensive molten 

carbonate-based electrolyte mixtures with reversible (CO2|O2) gas electrodes was demonstrated 

to recover the high temperature (> 400 °C) waste heat to produce electricity.  
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Chapter 1 Introduction  

The constant increase in global requirement of electrical energy, demands to use all the 

renewable energy sources for electricity generation. The abundant availability of the waste heat 

in the environment may have a significant effect on the global warming. However, this heat 

can be used in thermoelectric conversion to produce power. The thermoelectric conversion is 

known since the discovery of Seebeck effect in 1821 [1]. A thermal regenerative system 

arranged with two identical electrodes at different temperatures in an electrolyte solution could 

facilitate this purpose, is called as thermogalvanic / thermocell / thermo-electrochemical / non-

isothermal cells.  

1.1 Thermocell 

 

Figure 1.1.1 (Top) Schematic representation of thermocell and (bottom) five subsystems of 

thermocell and the notation used for transport properties. 
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A thermocell is identical to an electrochemical cell, where two symmetrical electrodes are 

maintained at different temperatures but placed in the same electrolyte solution (Figure 1.1.1). 

General representation of the thermocell is Electrode(T)|Electrolyte|Electrode(T + ΔT), 

where (T) is the average cell temperature and (ΔT) the temperature difference between the 

electrodes [2, 3]. The temperature difference between the electrodes set up an ionic diffusion 

in the electrolyte to create a concentration gradient, which leads to a potential difference 

between the electrodes and is called thermoelectric potential (∆φ) [4]. Upon the establishment 

of the temperature difference the diffusion of the ions available near to the hot electrode is 

spontaneous, this immediate potential difference is an initial state thermoelectric potential. 

However, the ions located away from the hot electrode will respond slowly and take a long 

time to attain the steady state concentration gradient in the homogeneous electrolyte [4, 5]. The 

ionic inter-diffusion to reach the steady concentration gradient (no flux of matter then) in the 

electrolyte is Soret effect [6]. The steady state is called as Soret equilibrium. The steady state 

thermoelectric potential will differ from the initial state potential. 

The measured thermoelectric potential (equation 1.1) is the sum of the potential contributed by 

all the five subsystems (Figure 1.1.1) of the thermocell. 

αS = (
∆φ

∆T
) =  (

∆aφ+ ∆cφ

∆T
) +  (

∆a,eφ+ ∆e,cφ

∆T
) + (

∆eφ

∆T
)  (1.1) 

This can be classified as follows. The potential difference due to the ionic diffusion in the 

homogeneous electrolyte is the homogeneous thermoelectric potential. This homogeneous 

thermoelectric potential depends on the charge carrier concentration. The potential difference 

due to the electrode reactions at the electrolyte interface is the heterogeneous thermoelectric 

potential [2, 3]. The measured potential difference and the respective temperature gradient 

gives the thermocell Seebeck coefficient (
∆φ

∆T
) [7, 8]. The thermocell Seebeck coefficients 

mainly depend on the transported entropy of the charge carriers. The thermoelectric potential 

usually has the sign of the hot electrode. A negative Seebeck coefficient means the hot electrode 

is negative concerning the cold electrodes [9, 10]. 

1.2 Importance of molten salt thermocell 

Initially, these thermal regenerative thermocells are established with the liquid electrolytes. 

The electrolyte selection depends on the compatibility of the electrically active and thermally 

stable temperature window to the temperature range of the heat source. Categorized merely as 

an aqueous and organic electrolyte for low temperature (< 100 °C), ionic liquids for 

intermediate temperature (100 - 200 °C) and molten salts (fused salts) for higher temperature 

ranges [2, 4, 11-13]. In 1950’s, the thermoelectric generator with solid semiconductor materials 

attained much attraction due to the difficulty in devising the liquid electrolyte thermocells, 

particularly at high temperatures. Also, the figure of merit and power output of the 
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semiconductor thermoelectric generators is comparatively higher than for the liquid electrolyte 

thermocells. However, the thermal stability, materials cost and safety of the semiconductor 

thermoelectric generators at high temperature are still challenging. Meanwhile the 

development of high temperature devices like fuel cells, thermal energy storage, and thermal 

battery with molten salts provides a suitable material design and engineering for the liquid 

electrolyte thermocells at high temperature. The power output determines the energy efficiency 

of any power source than the dimensionless figure of merit. The power output can be amplified 

by series stacking of cells, even the molten salt thermocells will remain cheaper and safer than 

the semiconductor thermoelectric generators. These advantages increased the interest to 

investigate the high temperature molten salt thermocells over the past few decades [2, 4, 11, 

12].  

1.3 Molten salt thermocells – A literature review 

Reviews in the field of molten salt thermocells were reported long ago, before 1972. Mostly 

they summarized the thermocells reported with single pure molten salt electrolyte [3, 7-10, 14-

19]. Whereas, the recent developments are well far from the beginning, the Seebeck 

coefficients are increased a lot. In this chapter, it is planned to summarize the existing literature, 

considering the single molten salt and expand to molten salt composite electrolyte thermocells. 

However, this review is limited to the molten salt electrolyte thermocells reported in the molten 

phase, i.e., operated above the melting temperature of the molten salt electrolyte. For effective 

representation the available results are digitized as new comparative figures and tabulated by 

numerical values. Digitizing may slightly affect the accuracy of the original data. 

1.3.1 Materials selection for molten salt thermocells 

The basic operation of thermocell illustrates that the stable temperature difference and constant 

flow of ions between the electrodes can deliver a continuous and sizeable thermocell potential. 

It defines the requirement of the thermocell electrolytes to exhibit a low thermal conductivity 

with high ionic conductivity. These requirements complement the consideration of using the 

molten salts as an electrolyte in thermocells. The molten salts show an increase in ionic 

mobility and reduction in thermal conductivity on increasing temperature beyond the melting 

point. In semiconductor thermoelectric materials, the transport mechanism of heat and charge 

carriers is coupled directly. The diffusion of electrons through the lattice supports both the 

electrical and thermal conduction which leads to reduced thermoelectric power. However, the 

molten salts have a different transport mechanism; the electrical conduction is due to physical 

transport of ionic charge carriers, and the thermal conduction is due to the drift of particles 

from high to low energy region [3, 9]. The molten salts also offer wide temperature window 

between the melting and decomposition point with excellent chemical stability. The ready 
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availability of a wide variety of molten salts with different melting temperature makes the 

thermocell operation possible at any temperature by the right choice of electrolyte. The molten 

salt electrolyte reacts fast with the electrode material of the same ion as in the melt, which 

simplifies the identification of a suitable electrode [10, 17].  

1.3.2 Electrolytes for molten salt thermocell 

Electrolytes with single pure molten salts: 

The molten halides (MX) are extensively investigated as thermocell electrolytes, where M is 

the metal cation and X is the halogen anion (F, Cl, Br, I), but the experimental difficulties have 

limited investigations with the corrosive fluorides. Thermocell Seebeck coefficient of various 

single molten salt electrolytes is grouped by the electrodes nature (Table 1.3.1 solid metal and 

Table 1.3.2 gas electrodes).  

 

Table 1.3.1 Seebeck coefficient of thermocells with various single molten salt electrolytes and metal 

electrodes.  

(T)M|MX|M(T + ΔT) 

Electrode 

M 

Electrolyte 

MX 

Electrolyte 

Melting Point 

(°C) 

Thermocell Average 

Temperature 

(°C) 

Seebeck 

Coefficient 

(mV/K) 

References 

Ag 

AgF 435 435-550 -0.38 [18] 

AgCl 605 500-900 -0.375 [10, 20] 

AgBr 432 700 -0.434 [21] 

AgI 558 727 -0.481 [22] 

Ag2SO4 652 657 -0.31 [23] 

AgNO3 212 307 -0.344 [9] 

Cu 

CuCl 426 495-580 -0.434 [24] 

CuBr 492 801 -0.494 [25] 

CuI 606 727 -0.499 [22] 

The general representation of thermocells with metal electrodes is (T)M|MX|M(T + ΔT), 

identical metal electrodes (M) same as the cation (M) in the electrolyte (MX). In metal 

electrodes thermocell the cationic diffusion from the hot to the cold electrode is predominant 

than the anions in the opposite direction [2, 14, 19]. Since the cations are the predominant 

charge carrier, this thermocell potential is termed as cationic thermoelectric potential [2]. The 

continuous operation will lead to the removal of the metal ions from the hot electrode and 

transport through the electrolyte to grow as dendrite on the cold electrode surface.  

The theoretical expression of Seebeck coefficient of the metal electrodes thermocell is: 
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αS = (
∆φ

∆T
)

𝑀
=  (𝑆𝑀

∗ + 𝑆𝑋−
∗ ) − (𝑆𝑀𝑋

 − 𝑆𝑀
 ) =  𝑆𝑀

 + 𝑆𝑀
∗ − 𝑆𝑀+

∗  (1.2) 

where (𝑆𝑀
 ) is the thermodynamical molar entropy of M in MX, (𝑆𝑀

∗ ) the entropy transported 

through the metal, and (𝑆𝑀+
∗ ) the entropy transported through the electrolyte. In a single molten 

salt system with identical valances of cations and anions the thermal flux is negligible due to 

the same concentration of oppositely charged ions [8]. Thus, the temperature gradient remains 

stable for a long time in the single molten salt electrolytes.  

However, the growth of dendrite on the cold electrode and loss of ions from the hot electrode 

leads to short circuit and cell breakdown. Cornwell [3] proposed that the corrosive effect can 

be overcome by reversing the hot and cold electrodes periodically. However, in reality, 

completely filling back of the removed material to the electrode surface at the electrolyte 

interface is not possible (defines the metal electrodes are stationary) [14]. In some cases, the 

melting point of the suitable metal electrode is lower than the melting point of the respective 

molten salt electrolyte, and this unstable electrode phase makes the experimental condition 

difficult for the thermocell operation.  

Gaseous electrode thermocells (X(T)|MX|X(T + ΔT)) are explored to overcome the above-

mentioned corrosive effect on the hot metal electrode. The gas electrode can be a non-stationary 

electrode, because of the gas flow continuously on metal current collector surface [14].  

 

Table 1.3.2 Seebeck coefficient of thermocells with various single molten salt electrolytes and gas 

electrodes.  

(T)X|MX|X(T + ΔT) 

Electrode 

X 

Electrolyte 

MX 

Electrolyte 

Melting Point (°C) 

Thermocell Average 

Temperature 

(°C) 

Seebeck 

Coefficient 

(mV/K) 

References 

Cl2|C 

LiCl 605 650,750 -0.534 [26] 

NaCl 801 850 -0.483 [26] 

KCl 770 800 -0.504 [26] 

RbCl 718 750 -0.544 [26] 

CsCl 645 700 -0.533 [26] 

AgCl 455 480, 580, 680 -0.667 [26] 

PbCl2 501 550 -0.587 [26] 

ZnCl2 290 347-580 -0.65 [18] 

Br2|C AgBr 432 480-670 -0.701 [18] 

I2|C AgI 558 600-700 -0.859 [15] 

Cl2|Pt 

AgCl 605 500-900 -0.664 [10] 

CdCl2 564 617-751 0.6 [27] 

PbCl2 501 529-594 0.349 [27] 

CdBr2 568 594-701 0.846 [27] 
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Usually, the electrode gas (X) will be similar to the anion (X) of the electrolyte (MX) for a 

favorable electrode reaction. The chlorine gas for chloride melts, oxygen for an oxide 

containing electrolyte and carbon dioxide for molten carbonate mixtures [10, 17]. The electrode 

gas gets ionized at one electrode and the resultant ion transported through the electrolyte to the 

opposite electrode where the reverse electrode reaction occurs. Here, anions diffusion 

contribute to the thermoelectric potential rather than the cations, so it is termed as an anionic 

thermoelectric potential [2].  

In Table 1.3.2, the gas electrodes show a larger Seebeck coefficient than the solid metal 

electrodes (Table 1.3.1). The entropy due to the gas to liquid phase transition of the electrode 

gas contribute to the large Seebeck coefficient [28]. 

The theoretical Seebeck coefficient expression for the gas electrode thermocell is: 

αS = (
∆φ

∆T
)

𝑋
=  (𝑆𝑀

∗ −  𝑆𝑀+
∗ ) − (𝑆𝑀𝑋

 −
1

2
𝑆𝑋2

 )  (1.3) 

where (𝑆𝑀
∗ ) is the entropy transported through the metal, (𝑆𝑀+

∗ ) the entropy transported through 

the electrolyte, (𝑆𝑀𝑋
 ) the molar entropy of salt MX and (𝑆𝑋2

 ) the molar entropy of X in MX.  

However, the gas flow from the low temperature external source creates an additional 

temperature difference between the electrodes surface. Then the lag in establishment of perfect 

three-phase boundary at the electrode-gas-electrolyte interface will affect the potential 

measurement [15]. The Seebeck coefficient is dependent on temperature, and it increases with 

the increase in thermocell operating temperature [26]. The significant change in the Seebeck 

coefficient with temperature is reported as least square equations for various single molten salt 

thermocells with identical solid or gas electrodes [15].  

 

Table 1.3.3 Calculated heat of transport for thermocell with chlorine gas electrodes [26].  

(T)Graphite|Cl2|MCl|Cl2|Graphite(T + ΔT) 

Electrolyte 

MCl 

Thermocell Average 

Temperature (°C) 

Seebeck 

Coefficient 

(mV/K) 

Transported 

Entropy of Cl 

Transported 

Entropy of 

M 

Heat of 

Transport 

LiCl 607 -0.534 79.4 60.8 0.7 ± 0.9 

NaCl 800 -0.483 88.1 82.6 -0.1 ± 0.9 

KCl 771 -0.504 85.5 91.1 2.3 ± 1.0 

RbCl 722 -0.544 80.8 104.6 6.1 ± 0.9 

CsCl 645 -0.533 80.3 108.0 5.1 ± 0.7 

AgCl 455 -0.667 63.2 102.8 9.4 ± 1.2 

PbCl2 498 -0.587 72.1 103.0 4.6 ± 2.4 

Fischer [26] extended the investigation to determine the heat of transfer in the single molten 

salt electrolyte, for the first time (Table 1.3.3). The experimental Seebeck coefficient (
∆φ

∆T
) is 
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used to calculate the transported entropy of the charge carrier (𝑆𝐶𝑙−
∗ ) by using equation (1.4) 

with the molar entropy (−
1

2
𝑆𝑋2

 ) of the ion.  

F (
∆φ

∆T
)

 
=  𝑆𝐶𝑙−

∗ (−
1

2
𝑆𝑋2

 ) −  𝑆𝑒
∗    (1.4) 

where F is the Faraday constant and 𝑆𝑒
∗ is the transported entropy of the electron in the metal 

current collector (usually negligible).  

 

Table 1.3.4 The transported entropy of ions in single molten salt electrolytes thermocells with both 

metal and gas electrode pairs. 

Electrode Electrolyte 

Thermocell 

Average 

Temperature 

(°C) 

Transported 

Entropy of M 

(cal/mole-deg) 

Transported 

Entropy of X 

(cal/mole-deg) 

Absolute molar 

entropy of MX 

(cal/mole-deg) 

References 

Ag AgCl 500 - 900 26.7 16.6 43.3 [10] 

Cl2|Pt AgCl 500 - 900 23.3 20 43.5 [10] 

Ag Ag2SO4 657 21.05 54.1 96.2 [23] 

Ag AgNO3 307 21.8 35.2 --- [29] 

The sum of the cations (𝑆𝑀+
∗ ) and anions (𝑆𝐶𝑙−

∗ ) transported entropy (Table 1.3.4) will be equal 

to the absolute molar entropy (𝑆𝑀𝑋) of the salt [10, 23]. So, the transported entropy (𝑆𝑀+
∗ ) of 

the cations in the electrolyte melt is estimated by the following expression,  

𝑆𝐶𝑙−
∗ = 𝑆𝑀𝑋 −  𝑆𝑀+

∗       (1.5) 

The partial molar entropy (𝑆𝐶𝑙−) of the anion is estimated with the correction factor of the mass 

ratio (
3

2
 𝑅 ln

𝑚+

𝑚−
). 

𝑆𝐶𝑙− =  
1

𝜈+1
 (𝑆𝑀𝑋 −  

3

2
 𝑅 ln

𝑚+

𝑚−
)    (1.6) 

𝑆𝐶𝑙−
∗ =

𝑞 
∗

𝑇
+ 𝑆𝐶𝑙−      (1.7) 

where 𝜈 =  𝑧+, the heat of transfer (𝑞 
∗) and the average temperature (𝑇) of the thermocell. By 

using equations (1.6 and 1.7), the equation (1.4) can be rewritten with the term for heat of 

transfer. 

F (
∆φ

∆T
)

 
=  

𝑞 
∗

𝑇
+  

1

𝜈+1
 (𝑆𝑀𝑋 −  

3

2
 𝑅 ln

𝑚+

𝑚−
) −

1

2
𝑆𝑋2

   (1.8) 

Table 1.3.3 shows the calculated heat of transport for different single molten salts with chlorine 

gas electrodes. The transported entropy of ions can be assumed to be same for different molten 

salts with similar molar entropies and ionic valency. For example, the charge carrier’s 
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transported entropy of the AgCl electrolyte (Cl2 electrodes) can be assumed for the thermocell 

with CuCl electrolyte (Cl2 electrodes) [10]. 

A formation cell M(T)|MX|X(T + ΔT), is a combination of the two of thermocells discussed 

above, i.e., with solid metal electrode on one side and gas electrode at the other side. The 

electrodes are not symmetrical to each other, then this could not be a thermocell, can simply 

called as chemical / isothermal cell.  

The Reinhold equation (1.9) relates these different cells to validate the accuracy of the Seebeck 

coefficient [10, 26]. 

(
Δφ

ΔT
)

X
−  (

Δφ

ΔT
)

M
=  (

Δφ

ΔT
)

Chem
− (

Δφ

ΔT
)

M−C
    (1.9) 

where the subscripts denote the cell type, (X) gas electrode thermocell, (M) metal electrode 

thermocell, (Chem) the chemical/formation cell and (M − C) the connector lead junction. The 

last term in the equation (1.9) is usually negligible.  

The accuracy of the Seebeck coefficient of the AgCl thermocells is determined by using the 

values from two different studies [10, 26] at the same temperature is identical with an 

acceptable range of error. Also, it is possible to estimate the Seebeck coefficient of the 

thermocell (metal electrode) if the values are known for the other two types of cells (gas 

electrode thermocell and chemical cell) [7, 10, 18, 24, 26]. 

Electrolytes with binary/ternary molten salt mixture: 

Seebeck coefficient of the thermocells reported with binary molten salt electrolyte mixtures is 

also categorized by the type of electrodes (Table 1.3.5 a - metal and b - gas electrodes) as in 

the previous section. The addition of the second salt reduces the melting point due to the change 

in lattice energy and the binary salt mixture shows a possible lowest melting point at the 

eutectic composition [30-32]. Thus, the binary electrolyte mixture permits to operate the 

thermocell at a low temperature than corresponding to the single salt electrolyte.  

As specified earlier, the thermal flux is negligible for the single molten salt electrolyte, but in 

the case of multi-component electrolyte mixture it is significant [2, 6, 30, 33]. So, the potential 

changes with time due to the Soret effect and differ from the initial time potential. The Seebeck 

coefficient of the binary electrolyte mixtures can be interrelated to the Soret effect along with 

various transport properties. Such as diffusion coefficient, heat transfer, transported entropy, 

and the ions transport number [6, 30, 33-35]. To make an explicit discussion, another sub-

grouping will be used such as binary electrolyte mixtures comprising (i) common anion with 

different cations, and (ii) common cation with different anions. 
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Table 1.3.5 Seebeck coefficient of thermocells with binary electrolyte mixtures (common anion and 

different cations)  

(a) Silver metal electrodes. (M1(T)|M1X − M2X|M1(T + ΔT)) 

Electrolyte 

(Ag,M2)X 

Seebeck Coefficient (mV/K) 
Thermocell 

Average 

Temperature (°C) 

References The mole fraction of AgX 

X M2 1 0.8 0.6 0.4 0.2 0.05 

Cl 

Li -0.397 -0.38 -0.372 -- -0.374 -0.4 800 [36] 

Na -0.397 -0.361 -- -0.354 -0.369  800 [36] 

K -0.397 -0.341 -- -0.331 -0.328 -0.414 800 [20] 

Rb -0.397 -0.333 -0.324 -- -0.324 -0.384 800 [36] 

Cs -0.397 -0.323 -0.316 -- -0.32 -0.355 800 [36] 

Br 

Li -0.434 -0.381 -0.362 -0.36 -0.335 -- 700 [21] 

Na -0.434 -0.366 -0.348 -0.357 -0.4 -- 700 [21] 

K -0.434 -0.366 -0.342 -0.34 -0.346 -- 700 [21] 

Rb -0.434 -0.365 -0.345 -0.33 -0.369 -0.477 700 [21] 

Cs -0.434 -0.362 -0.318 -0.306 -0.343 -0.444 700 [21] 

I 

Na -0.481 -0.435 -- -0.391 -0.41 -0.492 727 [22] 

K -0.481 -0.41 -- -0.355 -0.363 -0.451 727 [22] 

Rb -0.481 -0.431 -- -0.36 -0.37 -0.438 727 [22] 

Cs -0.481 -0.429 -- -0.356 -0.371 -0.44 727 [22] 

NO3 

Li -0.33 -0.344 -0.365 -- -0.458 -0.562 340 [37] 

Na -0.33 -0.333 -0.33 -- -0.36 -0.462 340 [37] 

K -0.332 -0.313 -0.276 -0.273 -- -0.349 360 [37] 

Rb -0.355 -0.378 -0.374 -0.37 -0.442 -- 340 [33] 

Cs -0.355 -0.373 -0.336 -0.34 -- -- 340 [33] 

SO4 Li -0.31 -- -0.361 -- -0.348 -- 590-750 [38] 

 

(b) Chlorine gas electrodes. (X(T)|M1X − M2X|X(T + ΔT)) 

Electrolyte 

(Pb,M)Cl2 

Seebeck Coefficient (mV/K) 
Thermocell Average 

Temperature 

(°C) 

References The mole fraction of PbCl2 

M 1 0.75 0.5 0.25 0 

Li -0.570 -0.540 -0.536 -0.500 -0.534 727 [39] 

Na -0.570 -0.540 -0.491 -0.480 -0.483 727 [39] 

K -0.570 -0.495 -0.450 -0.440 -0.504 727 [39] 

Cs -0.570 -0.530 -0.470 -0.470 -0.533 727 [39] 

The change in initial state Seebeck coefficient for different concentrations of AgCl in the 

electrolyte with other molten chlorides is shown in Figure 1.3.1. Here the electrolyte mixture 

contains common Cl- anion and different cations. The Seebeck coefficient of the pure AgCl 

electrolyte remains stable with increasing temperature. But the substitution of a second chloride 

salt (LiCl) into the AgCl electrolyte shifts the Seebeck coefficient to a positive value by 

increasing the temperature (Figure 1.3.1 a).  
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Figure 1.3.1 The change in the Seebeck coefficient of binary AgCl – LiCl electrolyte with Ag 

electrodes (a) function of temperature and (b) function of AgCl concentration at 800 ºC [36]. 

At the same time (Figure 1.3.1 b) the reduction in AgCl concentration shows a positive 

deviation at the concentrations close to pure AgCl. Then, it follows a constant plateau at the 

equimolar regain and shows a negative deviate at the low AgCl concentrations. The less 

reactivity of Ag metal electrodes in a molten salt with an almost negligible concentration of 

AgCl (< 0.005 AgCl) limits the experimental possibility. The authors have extrapolated the 

(a) 

(b) 
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Seebeck coefficient for this region [36], but difficulties in digitization limits to produce the 

data here. The profile is also identical for the other similar electrolyte mixtures ((M1 − M2)X) 

in Table 1.3.5 a. Like the Ag electrodes in AgCl electrolyte mixture, less feasibility of the Cu 

metal electrode in electrolyte mixtures with low Cu+ concentration is also reported [22]. 

However, the Seebeck coefficient changing trend differs for the binary electrolyte mixture with 

a common divalent anion (NO3, SO4) and different monovalent cations (Table 1.3.5 a) [6, 33, 

35, 37, 38, 40]. 

The Seebeck coefficient changing trend due to the different cation concentration in electrolyte 

mixtures with the chlorine gas electrodes is identical to the trend observed with solid metal 

electrodes in similar electrolyte composition (Table 1.3.5 b) [39]. The change in anion-cation 

lattice chemical energy and the electrode reactivity influence the transported entropy. The 

Seebeck coefficient of binary electrolyte mixtures with the gas electrodes is larger than the 

metal electrodes, as observed for the single molten salt electrolyte thermocells. Also, the less 

practical feasibility of the metal electrode in electrolyte mixture with the low concentration of 

the corresponding cation may be resolved by using the gas electrodes. Since the gas electrodes 

reaction dependent on the anions in the electrolyte, so the thermocell measurement is possible 

for the entire concentration range (Table 1.3.5 b). Even though, substitution of different cations 

in the electrolyte will not affect the gas electrode reaction. But the Seebeck coefficient gets 

altered by the change in anionic diffusion due to the difference in anion-cation lattice energy.  

Pezzati et al. [20-22, 36, 39] showed the possibilities to determine the other transport properties 

of the binary electrolyte mixtures from the measured initial Seebeck coefficient. This was 

similar to the approach implemented by Fischer [26] for the single molten salt electrolyte 

thermocells (equation 1.4 to 1.8). Here, a function (ψ) is calculated by using the initial Seebeck 

coefficient, transport number of cations and excess entropy (transported entropy) to determine 

the heat of transfer. The experimental (ψ) function is compared with a linear (ψ) function 

calculated theoretically by applying a set of ideal conditions as matching the experimental 

situation. The conditions considered for linearity are, the excess entropy is zero, the heat of 

transport of ions remain constant on the change in concentration, and the transport number of 

the two cations being equal to their ionic fractions. However, the experimental (ψ) function 

calculated from the initial Seebeck coefficients shows both positive or negative deviations over 

the expected ideal (ψ) function. Because the heat flux in the binary molten salt mixture is not 

negligible as in a single salt electrolyte.  

Haase et al. [6] considered the heat flux by using the initial and steady state Seebeck 

coefficients for the calculation of the transport properties, which results in better accuracy and 

shows the possibility to relate the Soret coefficient. In Figure 1.3.2, the calculated transport 

properties and the measured Seebeck coefficients are shown as a function of AgNO3 

concentration in LiNO3 electrolyte mixture.  
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Figure 1.3.2 The transport phenomenon of AgNO3 - LiNO3 electrolyte mixture with Ag electrodes 

at 260 ºC [6]. 

Seebeck coefficient (a) initial and (b) steady state (mV/K); Transported entropy (c) Li and (d) Ag 

cations (102 J/K.mol); (e) Difference in heat of transfers (Li-Ag) ions (103 J/mol); (f) Soret 

coefficient (103 J/mol) 

The Seebeck coefficient of a metal electrodes thermocell M1(T)|M1X − M2X|M1(T + ΔT) with 

common anion and different cations binary electrolyte mixture at the initial time is: 

(
∆φ

∆T
)

j→0,t→0
= αS,0 = − 

1

F
 [ SM1

 + SM1

∗ − SM
1+

∗ +
1

2
tM2

+
 q∗

T
 ]  (1.10) 

The Seebeck coefficient of the same thermocell in Soret equilibrium state is: 

(
∆φ

∆T
)

j→0,t→α
= αS,α = − 

1

F
 [ SM1

 + SM1

∗ − SM
1+

∗ ]  (1.11) 

where, 𝑆𝑗
  is the entropy of component j at the average temperature (T) and, the terms 𝑆𝑀1

∗  and 

𝑆𝑀
1+

∗  are the transported entropy of M1 ion. The transference coefficient of M2 is (𝑡𝑀2
+

 ) and the 

ratio 
𝑞∗

𝑇
 may be interpreted in terms of enthalpy changes across the layer. The last term in the 

initial time (1.10) will disappear at the Soret equilibrium state (1.11).  

Ito et al. [41] demonstrated the thermocells with ternary electrolyte mixture containing the 

same anion and different cations. Thermocells operated with Ag metal electrodes for AgCl- 

LiCl-KCl and Cu for CuCl-LiCl-KCl electrolyte mixture. In Figure 1.3.3 a, the initial Seebeck 
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coefficient for the two different thermocells shows a same linear dependence on the electrolyte 

composition. The slopes are almost the same (0.198 for Ag|AgCl and 0.2 for Cu|CuCl).  

 

 

Figure 1.3.3 Thermocell Seebeck coefficient for eutectic (LiCl-KCl) electrolyte mixture with a 

different concentration of (a) silver or copper chloride [41] and (b) lithium hydride [42]. 

But in Figure 1.3.3 b, the Seebeck coefficients display a constant difference between the two 

different thermocells having same electrolyte mixture with different electrode pairs [42]. This 

(a) 

(b) 
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confirms that the Seebeck coefficient is significantly influenced by the electrode-electrolyte 

reactivity.  

 

Table 1.3.6 Seebeck coefficient of the electrolyte mixture with common cations and different anions 

[43, 44].  

M(T)|MX1 − MX2|M(T + ΔT) 

Electrolyte Mixture Thermocell 

Average 

Temperature (°C) 

Mole 

Fraction 

MX1 

Seebeck 

Coefficient 

(mV/K) 

Transported Entropy 

(cal/mole-deg) 

MX1 MX2 M X1 X2 Total X 

AgBr AgCl 541-616 

0 -0.391 25.48 -- 15.68 15.68 

0.2 -0.399 25.74 19.72 16.01 16.75 

0.52 -0.418 26.15 18.76 15.71 17.3 

0.7 -0.429 26.38 18.4 15.76 17.61 

0.8 -0.445 26.52 17.92 16.67 17.67 

1 -0.445 26.77 16.91 -- 16.91 

AgCl AgNO3 235-298 

0 -0.335 21.01 -- 32.98 32.98 

0.1 -0.345 21.33 13.13 32.87 30.9 

0.2 -0.355 21.63 11.46 32.8 28.53 

0.35 -0.38 22.11 9.87 32.74 24.73 

AgI AgBr 531-618 

0 -0.442 26.63 -- 17.05 17.05 

0.2 -0.445 26.89 24.09 17.31 18.67 

0.5 -0.461 27.25 21.47 18.1 19.78 

0.8 -0.482 27.65 20.17 19.41 20.01 

1 -0.498 27.88 19.54 -- 19.54 

AgCl AgI 556-616 

0 -0.498 27.83 -- 19.59 19.59 

0.2 -0.466 27.37 17.41 20.4 19.8 

0.5 -0.433 26.65 16.51 22.01 19.26 

0.8 -0.419 25.94 15.84 25.49 17.77 

1 -0.391 25.48 15.68 -- 15.68 

Thermocells operated with binary molten salt electrolyte mixtures of common cation and 

different anions are shown in Table 1.3.6 with silver metal electrodes. The initial Seebeck 

coefficient shows a linear dependence on the electrolyte concentration and cell temperature as 

observed in the previous electrolyte mixtures [43, 44]. This behavior is similar to the binary 

electrolyte mixture with the common anions and different cations.  

Ishida et al. [43] related the measured initial Seebeck coefficient to the electrical conductivity 

behavior of the electrolyte mixture. Both the parameters display the same changing tendency 

on the increase in temperature and for different electrolyte compositions. They concluded that 

the change in the charge carrier activation energy could alter the thermocell Seebeck 

coefficient. 
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Electrolytes with molten salt and molten metal/semiconductor mixture: 

The thermocells with the electrolyte mixture containing a mixture of molten salts and molten 

metals with a pair of graphite electrodes are shown in Table 1.3.7 [45, 46].  

 

Table 1.3.7 Transport quantities of molten metal – molten salt electrolyte thermocells [45, 46].  

C(T)|Bi − Bi𝑋3|C(T + ΔT) where X = Cl, Br, I  

(a) Electrolyte mixture with different Bi mol% in BiBr3 at a 550 °C. 

Bi 

(mol%) 

Seebeck Coefficient 

Bi + BiBr3 

(μV/K) 

Difference between 

Initial and Steady State 

Seebeck Coefficient 

Electronic 

Transport Number 

Initial Steady Bi + BiBr3 Bi + BiCl3 Bi + BiI3 Bi + BiBr3 Bi + BiCl3 Bi + BiI3 

10 -26 -214 189 244 826 0.43 0.41 0.49 

20 -17 -182 165 215 248 0.61 0.55 0.76 

30 5 -55 60 152 19 0.79 0.71 0.92 

40 45 41 3 -- 2 0.95 -- 0.97 

50 31 31 0 -- 3 1 -- 1 

60 -- -- -- -- 1 -- -- 1 

 

(b) Electrolyte mixture with 30 mol % Bi in BiBr3 at different temperatures. 

Thermocell 

Average 

Temperature 

(°C) 

Seebeck Coefficient 

(μV/K) 

Difference between Initial 

and Steady State Seebeck 

Coefficient 

Electronic Transport 

Number 

Initial 
Steady 

State 
Bi + BiBr3 Bi + BiI3 Bi + BiBr3 Bi + BiI3 

300 -132 -278 154 -- 0.01 -- 

350 -112 -238 146 -- 0.06 -- 

400 -69 -200 136 -- 0.16 -- 

450 -69 -178 125 42 0.36 0.81 

500 -13 -132 109 31 0.52 0.87 

550 5 -55 60 19 0.79 0.92 

Usually the metals will dissolve in their own molten salts to form a true solution and change 

the molten salt properties [47]. The molten metal-molten salt dissolution can be categorized as 

metallic and non-metallic solution. In this Bi+BiX3 systems at the molten salt-rich 

concentration, the Bi dissolution is non-metallic due to the chemical reactivity with BiX3 [48]. 

Whereas at the molten metal-rich concentration it is metallic, thus the system transforms from 

non-metallic to metallic and changes the transport mechanism. So, the electrolyte mixture 

exposes the possibility of mixed charge carriers with ions and electrons. Thus, they believed 

that the change in the dominant charge carrier due to the difference in concentration of molten 

salt and molten metal in the electrolyte could affect the Seebeck coefficient. Therefore, based 

on the electrolyte composition the system was divided and the transport behaviors are explained 

further.  
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They used different transport mechanisms to explain the diffusion process in the electrolyte 

mixture at different compositions. Hopping and scattering electronic transport mechanisms are 

used from the molten salt-rich region till the intermediate regions with mixed charge carriers. 

Beyond the intermediate region until the high electron mobility molten metal-rich region the 

Faber-Ziman theory was used.  

The steady state Seebeck coefficient of Bi-BiI3 electrolyte moves from -1098 to 121 μV/K for 

the molten salt-rich region to molten metal-rich region. A maximum of ~170 μV/K found in 

the intermediate region with the mixed charge carriers [45]. The time to reach the steady state 

was also relay on electrolyte composition (5-12 h for molten salt-rich composition and 3-5 days 

in the intermediate region). However, the electrolytes with the molten metal-rich concentration 

show no distinguishable difference between initial and steady state conditions. It shows that 

the molten metal-rich concentration (electrons are the only charge carriers) achieves the steady 

state in short time than the other region with ionic charge carriers.  

 

Figure 1.3.4 The Seebeck coefficient and electrical conductivity as a function of AgX (X = I, Cl, 

Br) concentration in Ag2Se at 900 ºC [49, 50]. 

Ag/C(T) | Ag𝑋(1 − c) − Ag2Se(c)| Ag/C(T + ΔT) 

Electrodes were sliver for electrolyte mixture (c ≤ 0.6) while graphite for (c ≥ 0.7) 

Ohno et al. [49-56] investigated the thermocells consisting electrolyte mixture of molten 

halides (MX where M = Ag, Ni, Cu; X = I, Cl, Br) with molten semiconductors (MS; M = Ag, 

Ni, Cu; S = Se, S, Te). The stoichiometric liquid metal alloys (MS where M = Ag, Ni, Cu; S = 

Se, S, Te) displays a semiconductor behavior with short-range order. Thus, they were referred 

to as zero bandgaps liquid semiconductor, but an unusual negative dependency on temperature 

was observed [49, 57, 58]. However, the addition of molten halides to the molten 
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semiconductor decreases the electric conductivity due to the increase in the conduction 

bandgap [49, 50, 52, 56]. Figure 1.3.4 displays the change in thermoelectric behavior and 

electrical conductivity for change in electrolyte composition. 

In liquid phase (> 400 K) [31, 32], all these mixtures exhibition a superionic conduction 

behavior around the mole fraction (c = ~ 0.4) in Figure 1.3.4. Where the metal cations became 

a predominant charge carrier, this refers to the p-n transition by considering the corresponding 

change in the electrical conductivity [49, 55]. Figure 1.3.4 shows that the change in 

conductivity behavior could influence the thermoelectric behavior to a certain extent. For a 

favorable electrode reaction the Ag metal electrodes are exchanged by graphite electrodes 

beyond the mole fraction of 0.6 until 1 (Figure 1.3.4). Similar to the molten metal - molten salt 

mixture discussed above, different mechanisms are used to explain the transport behavior at 

different concentration region of the molten salt - molten semiconductor mixture [49]. 

Electrolytes with molten salt and solid oxide mixture: 

 

Figure 1.3.5 The Seebeck coefficient as a function of AgI concentration in the electrolyte mixture 

at 1000 K [59]. 

The high Ag+ ionic mobility in AgI mixture with solid oxides like Al2O3 and Ag2O-B2O3 

suggests that they may be suitable solid electrolytes for thermoelectric cells [60, 61]. Schiraldi 

et al. [59] shown the thermocells with such electrolyte mixtures in both solid and liquid phases. 

The liquid phase Seebeck coefficient of the electrolyte mixture is shown in Figure 1.3.5. In the 

electrolyte mixture, the Ag2XO4 (X = Mo, W) is dispersed as glass matrix and it lower the 

liquidus temperature of the AgI in the mixture, whereas the pure AgI melts at 305 ºC. Also, it 



18  Chapter 1 Introduction 

  

provides high ionic mobility because the molten AgI ions migrate along the surface of the 

dispersed Ag2XO4 particles. These change in the thermal and transport properties delivers a 

better Seebeck coefficient than the pure AgI. Investigation of the thermoelectric potential of 

the solid-liquid phase transition region shows a discontinuity (less than 10%) for the electrolyte 

mixture (AgI in Ag2WO4). This supports the previous link of the thermocell behavior with the 

electrical conductivity, thus the change in charge carrier concentration in electrolyte melt has 

an impact on both behaviors.  

 

Table 1.3.8 Seebeck coefficient of thermocells with molten carbonates and solid oxide electrolyte 

mixture with gas electrodes. 

Electrolyte Mixture Gas Electrodes Thermocell 

Average 

Temperature 

(ºC) 

Seebeck 

Coefficient 

(mV/K) 

References Solid 

Oxide 

(55 wt%) 

Molten Salt 

(45 wt%) 

Gas mixture 

 

Current 

Collector 

MgO 

(Li,Na)2CO3 

0.62 CO2, 0.38 O2 

Pt 

527 - 877 

-1.18 

[62] 

0.65 CO2, 0.35 O2 -1.17 

0.65 CO2, 0.35 O2 -1.14 

(Li,Na,K)2CO3 
0.67 CO2, 0.33 O2 -1.14 

0.65 CO2, 0.35 O2 -1.20 

(Li,Na)2CO3 0.50 CO2, 0.50 CO 

777 - 877 

-0.66 

(Li,K)2CO3 0.55 CO2, 0.45 CO -0.64 

(Li,Na,K)2CO3 0.50 CO2, 0.50 CO -0.63 

-- Li2CO3 

0.67 CO2, 0.33 O2 Au 750 

-0.88 [28] 

MgO 

Li2CO3 -1.04 

[63] (Li,Na)2CO3 -1.13 

(Li,K)2CO3 -1.25 

CeO2 Li2CO3 -1.05 
[28] 

LiAlO2 Li2CO3 -1.00 

In 1977 Jacobsen and Broers [62] used the thermocells to study the single electrode heat 

balance and temperature gradient created by non-symmetrical heat evolution at the electrodes. 

The thermocell consisted of an electrolyte mixture having molten carbonates and solid MgO 

(Table 1.3.8). They believed that the addition of solid oxide into the molten carbonates improves 

the viscosity of the electrolyte for easy handling. However, research in molten carbonate fuel 

cells with a similar electrolyte mixture provides the detailed transport mechanism. 

In this mixture, the carbonate ions will be the major charge carriers because the negative surface 

charge of the solid MgO attracts the positively charged cation and hinder their diffusion [64]. 

Even though the electrical conductivity is higher for the molten carbonates without MgO, the 

reduction in the thermal convection on addition of solid MgO delivers a higher Seebeck 

coefficient [63-65]. In 2015, Børset et al. [28, 63] investigated similar thermocells with CO2 

rich gas electrodes. The transported entropy of the carbonate ions was calculated for a better 

understanding of the transport phenomenon in the electrolyte mixtures (Table 1.3.8). Changing 
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the Pt current collectors with Au metal has no significant change of the Seebeck coefficient for 

identical thermocells. The Li2CO3 electrolyte mixture with and without MgO at 750 ºC, shows 

an increase (more negative) in the Seebeck coefficient from -0.88 to -1.04 mV/K on the 

addition of MgO. This increase in Seebeck coefficient follows a decrease in the transported 

entropy of the carbonate ion [63]. 

The initial Seebeck coefficient of the electrolyte mixture containing molten carbonates 

dispersed with solid MgO and (CO2|O2) gas electrodes is: 

αS,0 = − 
1

F
 [

1

2
 SCO2

 +
1

4
 SO2

 + Se
∗ −

1

2
 SCO3

2−
∗ + (

t2

x2
− 

t1

x1
)

q∗

T
 ] (1.12) 

where Sj
  is the entropy of component j at the average temperature of the electrodes T and 

pressure pj
 . Terms Se

∗ and SCO3
2−

∗  are the transported entropy of the electron and carbonate ion. 

Generally, the entropies and the transported entropies are functions of temperature. The gas 

entropies are expected to be larger than the transported entropies. These terms have then a 

negative contribution to the Seebeck coefficient. Then t1, t2 are the transference coefficient 

and x1, x2 are the mole fractions of Li2CO3 and M2CO3. The ratio 
q∗

T
 may be interpreted in 

terms of enthalpy changes across the layer.  

The steady-state (Soret equilibrium) Seebeck coefficient of the thermocell is: 

αS,α = − 
1

F
[

1

2
 SCO2

 +
1

4
 SO2

 + Se
∗ −

1

2
 SCO3

2−
∗ ]   (1.13) 

Addition of Na2CO3 into Li2CO3-MgO mixture increases the Seebeck coefficient further, while 

the addition of K2CO3 has an opposite effect. This confirms the influence of the cation-anion 

lattice energy on the diffusion of carbonate ion and transported entropy [28]. Also the heat of 

transfer was calculated by using the measured initial and steady state Seebeck coefficients in 

equations (1.12 and 1.13). A small value was obtained for the term (
t2

x2
−  

t1

x1
)

q∗

T
 containing the 

heat of transfer (q∗), and this could be due to the transference coefficient in the term, not 

because of (q∗) [63]. This binary electrolyte mixtures enable the cell to operate from 550 ºC. 

Here, the Seebeck coefficient found to increase with an increase in cell temperature, while 

Jacobsen et al. haven’t observed such temperature dependence [28, 62, 63]. The change in the 

Seebeck coefficient and transported entropy of the Li2CO3 electrolyte mixture with different 

solid oxides (MgO, CeO2, LiAlO2) confirms that the solid oxide surface charge and the 

interface effect influences the thermocell transport behavior.  

The NaF-AlF3-Al2O3 electrolyte mixture used in the aluminum electrowinning electrolyte is 

studied in thermocell (Figure 1.3.6) [66]. The thermocell is demonstrated with two different 

pairs of electrodes, liquid aluminum metal and oxygen gas electrodes.  
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The expression for Seebeck coefficient of the thermocell (T)Al(l)|NaF, AlF3, Al2O3| Al(l)(T +

ΔT), with liquid aluminum electrodes at steady state (Soret equilibrium) is 

αS,α =
1

F
[SAl

∗ +
1

3
(1 − tel

 )(SAl
 − SAl3+

∗ ) + tel
 Sel

∗ ] (1.14) 

The left-hand side electrode reaction of the cell is 

1

3
Al(l) =

1

3
Al3+ + e− (1.15) 

Figure 1.3.6 Thermocell Seebeck coefficient of electrolyte mixtures with (a) PbCl2-LiCl and (b) 

NaF-AlF3-Al2O3 in the presence of liquid metal or gas electrodes [66]. 

The steady state (Soret equilibrium) Seebeck coefficient of the thermocell (T)Pt −

O2(g)|NaF, AlF3, Al2O3|Pt − O2(g)(T + ΔT) with O2 gas electrodes is 

αS,α =
1

F
[−

1

4
SO2

 + Spt
∗ +

1

2
SO2−

∗ ] (1.16) 

The left-hand side electrode reaction of the cell is 

1

2
O2− =

1

4
O2(g) + e− (1.17) 

As shown in (1.10) and (1.11), the term (tNa 
+

 q∗

T
) is disappeared the steady state as shown in 

(1.14) and (1.16). A significant change in the Seebeck coefficient was reported for the change 

in the molar ratio (NaF/AlF3) from 1.2 to 1.0, due to a loss in one degree of freedom at this 
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composition. Figure 1.3.6 shows that this change is observed in both thermocells irrespective 

of its electrode type (liquid Al metal or O2 gas electrode). 

1.3.3 Electrodes for Molten salt thermocell 

Solid metal electrodes: 

As discussed before the metal electrodes limit the thermocell durability due to the corrosion 

effect on the hot electrode. The electrode can be reversed periodically (i.e. hot to cold side or 

vice versa) to overcome this limitation, but complete filling back of the corroded material back 

into the metal is impossible [17]. Also, metal electrodes require a favorable ionic concentration 

in the electrolyte mixture for high electrode reactivity. 

 

Figure 1.3.7 Initial thermoelectric power of the electrolyte mixture (Cu,Ag)X where X = I, Br, Cl 

with copper or silver electrodes [67]. 

Schiraldi et al. [67] tried a theoretical approach to determine suitable metal electrodes for the 

different cationic concentrations in the electrolyte mixture (vertical solid line in Figure 1.3.7). 

The theoretical estimation considers the thermodynamic activity, standard potential and phase 

diagram of both the electrolyte mixtures and metal electrodes. The suitability of Ag and Cu 

electrodes in the electrolyte mixtures with iodides and chlorides follows from the theoretical 

estimation. But, the bromide electrolyte mixture shows a shift of 10 mol% due to the 

contribution of the excess entropy of the ions, the theoretical prediction differs in the 
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experimental condition. However, both the theory and experiment confirm that the electrode 

reactivity has an impact on the Seebeck coefficient.  

In some cases, the low melting point of solid metal electrodes than the suitable molten salts 

electrolyte limits the thermocell operation. Thus, more reports are available with Ag, and Cu 

metal electrode thermocells contains corresponding silver and molten copper halide 

electrolytes rather than using low melting metals like tin, zinc, and lead [68]. 

Liquid metal electrodes:  

In 1969, Trolle et al. [69] reported the possibility of the thermocells with the low melting point 

metal electrodes. They employed the metals in molten phase as liquid metal electrodes. In 

Figure 1.3.8 shown the Seebeck coefficient of the thermocell with liquid Pb metal electrodes 

in the electrolyte mixture containing different concentration of PbCl2 in LiCl. Blinov et al. [70] 

also investigated the same electrolyte mixture with liquid Pb electrodes and explained the 

transport behavior of the thermocell. The transported entropy of the reacting metal ion of the 

electrode is linked to the chemical potential of the polarized metal atom at the electrode surface 

under adiabatic condition. 

 

Figure 1.3.8 Seebeck coefficient of thermocells with PbCl2-LiCl electrolyte mixtures and with both 

liquid metal or gas electrodes [39]. 

The Seebeck coefficient of the liquid metal electrode thermocells in both electrolyte mixtures 

(Figure 1.3.6 and Figure 1.3.8) remains smaller (less negative) than for gaseous electrodes 

[17, 39, 66]. Thus, the Seebeck coefficient of the gas electrodes thermocell is large, irrespective 
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of the phase of the metal electrode (solid or liquid). In equations (1.4, 1.12, 1.13, 1.16) the 

Seebeck coefficient depends on the transported entropy of electrode gas, it confirms that the 

gas to liquid phase transition entropy influences a lot. 

Gas electrodes: 

Even though the gas electrodes overcome the drawback of metal electrodes and deliver a larger 

Seebeck coefficient. There are few possible factors that could affect the reliability and interrupt 

the potential measurements. Since the electrode gas is supplied from the low-temperature 

external source, it can add an extra cooling effect and insufficient electrode contact area due to 

the imperfect three-phase boundary (electrode-gas-electrolyte interface). There are very few 

reports optimized the conditions to establish a well-equilibrated three-phase interface for better 

thermoelectric conversion. Meissner et al. [71] reported an increase in the thermoelectric 

potential for reduction in electrode gas pressure from 1 to 0.1 atm. Kang et al. [63] studied the 

effect of the partial pressure of electrode gas mixture (CO2|O2). They maintained the total 

pressure to 1 atm by appropriate addition of He gas. The change in electrode gas composition 

alters the thermocell Seebeck coefficient due to the electrode gas reaction rate to the 

(Li,Na)2CO3-MgO electrolyte mixture. The Seebeck coefficient increases with a decrease in 

the partial pressure of the CO2 and O2 in the electrode gas mixture. 

1.3.4 Molten salt thermocell design  

 

Figure 1.3.9 Schematic of the different thermocell setups with molten salt electrolyte. 

(1- electrodes, 2- heating filaments, and 3- molten salt electrolyte) 

Due to the high influence of convection in aqueous electrolytes, the orientation of electrodes 

in thermocell has been thoroughly investigated in many studies to overcome the convention 

effect for better performance. However, the possibility of convection or gravitational forces is 
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less in molten salt electrolytes, so no dedicated research is available to understand the impact 

of the cell design in the performance of molten salt thermocells [30]. The Seebeck coefficient 

of molten carbonate thermocell with identical electrolyte composition and operating condition, 

but with different electrodes orientation reported in two different studies are indistinguishable 

[28, 62, 63].  

At the preliminary stage, most experimental cells of the molten salt thermocells are U or H 

shape vertical cells (Figure 1.3.9 a and b) made of quartz or glass [9, 10, 22, 23, 26, 44]. This 

provides the two arms to hold the two identical electrodes and the individual heating filament 

at each arm aid to establish the required temperature difference between the electrodes. The 

ionic diffusion between the electrodes happens through the bottom of the cell, like a salt bridge. 

Later reports have thermal insulating fire bricks or glass sleeves in between the two arms to 

maintain a stable and large temperature gradient between the electrodes.  

Then a vertical cylindrical alumina crucible is used in a single vertical tube furnace, the 

different heat zones between the heating coils possess a small temperature difference [28, 63, 

66, 71]. By positioning the two electrodes at different heat zone, the required temperature 

gradient of the thermocell measurement is established (Figure 1.3.9 c). Also, the use of the 

alumina cell components provides a stable operation at high temperature with molten salt 

electrolytes. The addition of the solid oxides into the molten salt electrolyte reduces the heat 

flux along with the easy handling of liquid electrolytes. It provides a stable temperature 

gradient and establishes the conditions for improved thermoelectric conversion [28, 63].  

1.3.5 Evaluation of the molten salt thermocell performance 

Almost all the available reports about the molten salt thermocells have carefully investigated 

only the fundamental parameters, such as Seebeck coefficient, transported entropy of the 

charge carriers, the heat of transport and Soret coefficient. However, the solid semiconductor 

thermoelectric generators and low temperature thermocells have been evaluated further in order 

to know the power conversion efficiency. The most common and basic parameter to find the 

suitability of semiconductor thermoelectric material is the figure of merit (ZT). The expression 

for thermoelectric generator power conversion efficiency is dependent on ZT [72].  

Dimensionless figure of merit (ZT) =  
σ αs

2T


  (1.18) 

where (σ) is electrical conductivity, (αs) Seebeck coefficient, (T) cell average temperature and 

(λ) thermal conductivity.  

In 1968 Cornwell [3] approximated this dimensionless figure of merit (~0.0001) for various 

single molten salt electrolytes. Then Kang et al. [63] has reported the figure of merit (0.05) of 

the molten carbonates electrolyte mixture dispersed with solid MgO for the thermocells with 
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(CO2|O2) gas electrodes. The electrical and thermal conductivity of the electrolyte mixture was 

roughly estimated by using the weight fraction and the conductivity values of the individual 

molten carbonates and MgO. The molten salt thermocell figures of merits are comparatively 

negligible compared to the figure of merits (~1) of the solid semiconductor thermoelectric 

generators. This massive difference is mainly due to the physical transport of ions in the molten 

salt electrolyte [73].  

The transport behavior of the liquid electrolytes thermocells is not identical to the solid 

semiconductor thermoelectric generators. The liquid electrolytes possess a net transfer of 

materials between the electrodes, which is not the case for solid semiconductors. Also, the 

electrical conductivity of the liquid electrolytes is not necessary to be constant and ohmic 

(linear I-V relationship). So, in the liquid electrolyte thermocells, it is suggested to directly 

determine the power conversion efficiency through a DC measurement, instead of using the 

dimensionless figure of merit [4, 11, 13].  

The DC measurement can be performed by connecting a variable external load resistance in 

parallel to the thermocell. By using Ohm’s law, the measured closed-circuit potential and the 

applied known load resistance are used to obtain a current vs voltage curve. The internal 

resistance of the thermocell will be equal to the applied external load resistance exactly at the 

half of the open-circuit potential.  

Plotting the calculated current density against the power output density will result in a 

semicircle plot. The maxima of the semicircle is the maximum possible power output (Pmax) of 

the thermocell at that experimental condition. Then the power conversion efficiency can be 

determined by the following expression containing Pmax, instead of the figure of merits, 

Power conversion efficiency (η) =  
Pmax

λA(
ΔT

Δx
)
   (1.19) 

where (λ) is the thermal conductivity of the electrolyte mixture, (A) surface area of the 

electrodes, (ΔT) temperature gradient and (Δx) distance between the electrodes. Also, the 

power conversion efficiency can be related to the possible Carnot efficiency of the system,  

ηr =  
η

1−(
T

T+ΔT
)
      (1.20) 

where the denominator (1 − (
T

T+ΔT
)) is the Carnot efficiency, temperature of cold (ΔT) and 

hot (T + ΔT) electrodes. This approach used in the low temperature thermocells can be adapted 

to the high temperature molten salt thermocells, since the electrolyte transport behaviors are 

identical. Applicability of any power supply system relays on its power output than any other 

parameters. So, like other electrochemical energy devices, summing up the thermocells in 

series could deliver the required power.  
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1.3.6 Summary  

The discrete developments in the electrolyte mixtures and electrode materials for the molten 

salt thermocells enhance its possibilities for high temperature thermal energy harvesting. 

Comparing the reports in this thermocells from the single molten salt electrolytes to molten salt 

composite electrolyte mixtures, the Seebeck coefficient improved to ~ -1.5 mV/K with gas 

electrodes and molten salt - solid oxide electrolyte mixtures. Also, the gas electrodes provide 

continuous operation and low maintenance compared to metal electrode thermocells. The 

progress in the molten salt thermocells suggests that the real-time applications of the high 

temperature thermocells are not too far away.  

1.4 Aim and outline of the thesis 

The literature review is considered as a reference point to proceed the research further on the 

high temperature molten salt thermocells. In this thesis, the thermocells with gas electrodes and 

molten carbonate-based electrolyte mixture will be investigated for more understanding and 

possible improvements.  

The candidates proposed for investigation in this thesis are, 

• Electrodes - gas flow rate and inexpensive metal current collector; 

• Electrolyte mixture - solid oxide to molten carbonate ratio (vol%), molten carbonate 

composition, and various suitable solid oxides; 

• A suitable approach to estimate the power conversion efficiency and the required 

parameters to compute it. 

This thesis is a collection of 5 papers, which are included in Chapter 3 (results and discussion). 

A comprehensive experimental procedure is presented in Chapter 2. The Chapter 4 and 5 have 

the suggestions for future work and concluding remarks of the work. Based on non-equilibrium 

thermodynamics the detailed theoretical derivation for the Seebeck coefficient of the 

thermocell containing molten carbonate electrolyte mixture and gas electrodes is shown in 

Appendix A.  

Paper 1: The electrode gas flow rate at the electrolyte interface was optimized to establish a 

well-equilibrated condition at the three-phase (electrode-gas-electrolyte) interface for a reliable 

potential measurement. Then studied the electrolyte mixture to identify the effective ratio of 

solid MgO to binary (Li,Na) carbonate. The stability and distribution of the dispersed solid 

MgO in the electrolyte mixture was analysed by using the XRD and EDS. 

Paper 2: Using the optimizations from Paper 1, here the molten carbonate composition of the 

electrolyte mixture was tuned to operate the thermocell at low temperatures. Targeted to access 
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the dual sources, like waste heat (~ 450 °C) and CO2-rich off-gas (as electrode gas) from 

industrial aluminum production. The binary molten carbonate electrolytes are inactive below 

500 °C due to its solid phase, so the possibilities of the ternary and quaternary carbonate 

mixtures were considered. The liquidus temperature and thermal stability of the electrolyte 

mixtures were studied by suitable thermal analysis.  

Paper 3: The effect of the solid MgO surface area on the thermocell Seebeck coefficient and 

the figure of merits (ZT) were demonstrated. Both the initial and steady state (after 90 h) 

Seebeck coefficient were reported to show the long-term stability. In addition to the Seebeck 

coefficients, the thermal and electrical conductivity of the electrolyte mixtures were measured 

to compute the ZT. The thermal conductivity of the high temperature melts was measured by 

the simple heat flux DSC, for the first time. The accuracy in measuring the electrical 

conductivity of the electrolyte melt was improved by constructing a conductivity cell with 

capillary electrodes for AC impedance spectroscopy analysis.  

Paper 4: Suitability of various selected solid oxides for the molten carbonate thermocell 

electrolyte mixture was studied. The phase and chemical stability of the solid oxides at the 

different stages of the thermocell operation was examined by XRD analysis. Also, the long-

term stability of different solid oxides in the thermocell was shown by measuring the Seebeck 

coefficient at constant temperature difference at least for 90 h. The power output density of the 

thermocells were determined by DC measurement. Also, the power conversion efficiency was 

computed from power output density and thermal conductivity (reported in Paper 3).  

Paper 5: Considering all the optimizations from Paper 1 - 4, in Paper 5 an alternate and 

inexpensive current collector to replace the gold current collector in the gas electrode was 

studied. The present compositions of the electrolyte mixture and electrode gas of the thermocell 

were analogous to the cathode side half-cell of the molten carbonate fuel cell (MCFC). So, in 

this study the suitability of the MCFC’s nickel-based cathodes to operate the molten carbonate 

thermocell was investigated. 





 

29 

Chapter 2 Experimental  

 

Details pertaining to the laboratory play in setting-up and investigating the high temperature 

molten carbonate thermocells are described in this chapter. The physical, thermal and chemical 

characterizations considered to interpret the properties of the electrolyte mixtures and the 

electrode of the different thermocells are included. Also, the basic concepts and working 

principles of characterization instruments are briefly summarised. 

2.1 Laboratory thermocell operation 

2.1.1 Gas electrode fabrication  

 

Figure 2.1.1 The gas electrode fabrication (a) 5-bored alumina tube and (b) the metal current 

collector and S-type thermocouple arrangement in the alumina tube. 
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Figure 2.1.1 shows the gas electrodes employed in the high temperature thermocells. The 

sintered alumina components are highly stable in the corrosive molten carbonates melt at such 

high temperatures. So, the alumina components obtained from MTC Haldenwanger, Germany 

was used to assemble the entire thermocell. The gas electrodes were prepared by using an 

alumina tube (5 mm outer diameter and 550 mm length) with one center bore of diameter 

2.3 mm and four other bores with 0.75 mm diameter (Figure 2.1.1 a). Pure gold, platinum and 

platinum with 10% rhodium (in the form of a wire 0.5 mm dia and sheet 0.5mm thick) from 

K.A. Rasmussen, Norway was used to fabricate the electrode current collector and 

thermocouples. Later, nickel-based current collectors were also fabricated by using the pure 

nickel (sheet 0.5 mm thickness and wire 0.5 mm dia) obtained from Alfa Aesar.  

In Figure 2.1.1 b, the alumina tubes were machined to have a narrow groove cut to hold the 

metal current collector along the gas channel, i.e. the center bore (2.3 mm dia) of the alumina 

tube. Then the wire lead to the metal current collector was inserted into the center bore 

(diameter 2.3 mm). A detailed fabrication of the metal current collector will be discussed 

below. An S-type thermocouple was inserted into two holes (diameter 0.75 mm) and the 

junction was positioned as near as possible (without touching) to the metal current collector 

surface. The S-type thermocouples were made by welding the pure Pt and Pt10%Rh wires. 

Thermocouples were calibrated at various temperatures between 500-700 °C using a standard 

reference thermocouple. An intermediate copper external reference junction (as cold junction 

compensation) connects the thermocouples to the measuring unit. For each experiment a new 

pair of electrodes was used to fabricate thermocells with different electrolyte mixtures to 

prevent contamination. The required electrode gas was obtained from AGA, Norway, as a pre-

made mixture containing 34% oxygen mixed with carbon dioxide. The pre-made gas mixture 

was supplied through the alumina tube and continuously bubbled over the current collector 

surface at the electrolyte interface. 

The gold metal current collector:  

Here the gold metal current collector was fabricated by the gold sheet (5 x 5 mm) spot-welded 

to the gold connecting wire leads. During the spot-welding, the metal sheet and connecting 

wire lead were fused by a hammer punch after melting them partially in oxyhydrogen gas 

flame. 

Nickel-based metal current collector:  

As-purchased nickel sheet was spot-welded to the gold wire in a similar way as mention above. 

Then the fabricated nickel current collector was converted into nickel oxide (NiO) or lithiated 

nickel oxide (LixNi1-xO) phase before fixing it to the alumina tubes.  
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(i) Ni to NiO conversion: The nickel current collector was heated at 700 °C (heating rate of 

200 °C/h) for 4 h in a tube furnace under synthetic air. Then it was cooled naturally in the same 

atmosphere to avoid the quenching effect and formation of impurities. 

(ii) Ni to LixNi1-xO conversion: High purity (> 99%) carbonates of lithium and potassium were 

mixed (by hand in a mortar) in eutectic composition and dried in a hot air oven for 48 h at 200 

°C. Then, a 90 g sample of the prepared eutectic (Li,K)2CO3 was melted at 650 °C for 24 h in 

a flat-bottomed alumina crucible (Figure 2.1.2) placed inside the vertical cylindrical furnace 

under N2 atmosphere. A pair of Ni metal current collectors supported by alumina tubes was 

inserted into the melt. A separate alumina tube was used to supply the oxidizing gas mixture at 

a flow rate of 21 ml/min and the melt temperature was monitored by an S-type thermocouple 

placed in the electrolyte. 

 

Figure 2.1.2 In-situ lithiation of the Ni electrodes to attain (LixNi1-xO) phase. 

This in-situ lithiation process was continued for 100 h. Then the gas mixture flow was stopped 

and the metal current collectors were pulled out from the melt. But the metal current collectors 

were held inside the furnace at 650 °C for 4 h before cooling, to facilitate the electrolyte melt 

to completely drop down from its surface.  
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2.1.2 Electrolyte preparation  

For preparing the electrolyte mixtures, all the required chemicals were purchased in high purity 

(> 99%) grade. The lithium, sodium, potassium and calcium carbonates; lithium fluoride and 

solid oxides (MgO, CeO2, LiAlO2 and Al2O3) were bought from Sigma-Aldrich. The MgO 

powders were also bought from Fluka and Acros organics for different particle sizes. As-

purchased chemicals were used without any further purification.  

The chemicals were mixed thoroughly by hand in a mortar with the appropriate weight to make 

up the exact eutectic composition of molten carbonates and certain volume percent of the solid 

oxide. To remove the moisture, the prepared electrolyte mixtures were dried in a hot air oven 

for 48 h at 200 ºC. The detailed electrolyte mixture composition can be found in the respective 

short experimental section (each paper) available in Chapter 3. 

2.1.3 Thermocell setup  

 

Figure 2.1.3 The laboratory thermocell construction and apparatus. 



2.1  Laboratory thermocell operation 33 

 

Approximately 120 g of the dried electrolyte mixture was filled in a cylindrical crucible (inner 

diameter of 38 mm with 200 mm length). Then, two Al2O3 tubes with the electrode arrangement 

were placed in the crucible as shown in Figure 2.1.3. The constructed thermocell was 

transferred to a standard laboratory vertical cylindrical furnace under N2 atmosphere.  

The copper leads closing the furnace tubes were specially designed to match the thermocell 

electrode arrangement and gas flow. The electrode supporting alumina tubes were held by a 

piece of silicone hose to facilitate the repositioning of the electrodes during operation, a high 

vacuum grease was applied to seal the gas leak. Cold water was continuously circulated over 

the furnace walls and copper leads during the operation. First, the electrolyte mixture was 

melted at the average cell temperature at least for 48 hours to ensure the homogeneous melt 

condition.  

Then the electrode gas was supplied to the alumina tubes holding the current collectors through 

a pair of flowmeters from Brooks instrument Sho-Rate meters ( 5% accuracy) at flow rate of 

21 ml/min. An Agilent (34972A) data acquisition unit recorded the temperature of the 

electrodes and the cell potential continuously (interval of 10 sec). The temperature of the 

electrodes was measured through a copper (cold) compensation junction box. 

2.1.4 Seebeck coefficient measurement 

After the melting step for 48 h and supplying the electrode gas mixture, the thermocell was 

ready for the Seebeck coefficient measurement. Initially, both electrodes were positioned at the 

average cell temperature (same height) to determine the bias potential for ∆T = ~ 0 °C. Then 

the electrodes were repositioned to different locations to establish a systematic temperature 

gradient (∆T in step of 5 between -20 and 20 °C) as shown in Figure 2.1.4.  

Placing the electrodes at different heights creates the temperature gradient (∆T) due to the 

difference in heating zones between heating coils of the furnace. However, the average cell 

temperature was maintained to be constant at all ∆T, i.e. (Th + Tc)/2 = 550 °C, where Th and Tc 

are the temperatures of hot and cold electrodes.  

The initial 15-20 min was considered as an equilibrium time to establish a steady temperature 

gradient. So, the potential (∆φ) was measured at least for 20 min after the equilibrium time at 

each ∆T to determine the Seebeck coefficient (
∆φ

∆T
). Therefore, the recordings were made over 

some 50 minutes for each temperature difference to make sure that the measured potential was 

stable. Even then, it was considered being an initial time measurement in a short time after 

establishing the required temperature gradient. To determine the Seebeck coefficient at (long-

term) Soret equilibrium state, the potential was recorded at a certain temperature gradient at-

least for 90 h. 
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Figure 2.1.4 The cross-sectional schematic representation of the molten carbonate thermocell.  

The electrodes are positioned to establish the temperature gradient of 5 °C. 

2.1.5 Power output measurement 

After the long-term Soret equilibrium state measurements, the power output of the thermocell 

was measured by a direct current (DC) measurement. For the DC measurement, a variable load 

resistance (Rext) was introduced in parallel to the thermocell and the measuring unit (Figure 

2.1.5).  

The external load resistance was decreased from 10 MΩ to 1 Ω and the corresponding change 

in potential was recorded after 30 sec from the time of the change in each resistance point. 



2.2  Materials characterization 35 

 

Later these measured potentials and applied known resistance loads were used to estimate the 

current according to the Ohm’s law and then converted into power output. 

 

Figure 2.1.5 The cross-sectional schematic representation of the thermocell connected with 

external resistance in parallel for power output measurement. 

2.2 Materials characterization 

2.2.1 Structural and phase analysis - XRD  

The chemical and phase stability of the electrolyte mixtures and electrodes at different stages 

of the thermocell operation was inspected in D8 Advance X-ray diffractometer (XRD) from 

Bruker. 
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Principle:  

A primary X-rays source is made to fall on the sample, due to the wave-like nature the X-ray 

gets diffracted to a certain angle. The diffraction beam angle will differ from the angle of the 

incident beam. This difference in angle gives the information regarding the crystal nature of 

the sample. The basic of diffraction is the Bragg’s law (nλ = 2d sinθ), where λ is the wavelength 

of the X-ray beam, d is the spacing between the planes in the atomic lattice, θ is the angle 

between the incident ray and the scattering plane and n is an integer. When the Bragg’s law 

condition is satisfied, the scattered beams from different planes interact constructively and 

result in an intense reflected wave (diffracted beam). 

Sampling and measurement:  

The XRD analysis requires a precise and careful sample preparation to obtain the diffraction 

pattern with minimal error. The electrolyte mixtures and nickel-based current collectors were 

subjected to XRD analysis at different steps of the thermocell measurements.  

(i) Electrolyte mixtures: Powders of the as-prepared electrolyte mixtures (i.e. before the 

thermocell measurement) was packed into the XRD powder sample holders. An adequate 

amount of powder was used to fill exactly to match the holder surface. Then the upper surface 

was carefully flattened without altering the random distribution of lattice orientations.  

Also, the re-solidified electrolyte mixtures after the thermocell measurements were collected 

from different regions and ground to obtain a fine powder. Then the powder was prepared for 

the XRD analysis as mentioned above. In certain cases, the re-solidified electrolyte mixture 

was washed with distilled water to wash out the molten carbonates. After three washing cycles 

(centrifugation - discard - redispersion) the sediment was dried at 200 °C for 24 h and the 

sample was subjected to XRD analysis. 

(ii) Nickel-based current collectors: Like the electrolyte mixtures, the nickel-based current 

collector was also subjected to XRD analysis at different steps of the thermocell measurement. 

The as-purchased Ni sheet, after NiO conversion in synthetic air, lithiated Ni phase and the 

current collectors after the thermocell measurements were analyzed. Preparation of metal 

sheets for XRD analysis also requires a flat surface and was levelled exactly to the height of 

the sample holder. So, the metal sheets were mounted over a clay, as the clay was not exposed 

to the X-ray. Since the metallic gold was highly stable in this molten carbonate melts the gold 

electrodes were not subjected to XRD analysis. 

All the samples were exposed to a CuKα source of λ = 1.5406 Å and the diffraction patterns 

were recorded between 15° and 75° (2θ) at a scan rate of 2°/min. The obtained XRD patterns 

were matched with the standard JCPDS reference patterns by using the EVA software for 

detailed phase analysis. 
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2.2.2 Melting point and thermal stability – DSC/TGA 

The thermal stability and liquidus/solidification temperature of the electrolyte mixtures were 

determined by TGA and DSC thermal analysis (NETZSCH STA449C Jupiter).  

Principle:  

In thermal analysis, the changes in the physical properties of the sample by the application of 

heat or thermal energy is detected and correlated to the thermal properties. 

(i) Thermogravimetric Analysis (TGA): The change in sample weight is measured while 

heated at a constant rate (or at constant temperature). Here the equilibrium of the micro-balance 

gets affected by the change in sample mass, and to recover equilibrium it generates an 

additional electromagnetic force. The amount of additional electromagnetic force will be 

proportional to the change in the mass of the sample. TGA is an effective quantitative analysis 

of the thermal reactions accompanying the change in mass. Such reactions are evaporation, 

decomposition, gas absorption, desorption and dehydration. 

(ii) Differential Scanning Calorimeter (DSC): Here the sample and a reference material are 

heated or cooled simultaneously at a constant rate. The difference in temperature between them 

is proportional to the difference in heat flow (from the heating source i.e. furnace) between the 

two materials. This technique determines the melting point, glass transition temperature, and 

endothermic and exothermic behavior.  

Sampling and measurement:  

The NETZSCH STA449C Jupiter facilitates simultaneous TGA & DSC measurement and 

records both the heat flow (DSC) and the weight changes (TGA) in a sample as a function of 

temperature or time. Both the analyses were performed by heating the as-prepared electrolyte 

mixture in a standard DSC alumina pan. Here, approximately 20 mg of the electrolyte mixture 

was gently pressed in the alumina pan and heated in reference with a similar empty alumina 

pan, under N2 atmosphere. Before measuring the electrolyte mixtures, a blank measurement 

was performed with two similar empty alumina pans for background correction. Both the blank 

and real measurements were carried out with the same measurement program and under same 

atmosphere. The alumina pan was reused after a thorough clean in distilled water and acetone. 

The measurement program for each set of samples is specified in Chapter 3. 

2.2.3 Solid oxide particle size  

The particle size distributions of the as-purchased solid oxide powders were determined by 

using the HORIBA, LA-960 laser diffraction particle size analyzer. Laser diffraction was one 
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of the reliable methods for estimating the particle size of powders, particularly in the range 

from 0.5 to 1000 μm. 

Principle:  

The powder sample subjected to the analysis was dispersed in a suitable liquid medium. A laser 

beam is allowed to scatter by the particles, the angle of light scattering is inversely proportional 

to particle size (i.e. smaller particle size gives a large angle of scattering). The angular 

scattering data calculate the particles size by using the Mie theory of light scattering. Here the 

refractive index of the particles, the dispersion media and the imaginary part of the refractive 

index of the particles are used to estimate the particle size as a volume equivalent sphere 

diameter. 

Sampling and measurement:  

For this analysis, a small quantity of the solid oxide powder was directly dispersed in the 

sample cell of the apparatus by using a suitable liquid (Table 2.2.1). The powder was 

mechanically and ultrasonically stirred before the measurement, to disperse the powder more 

homogeneously. A slow stirring was maintained during the measurement to keep the particles 

in suspension. Each sample was repeatedly analysed at least for three times to confirm the 

consistency of the obtained results. The refractive index of the solid oxides and the respective 

liquid medium used in the analysis are in Table 2.2.1. Solid MgO may slightly dissolve in 

water while other oxides are highly stable, so the MgO was dispersed in ethanol to prevent its 

solid-state for the analysis. 

 

Table 2.2.1 Details of the samples subjected to laser particle size analyzer. 

Solid Oxide 
Refractive index of 

the solid oxide 

Dispersant Liquid 

Medium 

Refractive index of the 

medium 

MgO 1.74 Ethanol 1.36 

Al2O3 1.76 

Distilled water 1.31 LiAlO2 1.62 

CeO2 2.2 

2.2.4 Surface area of the solid oxides – BET 

The specific surface area of the as-purchased different MgO powders was determined by 

Brunauer-Emmett-Teller (BET) method using TriStar 3000 surface area and porosity analyzer.  
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Principle:  

The gas adsorption analysis is one of the traditional approaches to determine the surface area 

and porosity of solid materials. Here the solid sample is exposed to a gas at a certain condition 

and the amount of gas absorbed by the sample determines the surface area (m2/g). The specific 

surface area determined by BET relates the total surface area (reactive surface) including pores 

in the surface.  

Nitrogen is commonly used as the gas probe in BET analysis and the investigation is performed 

at liquid nitrogen conditions (i.e. 77 K). The surface area of the solids is evaluated from the 

monolayer capacity in the known cross-sectional area (16.2 Å2/molecule) of the nitrogen 

molecules.  

Sampling and measurement:  

The solid MgO powder samples (~ 0.5 g) were first degassed to remove the gases and vapours 

that physically adsorbed on the surface. Then the degassed samples were preserved in vacuum 

at 200 °C for 12 h and subjected in BET analysis, and a filler rod was used in the sample glasses 

to reduce the measurement error. The nitrogen gas adsorption isotherm was recorded to 

calculate the specific surface area. 

2.2.5 Electrode surface morphology – SEM 

The change in the surface morphology of the gold and nickel-based current collectors after 

experiments was detected by a Hitachi S-3400N Scanning electron microscope (SEM). 

Principle:  

In this technique, an electron beam focused by electromagnetic lenses scans the sample surface, 

and all the essential components and the entire beam path is organized in a high vacuum 

chamber. The incoming electron beam interacts with the sample surface and get scattered as 

backscattered electrons (reflected) due to elastic collision or releases secondary electrons due 

to inelastic collision. The scattered electron is fed to the detector and then into a cathode ray 

tube through an amplifier to obtain the magnified the images of the sample surface. The 

secondary electrons (SE) produce a high-quality image with the great possibility of 

magnification. Whereas the backscattered electrons (BE) produce a worse quality image but 

reveal the information about sample composition. So, the most common SEM mode is the 

detection of SE emitted by atoms excited by the electron beam. By scanning the sample and 

collecting the SE that are emitted using a special detector, an image displaying the topography 

of the surface is created. 
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Sampling and measurement:  

The nickel sheet was subjected to SEM analysis after the different processes, such as the as-

purchased Ni sheet, after lithiation (LixNi1-XO), NiO phase after being oxidized in synthetic air. 

The Ni current collector after the thermocell measurements was also analyzed to explain the 

surface corrosion. In some cases, the gold current collectors after thermocell measurements 

with different electrolyte mixtures were also subjected to SEM analysis.  

All the above-mentioned samples had a suitable dimension (5 x 5 mm) for the SEM analysis, 

so they were analyzed without any further sampling. The samples were fixed on the sample 

supporters (stubs) by a conductive double-sided adhesive carbon tape. Since these metal 

samples are electrically conductive, no additional conductive coating was applied. The 

secondary electrons (SE) were detected, and the surface morphology of the samples were 

pictured in identical and comparable magnifications.  

2.2.6 Solid oxides distribution in the electrolyte mixture – EDS 

Energy Dispersive X-ray Spectroscopy (EDS or EDX) systems are typically integrated with 

SEM apparatus. In this study, an EDS system from Oxford instrument Aztec attached to the 

Hitachi S-3400N SEM was used to study the elemental composition of the re-solidified 

electrolyte mixtures.  

Principle: 

Since EDS was integrated with SEM, the same primary electron beam is used to interact with 

the sample. In addition to the backscattered (BE) and secondary (SE) electron as mentioned in 

SEM, it also causes the emission of X-ray fluorescence lines. The characteristic X-ray lines are 

named according to the shell in which the initial vacancy occurs and the shell from which an 

electron drops to fill that vacancy. These lines provide the qualitative and quantitative 

information on the chemical composition of the sample.  

Sampling and measurement:  

The re-solidified electrolyte mixtures were collected from various regions of the thermocell 

after the short time Seebeck coefficient measurements. A pinch of the re-solidified mixture 

(powder) was sprinkled gently on the carbon tape stacked on the sample stub. It was then tapped 

to remove the loosely held powder before transferring the samples to the SEM chamber. The 

front beryllium window in the detector absorbs low-energy X-rays. Thus, EDS cannot detect 

the presence of elements with atomic number less than 5 which includes Li. So other than Li, 

all other possible elements in the electrolyte mixture could be detected. 
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2.3 Transport properties  

2.3.1 Thermal conductivity – DSC 

In section 2.2.2, the Netzsch STA-449C Jupiter Thermo-microbalance was explained to 

estimate thermal properties by DSC and TGA analysis. Here the same DSC approach was 

employed to estimate the thermal conductivity of the electrolyte mixtures with a slightly 

modified experimental procedure. 

Principle: 

As mentioned earlier, the DSC measures the difference in heat flow (from the heating source 

i.e. furnace) to the sample. But to estimate the thermal conductivity it was essential to know 

both the heat flow into and out of the sample. The heat flow out of the sample can be indirectly 

determined by placing a pure metal (reference metal) above the sample. The change in melting 

behavior (shift in melting point) of the pure metal can reveal the heat flow out of the sample. 

So, knowing the heat flow into and out of the sample, gives the delay in heat flow i.e. thermal 

conductivity of the sample. 

Sampling and measurement:  

 

Figure 2.3.1 The DSC sampling for the thermal conductivity measurement (a) blank measurement, 

(b,c,d) with different quantity of electrolyte mixtures (30, 45, 60 mg). 

The equipment was calibrated by measuring the melting point of selected high temperature 

DSC standard metals. Here pure aluminum metal was chosen as reference metal to monitor the 

heat flow out of the sample, and it was machined as flat surfaced disks (5 mm dia and 1 mm 

thick). The dried as-prepared electrolyte mixture was packed (gently pressing) in a cylindrical 

alumina pan (~ 5.8 mm inner-dia) and an Al disk was pressed softly over the sample (Figure 

2.3.1). A blank measurement was performed before measuring the samples. Then an empty pan 
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was replaced by the pan loaded with the sample. The heat flow through the sample was 

recorded as a function of temperature concerning the empty pan in the other compartment. The 

measurements with blank and samples were performed under the nitrogen atmosphere. A new 

pan and Al disk were used for each measurement, and the disks were machined symmetrically 

to each other (weight of 52.8 mg with ± 0.3 error). 

 

Table 2.3.1 The DSC temperature program used for thermal conductivity measurement. 

Segment Mode 
Temperature 

(°C) 

Rate 

(°C/min) 

Hold Time 

(min) 

Time Required 

(min) 

1 Dynamic (Heating) 30 - 515 20 --- 24 

2 Isothermal 515 --- 15 15 

3 Dynamic (Cooling) 515 - 410 20 --- 5 

4 Dynamic (Heating) 410 - 515 20 --- 5 

5 Isothermal 515 --- 15 15 

6 Dynamic (Cooling) 515 - 410 20 --- 5 

7 Dynamic (Heating) 410 - 650 20 --- 12 

8 Dynamic (Heating) 650 - 690 5 --- 8 

9 Dynamic (Cooling) 690 - 30 20 --- 33 

The melting behavior of the Al disk was the only essential data to estimate the thermal 

conductivity. The samples were heated by a slow heating rate (5 °C/min) in this particular 

temperature range. However, the heating/cooling rates were relatively fast (20 °C/min) in other 

temperature ranges (Table 2.3.1) to shorten the analysis time. The measurement was carried 

out for the same electrolyte mixture in three different quantities (30, 45 and 60 mg) for accuracy 

(Figure 2.3.1). 

2.3.2 Thermal conductivity - LFA 

A Netzsch 457 MicroFlash was used to measure the thermal conductivity of binary eutectic 

(Li,Na)2CO3 electrolyte in a mixture with 55 vol% of MgO. To compare the reliability of the 

above stated DSC approach, the thermal conductivity of such mixtures was measured.  

Principle: 

A laser pulse of 1 ms width or less momentarily heats the front side of the sample, and the 

subsequent change in temperature on the other side of the sample is measured by an infrared 

detector. The rise in temperature at backside get stable after attaining a uniform temperature 

distribution in the sample. The half-time (t1/2 - time value of half signal height) to reach the 

equilibrium and the sample thickness reveals the thermal diffusivity (α).  
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Sampling and measurement:  

A special sample container (Pt 10% Rh) with the top lid from Netzsch was used to analyse the 

molten carbonate mixture above its melting point 500 °C. The outer surface of the container 

was coated with a thin layer of graphite to avoid laser reflection at the container surface. A 

specific amount of the sample (0.2 g) was used to fill the container to establish a constant 

contact between the container-sample-lid. It may avoid the circumstance of empty interface 

layer and perturbation in result accuracy. The electrolyte mixture (sample) was compacted into 

a circular disk (10 mm diameter) in a hydraulic press with a load of 250 kg. Then the sample 

was heated to the required analysis temperature in the LFA apparatus under nitrogen 

atmosphere. After establishing the required temperature, the sample was exposed to 5 

successive laser shots with an interval of 1 min between each successive shot. The LFA analysis 

was repeated with the same mixture to confirm the reliability of the results.  

The estimated thermal diffusivity (α) in the LFA measurement was converted into thermal 

conductivity (λ) by the expression (λ =  α. ρ. Cp). The heat capacity (Cp) was estimated by the 

direct conversion method from the DSC measurement in section 2.2.2. The density (ρ) of the 

electrolyte mixture at the higher temperatures was calculated from the thermal expansion data 

measured by a push rod dilatometer. 

Thermal expansion - Push rod dilatometer: 

The thermal expansion of the electrolyte mixture was measured by heating it in a pushrod 

dilatometer DIL 402 C from Netzsch. For dilatometer analysis, a cylindrically shaped pellet (5 

mm dia) was prepared with ~ 0.25 g of the sample powder by applying a load of 250 kg in a 

hydraulic press. The pushrod dilatometer apparatus is compatible only with analysis of the 

solid-state samples. So, in this study the maximum temperature of the heating was limited to 

300 °C (sample melts at ~ 495 °C), i.e. restricted to at least 100 K below the melting point. A 

standard alumina sample was used in blank measurement for background correction. Here a 

slow rate (2 K/min) was used for both heating and cooling, and the measurement was performed 

under nitrogen atmosphere. The measured thermal expansion was used to calculate the change 

in density. Then the estimated density at the solid-state was extrapolated to the higher 

temperature and approximated the density for the melt phase.  

2.3.3 Electrical conductivity - AC impedance spectroscopy 

The electrical conductivity of the electrolyte mixtures with different solid MgO particles was 

estimated by AC impedance spectroscopy. A conductivity cell with capillary electrodes was 

constructed to attain the measurement in melt phase at 550 °C, under the controlled current 

path. The PARSTAT 4000+ potentiostat from the Princeton Applied Research, controlled by 

VersaStudio software was used to perform the AC impedance spectroscopy. 



44  Chapter 2 Experimental 

  

Principle:  

An alternating signal of small amplitude (5 to 20 mV) was applied to the electrochemical cell, 

and the corresponding current response is measured by varying the frequency of the applied 

signal. Since the disturbance by the potential (ΔE) is sinusoidal then the current (ΔI) in 

response will also be sinusoidal at the same frequency but differ in phase by comparing the 

applied signal. The initial disturbance and the response of the electrode is determined by 

comparing the phase shift and amplitude change between the current and voltage signals. Thus, 

the impedance (Z) measures the relationship between ΔE and ΔI. These factors depend on the 

rates at which physical processes in the electrochemical cell respond to the oscillating 

stimulus. Different frequencies can separate different processes that have different 

timescales. At lower frequencies, there is time for diffusion or slow electrochemical reactions 

to proceed in response to the alternating polarization of the cell. At higher frequencies, the 

applied field changes direction faster than the chemistry responds, so the response is 

dominated by capacitance from the charge and discharge of the double layer.  

Sampling and measurement:  

The conductivity cell with two capillary electrodes (Figure 2.3.2) was fabricated by using 

alumina components. The electrodes were made of a gold sheet (2 x 3 mm) point-welded to 

the gold wire (0.5 mm thick) and inserted into the alumina tube of outer diameter 4 mm. To 

implement the capillary effect, an alumina tube was extended to 3 cm above the tube holding 

the electrode (Figure 2.3.2). The inner diameter (4 mm) of the outer tube was chosen to be 

same as the outer diameter of the tube with the gold electrode. A separate alumina tube holding 

the thermocouple (S-type: Pt-Pt10%Rh) measured the electrolyte temperature. The electrolyte 

mixture was loaded into the cylindrical crucible, also packed into the electrode capillary space 

which was partially inserted into the electrolyte mixture. Then the assembled conductivity cell 

was transferred into a cylindrical furnace maintained with N2 atmosphere, to perform the AC 

impedance spectroscopy at 550 °C. 

First, the electrolyte mixture was melted at 550 °C for 48 h before inserting the capillary 

electrodes further down into the molten electrolyte. The impedance spectroscopy measurement 

was performed after 2 h from positioning the electrodes. A small sinusoidal voltage of 5 mV 

was applied to the cell in the frequency range of 5 MHz to 0.1 Hz, at the OCP ~ 0 V. The 

recorded spectrums were analyzed in the EIS spectrum analyzer software by fitting a suitable 

equivalent circuit to determine the resistance of the electrolyte mixture. Then the estimated 

resistance of the electrolyte mixture was used to estimate the electrical conductivity (σ) from 

the relation (σ = (1/Rs) (l/A)). Here, Rs is the electrolyte resistance measured by EIS, the l is the 

distance between the electrodes and A is the cross-sectional area of the current path. The ratio 

between the cell geometry (l/A) is generally known as the cell constant. 
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Figure 2.3.2 Schematic of the conductivity cell and capillary electrode used to measure the 

conductivity of the electrolyte mixtures by AC impedance spectroscopy. 

The cell constant of the conductivity cell was determined by measuring the pure Li2CO3 at 750 

°C. The electrical conductivity of Li2CO3 was well known and from the measured Li2CO3 

electrolyte resistance, the cell constant was determined. The alumina cell components and gold 

electrodes are highly corrosion-resistant in the molten carbonate melts at high temperature and 

remain stable. The same cell components were used to measure all the electrolyte mixtures 

after a thorough wash in 10% HCl and water. Also, the capillary electrodes were inserted into 

the electrolyte mixture at the same height. By establishing the identical cell condition, the same 

cell constant was used to estimate the electrical conductivity of all the electrolyte mixtures. 
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Abstract 

Thermocells represent a promising way to utilize heat as a power source. The aim of this 

work is to develop a thermocell with identical gas electrodes using molten carbonate-

based electrolytes. The cell can generate power from waste heat and can also utilize the 

CO2 rich off-gas available in metal producing industries. The flow rate of the gas supply 

to the electrodes needs to be optimized. Its effect on the Seebeck coefficient was not 

studied systematically before. The addition of solid oxide to the molten carbonate melt 

alters also the system’s Seebeck coefficient. We report measurements where we vary the 

content of solid oxide in the liquid eutectic electrolyte mixture as well as the electrode 

gas flow rate. The Seebeck coefficient is reported for various ratios of eutectic 

(Li,Na)2CO3 molten carbonate and dispersed solid oxide MgO, and for varying gas 

(CO2|O2) flow rates to the electrode interfaces.  

J Electrochem. Soc., 164 (2017) H5271. DOI:10.1149/2.0391708jes 

http://jes.ecsdl.org/content/164/8/H5271.abstract
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3.1.1 Introduction 

Thermoelectric systems converting heat into electricity are well known since their discovery 

of the Seebeck effect in 1821 [1]. The thermoelectric power was first demonstrated for aqueous 

thermogalvanic cells, Quickenden et al. [4] summarized many similar systems in a review. 

However, because of their low figure of merit, due to the high thermal conductivity of water 

and their low operating temperature, they were not further investigated. Industrial metal 

production is associated with production of large amounts of thermal energy and high CO2 

emissions. Large amounts of heat are wasted by dissipation in the surroundings. Thermoelectric 

converters based on semiconductor materials may be used to generate electricity from such 

waste heat and Seebeck coefficients of 0.8 mV/K are typical [74]. However, the materials used 

in these devices are often scarce and expensive. The use of an ion-conducting electrolyte and 

gas electrodes offers possibilities of achieving high Seebeck coefficients [3, 62, 75]. 

Electrolytes such as ionic liquids and molten salts offer possibilities of higher stable operating 

temperatures and larger Seebeck coefficients than semiconductor thermoelectric materials [76, 

77]. Experimental studies of electrochemical cells with inexpensive components such as 

molten carbonate electrolyte and CO2|O2 gas electrodes have been reported earlier. Seebeck 

coefficients in the range of -1.25 mV/K at average cell temperature of 750 ºC were obtained 

[28, 63]. 

A thermocell is an electrochemical system with identical electrodes placed at different 

temperatures in an electrolyte solution. In multicomponent mixtures, thermal diffusion is set 

up due to the temperature gradient between the electrodes. Ion transport between the electrodes 

due to the thermal driving force leads to a potential difference [4]. At steady state condition, a 

Soret equilibrium is achieved after a certain time. Seebeck coefficients are determined by 

measuring the initial as well as the steady state potential when a negligible current is passing 

through the cell.  

A thermocell was demonstrated with different cell components, as metal/gas electrodes with 

liquid/solid electrolytes [2]. A small Seebeck coefficient was observed with metal electrodes 

M, in the thermocell M(T) | MX | M(T + ΔT), here MX is the electrolyte with ions M+ and X-. 

Here T is the left hand side temperature and ΔT is the temperature difference between the 

electrodes. Dendrite growth, corrosion, and polarization may affect the thermoelectric 

conversion under operation. Gaseous electrodes X like in the thermocell X(T) | MX | X(T +

ΔT) are free from the above-mentioned deficiencies. Furthermore, the use of gas electrodes, 

include larger reaction entropies. Such electrodes may therefore deliver a higher electric 

potential than a thermocell with metal electrodes [10, 78]. The Seebeck coefficient of 

thermocells depends on the change in entropy of the half-cell reaction. The gas at the hot 

electrode, ionize and the cation is transported through the electrolyte to the cold electrode 

where the reverse reaction happens. The entropy change of the half-cell reaction is large, 

mainly because gas molecules disappear or appear. Important aspects for selection of 
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electrolyte are the boiling point, a low vapor pressure, high electrical conductivity, low thermal 

conductivity and fast kinetics of the gas electrode. In favourable cases, the electrolyte mixture 

contains a reaction product of the electrode gas. This means chlorine from chloride melts, 

oxygen from an oxide containing electrolyte and carbon dioxide from molten carbonate 

mixtures [14, 17]. 

In this study, a gas mixture of CO2|O2 is used in the electrode gas to obtain a reversible electrode 

reaction. The reaction introduces the carbonate ion in a molten carbonate electrolyte mixture 

with solid-state MgO dispersed. The use of solid MgO in a molten carbonate was first reported 

by Jacobsen et al. [62]. Addition of a certain quantity of Al2O3 in molten AgI was reported to 

increase the ionic conductivity and the thermoelectric power [79]. The presence of a solid phase 

oxide matrix may reduce the heat flux between the electrodes. The so-called "figure of merit" 

is related to the thermoelectric power generation efficiency. It increases with an increasing 

Seebeck coefficient, a decreasing thermal conductivity and a decreasing electrical resistivity 

[4]. The use of non-critical and non-poisonous materials and the prospective of a high 

thermoelectric efficiency, as well as the availability of CO2 gas, may be advantageous for the 

thermocell compared to semiconductor thermoelectric devices. The change in the Seebeck 

coefficient for similar thermocells with different carbonate melt compositions, electrode gas 

mixture, current collector, solid-state oxide and various average cell temperature has been 

reported before [28, 62, 63]. The content of the solid MgO phase and the flow velocity of 

electrode gas may influence the thermoelectric potential. This was not reported before and was 

systematically investigated in this work.  

3.1.2 Theoretical considerations 

The electrochemical cell with gas electrodes, reversible to the carbonate ion, held at different 

temperatures can be represented as:  

Au(Ts,a) | CO2(g),O2(g) | (Li, Na)2CO3(l),MgO(s) | CO2(g),O2(g) | Au(Ts,c) 

The electrochemical reaction at the left-hand side electrode is: 

2CO3
2−(l) → 2CO2(g) + O2(g) + 4e−   (3.1.1) 

The reverse reaction takes place at the right-hand side. The Seebeck coefficient for the cell with 

uniform (homogeneous electrolyte) melt composition (short time) is: 

𝛼𝑆 = (
∆𝜑

(𝑇𝑠,𝑐 − 𝑇𝑠,𝑎)
)
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where 𝑆𝑗
  is the entropy of component j at average temperature of the electrodes T and pressure 

𝑝𝑗
 . The terms 𝑆𝑒

∗ and 𝑆𝐶𝑂3
2−

∗  are the transported entropy of the electron and carbonate ion, 

respectively. The entropies and the transported entropies are generally functions of 

temperature. The gas entropies are expected to be larger than the transported entropies. These 

terms have then a negative contribution to the Seebeck coefficient. Then 𝑡1, 𝑡2 are the 

transference coefficient and 𝑥1, 𝑥2 are the mole fractions of Li2CO3 and M2CO3. The ratio 
𝑞∗

𝑇
 

may be interpreted in terms of enthalpy changes across the layer, but it is difficult to interpret 

the sign of this last term. If the term is positive, the Seebeck coefficient at initial times is more 

negative than at infinite time, when the last term disappears. A detailed theoretical derivation 

of the equation based on non-equilibrium thermodynamics is explained in our previous work 

[28, 63]. 

3.1.3 Experimental 

 

Table 3.1.1 Electrode gas flow rate and MgO to carbonate ratio used in the experiments. 

Cell Label 

CO2|O2 Flow rate Weight % Volume % 

Scale 

Reading 

(NML/M) 

Scale 

Conversion 

(ml/min) 

MgO 
Eutectic Mixture 

Li2CO3 + Na2CO3 
MgO 

Eutectic Mixture 

Li2CO3 + Na2CO3 

Electrode 

Gas Flow 

Rate 

A 40 14.7 

55 45 44.3 55.7 

B 50 16.1 

C 60 18.6 

D 70 21.0 

E 80 23.4 

Differential 

Ratio of 

MgO in 

Electrolyte 

D 

70 21.0 

55 45 44.3 55.7 

F 65 35 54.7 45.3 

G 75 25 66.1 33.9 

H 85 15 78.7 21.3 

Lithium carbonate (Li2CO3), sodium carbonate (Na2CO3) and magnesium oxide (MgO) were 

purchased from Sigma-Aldrich with purity > 99 %. The MgO powder has the average particle 

size of ~2.8 μm, measured in a laser scattering particle size distribution analyzer. Pre-made 

electrode gas mixtures containing 34% oxygen mixed with carbon dioxide were obtained from 

AGA, Norway. Gold sheet and wire for the electrodes and wires of platinum, platinum with 

10% rhodium for thermocouple fabrication were obtained from K.A. Rasmussen, Norway. 

Alumina tubes (5 mm outer diameter and 550 mm length) with one center bore of diameter 

2.3 mm and four other bores with 0.75 mm diameter and a tubular crucible (inner diameter of 

38 mm with 200 mm length) were obtained from MTC Haldenwanger, Germany. The flow rate 

of electrode gas supplied through the ceramic tubes was controlled by a pair of Brooks 

Instrument Sho-Rate meters with  5% accuracy, both the scale reading and appropriate flow 
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conditions for the gas used are shown in Table 3.1.1. The temperature of the electrodes and 

the cell potential were recorded every 10 seconds by using Agilent, 34972A data acquisition 

unit. 

 

Figure 3.1.1 Cross sectional view of the thermocell with reference scale for positioning the 

electrode to create the required temperature gradient. 

(Electrode positions for ∆T of 20 oC was Ts,a and Ts,c at 10 and -10 position respectively, vice versa 

for ∆T of -20 oC). 

The thermocell was placed inside a standard laboratory vertical tubular furnace as shown in 

Figure 3.1.1. The cell consisted of an Al2O3 tubular crucible, with two electrodes immersed in 

a molten carbonate electrolyte mixture. In each alumina tube, the gold wire was inserted into 

the center bore (diameter 2.3 mm) of a 5-bore Al2O3 tube and the gold sheet (5 x 5 mm) was 

spot-welded to the wire. The thermocouple (Pt-Pt10%Rh) was inserted into two of the other 

holes (diameter 0.75 mm) and the junction was positioned as near as possible to the gold sheet. 

CO2|O2 gas was supplied through the bores of the ceramic tube. The electrolytes mixture was 

prepared by mixing the molten carbonates and MgO by hand in a mortar. The mixture was 

dried for more than 48 hours at 200 ºC. Then the electrolyte was melted under a nitrogen 

atmosphere at 550 ºC in the vertical tube furnace at least for 48 hours to ensure stable 

conditions. The ratio of Li2CO3 and Na2CO3 eutectic mixture and the dispersed solid MgO in 
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the electrolyte mixture, as well as the CO2|O2 gas flow rate at the electrode/electrolyte interface, 

are listed in Table 3.1.1 for the different cells. 

A temperature difference (∆T) was established between the electrodes by positioning them at 

different heights in the crucible. The average cell temperature was kept at 550 ºC and the 

temperature difference was always smaller than 20 ºC. The cell potential was measured as a 

function of the temperature difference, after an equilibration period of 15-20 min followed by 

a measurement with a new temperature difference. Recordings were made over some 50 

minutes time at a certain temperature difference to make sure that the measured potential was 

stable. This is then taken as an initial time measurement. The cell measurements were 

performed using the same procedure as in our previous reports [28, 63]. At infinite time 

(meaning days) the last term in the equation (3.1.2) disappears.  

The measurement conditions and the cases investigated are listed in Table 3.1.1. The table 

shows that we varied the MgO(s) content in the melt and the gas flow rate, keeping the 

electrolyte carbonate melt composition equal to the eutectic.  

The phase analysis of the electrolyte mixture was carried out before and after thermocell 

measurements, using Bruker-D8 ADVANCE X-ray diffraction (XRD) with CuKα radiation (λ 

= 1.5406 Å). The elemental composition was also determined on the same samples by Energy 

Dispersive Spectroscopy (EDS) using an Oxford instrument Aztec EDS system attached to a 

Hitachi S-3400N Scanning Electron Microscopy (SEM). The front beryllium window in the 

detector absorbs low-energy X-rays. Thus, EDS cannot detect the presence of elements with 

atomic number less than 5 which includes Li, while all other possible elements in the electrolyte 

mixture were detected. The particle size distribution of the solid-state MgO powder was 

measured in Horiba LA-960 laser scattering particle size distribution analyzer, by dispersing 

the MgO powder in ethanol using ultrasonic bath.  

3.1.4 Results and discussion 

The results are presented in Table 3.1.2 and Table 3.1.3, and Figure 3.1.2 - Figure 3.1.6. The 

tables summarize results from the figures, for the case studies A-G listed in Table 3.1.1. We 

consider first the structure information on the system to have a background for discussion of 

the experimental results for the Seebeck coefficient variations.  

Homogeneity of the electrolyte mixture: 

The X-ray diffraction results of the electrolyte samples of Cells D and G, collected from various 

regions in the cell after the experiments are shown in Figure 3.1.2 a and b. The 

indistinguishable XRD patterns for the samples from the different regions (top, middle, bottom) 

confirm that the whole electrolyte mixture is homogeneous. A significant reduction in peak 
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intensity of the molten carbonate can, however, be seen when we compare results from before 

(Figure 3.1.2 c) and after (Figure 3.1.2 a) the thermocell experiment. This can be understood 

as a poorer crystallinity of the carbonate mixture, attained during re-solidification in the 

presence of solid oxide. The absence of additional peaks before (Figure 3.1.2 c) and after 

(Figure 3.1.2 a) the thermocell measurements, suggests also that impurities are absent. That 

is, they have not been added in the melting or cooling process. From this absence, we can also 

conclude that electrolyte decomposition or carbonate reactions with MgO do not happen to any 

significant degree [80]. 

  

  

Figure 3.1.2 X-ray diffraction patterns for the electrolyte mixer after (a,b) and before (c) 

thermocell measurement. (d) EDS elemental analysis of the electrolyte after thermocell 

measurement (respective 1 sigma wt% error value was mentioned in the brackets). 

The results from the EDS analysis on the used electrolyte are shown in Figure 3.1.2 d. They 

present more accurate information about elemental distribution than the XRD analysis. The 
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EDS results in Figure 3.1.2 d are average values from the analysis, over at least two different 

locations of each sample. Observations after the experiment in cell G indicate a ~ 3-5 wt % 

higher concentration of MgO at the bottom of the cells. This cell has a MgO content of 66.1%, 

see Table 3.1.2. But at the concentration used in most cells, 44.3% MgO (Cell D), the 

concentration is uniform. The extra solid phase at the bottom of cell G indicates that the 

dispersion has reached a solubility limit. Homogeneity seems to be maintained throughout the 

measurement with moderate content of MgO(s), < 66.1% with gas flow rates below 21 ml/min.  

 

Table 3.1.2 Seebeck coefficient of the cells with varying electrode gas flow rate and average 

temperature 550 °C. 

Cell Label 
CO2|O2 Flow rate 

(ml/min) 

Volume % Seebeck Coefficient (mV/ K) 

MgO 
Eutectic Mixture 

Li2CO3 + Na2CO3 
Slope Standard Error 

A 14.7 

44.3 55.7 

-1.1 

-1.2 

-1.6 

-1.7 

-1.0 

0.03 

0.02 

0.03 

0.05 

0.03 

B 16.1 

C 18.6 

D 21.0 

E 23.4 

These data altogether support the idea that there are no side reactions or concentration gradients 

in the electrolyte during the experiments listed in Table 3.1.2, and that equation (3.1.2) applies. 

Further support for equation (3.1.2) is obtained from the estimated time to reach Soret 

equilibrium. Recent simulations provide a diffusion coefficient of Li+ in Li2CO3 at 550 oC equal 

to D = 1.4 10-9 m2/s [81]. The distance between the electrodes h = 3.8 cm. The system 

characteristic relaxation time is therefore θ = h2 /(π2D) = 29 hrs, cf. Kang et al. [63]. The 

stationary state value is reached after a time several times this value, i.e. several days. The 

steady state was obtained in our experiments within an order of magnitude 50 minutes, which 

then can be seen as an initial time measurement, compatible with the finding of uniform 

concentrations (see above).  

Reversibility of the electrodes:  

 

Table 3.1.3 Seebeck coefficient of the cells with different ratio MgO in electrolyte and average 

temperature 550 °C. 

Cell Label 
CO2|O2 Flow rate 

(ml/min) 

Volume % Seebeck Coefficient (mV/K) 

MgO 
Eutectic Mixture 

Li2CO3 + Na2CO3 
Slope Standard Error 

D 

21.0 

44.3 55.7 -1.7 0.05 

F 54.7 45.3 -1.7 0.04 

G 66.1 33.9 -1.7 0.06 
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Figure 3.1.3 (a) The measured potential and temperature difference and, (b) Seebeck coefficient 

plot for cell C with electrode gas flow rate of 18.6 ml/min. 

We have further found by inspecting the raw data, like the ones pictured in Figure 3.1.3 a and 

processes in Figure 3.1.3 b, that the thermoelectric potential measurement could be reversed 

by reversing the temperature difference, and that there was no bias potential between the gold 

electrodes at moderate flows of gas to the electrode. Gold was chosen to avoid interference of 

oxide layers, which are common on Pt. The straight line in Figure 3.1.3 b allows us to conclude 
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that the potential measurement is sound (reversible, well defined); and that the standard 

deviation between 3 and 6% in Table 3.1.2 and Table 3.1.3 in the line reflects the accuracy of 

the experiment. 

The Seebeck coefficient and the electrode gas flow rate: 

The thermoelectric potentials, recorded for cells A-E at an average operating temperature of 

550 °C, are presented in Table 3.1.2. All the potentials were plotted against the respective 

temperature difference, as in Figure 3.1.3 b, and the Seebeck coefficient was calculated from 

the slope of the linear fit. The Seebeck coefficient at a slow flow rate of electrode gas (16.1 

ml/min) was similar to a previously reported value, ~ -1.2 mV/K, cf. Table 3.1.2 [28, 63]. 

When we exclude the results for cell E in Table 3.1.2, reasons will be discussed later, the 

Seebeck coefficient of Table 3.1.2 and Figure 3.1.3 varied systematically from cell A (-1.1 

mV/K) to cell D (-1.7 mV/K) with an increasing gas flow rate. Each result was stable for more 

than an hour, see Figure 3.1.4. Figure 3.1.5 shows an experiment with constant temperature 

difference, held over 3 h. Some fluctuations in the temperature were observed. We attribute 

them to changes in bubble coverage at times when the gas flow rate was changed. A huge 

change in initial potential was, however, observed by increasing the gas flow stepwise from 0 

to 70 ml/min. This is the origin of the varying Seebeck coefficient in Table 3.1.2.  

 

Figure 3.1.4 Measured potential versus time for electrode temperature difference of 20 °C with 

varying electrode gas flow rate (Cell A-D). 
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This systematic dependence of the potential on the gas flow rate is, however, difficult to 

understand, since we found no significant bias potential (see discussion above). Normally an 

increased flow gives a better stirring and elimination of concentration polarization or thermal 

polarization (Soret effects). However, in this situation, there is no concentration polarization to 

reduce. There is a zero-bias potential at zero temperature difference. The well-behaved 

thermoelectric potential measurements (Figure 3.1.3) indicate that the electrode gas seems to 

have achieved the temperature of the gold electrodes. Any lack of electric contact and ill-

defined electrode reactions, cannot explain these results which seem to be reversible. Similar 

cells, with halide electrolyte and halogen electrodes, have shown similar behavior. Metz et al. 

[15], suggested that the Seebeck coefficient varied with gas flow rate because of lack of contact 

area at the electrode interface and depolarization effects. This may be so in the case of cell E 

which breaks down (see below), but not in cells A-D. At this moment, we have therefore no 

scientifically justified explanation for the effect. 

 

Figure 3.1.5 Potential measured with a thermocell, at constant electrode position with change in 

gas flow rates. 

The three-phase contact area at the electrode-gas-electrolyte interface needs to be well 

equilibrated and mixed to give a reliable potential reading. It is, however, difficult if not 

impossible, to stir the molten electrolyte with 44.3 vol% of MgO dispersed. This fact could, 

however, lead to flow-dependent systematic differences between the two electrodes. A tentative 

explanation is then that electrokinetic effects arise. Such effects may add to the electric 

potential, for instance, if the gas pressure differs between the two sides. Gas flow over a heated 

sensing plate is known to give a difference in electric potential between the ends of the plate, 
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meaning that the gas flow velocity can be found with high precision and quick response time 

from a Seebeck coefficient [82, 83]. More research is needed to investigate these variables.  

Inhomogeneities of electrolyte mixture and lack of reversibility of electrodes: 

 

 

Figure 3.1.6 (a) Seebeck coefficient plot for cell D, and (b) Measured potential versus temperature 

difference in the cell H. 

From Figure 3.1.2 a-c and Figure 3.1.3 a, b we concluded above that the system responded in 

a predictable way, for an initial time measurement (absence of Soret effects). The results from 
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Cell G (Figure 3.1.2 d) and Table 3.1.3 confirmed that there is an optimal concentration of 

MgO(s) in the dispersion. The value should be < 66.1%. It is known from the literature 

(Jacobsen et al. [62]), and we have also confirmed this, that the system is more stable with than 

without the solid oxide dispersed [28]. The value 44.3% MgO was used in the original work 

by Jacobsen et al. [62]. The Seebeck coefficient with pure Li-carbonate was -0.88 mV/K, while 

with MgO(s) dispersed in the Li-carbonate it rose to -1.04 mV/K [28]. The presence of MgO 

has clearly an impact on the Seebeck coefficient. 

In order to investigate this, further, we studied the effect of increasing the content of MgO. 

Table 3.1.3 shows results for increasing content of MgO(s), from 44.3 to 66.1 % (cells D, F, 

G). The mixture is no longer homogeneous at the higher concentration (Figure 3.1.2 d). 

However, the Seebeck coefficient is unchanged (-1.7 mV/K). Going beyond the value of 

66.1%, to 78.7%, has a detrimental effect. The electric potential is then no longer a linear 

function of the temperature difference. Figure 3.1.6 shows how we move from a predictable 

(Figure 3.1.6 a) to an unpredictable cell behavior (Figure 3.1.6 b) by overloading the 

dispersion with MgO(s). We may speculate that an overload may obstruct the electrode 

reactions i.e. by preventing contact of components, leading again to ill-defined electrode 

reactions.  

The high Seebeck coefficient (-1.7 mV/K) makes it interesting to pursue the track of adding 

solid state compounds. Shahi et al. [79] reported that the ionic conductivity increased with the 

addition of Al2O3 in molten AgI until 30 mole%, but decreased on further additions. An 

increase in thermoelectric power was also observed for Al2O3 dispersed in AgI, compared to 

pure AgI [79]. Clearly, this is a topic for further research.  

3.1.5 Conclusions 

The Seebeck coefficient of molten carbonate thermocells with suitable gas electrodes was 

measured at 550 oC, and with MgO(s) dispersed in a Li-Na eutectic mixture of carbonates. The 

Seebeck coefficient of -1.7 mV/K remains unchanged for different electrolyte mixtures with 

44 to 66 vol% of MgO(s) dispersed in the eutectic carbonates. An optimal gas flow rate will 

help maintain electrolyte homogeneity, as evidenced by XRD and EDS studies, as well as good 

electrolyte/electrode contacts.  
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Abstract 

Industrial processes for the production of metals and alloys by metallurgical and 

electrochemical methods generate a great deal of waste heat due to irreversible losses. 

This waste heat may be used as a power source to generate electricity. A thermocell with 

noncritical and inexpensive molten carbonate based electrolyte mixtures with reversible 

(CO2|O2) gas electrodes was reported recently. It demonstrates the possibility of utilizing 

the waste heat (> 550 °C) as a power source. A thermocell is an electrochemical cell 

with two identical electrodes placed in an ionic conducting electrolyte solution with a 

temperature gradient between the electrodes. The heat source will be used to create the 

temperature gradient between the electrodes, which will lead to a potential difference by 

executing ionic diffusion in the electrolyte. In this work, the thermophysical and chemical 

properties of the electrolyte mixture were tuned by multicomponent mixing with molten 

(K and Ca) carbonate and LiF additives into the binary (Li,Na) carbonate mixture. It 

reduces the liquidus temperature to ~ 400 °C and enables the molten carbonate 

thermocells to recover the high-grade waste heat available at even low temperatures well 

below 550 °C. Still, the Seebeck coefficient of the thermocells remains large (in the range 

of -1.5 mV/K).  

ACS Appl. Energy Mater., (2018). DOI: 10.1021/acsaem.8b00984 

https://pubs.acs.org/doi/10.1021/acsaem.8b00984
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3.2.1 Introduction 

Many industrial metal production processes require high-temperature operating conditions. 

Almost half of the heat is emitted as high grade (≥ 400 °C) waste heat into the environment by 

irreversible losses. The risk of global warming and possible scarcity of the non-renewable 

energy sources in the near future demands us to use the available waste heat as renewable 

energy source. Recently, thermocells using symmetrical gas (66 % CO2 in O2) electrodes and 

molten carbonate electrolyte mixtures demonstrated the chance of converting the high grade 

waste heat (550 - 850 °C) into power [28, 63, 68]. One candidate target is waste heat (~ 700 

°C) recovery from the industrial silicon-producing furnaces operating at 1800 °C [63]. The 

electrodes with (CO2|O2) gas mixture offer reversibility and fast reactivity with the electrolyte 

carbonate ions. The change in entropy due to the gas-liquid phase transition of the electrode 

gas also contributes to the large Seebeck coefficient. The constant supply of the CO3
2- anion 

source to the melt through the electrode gas mixture keeps the operation continuous. This 

thermocell shows a predicted increase in the Seebeck coefficient (more negative) with a 

decrease in the partial pressure of CO2|O2 in the electrode gas mixture [28]. This suggests an 

opportunity to also use the industrial off-gases containing CO2 and O2 in the mixture with other 

gases [28, 63].  

The melting point of molten carbonate in the electrolyte mixture is the key factor to enable the 

conditions for thermoelectric conversion. It limits the thermocell operation to be above 550 °C 

with binary eutectic carbonates. This restricts accessing the waste heat (~ 450 °C) from the 

industrial aluminum production [84]. The production of aluminum is the second largest amount 

of metal produced worldwide, next to the iron and steel. At present the primary aluminum is 

produced by the Hall-Héroult electrolysis process [85] with molten cryolite containing the 

dissolved alumina (Al2O3) raw material as an electrolyte. The cells are operated at temperatures 

from 950 - 980 °C. Dissolved Al2O3 reacts with the consumable carbon anodes to produce 

aluminum metal along with CO2 gas: 

1

2
Al2O3(dissolved) +  

1

2
C(s) = Al(l) +  

3

4
CO2(g)  (3.2.1) 

Nearly 50 % of the input energy is lost as waste heat to the surroundings [85]. As an integral 

part of the reaction process, the CO2 gas emission is unavoidable but could be reduced [86, 87]. 

Empowering the molten carbonate thermocells to operate below 450 °C will permit the access 

to avail the dual sources of waste heat and CO2-rich off-gases from the industrial aluminum 

production cells.  

The lattice structure and ionic arrangement of the molten salts will change during the solid to 

liquid phase transition due to the dissociation of anion-cation pairs [88, 89]. The salt possesses 

a high electrical conductivity in the molten phase, which increases with the temperature [90]. 

On the other hand, thermal conductivity decreases with increasing temperature. It is thus easier 
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to maintain a stable temperature gradient between the electrodes. The physical properties of 

the molten salts such as density, viscosity, surface tension, and liquidus temperature are easily 

tunable by multicomponent mixing [91-94]. Addition of new salts with less lattice energy [95] 

(Table 3.2.1) will lower the lattice chemical energy of the mixture and liquidus temperature 

(Table 3.2.2) [92].  

 

Table 3.2.1 The melting point and lattice energy [95] of the molten salts in the electrolyte mixture. 

Molten Salt 
Melting Point 

(ºC) 

Lattice energy 

(kJ/mol) 

Li2CO3 723 2523 

Na2CO3 851 2301 

K2CO3 891 2084 

CaCO3 825 2804 

LiF 845 1030 

In addition to the liquidus temperature, the decomposition temperature of the mixture will also 

be shifted. So, the possible stable temperature window of the electrolyte mixtures in the molten 

phase is determined by thermal analysis.  

 

Table 3.2.2 The electrolyte molten melt composition dispersed in 55 vol % of solid MgO. 

Electrolyte 

Mixture 

Melt Composition MX 

Melting Point without MgO from 

literature (ºC) 

Eutectic Carbonates 

(mol %) 

Addtivies 

(wt %) 

Li2CO3 Na2CO3 K2CO3 CaCO3 LiF 

LNC 53 47 --- --- --- 496 

LNKC 43.5 31.5 25 --- --- 397 

LNKC-CC 43.5 31.5 25 14 --- 376 

LNKC-LF 43.5 31.5 25 --- 14 368 

In the present work we investigate the ternary eutectic (Li,Na,K)2CO3, with and without CaCO3 

and LiF additives, as an electrolyte mixture for reduced temperature operation (< 450 °C). The 

thermocell experiments are conducted with the same conditions as in our previous work, [68] 

except for difference in electrolyte composition and a wider range of operating temperatures.  

3.2.2 Experimental 

High purity (> 99%) carbonates of lithium, sodium, potassium, and calcium and lithium 

fluoride and magnesium oxide powders from Sigma-Aldrich were used in electrolyte mixture 

preparation as purchased. The composition specification of the electrolyte mixtures is listed in 

Table 3.2.2. The mixtures were prepared in a mortar by hand mixing and dried in a hot air oven 

for 48 h at 200 °C. Pure metal sheet and wire for making the electrodes (Au) and type S 
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thermocouples (Pt-Pt/Rh10%) were purchased from K.A. Rasmussen, Norway. The necessary 

alumina components for thermocell (Figure 3.2.1) construction, such as 5-bore tubes (one 

center bore dia 2.3 mm and four other bores with dia 0.75 mm) and a tubular crucible (inner 

diameter of 38 mm with 200 mm length), were bought from MTC Haldenwanger, Germany. 

The electrodes were made of a gold sheet point-welded to the gold wire inserted into the 

alumina tubes center bore, and the thermocouples (Pt-Pt10%Rh) were inserted into two other 

holes of the tube. The thermocouple junctions were positioned close to the gold electrode to 

measure the accurate temperature at the electrode surface.  

  

Figure 3.2.1 Cross-sectional schematic representation of the molten carbonate thermocell. 

The electrodes are positioned to establish the temperature gradient of 5 °C, while the cell was 

maintained at the average cell temperature above the liquidus temperature. 
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The thermocell was assembled by placing the two alumina tubes (with the electrode and 

thermocouple) in the cylindrical crucible containing the electrolyte mixture. Then the cell was 

transferred (Figure 3.2.1) to a standard laboratory vertical cylindrical furnace under N2 

atmosphere. First, the electrolyte mixture was melted at the average cell temperature in the 

vertical tube furnace for at least 48 h to ensure homogeneous melt conditions. Premixed 34% 

oxygen in carbon dioxide gas mixture from AGA, Norway was supplied to electrode tubes at 

a flow rate of 21 mL/min. The gas mixture flow was controlled by a pair of Brooks instrument 

Sho-Rate flow meters with  5% accuracy. This molten carbonate electrolyte mixture 

thermocell can be represented as follows 

Au(Ts,a) | CO2,O2(g) | 45vol% MX(l), 55vol% MgO(s) | CO2,O2(g) | Au(Ts,c) 

where MX is the molten salt melt in the electrolyte mixture, listed in Table 3.2.2. The reversible 

(CO2|O2) gas electrode reaction in the carbonate electrolyte melt is 

2CO2(g) + O2(g) + 4e− = 2CO3
2−(l)   (3.2.2) 

with the reverse reaction at the electrolyte interface of the other electrode. 

The electrodes temperature and potential difference were continuously recorded by an Agilent, 

34972A data acquisition unit. Positioning the electrodes at different heights in the electrolyte 

creates the temperature gradient (∆T) between them by the difference in heating zones of the 

furnace. Meantime the average cell temperature was maintained to be constant. An 

equilibration time of 15-20 min from the positioning of the electrodes was used to make sure 

the measured potentials were stable. Then the cell potential was measured at least for 30 min 

at each temperature gradient.  

The Seebeck coefficient of the thermocell with homogeneous binary electrolyte mixture LNC 

at the initial state (short time) is 

(
∆𝜑

(𝑇𝑠,𝑐−𝑇𝑠,𝑎)
) =  𝛼𝑆,0 =  −

1

𝐹
 [

1

2
𝑆𝐶𝑂2

 +  
1

4
𝑆𝑂2

 + 𝑆𝑒
∗ −

1

2
𝑆𝐶𝑂3

2−
∗ + (

𝑡2

𝑥2
− 

𝑡1

𝑥1
)

𝑞∗

𝑇
 ]  (3.2.3) 

The Seebeck coefficient of the same LNC electrolyte mixture at steady Soret equilibrium state 

is: 

𝛼𝑆,𝛼 = − 
1

𝐹
 [

1

2
 𝑆𝐶𝑂2

 +  
1

4
 𝑆𝑂2

 + 𝑆𝑒
∗ −

1

2
 𝑆𝐶𝑂3

2−
∗ ]  (3.2.4) 

where 𝑆𝑗
  is the entropy of component j at an average temperature of the electrodes T and 

pressure 𝑝𝑗
 . The terms 𝑆𝑒

∗ and 𝑆𝐶𝑂3
2−

∗  are the transported entropies of the electron and carbonate 

ion, respectively. This equation applies also to multicomponent mixtures.  
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The entropies and the transported entropies are generally functions of temperature. The gas 

entropies are expected to be larger than the transported entropies. These terms have then a 

negative contribution to the Seebeck coefficient. Then 𝑡1 and 𝑡2 are the transference 

coefficients and 𝑥1 and 𝑥2 are the mole fractions of Li2CO3 and Na2CO3. The ratio 
𝑞∗

𝑇
 may be 

interpreted in terms of enthalpy changes across the layer, but it is difficult to interpret the sign 

of this last term. The last term in the initial state is not included at the Soret equilibrium state. 

A detailed theoretical derivation of the equations (3.2.3 and 3.2.4) based on nonequilibrium 

thermodynamics is explained in our previous work [28, 63]. The reported Seebeck coefficients 

in this paper are considered as to be at initial state, which means the measurement was made a 

short time after the establishment of the temperature gradient.  

 

Table 3.2.3 Experimental algorithm used for the DSC/TGA thermal analysis. 

Segment Mode 
Temperature Range 

(ºC) 

Heating/Cooling Rate 

(ºC/min) 

Hold Time 

(min) 

1 Heating 50 - 300 20 --- 

2 Isothermal 300 --- 10 

3 Heating 300 - 530 10 --- 

4 Heating 530 - 900 20 --- 

5 Isothermal 900 --- 10 

6 Cooling 900 - 50 20 --- 

The chemical and phase stability was analyzed by determining the phase of the as-prepared and 

resolidified (i.e., before and after thermocell measurement) electrolyte mixture by X-ray diffraction 

(Bruker-D8 ADVANCE with a CuKα source of λ = 1.5406 Å). The thermal stability and 

liquidus/solidification temperature of the electrolyte mixtures were determined by TGA/DSC thermal 

analysis (NETZSCH STA449C Jupiter). Thermal analysis was performed by heating an alumina pan 

gently pressed with the powders of an as-prepared electrolyte mixture in reference to a similar empty 

alumina pan under N2 atmosphere. Different segments of the temperature profile (Table 3.2.3) were 

used to improve the accuracy and minimize the analysis time. 

3.2.3 Results and discussion 

For comparison, the DSC was also performed for a pure single lithium carbonate mixture (LC) 

with 55 vol% solid MgO along with the proposed electrolyte mixtures in Table 3.2.2. Figure 

3.2.2 shows the change in thermal behavior of multicomponent mixtures from the pure single 

salt system. The LC mixture DSC heating curve (Figure 3.2.2 a) shows a sharp endothermic 

peak at 718 ºC representing the melting point of the mixture, which is slightly lower than for 

the pure Li2CO3 [96]. The presence of solid MgO could help in the early melting of the 

carbonates due to the decrease in enthalpy of fusion [93, 97]. It suggests that the presence of 

solid MgO stabilizes the Li2CO3 below its liquidus temperature. Then the carbonates begin to 
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melt from the region near the solid MgO surface as an affected solid state in this heterophase 

mixture [80].  

 

 

Figure 3.2.2 DSC analysis to show the change in (a) liquidus and (b) solidification temperatures 

of the electrolyte mixtures in Table 3.2.2. 

In all other electrolyte mixtures, a broad endothermic peak covering a wide temperature range 

with less intensity is observed. The endothermic peak begins once the first liquid is formed, 

and due to the low thermal conductivity of the mixture, a wide range of temperature is required 
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to melt the last fraction of carbonates in the mixture. Even two endothermic peaks are seen in 

the case of LNC and LNKC mixtures. The formation of a metastable solid state by solid-solid 

phase transformation may lead to an additional endothermic peak before melting [98]. After 

the solid-solid phase transition the absorption of heat leads to a rapid endothermic peak, which 

represents the liquidus temperature of the eutectic mixture. Also the inhomogeneity of the 

multicomponent mixture may lead to an additional endothermic peak. However, the peak 

maximum is higher than the expected liquidus temperature in Table 3.2.2 (molten carbonates 

without MgO). The large thermal contact resistance between the solid sample and alumina pan 

container at this heating rate (10 ºC/min) affects the homogeneous temperature distribution in 

the sample and shifts the melting point [98]. Using a slow heating rate (below 5 ºC/min) may 

improve the data accuracy [91].  

The improved thermal contact between the alumina pan and the sample after melting shows a 

sharp exothermic peak on resolidification in the DSC cooling curves (Figure 3.2.2 b). The 

change in the sharp peak position in the cooling curves confirms the reduction in liquidus 

temperature in multicomponent mixing, in the order of (LC > LNC > LNKC > LNKC-CC > 

LNKC-LF), this drift is identical to the literature [92, 99]. The steady baseline in the cooling 

curves displays the enhanced homogeneity [100] after melting. This makes it certain that the 

melting procedure with average cell temperature for 48 h in the tubular furnace before the 

thermocell measurement will improve the electrolyte melt homogeneity. The presence of the 

two well distinguishable separate exothermic peaks in the LNKC-LF cooling curve will be 

discussed later.  

The recorded potentials after 20 min of equilibrium time from the establishment of each 

temperature gradient are shown as raw data in time scale (inset plot in Figure 3.2.3 a) for the 

LNKC thermocell. The negative temperature steps show a positive increase in potential which 

is reversed by reversing the temperature gradient between the electrodes. A negative potential 

is observed for the thermocell measurements with the hot electrode as a negative terminal. Then 

the potential changes to positive on reversing the hot and cold electrodes (the positive terminal 

becomes hot). A negligible bias potential is observed when both the electrodes are close to the 

average cell temperature (ΔT is ~ 0) [28, 63, 101].  

The recorded raw data is plotted as potential against the temperature gradient (Figure 3.2.3 a), 

and the slope of the straight line determines the Seebeck coefficient. It displays a well-defined 

thermoelectric condition for the LNKC thermocell at 415 ºC. This behavior is identical to the 

reports with a binary or single carbonate electrolyte mixture at 550 ºC [28, 63, 68]. The 

thermocell Seebeck coefficients of all the electrolyte mixtures listed in Table 3.2.2 are shown 

in Figure 3.2.3 b. A lower melting point of the ternary eutectic carbonate electrolyte mixtures 

makes the thermocell measurement possible at 415 ºC. However, the Seebeck coefficient is 

also measured at 550 ºC to make a comparative scale with the reported binary LNC electrolyte 

mixture in identical experimental conditions [68]. 
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Figure 3.2.3 (a) Thermocell measurement with the LNKC electrolyte mixture at 415 °C and (b) the 

Seebeck coefficient of the thermocells different electrolyte mixtures in Table 3.2.2. 

The ionic framework and transport behavior of the molten carbonates electrolyte mixture 

dispersed with solid MgO will be discussed before considering the changes in the Seebeck 

coefficient for different electrolyte mixtures. Mizuhata et al. [65, 80, 102] reported a lower 

electrical conductivity of similar molten carbonate electrolyte mixtures dispersed with different 

solid oxides, compared to pure molten carbonates. They also confirmed that the dispersed solid 
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oxide behaves more as an insulator and that the electric conductivity of the mixture depended 

mostly on the ionic conductivity of the molten phase. The presence of dispersed solid oxide 

interface influences different transport properties. Nafe [64] supported this observation; the 

reduction in conductivity of a carbonate based composite electrolyte was due to anion-

conduction rather than cation on dispersed solid oxides in carbonate melts.  

In Figure 3.2.4, a scheme is proposed to illustrate the ionic environment of the binary molten 

carbonate electrolyte mixture (LNC) with solid MgO above the liquidus temperature. 

According to molten salt chemistry, the cation-anion pairs begin to dissociate at the liquid 

phase transition and increase the ionic degrees of freedom. However, in the liquid phase near 

the melting point a short-range lattice order remains as a memory effect of the solid lattice [2, 

3]. Here the cation sits next to the respective anion or vice versa, such as in a quasi-crystal [89, 

96]. Upon further increase in temperature, the ionic pair dissociation-distance increases and the 

concentration of ionic charge carriers increases with temperature [2, 3, 94, 103]. Reaching the 

complete dissociation of ion pairs at a higher temperature (boiling point), decomposition will 

be initiated [104].  

 

Figure 3.2.4 Schematic to illustrate the ionic arrangement in the LNC electrolyte mixture at initial 

conditions. 

Identical melting behavior is expected in the molten carbonate electrolyte mixtures in 

thermocells. Ionic movement occurs in electrolyte melt due to thermal diffusion setup by the 

temperature gradient between the electrodes. In pure molten salts without solid oxide, the fast-
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moving small cations are the predominant charge carriers rather than the large anions. However 

the dispersion of solid oxides turns the larger anions into being the charge carriers due to the 

interface (solid MgO/M+ cations) composite effect [64]. Thus, the randomly arranged solid 

MgO particles wrapped with a negative surface charge attract the small metal (Li, Na) cations 

and withhold its mobility, thus the anions become a dominant carrier. Also, the MgO interface 

effect on the carbonate melt will reduce the heat flux [105]. The theoretical expression for the 

Seebeck coefficient of these thermocells derived by irreversible thermodynamics depends on 

the transported entropy of the carbonate ions, rather than the metal ions, in agreement with the 

illustrated transport behavior [28, 63]. Also, in high-temperature molten carbonate fuel cells 

with solid oxide matrix and carbonate melt electrolyte, the negative carbonate ions are 

considered as a major charge carrier [99, 106].  

In this thermocell, the large carbonate anions diffuse from the cold to the hot electrode in the 

electrolyte mixture. The ionic arrangement in the electrolyte mixture may influence the 

carbonate ions’ degree of diffusion [64, 94]. Even though the cations are immobilized on the 

solid MgO surface, the addition of larger cations could alter the carbonate ion mobility. The 

change in anion-cation Coulombic force of attraction and polarization power on the change in 

cation size varies the activation energy for conduction and diffusion of the carbonate ions [28, 

94]. The thermocell Seebeck coefficient, directly depends on the transported entropy carried 

along with the charge carrier (transported entropy is an energy from the lattice order-disorder 

transition).  

Thus, the transported entropy of the carbonate ions is reduced while moving from the pure LC 

to the binary LNC electrolyte mixture due to the lattice defects by multicomponent mixing and 

will increase the Seebeck coefficient, but the substitution of sodium cation by large potassium 

in the binary melt, reduces the Seebeck coefficient [63]. Also, in the present study (Figure 

3.2.3 b), the Seebeck coefficient (average cell temperature 550 °C) of the binary LNC 

thermocell reduces from -1.7 mV/K to -1.5 mV/K for the LNKC. The Seebeck coefficient 

reduces further to -1.2 mV/K for the electrolyte mixture LNKC-CC due to the strong lattice 

energy between the asymmetric divalent calcium (Ca2+) cation and carbonate anion in the 

monovalent cations melt. The LNKC-LF mixture results show a slightly higher Seebeck 

coefficient than the ternary LNKC mixture, even though the concentration of carbonates is 

reduced by fluorides addition in the melt.  

The illustrated ionic framework and the dependency of the Seebeck coefficient on cation 

composition in the electrolyte mixture, suggest that the preferred path for carbonate ion 

diffusion is associated with cations that are attracted to the solid MgO surface, rather than to 

the core of carbonate melt. Mizuhata et al. [80] reported an increase in electrical conductivity 

upon increasing the amount of solid oxide content, or its surface area in the carbonate melt, 

which makes the claim reasonable. 
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A high chemical and phase stability of the dispersed solid MgO in LNC electrolyte melt was 

reported [68]. The addition of other carbonates into the LNC mixture should retain the stability 

of the MgO phase [96, 97]. The stability of MgO in electrolyte (LNKC-LF) melt with LiF 

additive is studied by XRD (Figure 3.2.5). The sharp and intense diffraction peaks of MgO are 

at the same position before and after thermocell measurement, but the peaks related to 

carbonates and fluoride show reduced intensity for the resolidified electrolyte melt cooled from 

550 ºC [68]. Phases other than the phases due to the known melt composition are not observed. 

The lag in crystallinity on resolidification from the completely disordered melt phase reduces 

the diffraction peak intensity of the molten salts. Also, no evidence for recombination of the 

fluoride anions to the Na/K cations is seen, and the strong lattice force of small Li+ is in favor 

of the LiF formation [107].  

 

Figure 3.2.5 XRD phase analysis of the LNKC-LF electrolyte mixture, before and after the 

thermocell measurement at 550 °C. 

Meanwhile, the Li+ rich melt leads to a cation phase separation on resolidification showing a 

splitting in peak position corresponding to pure Li2CO3 with an additional peak for binary 

(Li,Na)2CO3 phase. Such splitting was not observed previously in an LNC electrolyte mixture 

[68, 107, 108]. In the LNKC-LF mixture DSC cooling curve, the occurrence of a small 

additional exothermic peak in the resolidification range of LNC supports this cation phase 

separation observed using XRD. However, it couldn’t be an impurity phase, thus the 

multicomponent mixing just leads to a doping effect without any chemical side reaction [92]. 

The solid MgO phase remains stable throughout the thermocell operation even in the presence 

of LiF in the electrolyte.  
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Figure 3.2.6 Thermochemical stablility of the different electrolyte mixtures by TGA analysis. 

The decomposition temperature of the electrolytes beyond the melting point, where the 

dissociated CO3
2- ions begin to escape as CO2 and affect the melt homogeneity, [104] 

determines the stable liquid phase temperature upper window for the thermocell operation. So, 

the thermochemical stability of the electrolyte mixtures is analyzed by TGA along with the 

DSC measurements. In Figure 3.2.6 the decomposition process is monitored by measuring the 

change in electrolyte weight on heating to 900 ºC under N2 atmosphere. The weight loss 

observed before 200 ºC is due to the removal of moisture [91] and the sudden drop around 300 

ºC is attributed to the implemented isothermal condition followed by the different heating rates 

used in the measurement algorithm (Table 3.2.3). The electrolyte mixtures solid to liquid phase 

transition shows the respective change in TGA curve around 400 ºC for the ternary carbonate 

mixtures (LNKC, LNKC-CC, LNKC-LF).  

As mentioned in the DSC discussion the high interface thermal resistance between the solid 

sample and alumina pan in high heating rate can shift the corresponding liquid weight change 

in TGA to high/low temperatures [91]. The lattice energy and cation polarization power of the 

salt have strong effects on their thermal stability [109]. As shown in Table 3.2.1, the larger 

lattice energy of the CaCO3 prompts the early decomposition in LNKC-CC [100, 107]. 

However, the presence of Na, K carbonates with low lattice and ionization energies establishes 

a short range of stable melt phase in LNKC-CC between the melting and decomposition 

temperatures [110]. The ternary eutectic carbonate electrolyte mixtures with and without LiF 

offer a chemical stability at higher temperatures along with the reduced liquidus temperature 

[92, 93]. 
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The thermocell measurements with the LNKC ternary molten carbonate electrolyte mixture 

were performed in the determined stable temperature window (from 405 to 750 ºC). Along 

with the Seebeck coefficients, the TGA weight loss of the corresponding electrolyte mixture 

on increase in temperature is also merged in Figure 3.2.7. An increase in the carbonate ion 

degree of freedom by enhanced cation-anion pair dissociation by raising the thermocell 

temperature lowers the activation energy required for carbonate ion migration [64, 103]. Also, 

the transported entropy of carbonate ions reduces due to large lattice disorder by an increase in 

the average cell temperature. Thus, the Seebeck coefficient increases from -0.9 mV/K (405 °C) 

to -1.5 mV/K (550 °C).  

The dependence of the Seebeck coefficient on the operating temperature is similar to the 

behavior reported previously (increase in the Seebeck coefficient with average cell 

temperature) [63]. Existence of short-range lattice order (quasi-crystalline nature) [108] in the 

melt phase near the liquidus temperature results in a drastic change in the Seebeck coefficient 

for a small rise (10 ºC) with the average cell temperature (405 to 415 ºC). The further increase 

in thermocell temperature to 750 ºC, slightly reduces the Seebeck coefficient to -1.2 mV/K. 

There is no significant decomposition weight loss observed during TGA measurement under 

N2 atmosphere at this temperature; but during the thermocell measurements, the availability of 

O2 electrode-gas along with CO2 could initiate carbonate decomposition a bit earlier, around 

730 ºC [93]. Then the dissociated CO3
2- ions begin to escape as CO2 and affect the homogeneity 

 

Figure 3.2.7 Seebeck coefficient of the LNKC thermocell at different average cell temperatures 

merged with the TGA weight loss profile. 
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of the electrolyte mixture by a decrease in CO3
2- ions concentration and reduced Seebeck 

coefficient at 750 °C.  

However, the LNKC mixture enables thermocell operation at 405 ºC which is well below the 

desired reduced temperature (450 ºC). The electrolyte mixture with LiF will likely corrode the 

metal electrodes which demands an extensive study for higher temperature operation, [111] but 

the gold and platinum metals are stable in this regards. The morphology of the Au electrodes 

is not modified during the thermocell measurements. Also change in electrolyte composition 

has no impact on the surface morphology of the Au electrodes. The SEM images showing the 

surface morphology of the electrodes are provided in the supporting information (Chapter 

3.2.5). Also, the addition of the low melting temperature salts like molten chlorides, nitrates, 

and hydroxides will liquidize the ternary carbonate mixture even sooner, but the complex ionic 

melt will affect the solid MgO phase and melt chemical stability [93, 107, 110]. 

3.2.4 Conclusions 

A low liquidus temperature of the ternary eutectic LNKC electrolyte mixture can be achieved 

by multicomponent mixing with low lattice energy salts. This permits the operation of molten 

carbonate thermocell at a reduced temperature range (< 450 ºC). The high-temperature 

thermochemical stability of the mixture widens the operating temperature window of the 

thermocell. Addition of CaCO3 and LiF into the ternary eutectic carbonates shifts the liquid 

phase-transition to even lower temperatures, but the higher lattice energy of CaCO3 brings 

down the stable temperature window by early decomposition. While the LiF-addition 

demonstrates a better stability at high-temperatures, the corrosion effect of the electrodes and 

other cell components should be investigated before warranting the better performance. XRD 

analysis shows that the dispersed solid MgO remains stable in the LNKC-LF electrolyte 

mixture at 550 ºC. Thus, the stable and suitable reduced temperature is optimized for the molten 

carbonate thermocell operation to recover the waste heat (< 450 ºC) from primary aluminum 

production industries.  
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Figure 3.2.8 SEM surface morphology of the gold electrodes before thermocell measurements. 
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Figure 3.2.9 SEM surface morphology of the gold electrodes used in thermocells with different 

electrolyte mixtures at 550 °C. 

(a - LNC, b - LNKC, c - LNKC-CC, d - LNKC-LF) 

a b 

c d 
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Chapter 4 Suggestions for Future Work 

In the latter part of this thesis the possibilities for configuring the molten carbonate thermocells 

as identical to the cathode side half-cell of the MCFC were examined. In this regard the 

suggestions for further work on the molten carbonate thermocell towards adopting the existing 

MCFC technology will be,  

- The stability and lifetime of electrodes under thermocell operating conditions.  

- Probabilities to alter the electrodes arrangement to establish the temperature gradient. 

- Effective electrodes orientation and cell stacking to improve the power output (i.e. 

subsequent positioning of hot and cold electrodes).  

In addition to a stand-alone power production system, a lot of opportunities are conceivable to 

combine this thermocell operation with the existing high temperature power production plants. 

Recently the feasibility of using the traditional molten carbonate fuel cells (MCFC) for carbon 

capture and storage (CCS) is explored. The MCFC power generation unit integrated with CCS 

operation has been found to increase the total efficiency of the plant. Similarly, the molten 

carbonate thermocell can be combined with MCFC and intermediate temperature solid oxide 

fuel cells (IT-SOFC) operating at a similar high temperature (> 500 °C) and with CO2 rich gas. 

However, the possibilities to probe the potential difference arise due to the temperature gradient 

between two identical electrodes (i.e. cathode and cathode) of the fuel cells should be studied. 

This suggests that the real-time applications of these high temperature thermocells are not too 

far away.  

Other than the thermocell, the reported simple heat flux DSC method to measure the thermal 

conductivity of the molten salt mixtures will be interesting for the applications using molten 

salts. For example, in solar power plants the molten salts are used as heat transfer fluid and 

heat storage medium, which is mainly dependent on the thermal properties of the molten salt. 

Finding a suitable measurement program for using the proposed modified DSC approach will 

make it possible to determine all the required thermal properties in a single thermal 

(DSC/TGA) measurement. Thermal properties of interest are liquidus temperature, thermal 

stability, specific heat capacity and thermal conductivity. Also, making the highly 
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homogeneous alloys available with similar purity as the DSC metals standard could enable this 

approach to measure the thermal conductivity at any required temperature. If the liquidus 

temperature of the standard alloy/metal is matching the temperature of the application, the 

thermal conductivity of the molten mixture can be determined at the exact temperature.  
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Chapter 5 Conclusions  

The thermocells demonstrated with molten carbonate electrolyte mixtures and (CO2|O2) gas 

electrodes possess the opportunity to generate electricity from high temperature waste heat. 

Optimizations reported in this thesis accomplishes the thermocell with enhanced Seebeck 

coefficients. The combination of electrolyte mixture (binary eutectic (Li,Na)2CO3 dispersed 

with 55 vol% MgO(s)) and the (CO2|O2) gas electrode (flow rate 21 ml/min) delivered the 

larger Seebeck coefficient (-1.7 mV/K) at 550 °C. Densification of the electrolyte mixture by 

randomly close packed solid MgO (55 vol%) particles with large surface area (123 m2/g) limits 

the heat flux. It provided a steady temperature gradient between the electrodes. The optimal 

electrode gas flow rate (21 ml/min) established an equilibrated electrolyte-electrode interfacial 

contact to probe the potential difference.  

Also, the influence of the physicochemical and thermochemical properties of the electrolyte 

mixture with solid oxide was explored to understand its impact on the thermocell behavior. 

The physicochemical properties show that the change in an acid-base property of the molten 

carbonate and solid oxide disturbs the electrolyte stability (structural transformation, chemical 

reactivity and homogeneity). Accordingly, the existence of MgO or CeO2 achieves a higher 

stability of the electrolyte mixture than the Al2O3 or LiAlO2, the corresponding change in 

thermocell Seebeck coefficients was also shown. So, the Seebeck coefficient of the electrolyte 

containing MgO at the Soret equilibrium state (-1.8 mV/K) remains essentially the same as at 

the initial time (-1.7 mV/K). The thermochemical property showed that the dense dispersion of 

MgO (with the large surface area) reduces the liquidus temperature of the molten carbonate 

along with the reduction in heat flux. Thus, in addition to a larger thermocell Seebeck 

coefficient this combination gives a reasonable figure of merit (ZT = 1.1), which is comparable 

to the semiconductor thermoelectric materials. Also, in term of the power output this 

combination was superior to the other type of thermocells with liquid electrolytes, but lower 

than the semiconductor thermoelectric due to high ohmic losses.  

The ternary eutectic (Li,Na,K)2CO3 molten carbonate mixture with MgO lowers the liquidus 

temperature and enables the thermocell operation at reduced temperatures. The multi-cationic 

molten carbonate mixture enables the thermocell to recover the waste heat (< 450 °C) from 

primary aluminum production industries. Still, the thermocell Seebeck coefficient remains 
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larger (-1.5 mV/K) even after substituting the larger K cation with smaller Li, Na ions in the 

electrolyte mixture. The feasibility of an inexpensive nickel based current collector to operate 

the thermocell was also demonstrated. Even the NiO phase exposes a high electrical resistivity 

the thermocell Seebeck coefficient still remains above -1.2 mV/K (more negative). Using the 

NiO current collectors could reduce the energy generation cost further in addition to the 

inexpensive molten carbonates electrolyte. Other than the thermocell measurements, simple, 

cost-effective and reliable approaches to acquire the electrical and thermal conductivity of the 

molten electrolyte at elevated temperature could add further novelty to this work. The 

conductivity cell with two capillary electrodes acquires the electrical conductivity with high 

precision due to the long current path. Then a simple heat flux DSC was used to measure the 

thermal conductivity of the molten samples with high accuracy.  
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Appendix A 

Theory of molten carbonate thermocells  

Kang et al. [63] and Børset et al. [28] derived the expression for the Seebeck coefficient (αS) of 

thermocells containing molten carbonate-based electrolyte mixtures by using the non-

equilibrium thermodynamics theory for heterogeneous systems. Here the derivation from the 

original articles are provided as supplementary material.  

A1.1 System description 

The thermocell containing molten carbonate electrolyte with two symmetrical gas electrodes 

reversible to the carbonate ion is shown in Figure A1.1. The electrode gas is bubbled over 

metallic (gold) conductors immersed in the homogeneous electrolyte mixture. The reversible 

(CO2|O2) gas electrode reaction in the molten carbonate electrolyte is, 

 2CO2(g) + O2(g) + 4 e− = 2 CO3
2−(l)     (A1.1)  

with the reverse reaction occure at the other electrode-electrolyte interface.   

To facilitate a detailed theoretical description of the thermocell, it is dived into five subsystems 

as shown in Figure A1.1 (bottom). It is divided into three subsystems with homogeneous 

phases and two subsystems at the electrode-electrolyte interface. The suffix means the 

subsystem, anode current collector (a), the two electrode surfaces (s,a and s,c), the electrolyte 

(e) and the cathode current collector (c). The thermocell emf will be the sum of the potential 

difference across each subsystem, 

∆φ = φc − φa =  ∆aφ + ∆a,eφ + ∆eφ +  ∆e,cφ + ∆cφ   (A1.2) 

To establish the expression for the Seebeck coefficient, we need an expression for the emf 

measured between two Cu wires lead attached to the Au current collectors at room temperature 

(Ta,o = Ta,o = T0) when the two electrodes are at temperatures Ts,a and Ts,c.  

https://www.sciencedirect.com/science/article/pii/S001346861530503X#!
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The Seebeck coefficient is defined as the potential difference divided by the temperature 

difference between the electrodes in the limits j → 0 and Ts,c − Ts,a = ΔT → 0, 

αS = (
∆φ

∆T
)

j → 0,ΔT → 0
=  (

∆aφ+ ∆cφ

∆T
) + (

∆a,eφ+ ∆e,cφ

∆T
) + (

∆eφ

∆T
)  (A1.3) 

where we assumed a constant temperature across each surface i.e. Ta,e = Ts,a = Te,a 

and Te,c = Ts,c = Tc,e.  

 

Figure A1.1 (Top) Cross-sectional view of the thermocell and (bottom) the five subsystems of the 

cell, the notation used for transport properties [28, 63, 68]. 
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A1.2 Seebeck coefficient and non-equilibrium thermodynamics 

For simplicity, first we consider the thermocell A containing the pure single molten carbonate 

(Li2CO3) electrolyte and a pair of reversible (CO2|O2) gas electrode, 

Thermocell A:  

Au(Ts,a) | CO2,O2(g) | Li2CO3 | CO2,O2(g) | Au(Ts,c) 

The expressions (αS) for the thermocell A is determined from the non-equilibrium 

thermodynamics theory for heterogeneous systems.  

Then the derivation is extended to obtain the Seebeck coefficient expression for thermocell B 

containing same (CO2|O2) gas electrodes but the electrolyte is a mixture of single molten 

carbonate (Li2CO3) with solid oxide (MO), 

Thermocell B:  

Au(Ts,a) | CO2,O2(g) | 45 vol% Li2CO3(l), 55 vol% MO(s) | CO2,O2(g) | Au(Ts,c) 

Finally the expression for Seebeck coefficient for thermocell C is derived by following the 

expressions for the thermocells A and B.  

The thermocell C contains binary eutectic molten carbonates (45 vol% (Li,Na)2CO3) 

electrolyte mixed with (55 vol% MO), while the electrode gas composition and the pressure 

remain same to thermocell A and B. For this thesis most of the experiments are conducted with 

similar electrolyte mixtures in thermocell C, 

Thermocell C:  

Au(Ts,a) | CO2,O2(g) | 45 vol% (Li,Na)2CO3(l), 55 vol% MO(s) | CO2,O2(g) | Au(Ts,c) 

The (MO) represents the solid oxides MgO, CeO2 or LiAlO2. The detail derivation of the 

Seebeck coefficient (αS) expressions for the above-mentioned thermocells A-C are established 

by using the non-equilibrium thermodynamics theory for heterogeneous systems [28, 63, 66, 

212, 213]. 

A1.2.1 Seebeck coefficient of the thermocell A 

To estimate the thermoelectric potential of the thermocell, the entropy production and the flux 

equations for all the subsystems are determined separately. Then by using these equations, the 

expression for Seebeck coefficient is derived. 



168  Appendix A 

 

The Au metal current collectors 

The equations to show the contribution of Au(s) current collectors (Δa and Δc) for the Seebeck 

coefficient is well known [212]. The expression for the electric potential is integrated from the 

temperature of the surroundings, T0, to the electrode temperature Ts,a on the left-hand side, and 

from the electrode temperature on the right-hand side, Ts,c, to T0, the related expression for the 

Seebeck coefficient, 

(
∆aφ+ ∆cφ

∆T
) =  −

1

𝐹
𝑆𝑒

∗     (A1.4) 

Here 𝑆𝑒
∗ is the transported entropy of the electron, it is assumed to be constant in the 

temperature interval (ΔT).  

The electrode surfaces 

The equations showing the contribution of the electrode surfaces (Δs,a and Δs,c) at the electrolyte 

interface is determined. The surfaces (Δs,a and Δs,c) can be regarded as independent 

thermodynamic systems. The excess entropy production in the anode surface (Δs,a) has 

contributions from heat fluxes into and out of the surface, from fluxes of oxygen and carbon 

dioxide out of the surface, from a flux of lithium carbonate into the surface, from the electric 

current density across the surface and the electrochemical reaction in the surface, 

𝜎𝑠,𝑎 =  𝐽𝑞
′𝑎,𝑒∆a,s (

1

T
) + 𝐽𝑞

′𝑒,𝑎∆s,e (
1

T
) −

1

T𝑠,𝑎 𝐽𝑂2

𝑒,𝑎∆s,e𝜇𝑂2,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎 𝐽𝐶𝑂2

𝑒,𝑎 ∆s,e𝜇𝐶𝑂2,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎 𝐽𝐿𝑖2𝐶𝑂3

𝑒,𝑎 ∆s,e𝜇𝐿𝑖2𝐶𝑂3,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎 𝑗 
 ∆a,e𝜑 −

𝑟𝑠 (−
1

T𝑠,𝑎
∆n𝐺 

𝑠,𝑎)        (A1.5) 

Here 𝐽𝑞
′  is the measurable heat flux and 𝐽𝑗

  is the flux of component j, 𝜇𝑗,𝑇 
 is the chemical 

potential of component j evaluated at constant temperature T, j is the electric current density 

and ∆a,e𝜑 is the potential drop across the surface. With thermostatted electrodes, we have 

constant temperature across each surface (i.e. for s,a we have Ta,e = Ts,a = Te,a). We assume also 

chemical equilibrium for adsorbed components (i.e. 𝜇𝑗
𝑠,𝑎 =  𝜇𝑗

𝑒,𝑎
). Both conditions apply to 

reversible conditions (𝜎𝑠,𝑎 = 0). We measure the emf when a very small electric current is 

passing the electrode, and the surface reaction rate is rs = j/F.  

For 𝜎𝑠,𝑎 = 0 the potential drop across the anode surface is, 

∆a,e𝜑 = −
1

F
∆n𝐺 

𝑠,𝑎      (A1.6) 

Here ∆n𝐺 
𝑠,𝑎 has contributions from the neutral gas components CO2 and O2 to the electrode 

reaction, 
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∆n𝐺 
𝑠,𝑎 =  

1

2
𝜇𝐶𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎) +

1

4
𝜇𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎)   (A1.7)  

By using (A1.7) in (A1.6), the expression for the potential drop across the anode surface in 

terms of the chemical potentials of the neutral components is written as  

∆a,e𝜑 =  −
1

F
(

1

2
𝜇𝐶𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎) +

1

4
𝜇𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎))   (A1.8) 

The same analysis applies to the other electrode surface and the total contribution from the 

electrode reactions to the cell potential can be written as, 

∆a,e𝜑 + ∆c,e𝜑 = −
1

F
[

1

2
(𝜇𝐶𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎) − 𝜇𝐶𝑂2

𝑠,𝑐

  
(𝑇𝑠,𝑐)) +

1

4
(𝜇𝑂2

𝑠,𝑎

  
(𝑇𝑠,𝑎) − 𝜇𝑂2

𝑠,𝑐

  
(𝑇𝑠,𝑐))]

  = −
1

F
[

1

2
 𝑆𝐶𝑂2

 +
1

4
𝑆𝑂2

 (𝑇𝑠,𝑐 −  𝑇𝑠,𝑎)]    (A1.9) 

Using the relation (∂𝜇𝑗/ ∂T)
𝑝,𝑛𝑖

=  −𝑆𝑗, the last equality is obtained. We shall evaluate 𝑆𝑗 for 

the average cell temperature. The contribution from the electrodes surface to the Seebeck 

coefficient is, 

(
∆a,eφ+ ∆c,eφ

∆T
) =  −

1

𝐹
(

1

2
 𝑆𝐶𝑂2

 +
1

4
𝑆𝑂2

 )   (A1.10) 

Here, the 𝑆𝐶𝑂2

  and 𝑆𝑂2

  are the entropy of the electrode gases (CO2|O2) and F is Faraday's 

constant. 

Electrolyte pure lithium carbonate 

Since the electrolyte is pure molten lithium carbonate and the pressure is constant throughout 

the system. Then the only two thermodynamic forces like thermal force and gradient in electric 

potential contribution to the entropy production in the electrolyte (Δe). The entropy production 

is, 

𝜎𝑒 =  𝐽𝑞
′𝑒 (

∂

∂x

1

T
) + 𝑗 (−

1

T

∂φ

∂x
)     (A1.11) 

The flux equations for transport of heat and charge in the electrolyte follow from the entropy 

production can be written as, 

𝐽𝑞
′𝑒 =  𝐿𝑞𝑞

𝑒 (−
1

𝑇2

dT

dx
) + 𝐿𝑞φ

𝑒 (−
1

T

dφ

dx
)    (A1.12) 

𝑗 =  𝐿φ𝑞
𝑒 (−

1

𝑇2

dT

dx
) + 𝐿φφ

𝑒 (−
1

T

dφ

dx
)    (A1.13) 
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The coefficients (L's) depend on state variables but are independent of the forces. They are 

related through the Onsager relations as 𝐿𝑞φ
 =  𝐿φ𝑞

 . The coefficients are phenomenological 

and must therefore be determined from experiments. The equation (A1.13) is solved for 
dφ

dx
 by 

integrate across the electrolyte for j ≈ 0, and express for the contribution of the electrolyte to 

the Seebeck coefficient is obtained 

(
∆eφ

∆T
) =  −

π𝑒

𝑇𝐹
      (A1.14) 

The ratio 
π𝑒

𝑇
 is constant over the temperature interval. The Peltier coefficient (π𝑒) of the 

electrolyte describes the heat transported with the current at uniform temperature and 

composition (i.e. at reversible conditions), 

π𝑒  ≡  (
𝐽𝑞

′𝑒

𝑗/𝐹
)

𝑑𝑇=0,𝑑𝜇𝑇 =0
= 𝐹

𝐿𝑞φ
 

𝐿φφ
  =  (

𝑇(𝐽𝑆
𝑒 − 𝑆𝐿𝑖2𝐶𝑂3 

𝐽𝐿𝑖2𝐶𝑂3  
)

𝑗/𝐹
)

𝑑𝑇=0,𝑑𝜇𝑇 =0

 (A1.15) 

where 𝐽𝑆
𝑒 is the entropy flux in absence of a flux of Li2CO3 when the charge is transported in 

the electrolyte. The transference coefficient of Li2CO3 is defined as, 

𝑡𝐿𝑖2𝐶𝑂3 
≡  (

 𝐽𝐿𝑖2𝐶𝑂3 

𝑗/𝐹
)

𝑑𝑇=0,𝑑𝜇𝑇 =0
=

𝐿𝑞φ
𝑒

𝐿φφ
𝑒     (A1.16) 

In a cation frame of reference 𝑡𝐿𝑖 
+ = 0, the transport number of the carbonate ion is unity and 

the transference coefficient of the salt, 𝑡𝐿𝑖2𝐶𝑂3 
= 0. Then, all entropy, or equivalently, heat is 

transported by the carbonate ion and the Peltier coefficient can be expressed by the transported 

entropy of the carbonate ion, like 

π𝑒 = −𝑇
1

2
𝑆

𝐶𝑂3
2−

∗       (A1.17) 

Here the convention used for transport of charge gives the minus sign. In an anion frame of 

reference 𝑡𝐶𝑂3
2− = 0, the transport number of the lithium ion is unity and the transference 

coefficient 𝑡𝐿𝑖2𝐶𝑂3 
= 1/2.  

Then the Peltier coefficient equals the difference between the entropy transported with 

𝐿𝑖 
+, 𝑆𝐿𝑖 

+
∗ , and the entropy transferred with Li2CO3, 

π𝑒 = 𝑇 (𝑆𝐿𝑖 
+

∗ −
1

2
𝑆𝐿𝑖2𝐶𝑂3 

)    (A1.18) 

From (A1.17 and A1.18) transported entropy of the ions and the thermodynamic entropy of the 

Li2CO3 is related as 
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𝑆
𝐶𝑂3

2−
∗ + 2𝑆𝐿𝑖 

+
∗ = 𝑆𝐿𝑖2𝐶𝑂3 

    (A1.19) 

The expression for Seebeck coefficient in Thermocells A 

Summing up the contribution from the five subsystems, the Seebeck coefficient of the 

thermocell A is expressed as, 

αS = (
∆φ

∆T
)

 
  

=  −
1

𝐹
[

1

2
 𝑆𝐶𝑂2

0 +
1

4
 𝑆𝑂2

0 −
𝑅

2
 𝑙𝑛𝑝𝐶𝑂2

𝑢 −
𝑅

4
 𝑙𝑛𝑝𝑂2

𝑢 − (
1

2
 𝑆

𝐶𝑂3
2−

∗ − 𝑆𝑒,𝐴𝑢
∗ )] (A1.20) 

The cation frame of reference for the electrolyte is chosen. However, at reversible conditions, 

the choice of frame of reference for the mass fluxes will not have an impact on the expression 

for the potential drop across the surface. Also, by assuming the ideal gas and used the 

relation 𝑆𝑗
 = 𝑆𝑗

0 + 𝑙𝑛𝑝𝑗
𝑢 for the entropies of the gases.  

The 𝑝𝑗
𝑢 is the fraction of the partial pressure and the standard pressure 𝑝 

0 of component j 

and 𝑆𝑗
0 is the partial molar entropy of component j at temperature T and standard pressure 𝑝 

0. 

The entropies and the transported entropies are generally functions of temperature. The 

transported entropy of the carbonate ion can be calculated by known the values of the entropies, 

the gas partial pressures and the transported entropy of the electron in gold current collector. 

A1.2.2 Seebeck coefficient of the thermocell B 

In thermocell B, the metal current collector and electrode gas composition are identical to the 

thermocell A. Then the Seebeck coefficient expression by the contribution of the current 

collector (Δa and Δc) and its surface (Δs,a and Δs,c) will be same as thermocell A. The 

contribution from the electrolyte (Δe) to the Seebeck coefficient may vary in thermocell B, 

which will be discussed. 

Electrolyte mixture with lithium carbonate and solid oxide 

According to the Gibbs phase rule, as long as the solid phase of solid oxides (MO) exists there 

is only one independent component. Then the chemical potential of MO(s) is (μ
MO,T

 (𝑠) =

μ
MO,T
0 (𝑠)). Combining the Gibbs-Duhem relation for electrolyte (n1dμ1,T +  n2dμ2,T =  0); 

𝑑𝜇𝐿𝑖2𝐶𝑂3,𝑇 
= dμ1,T = − n2dμ2,T /n1. 

Therefore, the expression for the entropy production will be the same as the entropy production 

for the pure lithium carbonate electrolyte (thermocell A). This gives the same expression for 

the Seebeck coefficient for thermocell A and B. Thus, the presence of the solid MO in the 
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electrolyte will have no effect on the theoretical expression of the Seebeck coefficient but will 

change the value of the coefficient, even its solubility is negligible. The addition of oxide could 

affect the solubility of the gas in the electrolyte, however, only the gas state of carbon dioxide 

and oxygen enters the overall electrochemical reaction. 

A1.2.3 Seebeck coefficient of the thermocell C 

As well as in thermocell C the metal current collector and electrode gas composition are 

identical to the thermocell A and B. Then the expression for the contribution of the current 

collector (Δa and Δc) is same as thermocell A. The change in contribution from the current 

collector (Δs,a and Δs,c) and electrolyte (Δe) to the Seebeck coefficient in thermocell C will be 

derived.  

The electrode surfaces 

The excess entropy production in the anode surface (s,a) has contributions from heat fluxes 

into and out of the surface, from fluxes of O2 and CO2 out of the surface, from a flux of eutectic 

(Li,Na)2CO3 salt into the surface, from the electric current density across the surface and the 

electrochemical reaction in the surface. 

𝜎𝑠,𝑎 =  𝐽𝑞
′𝑎,𝑒∆a,s (

1

T
) + 𝐽𝑞

′𝑒,𝑎∆s,e (
1

T
) −

1

T𝑠,𝑎 𝐽𝑂2

𝑒,𝑎∆s,e𝜇𝑂2,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎 𝐽𝐶𝑂2

𝑒,𝑎 ∆s,e𝜇𝐶𝑂2,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎 𝐽𝐿𝑖2𝐶𝑂3

𝑒,𝑎 ∆s,e𝜇𝐿𝑖2𝐶𝑂3,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎
𝐽𝐿𝑖2𝐶𝑂3

𝑒,𝑎 ∆s,e𝜇𝑁𝑎2𝐶𝑂3,𝑇  
(𝑇𝑠,𝑎) −

1

T𝑠,𝑎
𝑗 

 ∆a,e𝜑 − 𝑟𝑠 (−
1

T𝑠,𝑎
∆n𝐺 

𝑠,𝑎) (A1.21) 

Appling the same process as in (A1.6 – A1.8) and combining the contribution from the other 

electrode surface, the contribution of the electrode surfaces to the thermocell Seebeck 

coefficient is, 

(
∆a,eφ+ ∆c,eφ

∆T
) =  −

1

𝐹
(

1

2
 𝑆𝐶𝑂2

 +
1

4
𝑆𝑂2

 )   (A1.22) 

Electrolyte mixture with binary (Li, Na) carbonate and solid MO  

The entropy production is the sum of the products of the conjugate fluxes and forces in the 

system. The electrolyte is a mixture of three components: Li2CO3, Na2CO3 and solid phase MO 

(MgO or LiAlO2 or CeO2 or Al2O3). As mentioned in electrolyte contribution for thermocell 

B, the MO has a constant chemical potential since it is present in the solid phase and does not 

contribute to the entropy production.  
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The O2 and CO2 gas can dissolve in the electrolyte, however the partial pressures of the gases 

are constant throughout the system. So, it does not contribute to the entropy production. Then 

the entropy production in the electrolyte is, 

𝜎𝑒 =  𝐽𝑞
′𝑒 (

∂

∂x

1

T
) + 𝐽1 (−

1

T

∂𝜇𝐿𝑖2𝐶𝑂3,𝑇 

∂x
) + 𝐽2 (

𝑚2

𝑚1

1

T

∂𝜇𝑁𝑎2𝐶𝑂3,𝑇 
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) + 𝑗 (−

1

T

∂φ

∂x
)  

= 𝐽𝑞
′𝑒 (

∂

∂x

1

T
) + 𝐽21 (−
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T

∂𝜇𝑁𝑎2𝐶𝑂3,𝑇 

∂x
) + 𝑗 (−

1

T

∂φ

∂x
)    (A1.23) 

The mole fractions are 𝑚2 = 𝑚𝑁𝑎2𝐶𝑂3
=  

𝑛𝑁𝑎2𝐶𝑂3

𝑛𝐿𝑖2𝐶𝑂3+ 𝑛𝑁𝑎2𝐶𝑂3

 and 𝑚1 = 1 − 𝑚2. The flux J21 is 

the flux of Na2CO3 relative to the flux of Li2CO3, each weighted by the respective mole 

fraction. The second term on the right-hand side describes the energy dissipated by inter-

diffusion of the components.  

From (A1.23), the flux equations for transport of heat, mass and charge in the electrolyte is, 

𝐽𝑞
′𝑒 =  𝐿𝑞𝑞

𝑒 (−
1

𝑇2

dT

dx
) + 𝐿𝑞𝜇

𝑒 (−
𝑚2

T

d𝜇𝑁𝑎2𝐶𝑂3,𝑇 

dx
) + 𝐿𝑞φ

𝑒 (−
1

T

dφ

dx
)  (A1.24) 

𝐽21 =  𝐿𝜇𝑞
𝑒 (−

1

𝑇2

dT

dx
) + 𝐿𝜇𝜇

𝑒 (−
𝑚2

T

d𝜇𝑁𝑎2𝐶𝑂3,𝑇 

dx
) + 𝐿𝜇φ

𝑒 (−
1

T

dφ

dx
)  (A1.25) 

𝑗 =  𝐿φ𝑞
𝑒 (−

1

𝑇2

dT

dx
) + 𝐿φ𝜇

𝑒 (−
𝑚2

T

d𝜇𝑁𝑎2𝐶𝑂3,𝑇 

dx
) + 𝐿φφ

𝑒 (−
1

T

dφ

dx
)  (A1.26) 

The coefficients (L's) depend on state variables but are independent of the forces. They are 

related through the Onsager relations as Lij
 =  Lji

 . From (A1.26) the gradient in the electric 

potential, at any time can be expressed as 

(
𝑑φ

dx
) =  −

π𝑒

𝑇𝐹

dT

dx
−  

𝑡21 

𝐹
𝑚2

d𝜇𝑁𝑎2𝐶𝑂3,𝑇 

dx
−  𝑟𝑒𝑗   (A1.27) 

where πe is the Peltier coefficient of the electrolyte, t21 is the transference coefficient connected 

with the relative flux J21 and re is the electrical resistivity of the electrolyte. In (A1.27) the 

gradient terms may vary with time due to thermal diffusion. The Peltier coefficient is defined 

as the heat transported reversibly with the current 

π𝑒  ≡  (
𝐽𝑞

′𝑒

𝑗

𝐹

)
𝑑𝑇=0,𝑑𝜇𝑇 =0

= 𝐹
𝐿𝑞φ

𝑒

𝐿φφ
𝑒    

=  (
𝑇(𝐽𝑆

𝑒 −( 𝑆𝐿𝑖2𝐶𝑂3 
𝐽𝐿𝑖2𝐶𝑂3 

+  𝑆𝑁𝑎2𝐶𝑂3 
𝐽𝑁𝑎2𝐶𝑂3  

)

𝑗/𝐹
)

𝑑𝑇=0,𝑑𝜇𝑇 =0

 (A1.28) 
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The measurable heat flux is expressed in term of the entropy flux 𝐽𝑆
𝑒. Then the transference 

coefficient is the moles transferred per mole electric charge. 

𝑡21 
≡  (

 𝐽21 

𝑗/𝐹
)

𝑑𝑇=0,𝑑𝜇𝑇 =0
= (

 𝑡2 

 𝑚2 

−
 𝑡1 

 𝑚1 

) = 𝐹
𝐿𝑞φ

𝑒

𝐿φφ
𝑒     (A1.29) 

where the coefficients t2 and t1 are, respectively, the transference coefficients of Na2CO3 and 

Li2CO3. In a mixture of uniform composition (i.e. at initial time) dμ2,T = dμ1,T = 0.  

Integrating the equation (A1.27) across the electrolyte, from Ts,a to Ts,c at j ≈ 0, the expression 

shows the contribution from the electrolyte to the Seebeck coefficient at an initial time 

(indicated by t = 0) is obtained as 

(
∆eφ

∆T
)

𝑡=0
=  −

π𝑒

𝑇𝐹
     (A1.30) 

The ratio 
π𝑒

𝑇
 is constant over the temperature interval. A stationary state will develop, with a 

balance between the chemical and the thermal driving force. This is called Soret equilibrium.  

The stationary state condition gives J2 = J1 = J21 = 0, and the emf measurement has j ≈ 0. Then 

the balance condition determined from (A1.25) is 

−𝑚2 

d𝜇𝑁𝑎2𝐶𝑂3,𝑇 

dx  
=  

q∗

𝑇
 
𝑑𝑇

𝑑𝑥
    (A1.31) 

where the q* is the heat of transfer due to the inter-diffusion of Na2CO3 and Li2CO3.  

By substituting (A1.31) and (A1.29) into (A1.27) and integrate across the electrolyte for j ≈ 0. 

The contribution from the electrolyte to the Seebeck coefficient at stationary state (Soret 

equilibrium, indicated by ∞) is, 

(
∆eφ

∆T
)

𝑡=∞
=  −

1

𝐹
(

π𝑒

𝑇
− (

 𝑡2 

 𝑚2 

−
 𝑡1 

 𝑚1 

)
𝑞∗

𝑇
)   (A1.32) 

Here we took both ratios πe/T and q*/T to be constant across the temperature interval. The 

ratio q*/T may be interpreted in terms of enthalpy changes across the layer. 

A more explicit expression for the Peltier coefficient (πe) is determined by using the ionic frame 

of reference, by the similar way in (A1.17 and A1.18) for pure Li2CO3 electrolyte system 

(thermocell A). Then the contribution for Seebeck coefficient from the electrolyte at uniform 

composition (initial state) is rewritten as: 

(
∆eφ

∆T
)

𝑡=0
=  −

1

𝐹
(−

1

2
𝑆

𝐶𝑂3
2−

∗ + (
 𝑡2 

 𝑚2 

−
 𝑡1 

 𝑚1 

)
𝑞∗

𝑇
)   (A1.35) 
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At Soret equilibrium, the expression for Seebeck coefficient due to the contribution from the 

electrolyte will be 

(
∆eφ

∆T
)

𝑡=∞
=  −

1

𝐹
(−

1

2
𝑆

𝐶𝑂3
2−

∗ )      (A1.36) 

Expression for initial state (short time) Seebeck coefficient in Thermocells C 

Summing up the contributions from all the subsystems, the Seebeck coefficient at uniform melt 

composition (initial state) is, 

αS,0 = (
∆φ

∆T
)

 
=  −

1

𝐹
[

1

2
 𝑆𝐶𝑂2

 +
1

4
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2
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 𝑚2 

−
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 𝑚1 

)
𝑞∗

𝑇
] (A1.37) 

The relation between the transported entropies of the ions are 

2(𝑆𝑁𝑎+
∗ −  𝑆𝐿𝑖+

∗ ) =  𝑆𝑁𝑎2𝐶𝑂3 
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𝑡

𝑁𝑎 
+

 𝑚2 

−
𝑡

𝐿𝑖 
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 𝑚1 

)
𝑞∗

𝑇
   (A1.38) 

𝑆
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2−
∗ + 2𝑆𝑁𝑎+

∗ =  𝑆𝑁𝑎2𝐶𝑂3 
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𝑇
      (A1.39) 

𝑆
𝐶𝑂3
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∗ =  𝑆𝐿𝑖2𝐶𝑂3 
+

𝑡
𝐿𝑖 
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 𝑚1

𝑞∗

𝑇
      (A1.40) 

The two terms on the right-hand side in (A1.39 and A1.40) are unique for the two-component 

system. The entropy of a component in a mixture depends on the composition.  

Expression for Soret equilibrium state Seebeck coefficient in Thermocells C 

Adding the contributions to the Seebeck coefficient from the five subsystems; obtained the 

Seebeck coefficient for J21 = 0 (Soret equilibrium) 

αS,∞ = (
∆φ

∆T
)

 
=  −

1

𝐹
[

1

2
 𝑆𝐶𝑂2

 +
1

4
 𝑆𝑂2

 + 𝑆𝑒
∗ −

1

2
𝑆

𝐶𝑂3
2−

∗ ]   (A1.41) 

The transported entropy of the carbonate ion is calculated from the measured values of αS,∞, 

by using the transported entropy of the electron and of the equation of state for the gases. 
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