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Abstract 
Thermoelectric materials have been used for generating electricity from a 

temperature difference and noiseless cooling from electricity for several 

decades, but their application in the field of catalysis is still in its infancy. In fact, 

only a few years ago my supervisor and his colleagues used thermoelectric 

materials as a catalyst support and promoter for the first time in the world, and 

discovered that a Seebeck voltage can increase the catalytic activity by several 

tens to hundreds of times, and called this effect thermoelectric promotion of 

catalysis (TEPOC), or thermoelectrocatalysis. This effect has since been 

confirmed by other people in the world. This work aims to investigate other 

fundamental aspects of the application of thermoelectric materials for catalysis 

promotion, e.g., how to combine high surface area porous structure, how to 

achieve highest possible temperature difference in a given reaction chamber, 

and whether it is possible to use other thermoelectric materials which can work 

at high temperatures, for the thermoelectric promotion of catalysis. 

Numerical modelling has been used to simulate the transient thermal behaviors 

of thermoelectric materials in a custom-made reaction chamber during a typical 

chemical reaction run, and the modelling results were used to guide the sample 

design. Firstly, thicker sample was found to generate higher Seebeck voltage. 

Secondly, stacked samples were found to have the similar promotional effect 

as if it is one single sample. The second point also enables the sample to be 

consisted of a dense bulk and porous surface sample, so that both the high 

Seebeck voltage and high surface area for the sample could be achieved for a 

stacked sample. 

Sol-gel technique and the addition of polymer particles to thermoelectric 

powders have been used to obtained porous high surface area thermoelectric 

materials. Their microstructural and thermal transport properties have been 
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characterized and their effect for the application of TEPOC on the reverse 

water-gas shift (RWGS) reactions has been investigated. Generally speaking, 

the porous sample has a much higher (>10 times) surface area than their non-

porous counterparts, but possesses much lower Seebeck coefficient. This 

leads to a modest improvement of catalysis promotion as compared to the non-

porous ones. The previously observed TEPOC dynamic rate equation, i.e., the 

linearity between the promotional ratio and the Seebeck voltage, was proved to 

be effective for porous thermoelectric materials. 

A new Figure of merit for thermoelectric materials for the application of TEPOC, 

has been proposed as S/κ, here S is the Seebeck coefficient and κ the thermal 

conductivity of the thermoelectric material. This Figure of merit is different from 

the usual dimensionless Figure of merit ZT which is best for the indication of 

energy conversion efficiency. A comprehensive literature survey has been 

carried out and it was found out that among all the non-single crystal 

thermoelectric materials, the previously used BiCuSeO have the highest S/κ, 

and another oxide Ca3Co4O9 systems which are stable at very high 

temperatures also have a high S/κ. Following this, thermoelectric 

Ca2.6Tb0.4Co4O9 samples were prepared and applied in CO2 hydrogenation 

reactions. The results reveal a strong enhancement in Seebeck coefficient by 

doping Tb into Ca3Co4O9, while Ca2.6Tb0.4Co4O9 samples showed excellent 

stability at the range of 373K-1073K. A highest CO2 conversion of 64% was 

obtained from Ca2.6Tb0.4Co4O9 samples at 700K and inlet gas ratio H2:CO2=3:1. 

In summary, the high catalytic activity of porous BiCuSeO samples 

demonstrates the great potential of combining high porosity with the 

thermoelectric materials in the application of TEPOC. In the meantime, the use 

of Ca2.6Tb0.4Co4O9 enables higher temperature range in the field of TEPOC 

application. 
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1 Introduction 

1.1 Brief Background 

Catalysts are used in more than 95% of industrial chemical processes because 

they can increase the reaction rate, reduce the operational temperature, or 

improve the yield of a desired product. It is highly desirable to be able to control 

the catalytic activity of a reactor under operation, particularly for operations 

under dynamic conditions. Generally, this can be achieved by adjusting the 

particle size of the active component in-situ, or introducing promotional species 

onto to the catalyst surface by applying an external small current or voltage to 

metal catalysts supported on a solid state electrolyte through electrochemical 

promotion of catalysis, also called Non-Faradaic Electrochemical Modification 

of Catalytic Activity (NEMCA). NEMCA has proved to be an excellent research 

technique, but its large-scale industrial use has been limited mainly due to the 

low efficiency of the catalytic materials (which are often expensive noble 

metals), because a continuous film is required to maintain electrical conductivity, 

and also there is a need to maintain electrical connection under often harsh 

chemical reaction conditions. 

Given the swift expansion of energy needs and exacerbation of pollution, there 

is growing awareness of the requisite for exploring novel energy conversion 

technologies and developing more eco-friendly and efficacious catalysts. 

Thermoelectric (TE) devices have been used for generating electricity from heat 

and silent cooling from electricity for many years. Recently, a new concept 

named Thermoelectric Promotion of Catalysis (TEPOC) was presented to 

indicate the process in which a thermoelectric material is utilized to enhance 

the performance of a catalyst in a chemical reaction. In the TEPOC process, 

the thermoelectric material acts as a catalyst support and promoter. It converts 

a temperature difference into an electrical potential difference, which promotes 

the chemical reaction. This can accelerate the reaction rate, change the 

selectivity of the reaction, and even activate the reaction at lower temperatures. 
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As thermoelectric materials can also be used alone-without any other noble 

metal catalysts, the above effect can also been termed as 

thermoelectrocatalysis. TEPOC and thermoelectrocatalysis are inter-

changeable in this thesis. 

TEPOC effect was first reported on the CO2 hydrogenation by a TE material 

BiCuSeO (A.Achour et al., 2018). The generality of the suggested mechanism 

based on the work function change by the Seebeck voltage indicates that 

TEPOC could be applied to many different catalytic chemical processes. Indeed, 

several other groups in the world have since applied TEPOC to other 

applications, such as enhanced hydrogen peroxide generation for 

environmental disinfection (Lin et al., 2021), and selective oxyfunctionalization 

of hydrocarbons by waste heat (Jaeho et al., 2022). In both cases, a 

temperature difference across the thermoelectric material Bi2Te3, was the key 

for the increased generation of hydrogen peroxide. As a result, a high H2O2 

generation rate was obtained and these were explained by the TEPOC model.  

Much more potential applications in the fields such as energy conversion, 

chemical synthesis, and environmental remediation can be envisaged, but 

generally speaking, TEPOC is still in the early stages of its development. 

Generally speaking, any chemical reaction depends on the total surface area 

and its temperature. In order to further improve the TEPOC effect, this project 

aims to increase the total area at the reaction surface by creating porosity in 

the thermoelectric materials. A number of approaches were adopted in order to 

increase the temperature of the reaction surface in the specifically fabricated 

reaction chamber, in order to further improve the TEPOC effect. 

1.2 Aim and Objectives 

The aim of the project is to develop high surface area thermoelectric materials 

to work at highest possible temperature difference in a particular reaction 

chamber, in order to optimize the TEPOC effect. To achieve this aim, the 

following objectives will be fulfilled: 
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1: Numerical modelling of the current reaction rig for TEPOC in order to achieve 

the highest possible temperature difference. 

2: Development of TE materials with high surface area, by introducing 

hierarchical porosity, nano-porosity and nano-structuring into the thermoelectric 

materials BiCuSeO. 

3: To verify that high surface area can improve the TEPOC effect. 

4: Exploration of TEPOC with high temperature TE materials. 

1.3 Thesis Structure 

This thesis is divided into eight chapters, of which this is the first. Each chapter 

is briefly described below. After providing a literature review on thermoelectric 

materials and catalyst (Chapter 2), Chapter 3 discusses the methods used in 

this project, followed by the details of preparation and characterization of 

thermoelectric materials in Chapters 4. The 3D modeling of thermoelectric 

sample and reaction chamber, the simulation and experimental verification of 

temperature distribution of thermoelectric samples under heating condition are 

presented in Chapters 5. The investigation of TEPOC, such as BiCuSeO with 

high surface area and Ca2.6Tb0.4Co4O9 on CO2 hydrogenation reactions, can be 

found in Chapters 6 and 7, respectively. This dissertation finishes with Chapter 

8 which summarizes the main conclusions of this work as well as 

recommendations for further studies in Chapter 9. 

 
  



4 

2 Literature Review 

2.1 Literature Review on Thermoelectricity 

Thermoelectric materials are a type of material with the ability to convert heat 

energy into electrical energy, and vice versa, through a phenomenon called the 

thermoelectric effect. Thermoelectric materials have various applications, 

particularly in energy harvesting and temperature control systems. They can be 

used to convert waste heat, such as from industrial processes or vehicle 

exhaust, into electricity, improving energy efficiency. They also find application 

in portable power generation, cooling electronic devices, and even in space 

exploration, where they provide reliable power in extreme temperature 

environments. In this chapter, the fundamental mechanism and application for 

thermoelectricity will be exemplified, as well as the introduction on 

thermoelectric materials. 

2.1.1 Thermoelectric Effects 
Seebeck, Peltier, and Thomson effects are all related phenomena that occur in 

thermoelectric materials. The schematic of these three effects are listed in 

Figure 2-1. 

 
Figure 2-1 Schematic of (a) Seebeck effect; (b) Peltier effect and (c) 
Thomson effect 
The Seebeck effect was first observed in 1821, which refers to the generation 

of an electric voltage when there is a temperature difference across a junction 

of two different materials a and b (Martin et al., 2010). This effect occurs due to 

the difference in the behavior of charge carriers (electrons or vacancies) in the 
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two materials. The temperature difference ΔT leads to the diffusion of charge 

carriers, creating a potential difference or voltage, named Seebeck voltage Vab. 

Vab=SAB · ΔT                                                  Equation 2-1 

where SAB is called Seebeck coefficient between the two materials A and B 

(Martin et al., 2010). 

The Peltier effect is considered as the reverse process to the Seebeck effect 

(L. Onsager, 1931). It describes the phenomenon where an electric current 

flowing through a junction of two dissimilar materials a and b leads to the 

absorption or release of heat at the junction, resulting in a temperature 

difference. Then heat change QP at the junction is depending on the direction 

of the current (i.e. I in Figure 2-1b), and expressed as 

QP=Π · I                                                  Equation 2-2 

where Π is the Peltier coefficient, I is current flow. 

The Thomson effect (J. D. Goddard, 2011), which named after the Scottish 

physicist William Thomson (also known as Lord Kelvin), described the 

relationship between Seebeck effect and Peltier effect. It refer to the 

phenomenon where a temperature difference is produced in a conductor when 

an electric current flows through it. This effect occurs due to the interaction 

between the temperature difference and the behavior of charge carriers (usually 

electrons) within the conductor. The Thomson coefficient τ could be calculated 

as 

τ=QT / (I · ΔT)                                              Equation 2-3 

where QT is the heat absorption or release rate. While a positive Thomson 

coefficient indicates heat absorption. 

2.1.2 Means for Increasing Thermoelectricity 
In the past century, a relatively complete theoretical model of thermoelectricity 

was established by German physicist E. Altenkirch. It has been pointed out that 

thermoelectric properties of materials can be characterized by the 

dimensionless thermoelectric Figure of merit ZT (Ioffe et al., 1959). Materials 
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with high ZT values exhibits superior thermoelectric conversion efficiency. The 

ZT value can be calculated as, 

ZT=S2σT/(κl + κe)                                            Equation 

2-4 

where S is Seebeck coefficient, T is the absolute temperature; σ is the electrical 

conductivity of the material; (κl + κe) represent the sum of the lattice thermal 

conductivity (κl) (related to the heat carried by phonons) and the carrier thermal 

conductivity (κe) (related to the heat carried by electrons). Besides, there is a 

liner relationship between the thermoelectric Figure of merit ZT and the energy 

conversion efficiency of material. From Equation 2-4, it can be concluded that 

a thermoelectric material with a high ZT value must have both a high Seebeck 

coefficient, high electrical conductivity and low thermal conductivity, where the 

thermoelectric properties of the material was directly determined by these 

important parameters. Therefore, it is important to achieve independent or 

cooperative regulation between these three parameters, then the material 

which has a higher thermoelectric Figure of merit ZT in a wider temperature 

range can be obtained in the future. For now, there are two commonly used 

methods to increase the thermoelectric Figure of merit ZT: one of which is to 

reduce the thermal conductivity (Zhao et al., 2012), and the other is to increase 

the power factor PF (PF=s2σ) (Biswas et al., 2011; Heremans et al., 2008). 

However, the difficulty in improving the thermoelectric Figure of merit ZT is that 

the Seebeck coefficient, electrical conductivity, and thermal conductivity of the 

thermoelectric material are not unrelated, they are all depend on the electronic 

structure and the carrier transport characteristics of the material. For example, 

the electrical conductivity σ can be described as, 

σ=qnμ                                                    Equation 2-5 

where q is the electric charge of a charge carrier, n is the charge carrier 

concentration and μ represent the charge carrier mobility. Besides, the carrier 

thermal conductivity κe is related to the electrical conductivity σ according to the 

Wiedemann-Franz’s law, 
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κe=LσT                                                   Equation 2-6 

where L is the Lorentz number and it adopts the close-to-constant Sommerfeld 

value of 2.44×10-8 W·Ω·K-2, T stand for the working temperature of the 

thermoelectric material. Since the Seebeck coefficient s, electrical conductivity 

σ and thermal conductivity (κl + κe) are intimately linked, which complicates 

optimization and typically requires a compromise. One common application of 

the thermoelectric materials is semiconductor cooler (also known as 

thermoelectric cooler) which has the advantages of high efficiency, 

environmental friendly and low maintenance, etc. (Kroon et al., 2016). 

2.1.2.1 Increase Seebeck coefficient 

Among those thermoelectric materials with the multi-energy-band structure, 

there are some differences in the dispersion relationship and symmetry within 

different energy bands. It is proved that the Seebeck coefficient can be adjusted 

through changing the energy difference between the energy bands by tuning 

the doping and composition. The aim of this method is to converge the valence 

(or conduction) bands to achieve high valley degeneracy, as multiple charge 

carrying valleys can increase the effective mass (Mahan, 1998; DiSalvo, 1999) 

and therefore improve thermoelectric properties of the material with a slightly 

decrease in carrier mobility. Thus a new kind of thermoelectric materials with 

both high Seebeck coefficient and high electrical conductivity can be obtained 

(Pei et al., 2011). For example, Pr dopant in β-Zn4Sb3 could effectively improve 

its thermoelectiric properties (Dresselhaus et al., 2007), the addition of Pr 

results in the state density resonance, it also doubled the carrier effective mass 

of β-Zn4Sb3 and increased the Seebeck coefficient by 40-50 μV/K. 

Besides, the Seebeck coefficient can be enhanced through a distortion of the 

electronic density of states (DOS). According to Equation 2-4, it can be seen 

that increasing the Seebeck coefficient can directly affect the ZT value. 

Heremans et al. obtained the Tl-doped PbTe ingot material and found that the 

addition of Tl causes the DOS near the Fermi level in PbTe to protrude, as 

shown in Figure 2-2. 
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Figure 2-2 Schematic representation of the density of electron states of 

the valence band of pure PbTe (dashed line). The figure of merit ZT is 

optimized when the Fermi energy EF of the holes in the band falls in the 

energy range ER of the distortion (Heremans et al., 2008) 

The effect of this local increase in DOS on Seebeck coefficient S is given by 

the Mott expression (Cutler et al., 1969). As shown in Equation 2-7, S depends 

on the energy derivative of the energy-dependent electrical conductivity 

σ(E)=n(E)qμ(E) taken at the Fermi energy EF, 
2
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where n(E)=g(E)f(E), n(E) represent the carrier density at the energy level E, 

f(E) is the Fermi function, q the carrier charge, μ(E) is the mobility, and g(E) is 
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                                         Equation 2-8 

where m*d is the effective mass. 

Equation 2-7 reveals that there are two common ways to increase the Seebeck 

coefficient S: (i) increasing the energy-dependence of μ(E), for example, by a 
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scattering mechanism that strongly depends on the energy of the charge 

carriers; (ii) increasing the energy-dependence of n(E), i.e. increase the value 

of g(E). It can be seen from Figure 2-2 that the integral of the energy near the 

Fermi level increases with the widening of the DOS curve, thereby improving 

the g(E) value. Many research were carried out to maximize the Seebeck 

coefficient of traditional thermoelectric materials. 

The Tl-doped PbTe prepared by ball milling with rapid hot pressing process was 

investigated (Zhang et al., 2012), as shown in Figure 2-3a. Results shows that 

the grain size of the material is significantly reduced after the ball milling and 

hot pressing process, while the grain boundary scattering reduces the thermal 

conductivity of the material compared to the ingot. A PbTe thermoelectric 

material with a ZT of about 1.7 was obtained (Figure 2-3b) (Zhang et al., 2012). 

In addition, the sample was likely to soften at a temperature above 673 K, which 

mainly due to higher vacancies, dislocations, and bond deformation in the 

sample. The addition of Si nanoparticles strengthened the mechanical property 

so the sample could stand higher temperature of 770K. The Al-doped PbSe 

was prepared and investigated as well, an n-type PbSe thermoelectric materials 

with a ZT value of 1.3 at 850 K was obtained. It can be concluded that the high 

ZT value is achieved by a combination of high Seebeck coefficient and low 

thermal conductivity, while the high Seebeck coefficient is possibly caused by 

the resonant states in the conduction band after Al dopant. 
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Figure 2-3 (a) Pisarenko relation between Seebeck coefficient and carrier 

concentration; (b) Properties of Pb0. 98Tl0. 02Te with different content 

(Zhang et al., 2012) 

The first band alignment example is the introduction of the SrTe phase in the 

PbTe matrix, see Figure 2-4a. The insertion of SrTe nanocrystals in PbTe 

matrix was considered not affect the hole scattering due to two reasons: (1) the 

three dimensional crystallographic alignment of SrTe and PbTe; (2) a small 

difference in energy levels of the valence bands between these two materials. 

Figure 2-4b shows the changes of carrier mobility μ with different SrTe contents 

in PbTe. It can be seen that with the increase of SrTe content, μ decreased 

significantly with the temperature, but it was less affected by SrTe content. 

Figure 2-4c shows the ZT value of PbTe / SrTe as a function of temperature. 

Result shows that by controlling the carrier mobility, and a thermoelectric Figure 

of merit ZT 1.7 was achieved (Biswas et al., 2011). 
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Figure 2-4 (a) Schematic of the alignment of the valence band (VB) and 

conduction band (CB) energies of SrTe precipitates in the PbTe matrix at 

above 300K, with the changes of (b) carrier mobility μ and (c) ZT value of 

different PbTe–SrTe samples doped with 1% Na2Te and a control sample 

containing no SrTe (Biswas et al., 2011) 

Equation 2-8 suggested that the methods which increases the effective mass 

m*d could also improve n(E), such as energy level resonances and the increase 

of DOS near the Fermi surface, and finally lead to the raise of Seebeck 

coefficient. It was also reported that the energy level resonance formed by Tl 

increased the ZT value of PbTe to 1.5 (Heremans et al., 2008). Pei et al. have 

prepared a p-type PbTe materials with high doping levels of Na. They observed 

a high hole concentration in the p-type PbTe samples with heavy effective mass, 

which leading to a high DOS near the Fermi level and a large Seebeck 

coefficient and high ZT value of 1.4 at 750 K. The addition of Mg into SnTe was 

also found to exhibit high Seebeck coefficient with a controlled hole 

concentration. As shown in Figure 2-5a (Banik et al., 2015), the Mg dopant 



12 

optimize the electronic band structure SnTe of by increasing its band gap, and 

leads to a decrease in the energy separation between its light and heavy hole 

valence bands. Therefore, the contribution of the heavy holes valence band 

was improved, results in a significant improvement in the Seebeck coefficient 

in Mg-doped SnTe. Finally, a maximum thermoelectric Figure of merit ZT of 1.2 

can be achieved at 860 K (Figure 2-5b). 

 

Figure 2-5 (a) Mg doping increased the band gap width of SnTe; (b) The 

thermoelectric Figure of merit ZT in Mg (2-10 at. %) alloying SnTe samples 

2.1.2.2 Reduce thermal conductivity 

Various methods were explored to reduce the thermal conductivity to improve 

the ZT value of thermoelectric materials since the mid-1990s. The thermal 

conductivity can be divided into two parts, the carrier thermal conductivity κe 

and the lattice thermal conductivity κl. However, the decrease of carrier thermal 

conductivity will simultaneously leads to the change of power factor according 

to Wiedemann-Franz's law. Therefore, the most effective way to optimize the 

thermal conductivity is to manipulate the independent parameter κl, which is not 

determined by the electronic structure of the material. 

From the correlation of thermoelectric parameters, it is known that κl is mainly 

determined as, 
1 · ·
3l vC lκ ν=                                              Equation 2-9 

where Cv is the specific heat capacity, v is the phonon transmission speed, and 

l is the mean free path (MFP) of the phonon. The phonon MFP changes with 
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different wavelengths and are distributed from the atomic scale to the micron 

scale. When the size of the defect in the material is close to the phonon MFP, 

these defect will have a significant influence on the scattering of phonon. 

Figure 2-6a is a schematic diagram of phonon scattering on the atomic-scale, 

nano-scale and micro-scale defects (Zhao et al., 2014). The atomic-scale 

defects are generally composed of atomic point defects caused by doping, the 

nano-scale defects are considered to be nano-deposited phases. While the 

micro-scale defects are mainly formed near the grain boundary. If one of these 

defects has occurred in a material, it will leads to the scattering of phonons and 

effectively reduce the κl of the material. Figure 2-6b shows the distribution of 

the accumulated percentage of κl in related with the phonon MFP at different 

scale ranges. It can be seen from the Figure that in both 300K and 600K, the κl 

was accumulated to as high as 80% on the nanometer scale. Hence 

nanostructures can significantly reduce the thermal conductivity of the material 

lattice. 

 

Figure 2-6 (a) all-scale hierarchical architectures, and (b) cumulative 

distribution function of lattice thermal conductivity 

The crystal structure of a typical thermoelectric material AgPb18SbTe20 (LAST) 

is shown in Figure 2-7a (Hsu et al., 2004). The material LAST can be regarded 

as co-doping of Ag and Sb in PbTe or a solid solution formed by PbTe and 

AgSbTe2. Figure 2-7b (Zhao et al., 2015) exhibits the schematic of the charge 

balance after four Pb2 + were replaced by two pairs of Ag + and Sb3 + . Although 
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the charge balance is formed among the elements, but a nano-sized region 

(Figure 2-7c) was occurred in the sample at the same time, and it is found to 

be an Ag-Sb–rich phase (Quarez et al., 2005). Further research suggested that 

the nanostructure LAST perform an extremely low κl of 0.8Wm-1K-1, and the 

thermoelectric Figure of merit ZT reaches about 2.2 at a temperature of 823K 

(Figure 2-7d). This study indicates that both atomic-scale defects and nano-

scale precipitates were observed in the LAST, which have a huge impact on its 

thermoelectric properties. The LAST with ZT value of 1.54 at 723K was 

prepared by ball milling and spark plasma sintering afterwards (Li et al., 2013). 

The results reveals that the thermoelectric Figure of merit ZT of LAST can be 

increased by 50% through repeating the milling and SPS processes, and the 

electrical conductivity and thermopower of LAST could be enhanced due to 

refined grains and from nanostructuring method. 

 

Figure 2-7 (a) Crystal structure diagram of AgPb18SbTe20 (LAST); (b) 

schematic of the charge balance in LAST; (c) The nanostructure of Ag-

Sb-riched nano dots under TEM; (d) Thermoelectric Figure of merit ZT of 

LAST with the increase of temperature 

The other way to produce nano-deposited phases is to form a limited or infinite 
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solid solution. In the case of limited solid solution, a supersaturated second 

phase B is introduced into the matrix A. Then the second phase B would 

precipitate from the matrix A while the solid solution limit was exceeds during 

the cooling process. In the case of infinite solid solution, the nanostructured 

phase B was separated from matrix A within the process of spinodal 

decomposition. There are several typical compound systems with such 

characteristics which include PbTe-PbS and PbSe-PbS, etc (Wu et al., 2014; 

Wu et al., 2015). The nanostructure of PbTe-4SrTe-2Na are shown in Figure 2-

8, this material is characterized by a layered microstructure with defects at the 

atomic, nanometer and micron scales, so that all of the phonons with different 

wavebands can be scattered, which significantly reduces the κl of the material. 

Figure 2-8a, b and e represent micro-scale, nano-scale and atomic-scale 

structure of the sample, respectively. The size distribution histogram of the 

grain and SrTe nanoparticles are shown in Figure 2-8c and 2-8d. 

 
Figure 2-8 (a) TEM image of mesoscale grains; (b) Platelet-like and 

spherical nanoscale precipitates; (c) Grain size distribution histogram; (d) 
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Size distribution histogram of SrTe nanoparticles; (e) High-magnification 

lattice image depicting some perpendicular or parallel platelet-like 

precipitates; (f) Platelet-like precipitates along only one direction (Wu et 

al., 2015) 

The ZT values of PbTe-4SrTe-2Na samples with different microstructure are 

shown in Figure 2-9. It can be seen that he maximum thermoelectric Figure of 

merit ZT of Na-doped sample is 1.1, and the ZT value of the ingot sample added 

with SrTe increased to 1.7. By integrating the effects of atomic-scale alloy 

doping, endotaxial nanostructuring, and mesoscale grain-boundary control. 

The maximum phonon scattering can be achieved at high temperatures and the 

ZT value can be increased (from 1.7 to 2.2 at 915K) beyond the value possible 

with nanostructuring alone, suggesting an ideal prospect for multiscale 

hierarchical architecture in bulk thermoelectric materials. 

 
Figure 2-9 (a) Maximum achievable ZT values; (b) ZT as a function of 

temperature (Biswas, 2012) 

2.1.2.3 Use of materials with low intrinsic thermal conductivity 

Higher ZT value can be obtained by the application of nanostructures to the 
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thermoelectric material, but some other problems such as the low stability of 

nanophases at high temperatures should be taken into consideration. Based 

on this, the use of materials with low intrinsic thermal conductivity can minimize 

the risks when the materials are exposure to high temperature. The materials 

that have been found to have low intrinsic thermal conductivity include Zintl 

compounds (Gascoin et al., 2005), Cu-Sb-Se, Cu2Se (Liu et al., 2012), Cu2S, 

Cu-Fe-Se (Skoug et al., 2011), Ag9TlTe5, AgSbTe, AgBiTe (Kurosaki et al., 

2005), BiCuSeO (Zhao et al., 2014) and SnSe (Zhao et al., 2014). 

Due to the complex crystal structure or large molecular weight, most of the Zintl 

compounds performed a relatively low thermal conductivity. For example, the 

relative molecular mass of Yb14MnSb11 is 3783.088, which is 10 times that of a 

typical thermoelectric material PbTe (Brown et al., 2006). The large molecular 

mass leads to a low thermal conductivity of the material: 0.8Wm-1K-1 at room 

temperature, and 0.7Wm-1K-1 at 1200K. Another example of Zintl compounds 

is Ag9TlTe5 (Kurosaki et al., 2005), it exhibits a complex crystal structure and 

the low elastic modulus, indicating that the chemical bond of the material is 

weak. Thus it is less conductive for the phonons. The thermal conductivity of 

Ag9TlTe5 is maintained at about 0.25Wm-1K-1 from room temperature to 650K, 

and the ZT value of the material could reach 1.25 at 673K. 

Non-resonant effects can cause low thermal conductivity as well. The non-

resonant effect means that a phonon is driven away from the equilibrium 

position by external factors. Greater non-resonant energy would be generated 

as the phonon is further away from the equilibrium position. The Grüneisen 

constant γ can be used to measure the strength of the non-resonant effect, 

3 m

v

BV
C
βγ =                                              Equation 2-10 

where β is the bulk thermal expansion coefficient, B is the isothermal bulk 

modulus, Cv is the volumetric heat capacity, Vm is the molar volume. 

A typical thermoelectric materials with non-resonant effects is PbTe (Korkosz et 

al., 2014). The room temperature thermal conductivity of PbTe is between 
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1.0~2.0 Wm-1K-1, and its Grüneisen constant γ is about 1.4, which is relatively 

larger compared to other thermoelectric materials. Research indicates that the 

Pb atom is likely to deviate from the equilibrium position at room temperature, 

while the distance between Pb atoms and equilibrium position increase with 

temperature rising, hence the thermoelectric properties was improved due to 

the non-resonant effects of Pb atoms (Girard et al., 2010; He et al., 2012). In 

addition, Sb and Bi containing compounds were proved to have low intrinsic 

thermal conductivity. This is caused by the special electronic structure of Sb 

and Bi atoms, as shown in Figure 2-10. It was found in Figure 2-10a that there 

are lone pair electrons in the outermost layer of the Sb nucleus, these isolated 

electrons will have an unbalanced effect on the transmission of phonons, the 

non-resonant effects result in low heat transmission properties in Sb and Sb-

containing compounds (Jovovic et al., 2008). Bi and Sb have similar electronic 

structures, thereby Bi-containing compounds should also perform large 

Grüneisen constants γ and low thermal conductivity. It can be seen in Figure 2-

10b (Morelli et al., 2008) that AgSbTe2 and AgBiSe2 exhibit extremely low 

thermal conductivity, far less than that of PbTe. 

 

Figure 2-10 (a) Schematic of lone pairs in Sb-containing compounds and 

(b) the thermal conductivity of AgSbTe2, AgBiSe2, of single-crystal PbTe, 

and of the chalcopyrite compound AgInTe2 (Morelli et al., 2008) 

The last kind of materials with intrinsically low thermal conductivity were called 

anisotropic materials, such as BiCuSeO compounds. The thermoelectric 
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properties of BiCuSeO was first reported in 2010, the atomic structure is shown 

in Figure 2-11a (Zhao et al., 2010). It was found that undoped BiCuSeO 

displayed a moderate power factor, combined with low thermal conductivity (~ 

0.60Wm-1K-1 at room temperature, and 0.40 Wm-1K-1 at 923K) and appropriate 

ZT value of 0.45 at 923K (Zhao et al., 2010), suggesting its potential in 

thermoelectric field. Subsequent modification methods for BiCuSeO include 

doping of bivalent elements (Mg, Ca, Sr, Ba, and Pb) at the Bi site (Barreteau 

et al., 2012; Li et al., 2013), Cu deficiencies (Liu et al., 2011), microstructure 

design, band gap tuning (Liu et al., 2011), and improving carrier mobility through 

3D modulation doping (Pei et al., 2014), etc. The maximum ZT value of 1.5 (Liu 

et al., 2016) was achieved after several years since BiCuSeO was originally 

reported with the ZT value of 0.76 in 2010. It is shown in Figure 2-11b (Zhao et 

al., 2014) that BiCuSeO display better ZT values than those of Half-Heusler, 

SiGe alloy and Zintl phase compounds in the temperature range of 800-1000K. 

Moreover, BiCuSeO perform better chemical and thermal stability, and its 

thermoelectric performance are expected to improve after further parameter 

optimization, content designation and microstructure adjustment. 

 
Figure 2-11 (a) the atomic structure of BiCuSeO compounds; (b) Figure -

of-merit ZT of typical current thermoelectric materials 

2.1.3 Applications for Thermoelectricity 
The Seebeck effect and Peltier effect have laid the foundation for the 
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application of thermoelectric materials. Hence the thermoelectric devices are 

mainly divided into two categories: the thermoelectric power generation devices 

which based on the Seebeck effect and thermoelectric refrigeration which 

based on the Peltier effect. 

As early as the 1960s, the thermoelectric generator (TEG) was used for artificial 

satellites in USA. Since then, thermoelectric power generation devices have 

been widely used in the aerospace field. A typical example of thermoelectric 

power generator is the Multi-mission Radioisotope Thermoelectric Generator 

(MMRTG) on the Mars Rover “Curiosity” launched in 2011. Unlike the previous 

Mars Rover which applied solar cell technology, the energy generation 

efficiency of thermoelectric generator would not be affected by sand storms and 

dust tornadoes on Mars. Therefore, thermoelectric power generation device 

show greater potential as an advanced aerospace application with stability, 

safety and reliability. 

In addition to applications in the aerospace field, thermoelectric conversion 

devices can also be useful in daily life. It was mentioned in a program named 

‘FreedomCar’ from the US Department of Energy that the vehicle waste heat 

could be redirected to a TEG to produce electricity and thus improve overall 

utilization rate of fossil fuels. As shown in Figure 2-12, TEGs have been 

equipped on BMW 530i in order to realize the waste heat recovery (C. B. Vining, 

2009). 

 
Figure 2-12 integrating thermoelectrics into vehicles for improved fuel 
efficiency (C. B. Vining, 2009) 
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In recent years, it has been proposed that thermoelectric devices can be 

combined with other forms of energy conversion. And these combinations could 

improve the overall conversion efficiency of the device. For example, an energy 

device with a CuInGaSe2 (CIGS) photovoltaic (PV) cell connected to an active 

energy-harvesting device (thermoelectric generator (TEG)) was reported to 

present a record-high efficiency of 22% at a cool-side temperature below 5°C, 

which shows potential for high-efficiency energy-harvesting applications 

(Hsueh et al., 2014). 

Compared to the typical compressor-based refrigerator, the thermoelectric 

cooler has many outstanding advantages, such as noiseless, simply 

constructed, easy to carry, high cooling speed, long service life, and 

conveniently managed temperature control, etc. But thermoelectric coolers are 

still difficult to replace traditional refrigeration appliances due to low conversion 

efficiency. The main reason for this is that the thermoelectric Figure of merit of 

thermoelectric materials is generally low. Thereby improving the thermoelectric 

Figure of merit has always been the primary goal of thermoelectric materials 

research. 

2.1.4 Research Progress of Thermoelectric Materials 
Many materials have been explored and considered useful to generate 

thermoelectricity, including metals, ceramics and ultimately semiconductors. In 

the 1950s, A.F.Ioffe proposed that the dimensionless thermoelectric Figure of 

merit ZT could be used as an important index to evaluate the conversion 

efficiency of thermoelectric materials (Ioffe et al., 1959). This laid the theoretical 

foundation for the thermoelectric effect and greatly accelerated the 

development of thermoelectric materials with high Figure of merit ZT. The initial 

thermoelectric materials such as Bismuth telluride and its alloys, lead telluride 

and its alloys, and silicon-germanium alloys have been extensively studied 

since then. In the early 1990s, G. Slack proposed that idealized thermoelectric 

materials should have the characteristics of "lattice glass-electronic crystals" 
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(PGEC), and related research of PGEC has become the most important and 

representative direction in the field of thermoelectric materials in recent years. 

The characteristics of PGEC indicate that the thermoelectric material should 

have both glass-like thermal conductivity and crystal-like electrical conductivity. 

Theoretical predictions also show that nano-scaled materials exhibit greatly 

improvement in thermoelectric performance. Thus more and more articles 

based on this theory to predict and improve the thermoelectric properties of 

materials have been published. At the same time, several bulk PGEC 

thermoelectric materials with complex crystal structures and excellent 

thermoelectric properties have been discovered, such as skutterudites (Nolas 

et al., 1999), Ge clathrates filled with Sr atoms (Iversen et al., 2000), and Zintl 

phase structures (Kauzlarich et al., 2007). These recent advances in the field 

of thermoelectricity are expected to make thermoelectric materials more 

conversion efficient. In addition, artificial superlattices, Bi nanowires and 

quantum well systems, films, carbon nanotubes, cat's-eye-like structures, etc. 

all show potential for improving the properties of thermoelectric materials. 

Figure 2-13 shows the development history of several key thermoelectric 

materials and their thermoelectric merit values at different temperatures. 

 

Figure 2-13 Current state-of-the-art bulk thermoelectric materials: the 

Figure-of-merit ZT as a function of temperature and year (Tan et al., 2016) 
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Great achievements have been achieved with both n-type and p-type materials 

with the greatest ZTs around or above 2, especially since the year 2010 (Biswas 

et al., 2012). Traditional thermoelectric materials, namely, bismuth telluride 

(Poudel et al., 2008) and lead chalcogenides (Biswas et al., 2011) remain the 

top performing ones in their respective working temperature region and attract 

strong attention. On the other hand, because of concerns of the scarceness of 

tellurium and the perceived toxicity of lead in lead chalcogenides, researchers 

also explore the possibility of Te- and Pb-free compounds, among which 

MgAgSb (Zhao et al., 2014), skutterudites (Qui et al., 2011) and copper and tin 

chalcogenides (Liu et al., 2012; Zhao et al., 2014) appear as most promising. 

Particularly, single crystalline SnSe, a simple binary compound containing no 

toxic or scarce elements, displays an excitingly record high ZT of ∼2.6 at 923 

K along the b axis of the room-temperature orthorhombic unit cell. (Zhang et al., 

2020) This can be achieved because of the giant anharmonic and anisotropic 

bonding of SnSe which gives rise to an extremely low thermal conductivity 

(Zhao et al., 2014). Thus, the search for new compounds with intriguing 

physical properties is a necessary activity to achieve high thermoelectric 

performance in addition to optimizing the known systems. Although in the past 

decade breakthroughs have been constantly made in the thermoelectric field, 

systematic and in-depth analysis and new perspectives on the applied 

approaches and concepts are valuable. 

2.1.5 Fabrication methods of Thermoelectric Material BiCuSeO 
The preparation methods of BiCuSeO compounds include two-step high-

temperature solid-phase reaction method, mechanical alloying method and 

self-propagating high-temperature synthesis method. In order to obtain dense 

bulk materials, the hot press sintering (HPS) or spark plasma sintering (SPS) 

are applied to BiCuSeO compounds above. 

2.1.5.1 High temperature solid phase reaction method 

High-temperature solid-phase reaction method is widely used to produce 
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BiCuSeO compounds. The first step is to mix the Bi, Cu, Se, Bi2O3 powders in 

proportion. Generally, the powders were ball milled together, and the ball mill 

tank was evacuated in order to ensure that the raw materials won’t oxidize 

during the high-speed ball milling process. A small amount of BiCuSeO phase 

has formed after ball milling, but there are still a lot of unreacted raw materials 

left. The objective of ball milling is to fully mix the raw materials and refine the 

particles of powder, which can be used in the subsequent step of heat treatment 

(Li, 2012). In the second step, the ball milled powder was sealed in a vacuum 

quartz tube, and the tube was put in a muffle furnace for high temperature 

reaction. As the grains of the product obtained by high temperature solid phase 

reaction are relatively coarse, the product needs to be further ball milled to 

refine its grains. 

2.1.5.2 Mechanical alloying 

Mechanical alloying is a method of obtaining a solid alloy by high-speed ball 

milling or grinding. The mechanical alloying method has attracted wide attention 

due to its short cycle, low energy consumption and simple process. It has also 

been used in the preparation process BiCuSeO (Wu et al., 2015): Bi, Cu, Se 

and Bi2O3 powder were weighed in proportion (the mole ratio was 1:3:3:1). 

Milling was performed at 500 rpm for several times with a ball-to-material ratio 

of 20:1, and a single-phase BiCuSeO powder is obtained. The high-speed ball 

milling process will refine the grains and introduce a large amount of Cu 

vacancies, thereby greatly increasing the vacancy concentration and improving 

the electrical performance of material. By extending the ball milling time and 

increasing the ball milling strength, it can further refine the grains, increase the 

carrier concentration, enhance phonon scattering and further improve the 

thermoelectric performance. Recently, the effect of synthesis processes on the 

thermoelectric properties of BiCuSeO was systematically investigated (Feng et 

al., 2018). High energy ball milling was performed at 300 or 400 rpm in argon 

atmosphere for 2 h, 4 h, 6 h, 8 h and 12 h, respectively. Results shows that the 

optimum process parameters are: 400 rpm for ball milling speed, 16 h for ball 
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milling time, 873 K for sintering temperature, 50 MPa for sintering pressure. The 

corresponding maximum power factor reached 0.31 mWm-1K-2 and the highest 

ZT value reached 0.62 for the produced BiCuSeO. 

2.1.5.3 Self-propagating high-temperature synthesis (SHS) 

Self-propagating high-temperature synthesis is a particular method which rely 

on the self-heating and self-reacting between reactants to get the products. 

Once the reaction is triggered by external energy, it will continue unless the 

reaction is complete. This technique is mainly used in the preparation of 

compounds with complex composition, especially suitable for intermetallic 

compounds and refractory compounds. It is referred that a sodium doped 

BiCuSeO was prepared by SHS (Lan et al., 2017). The sample exhibits 

optimized power factor and lower thermal conductivity, result in a higher ZT 

value of 0.70 at 873 K for Bi0.85Na0.15CuSeO, which is about 100% higher than 

that of the pristine BiCuSeO. 

2.1.5.4 Sol-gel method 

The sol-gel method uses compound with high chemical activity component as 

a precursor, these precursors form a stable sol system through chemical 

reactions such as hydrolysis and condensation. The gel is obtained by 

polymerize and gelation, which can be dried and sintered to produce bulk 

materials. Sol-gel method was firstly reported in the synthesis of BiCuSeO in 

2017. In this paper, Bi(NO3)3·5H2O, Cu(NO3)2·5H2O, Se powders were 

quantitatively dissolved in citric acid (C6H8O7) and ethylene glycol (C2H8O2), 

The solution was heated to 95°C and stirred to allow the polymerization reaction 

to occur. The high purity of BiCuSeO could be confirmed by XRD as a result 

(Bhaskar et al., 2017). 

2.1.6 Survey of thermoelectric materials for TEPOC application  
Generally speaking, the Figure of merit, ZT, is a crucial parameter for assessing 

the energy conversion efficiency of a thermoelectric materials. However, for 

TEPOC application, the best Figure of merit for TE may no longer be the ZT. 
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Firstly, as TE is in an open circuit configuration in this application, no electrical 

current is involved, hence the electrical conductivity may no longer as important 

as in the closed circuit configuration for TEG and Peltier cooling devices. 

Secondly, the change of activation energy for chemical reactions is linearly 

proportional to the change of the surface energy, which itself is linearly 

proportional to the Seebeck voltage. Hence, we define the amount of the 

Seebeck voltage per unit of heat loss as the new Figure of merit for the TE for 

TEPOC application. 

Figure of merit=V/Q=(-S·ΔT)/ (-κ·ΔT)=S/κ                  Equation 2-11 

where V is the Seebeck voltage, Q is the heat flux, ΔT represent the 

temperature difference across the material, S and κ are the Seebeck coefficient 

and thermal conductivity, respectively. Generally speaking, optimization in the 

dimensionless Figure of merit ZT or power factor S2σ do not necessarily lead 

to the optimization of S/κ. 

The data presented in the table below includes the majority of thermoelectric 

properties of surveyed thermoelectric materials. These reported data could be 

used to evaluate the feasibility of various thermoelectric materials for TEPOC 

applications. 
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Table 2-1 Thermoelectric properties and a new Figure of merit S/κ of thermoelectric materials 

Materials Dopant 
Temperature 
(K) 

ZT κ (W·m-1·K-1) σ (S·cm-1) S (μV·K-1) new FOM S/κ  Ref. 

BiCuSeO Sr 873 0.75  0.64  100  225 352  Zhao, 2010 
BiCuSeO Ca 773 0.80  0.63  130  225 357  Li, 2013 
BiCuSeO Ba 923 1.10  0.48  190  180 375  Li, 2012 
BiCuSeO Pb 823 1.14  0.53  135  222 419  Lan,2013 
BiCuSeO Pb,Ba 873 1.05  0.66  170  190 289  Feng, 2018 
BiCuSeO Ca, Pb 873 1.50  0.52  170  210 404  Liu, 2016 
BiCuSeO Mg,Pb 750 1.19  0.70  320  180 257  Sun, 2017 
BiCuSeO Cs 680 0.66  0.34  25  370 1088  Achour, 2018 
BiCuSeO none 923 0.45  0.32  14  425 1328  Zhao, 2014 
BiCu1-xSeO Cu vac 923 0.81  0.50  50  275 550  Liu,2011 
Bi1-xBaxSeO Ba 923 1.40  0.68  250  200 294  Pei, 2014 
Bi0.975Cu0.975SeO Dual vac 750 0.60  0.36  4700  300 833  Li, 2015 
Bi1.04Cu1.05Se0.99 + 
10%Ag 

Ag 850 0.01  0.60  10  -55 -92  Zhang, 2018 

Ca3Co4O9 Cr 1000 0.16  2.19  100  185 85  Prasoetsopha, 2014 
Ca3Co4O9 Sm 1000 0.15  1.60  85  220 138  Cha, 2018. 
Ca3Co4O9 Tb 1000 0.73  1.30  112  320 246  Saini,2017 
Ca3Co4O9 K 1000 0.22  1.30  98  170 131  Wang, 2018 
Ca3Co4O9 Cd 1000 0.35  1.50  120  210 140  Butt, 2014 
Ca3Co4O9 Sr 1000 0.22  1.80  100  180 100  Delorme, 2011 
Ca3Co4O9 Na, W co 1000 0.21  1.34  61  210 157  Hira, 2018 
Ca3Co4O9 La, Fe co 1000 0.32  1.30  82  225 173  Butt, 2014 
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Ca3Co4O9 NCO, BCCO 
nano 

1000 0.34  1.79  97  250 140  Bittner, 2019 

NaxCoO2 Ag, Au 1000 0.4 2.75  284  230 84  Ito, 2008 
NaxCoO2 Ni 1073 

    
  Park, 2012 

NaCoO2 Cu 1000 
  

190  470   Park, 2006 
NaxCoO2 K,Sr,Y, Nd, Sm, 

Yb 
1000 0.5 1.60  273  160 100  Nagira, 2003 

Bi2Ca2Co2O9 Na 900 
  

50  205 
 

Karakaya, 2018 
Bi2Ca2Co2O9 K 1000 0.31  

    
Gao, 2015 

Bi2Ca2Co2O9 Pb, La 1000 
     

Hao, 2010 
ZnO Al 1073 0.34  2.00  260  -145 -73  Nam, 2012 
ZnO Ni 1000 0.09  7.00  33  -420 -60  Colder, 2011 
ZnO Al, Ni 773 0.06  8.00  900  -90 -11  Zhang, 2016 
ZnO Ga 1273 0.25  7.00  -110  -80 -11  Jung, 2012 
SrTiO3 La,Nb,Sm,Gd,Dy 1073 0.2-

0.28 
3.00  170-220 -200 -67  Liu, 2013 

SrTiO3 La,Nb,Sm,Gd,Dy 973 0.37  4.00  100  -290 -73  Park, 2014 
SrTiO3 Gd 1023 0.37  3.00  

 
-275 -92  Li, 2014 

SrTiO3 Nb 1023 0.39  3.20  250  -220 -69  Zhang, 2015 
SrTiO3 Nb, Nd 1073 0.32  3.00  300  -170 -57  Chen, 2018 
CaMnO3 Dy,Ho,Er,Yb 1000 0.15-

0.2 
1.70  

 
-155 -91  Wang, 2008 

CaMnO3 W 1073 0.16  2.00  
 

-150 -75  Thiel, 2013 
CaMnO3 Y,Dy codopant 800 0.18  1.85  

 
-120 -65  Seo, 2017 

CaMnO3 Pr,Yb codopants 973 0.24  2.00  
 

-200 -100  Li, 2018 
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In2O3 Sn, Al 1200 0.15  3.00  110  -90 -30  Bittner, 2019 
In2O3 Ge, Mn, Zn 1200 0.08  10.00  880  -180 -18  Bittner, 2019 
P-type Zintle 

      
  

 

Yb14MnSb11 
 

1200 1.02  0.71  178  185 261  Brown, 2006  
Al 1200 1.28  0.50  153  240 480  Toberer, 2008  
Sc 1200 1.02  0.68  158  230 338  Grebenkemper, 2016  
Y 1200 1.01  0.80  135  225 281  Grebenkemper, 2016 

Yb14MnSb11 
 

1075 1.03  0.70  113  240 343  Hu, 2015 
Sr14MgBi11 

 
1075 0.71  1.45  485  140 97  Tan, 2017 

Ca5Al2Sb6 Na 1050 0.61  0.70  111  200 286  Toberer, 2010 
Yb9Mn4.2Sb9 

 
1000 0.74  0.56  126  190 339  Bux, 2014 

CaZn2Sb2 Na,Mg 800 0.85  0.80  160  240 300  Wood, 2018 
EuZn2Sb2 Cd 650 1.05  1.40  623  190 136  Zhang, 2010 
YbCd2Sb2 Mn 650 1.13  0.70  181  235 336  Guo, 2011 
YbCd2Sb2 Zn 700 1.22  1.10  593  180 164  Wang, 2009 
YbCd2Sb2 Mg 650 1.06  0.59  332  225 381  Cao, 2016 
CaMg2Bi2 Na 850 0.88  1.25  308  200 160  Shuai, 2016 
CaMg2Bi2 Yb 850 0.96  1.10  305  200 182  Shuai, 2016 
Eu0.5-xYb0.5-xMg2Bi2 Ca 850 1.26  0.92  292  215 234  Shuai, 2016 
Mg3Sb2 Na 750 0.58  0.59  26  400 678  Bhardwaj, 2013 
N-type Zintle 

    
  

 
  

 

Mg3Sb2 Te 700 0.61  
 

  
 

  Wang, 2019 
Mg3Sb2 Bi, Te 700 1.59  0.56  186  -260 -464  Zhang, 2017 
Mg3Sb2 Nb,Bi,Te 700 1.52  0.85  236  -280 -329  Shuai, 2017 
Mg3Sb2 Mn,Bi,Te 700 1.71  0.80  222  -300 -375  Chen, 2018 
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Mg3Sb2 Bi,Te 700 1.45  0.73  168  -300 -411  Shuai, 2018 
P-type half-Heusler 

   
  

 
  

 

FeNb0.88Hf0.12Sb 
 

1200 1.45  4.20  885  240 57  Fu, 2015 
FeNb0.86Zr0.14Sb 

 
1050 0.80  7.00  1043  210 30  Fu, 2015 

FeNb0.95Ti0.05Sb 
 

973 0.70  6.50  686  270 42  He, 2016 
FeNb0.8Ti0.2Sb 

 
973 1.10  4.50  1325  200 44  He, 2016 

ZrCoBi0.65Sb0.15Sn0.20 973 1.42  2.62  751  225 86  Zhu, 2018 
Hf0.44Zr0.44Ti0.12CoSb0.8Sn0.2 973 1.00  2.80  520  232 83  He, 2015 
N-type half-Heusler 

   
  

 
  

 

TiNiSn 
 

775 0.40  4.00  384  -250 -63  Muta, 2009 
Ti0.5Zr0.5NiSn 

 
900 0.55  7.00  1019  -180 -26  Kimura, 2009 

Ti0.5H0.5fNiSn 
 

900 0.48  4.00  608  -240 -60  Kimura, 2009 
Ti0.5Zr0.25Hf0.25NiSn0.998Sb0.002 700 1.50  2.90  689  -300 -103  Shutoh, 2005 
Hf0.6Zr0.4Hf0.25NiSn0.995Sb0.005 900 1.20  3.50  971  -220 -63  Chen, 2015 
NbCoSb0.8Sn0.2 

 
973 0.56  3.80  582  -190 -50  Huang, 2017 

(Zr0.4Hf0.6)0.88Nb0.12CoSb 1173 0.99  3.10  612  -210 -68  Liu, 2018 
N-type GeSi alloy 

    
  

 
  

 

Si0.8Ge0.2 P 1073 1.84  0.93  196  -284 -305  Basu, 2014  
P 1173 1.30  2.90  531  -240 -83  Wang, 2008  
Sb 1000 0.67  3.00  99  -450 -150  Wang, 2015  
P,SiC 1173 1.72  2.00  366  -280 -140  Bathula, 2017  
P,Mg2Si 1173 1.27  2.80  258  -340 -121  Nozariasbmarz, 2016  
P, FeSi2 1173 1.18  2.80  445  -250 -89  Nozariasbmarz, 2016  
P, WSi2 1173 1.16  2.40  727  -220 -92  Mackey, 2015 

P-type GeSi alloy 
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Si0.8Ge0.2 B 1173 1.22  2.00  388  230 115  Bathula, 2015  
B 1073 0.96  2.50  302  270 108  Joshi, 2008  
Ga 1073 0.52  

 
  

 
  Lin, 2013  

B,Y2O3 1073 1.81  1.90  406  310 163  Ahmad, 2016  
B,CrSi2 1073 0.65  2.80  236  300 107  Zamanipour, 2012  
B,YSi2 1073 0.53  3.20  314  230 72  Wongprakarn, 2017  
B,WSi2 1173 0.66  3.40  306  240 71  Mackey, 2015 

PbSe0.85-PbTe0.15 Na, Cd 900 1.65  0.89  250  250 281  Tan, 2019 

AgPb18SbTe20 
 

800 2.10  1.10  200  -370 -336  Hsu, 2004 
BiSbTe Nanocryst nano crystal 373 1.40  1.00  850  210 210  Poudel, 2008 
PbTe Tl 773 1.50  1.00  168  340 340  Heremans, 2008 
Mg2Si1-xSnx x=0.5 800 1.20  2.15  605  -230 -107  Liu, 2012 
PbSe Na 923 0.90  1.00  150  270 270  Zhao, 2012 
CsBi4Te6 SbI3 300 0.60  1.28  1000  160 125  Chung, 2000 
Bi2(Te0.9Se0.1)3 Cu 375 1.10  1.45  1100  -200 -138  Wang, 2013 
Co4Sb12 Ba,La,Yb 800 1.50  2.60  1385  -190 -73  Shi, 2011 
MgAg0.965Sb0.99 Ni 500 1.40  0.80  463  220 275  Zhao, 2014 
GeTe Pb, Bi 773 1.80  1.40  447  270 193  Wu, 2014 
PbTe Se, S 800 2.00  1.10  390  265 241  Korkosz, 2014 
PbTe-PbS Na 923 2.30  0.85  339  250 294  Wu, 2015 
SnTe In, Cd 923 1.10  1.40  417  200 143  Tan, 2015 
PbSe Sb 923 1.30  1.05  257  -240 -229  Lee, 2014 
SnSE 

        

SnSe SC Single Crystal 900 2.60  0.35  80  350 1000  Zhao, 2014 
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SnSe nanoporour porous 823 1.70  0.25  50  330 1320  Shi, 2018 

SnSe alloy Na 773 0.80  0.40  40  300 750  Chere, 2016 
SnSe CNT CNT 773 0.96  0.40  60  300 750  Chu, 2018 
SnSe Poly Na, (Pure) 783 3.10  0.25  110  300 1200  Zhou, 2021 
SnSe poly 

 
380 

 
0.15  

 
668 4453  Serrano-Sanchez, 2015 

SnSe Br 773 2.80  0.25  40  -480 -1920  Chang, 2018 
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According to the new Figure of merit S/κ, BiCuSeO appears to be the most 

appropriate TE material for TEPOC applications, as it shows a maximum value 

of 1328 μV·m·W-1 (Zhao et al., 2014). However, due to its temperature 

instability, the working temperature for BiCuSeO should be below 500°C, 

ideally even lower than 400°C. At high temperatures another oxide Ca3Co4O9 

(Butt et al., 2014; Lin et al., 2015; Prasoetsopha et al., 2013) appears to have 

a high new Figure of merit S/κ. It is stable at up to 1000 K, comparatively low 

thermal conductivity (1.3-1.8 W·m-1·K-1) and pretty good Seebeck coefficient 

(120-180 μV·K-1), making it a promising material for TEPOC applications at high 

temperatures. Particularly, the doping of Tb further improve thermoelectric 

properties of Ca3Co4O9, resulting in a desirable Seebeck coefficient of 320 

μV·K-1 and Figure of merit S/κ of 246 μV·m·W-1 at 1000K for Ca3-xTbxCo4O9 

(Saini et al., 2017). Therefore, this project will investigate BiCuSeO and Ca3-

xTbxCo4O9 TE materials for TEPOC applications. 

2.2 Literature Review on Catalysis 

Catalysis is the process of increasing the rate of a chemical reaction by 

introducing a substance known as a catalyst. The catalyst usually lowers the 

activation energy required for the reaction to occur, making it easier for the 

reactants to come together and react (Rothenberg, 2017). This results in a 

faster reaction rate, higher reaction yield, and lower energy requirements 

compared to the same reaction taking place without a catalyst. Catalysts are 

widely used in industrial and laboratory processes to improve reaction 

efficiencies and enable the synthesis of valuable products that would be difficult 

or impossible to produce without them (Roduner, 2014). In a catalytic chemical 

reaction, the catalyst provides an alternative pathway for the reaction to occur, 

with a lower activation energy. This alternative pathway allows the reactants to 

more easily bond and break apart, which results in an overall faster reaction 

rate for the system. By providing a specific pathway for the reaction to take 

place, a catalyst can help to control which products are formed, leading to 
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higher yields of a desired product and lower amounts of unwanted byproducts 

(Tanimu et al., 2017). Finding the right catalyst for a chemical reaction is often 

a complex task, since there isn’t always a simple “matching” of a particular 

catalyst with a particular reaction. Many factors such as the desired reaction 

pathway, product selectivity, and stability of the catalyst under the reaction 

conditions should be taken into consideration. 

2.2.1 Catalyst Components and Their Functions 
A catalyst is defined as a substance that changes the reaction rate but does not 

change the total standard Gibbs free energy of the reaction, while its 

composition, chemical properties and weight doesn’t change during the 

reaction, and they are highly selective for chemical reactions. Normally, the 

catalyst can be divided into three interrelated components: active component, 

catalyst supports and promoter. 

2.2.1.1 The classification of catalysts 

2.2.1.1.1 Metal Catalysts 

Metal catalysts are an important class of industrial catalysts, they can be 

divided into five categories:  

(1) Single-site metal catalysts, such as electrolytic silver catalysts, molten iron 

catalysts, platinum mesh catalysts. These single-site metal catalysts were 

manufactured in the form of skeleton catalysts, wire-mesh catalysts and 

catalyst particles, etc. For example, nickel skeleton catalysts are the most 

commonly used in the hydrogenation reaction, while platinum wire is one of the 

best catalysts for the ammoxidation process;  

(2) Metal alloy catalysts, most of which are binary metal catalysts. Including 

three main categories: the first type is a bimetallic system consist of Group VIII 

and Group IB elements, such as Ni-Cu and Pd-Au, they are widely used in the 

hydrogenolysis, hydrogenation and dehydrogenation of hydrocarbons; the 

second is binary alloy of group IB elements, such as Au-Ag and Cu-Au; the third 

type is binary alloy of group VIII elements, such as Pt-Ir and Pt-Fe. It is worth 
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mention that the noble metal Pt-based metal catalysts present excellent 

catalytic performance in petroleum refining and automobile exhaust treatment, 

but its high cost brings a lot of restrictions. Thus looking for alternatives to Pt-

based catalysts becomes a global research topic. 

(3) Supported metal catalysts, such as Pt-Re/Al2O3 catalysts and Ni/Al2O3 

catalysts, studies have shown that supported metal catalysts combine the 

advantages of inorganic heterogeneous catalysts and metal-organic complex 

catalysts. It not only has high activity, selectivity and stability, but also easy to 

recycle and reuse. Currently the selection of support to maximize its catalytic 

properties and improve the bonding strength between the catalyst and the 

support are the research priorities for supported metal catalysts. 

(4) Metal cluster catalyst. When the size of solid catalyst has decreased to 

atomic level and form a cluster, the utilization of metal atoms can reach to a 

high level and the catalysts will exhibit amazing molecularlike behaviors due to 

their similar electronic structures (Figure 2-14) (Hou et al., 2020). It has been 

proved to be a promising catalyst. 

 
Figure 2-14 Geometric and electronic structures of single/dual-atom, 

cluster and bulk metal materials. (Hou et al., 2020) 

However, current metal cluster catalysts face the problem of unstable structures 
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with a low-porosity and ultralow metal loading (generally < 1 wt%), as a result 

of lacking anchoring groups of supports or the relatively weak interactions 

between the metals and hosts, thus rational design and fabrication of suitable 

supports is required. 

(5) Intermetallic compound catalysts, such as LaNi5. Since the metal 

compounds are outstanding in terms of electrical conductivity, stability and 

other physical and chemical properties, and many of these compounds having 

a high affinity to hydrogen and oxygen, the intermetallic compound catalysts 

are suitable as a substitute for noble metal catalysts. 

2.2.1.1.2 Metal Oxide Catalysts 

Most of metal oxide catalysts are complex oxides, that is, multi-component 

oxides. For example, VO5-MoO3, Bi2O3-MoO3 (Iordanova et al.,1994), TiO2-

V2O5-P2O5 (Titlbach et al., 2012), V2O5-MoO3-Al2O3 (Meng et al., 2014). The 

structure of metal oxide catalysts are complex, multiple phases will coexist in 

this complex system. Normally at least one of the components is transition 

metal oxide, and there may be interactions between these components. 

Transition metal oxide catalysts are non-stoichiometric compounds, the 

negative or positive ion vacancies in them became specific active centers 

during the catalytic process, and then the reactants can be activated by electron 

transfer at these active centers. 

Metal oxide catalysts are applicable for reactions such as selective oxidation of 

hydrocarbons. These are strong exothermic reactions, so the effective heat and 

mass transfer is necessary to the catalysts. 

2.2.1.1.3 Complex Catalysts 

Complex catalysts are able to activate reactant molecules through coordination. 

The catalyst could be in a dissolved state or a solid state, the component of 

complex catalysts could be a common compound or complex. The catalytic 

process including homogeneous complex catalysis and heterogeneous 

complex catalysis. And the research of complex catalysis aimed at the 

activation of some small molecules, such as CO, H2, O2, C2H4, C3H6, etc. 
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An important feature of complex catalysis is that the active center of the catalyst 

and the reaction system kept connecting through a chemical bond during the 

reaction. The catalytic active center took effect by changing the coordination 

number or coordination group, at least one reaction molecule enters the 

coordination state and is activated, then at least one reactant molecule enters 

the coordination state and is activated, thereby promoting the reaction. The 

complex catalysis are usually carried out under mild reaction conditions, the 

reaction temperature is about 100-200°C, and the reaction pressure varies from 

standard atmospheric pressure to 20×105 Pa (Chen et al., 2019). However, an 

obvious disadvantage of complex catalysis is that the homogeneous complex 

catalysts are difficult to recover, thus it is necessary to discover the methods to 

solidify the homogeneous complex catalyst. 

2.2.1.1.4 Molecular Sieve Catalysts 

Molecular sieves are crystalline aluminosilicates with a uniform pore structure. 

The molecular sieve contains a large amount of crystal water, which can be 

removed by vaporization when heated, so it is also called zeolite. A manmade 

zeolite is also called molecular sieve. Their chemical composition can be 

expressed as: 

M(x/n) · [(AlO2)x·(SiO2)y] ·zH2O            Equation 2-12 

where M represent a metal (Ca、Na、K、Ba、Sr) cation, n is the valence of M, 

x is the number of molecules of AlO2, y is the number of molecules of SiO2, z is 

the number of molecules of water. Since the AlO2 is negatively charged, the 

presence of metal cations can keep the molecular sieve electrically neutral. 

When n=1, the number of M cations is equal to that of Al, if n=2, the number of 

M cations is half of Al. 

Commonly used molecular sieves can be divided into four types: A type 

molecular sieve, such as natrolite; X-type and Y-type molecular sieve, such as 

faujasite; mordenite; Zeolite Socony Mobil (ZSM)-5 composite molecular sieve, 

etc. Molecular sieves can present significant activity and selectivity for the acid-

base catalytic reactions, which are widely used in petroleum processing, gas-
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liquid separation, drying, dehydration and other industrial processing. 

2.2.1.1.5 Acid-Base Catalysts 

The acid-based catalyst has the ability to activate the reactant and transform it 

into a transition state, and is proved to occupy an important position in 

petroleum and petrochemical industry. Chemical reactions such as catalytic 

cracking of hydrocarbons, alkylation of aromatics and olefins, polymerization of 

olefins or diolefins, and catalytic dehydration of alcohols are all affected by acid 

catalysts. Although a large amount of acid-base catalysts are used in industrial 

processing, they can be distinguished according to their acidity, namely proton 

acid-base (also known as Brφnsted acid-base, referred to as B-acid, B-base) 

catalysts and Lewis acid-base (referred to as L-acid, L-alkali) catalysts. The 

acid catalysts are able to emit protons or electron pairs while the alkaline 

catalysts accept protons or electron pairs. 

2.2.1.2 Catalyst Supports 

The initial purpose of introducing catalyst supports is to reduce the consumption 

of precious catalyst materials (e.g. Pt, Pd, Au). By dispersing catalyst materials 

on the surface area of substance with large volume, the use of monolith 

materials are avoided. Another purpose of using the support material is to 

improve the wear resistance and impact strength of the catalyst. Therefore, 

some natural materials (e.g. pumice, diatomite, quartz) with appropriate 

mechanical properties was used as the original catalyst support. Subsequent 

research result indicated that the catalyst supports not only improve the 

mechanical properties of the catalytically active component, but also affect their 

catalytic performance through chemical reaction. Nowadays synthetic materials 

with less impurities and better performance has gradually replaced natural 

materials and widely used as industrial catalyst supports. The materials used 

for catalyst supports need to meet the following requirements: 

(1) The materials should have sufficient mechanical strength to withstand the 

thermal shock during the catalytic reaction. For gaseous reactants, it is also 

required to have good wear resistance. 
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(2) The materials should have large surface area and appropriate pore structure, 

so as to be able to carry more active components and improve the catalytic 

efficiency. 

(3) The materials should be stable and have the ability to withstand corrosion 

of active substances, reactants and reaction products. 

(4) The materials shouldn’t contain ingredient that is harmful to the catalyst. 

(5) The materials should provide relatively high thermal conductivity. 

(6) The materials should be low cost, eco-friendly and easily to produce. 

Generally, the application of catalyst support is to improve the mechanical 

properties of whole catalyst. However, there are complex interactions 

generated between the active component and the catalyst supports in most 

cases, and the effect of these interactions on the catalytic performance has not 

yet been explained. In other words, the selection of support materials for 

specific catalysts and catalytic reactions brings a lot of possibilities to the study 

of catalyst supports. 

2.2.1.3 Catalyst Promoters 

In general, catalyst promoters are considered as those components which 

significantly enhance the catalytic performance with less content in the catalyst 

(usually less than one-tenth of the total amount). After introducing the catalyst 

promoters, the chemical composition, crystal structure, ion valence, acidity and 

surface area of catalyst was significantly changed, thereby affecting its activity 

or selectivity. The effects of catalyst promoter on catalyst can be concluded as 

follow: 

(1) Catalyst promoters are able to adjust the electronic structure of the active 

center in some catalysts, thus the catalytic activity is improved. 

(2) Sometimes the grains inside the catalyst grow during the catalytic process 

and that could deteriorate the catalytic activity (Feng et al., 2015). The addition 

of catalyst promoters stabilize the structure of the catalyst and inhibit the grain 

growth. 

(3) Catalyst promoters can enlarge the proportion and distribution of the specific 
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active component on the catalyst surface and enhance the selectivity of the 

catalyst to the reaction. 

(4) Some catalyst promoters can accelerate the production of intermediates in 

stepwise chemical reactions. 

2.2.2 Reverse Water Gas Shift (RWGS) reaction - one of the most 
popular research topics in the field of catalysis 
CO2 is the ultimate product of many fossil fuel combustion processes, and 

catalytic conversion of CO2 to CO (an important intermediate in C1 chemistry) 

is a key step in the economical utilization of CO2 and carbon cycling. Thus the 

reverse water gas shift (RWGS) reaction that involves the conversion of carbon 

dioxide (CO2) and hydrogen (H2) into carbon monoxide (CO) and water (H2O) 

is increasingly being valued. The basic equation for RWGS reaction is 

CO2 + H2 → CO + H2O              Equation 2-13 

Due to the exothermic nature of the RWGS reaction, high temperatures are 

more favorable for the generation of products, resulting in higher CO2 

conversion. As the reaction temperature decreases, the exothermic CO2 

methanization and CO methanization (i.e. Equation 2-14 and 2-15) reactions 

become increasingly dominant. 

CO2 + 4H2 → CH4 +  2H2O             Equation 2-14 

CO + 3H2 → CH4 +  H2O             Equation 2-15 

A decrease in the proportion of CO in the product is disadvantageous for further 

conversion into high value-added chemicals and fuels. In addition, the chemical 

equilibrium of the RWGS reaction is independent of reaction pressure, but high 

pressure can accelerate the CO2 or CO methanization reactions (Su et al., 

2016). Therefore, the high energy consumption at high temperatures and 

serious methanization side reactions at low temperatures poses a significant 

challenge in selecting the reaction conditions. 

2.2.2.1 Brief introduction of the mechanism of RWGS reaction 

In recent years, in-situ infrared spectroscopy, isotope labeling tests and density 
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functional theory (DFT) calculations were used to track the substances that 

adsorbed on the catalyst surface, leading to a clearer explanation of the 

mechanism of the RWGS reaction. There are mainly two reported mechanisms 

for the RWGS reaction: redox mechanism and associative mechanism (Kattel 

et al., 2016; Cao et al., 2016; Kim et al., 2012). 

2.2.2.1.1 Redox mechanism 

In the redox mechanism, the key to the catalytic activity is the presence of 

recyclable redox sites on the surface of the catalyst, which mainly include two 

types: (a) variably valent metal sites and (b) oxygen vacancies on the oxide 

surface. 

For metallic redox sites such as Cu, the oxidation-reduction process roughly 

proceeds as follows (Guo et al., 2020):  

CO2 + 2Cu0 → Cu2O + CO             Equation 2-16 

H2 + Cu2O → 2Cu0 + H2O             Equation 2-17 

A dynamic simulation on the surface RWGS reaction of Cu-based catalysts was 

also carried out, the simulation result suggested that the adsorption and 

dissociation of CO2 on Cu site (Equation 2-16) is the rate-determining step. Guo 

et al. have further investigated the RWGS reaction by using Cu-Cr2O3-Fe2O3 

as catalyst, a series of in situ characterizations proves that active surface 

oxygen species are mostly correlated to the hydroxyl that located near the Cu-

FeOx interface and Cu0 is the main active site, as shown in Figure 2-15. (Guo 

et al., 2020) 
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Figure 2-15 The Cu0 active site near the Cu-FeOx interface (Guo et al., 

2020) 

Besides, the RWGS reaction using the Au/CeO2 (Liu et al., 2013) and Au/TiO2 

(Bobadilla et al., 2018) catalysts were observed to be consistent with the redox 

mechanism. While CO2 was adsorbed on oxygen vacancies (Ov) on reducible 

oxides such as CeO2 or TiO2 and dissociates to produce CO, followed by the 

reduction of oxygen species and regeneration of oxygen vacancies, ultimately 

completing the entire oxidation-reduction process. The elementary reaction 

steps involved can be concluded as follows, where * denotes an adsorbed 

species (Kim et al., 2012). 

CO2 + Ov → O* + CO              Equation 2-18 

H2 + O* → Ov + H2O              Equation 2-19 

2.2.2.1.2 Associative mechanism 

The associative mechanism can be explained by a widely known model of the 

WGS reaction (Amadeo et al., 1995; Kim et al., 2012), The process of CO2 

reduction usually involves the formation of C-H bonds and the generation of 

carbon intermediates, which are then further transformed or decomposed into 

the final product CO. Depending on the types of intermediates formed, they can 

be mainly classified into formate pathway and carboxylate pathway. 

In terms of the formate pathway, the reaction goes in the order of, 

CO2 + * → CO2*               Equation 2-20 



43 
 

H2 → H* + H*                 Equation 2-21 

CO2* + H* → HCOO*              Equation 2-22 

HCOO* → CO* + OH*，             Equation 2-23 

CO* → CO + *                Equation 2-24 

OH* + H* → H2O                Equation 2-25 

The asterisk (*) is often used in catalytic chemical reactions as a symbol to 

denote the catalytic species or surface. It is used to distinguish the catalytic 

species from the reactants and products in the reaction equation. For 

carboxylate pathway, the HCOO* in Equation 2-22 and 2-23 is replaced by 

COOH*. Goguet et al. performed steady-state isotopic transient kinetic analysis 

(SSITKA) experiments to dynamically detect the adsorbed species on Pt/CeO2 

catalyst surface. The formate, carbonyl, and carbonate species were 

simultaneously recognized on the catalytic surface (Figure 2-16, Goguet et al., 

2004), indicating that the RWGS reaction involves multiple key intermediates 

and has a complex and varying reaction pathway that often exhibits high 

similarity. 

 
Figure 2-16 Schematic of the RWGS reaction over Pt/CeO2 (Goguet et al., 

2004) 

2.2.2.2 Commonly used catalysts for RWGS reaction 

The endothermic nature of the RWGS reaction signified a high working 
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temperature of its catalyst. However, high temperature will also accelerate the 

oxidation and other deactivation of catalyst. Working at low temperature helps 

reduce energy consumption, but it is also difficult to achieve high CO2 

conversion rates and CO selectivity. Therefore, the modification of catalyst for 

RWGS reaction should focus on both high-temperature stability and low-

temperature high-efficiency. Currently, the RWGS catalyst system mainly 

includes three categories: supported metal catalysts, oxide catalysts (mixed 

oxides, spinels, and perovskites), and carbide catalysts. 

2.2.2.2.1 Supported Metal Catalyst 

Supported metal catalysts have been widely studied due to their synergistic 

catalytic effect between metal sites and oxide supports in converting CO2 and 

dissociating H2, exhibiting excellent catalytic performance. In the supported 

metal catalyst system, the electronic properties and geometric structures of the 

metal and support will significantly affect the catalyst performance. Genarally, 

supported metal catalysts can be divided into two categories: supported noble 

metal catalysts and supported non-noble metal catalysts. Noble metals mainly 

include Pt, Pd, Au, Ru, and Rh, while non-noble metals include Cu, Ni, Fe, and 

Co, and commonly used supports include Al2O3, SiO2, CeO2, TiO2, ZrO2, and 

MoO3. 

Noble metal catalysts shows excellent activity, selectivity, unique d-orbital 

electron properties, and usually play a critical role in efficient conversion of CO2 

(Kim et al., 2012). As shown in the Figure 2-17, Wang et al. demonstrated that 

Pd/Al2O3 catalysts do not directly dissociate CO2. Pd metal is responsible for 

the dissociation of H2, while hydroxyl groups on the Al2O3 support react with 

CO2 to form bicarbonates, afterwards the bicarbonates react with dissociated 

H species which close to the Pd particles and finally produce CO (Wang et al., 

2015). 
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Figure 2-17 Schematic of the RWGS reaction on Pd/Al2O3 (Wang et al., 

2015) 

Besides, Chen et al. have studied the effects of noble metal Au, Pt, Ir and their 

particle sizes on the evolution of main intermediates through DFT simulations. 

The results indicate that Au nanoparticles exhibit weak ability for C-O bond 

scission in the RWGS reactions but high CO selectivity, whereas Ir 

nanoparticles is more favorable for C–O bond scission and result in high CH4 

selectivity. (Chen et al., 2003) 

Non-noble metal catalysts (including Cu, Ni, Fe, Co, etc.) have been widely 

used due to their low cost and high feasibility for modification. For example, Cu-

based catalysts exhibit excellent CO selectivity under 400°C, but the low Hüttig 

temperature of Cu results in poor thermal stability, making them prone to 

deactivated at temperatures over 350°C (Zhai et al., 2008). Therefore it is 

necessary to combining them with suitable carriers (such as CeO2, Al2O3, TiO2 

and ZnO) or promoters (Fe, Zn, etc.) to enhance the high-temperature anti-

sintering and anti-oxidation capabilities of Cu-based catalysts (Zhou et al., 2017; 

Kattel et al., 2016; Chen et al., 2004), and thereby regulating the reaction 

pathways and product selectivity. 
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2.2.2.2.2 Metal Oxide Catalyst 

The metal oxide catalysts utilized for RWGS reactions mainly include solid 

solutions (such as CeZrOx, InCeOx, etc.), spinels (AB2O4 structure, such as 

ZnAl2O4, ZnCr2O4, etc.), and perovskite (ABO3 structure, such as BaZrO3, etc.). 

Compared with supported noble metal catalysts, oxide catalysts have 

advantages such as high thermal stability, high oxygen storage capacity, high 

concentration of oxygen vacancies, low cost, and weak dissociation ability of 

H2, which guarantees high CO selectivity (Wang et al., 2016; Park et al., 2000; 

Park et al., 2001; Daza et al., 2014). More importantly, oxide catalysts are highly 

adjustable. By doping or changing the elements of A-site and B-site in spinels 

and perovskite catalysts, their geometric structure and electronic properties 

could be tuned in-situ (Li et al., 2019; Su et al., 2019). However, the unignorable 

disadvantage of metal oxide catalysts are their fairly poor ability to dissociate 

H2, therefore hinder the improvement of catalytic activity. 

2.2.2.2.3 Transition Metal Carbide Catalyst 

Transition metal carbides perform similar electronic properties to noble metals, 

but stronger ability of H2 dissociation and much lower costs than noble metals.  

These carbides include MoC (or Mo2C), WC, TiC, VC, etc., among which MoC 

and Mo2C has been extensively studied. Gao et al. reported an excellent RWGS 

reaction performance of α-MoC and β-Mo2C nanowires. A CO2 conversion of 

27% and a CO selectivity of 100% were attained under 600°C and a H2/CO2 

ratio of 1:1. Moreover, the CO2 conversion rate exceeded 60% while 

maintaining the 100% CO selectivity at the H2/CO2 ratio of 4:1 (Gao et al., 2016). 

The main drawback of transition metal carbide is that they get oxidized and 

deactivated easily at temperatures higher than 500°C, especially under 

oxidation conditions, which restricts their further industrial applications. 

2.2.3 The Improvement of Catalytic Activity 
2.2.3.1 Modifications of Catalyst 

The modification of catalyst depends on the reaction environment, conditions, 
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and product requirements, etc. Taking the RWGS reaction as an example, the 

following methods are often used: 

2.2.3.1.1 Enhance the Metal-Substrate Interactions 

The RWGS reaction usually performed at the metal-support interface. 

Therefore, the catalyst activity and selectivity can be improved by adjusting the 

interaction between the metal and the support. Aitbekova et al. induced the 

redispersion of Ru on CeO2 support by using a pre-heat treatment, as shown 

in Figure 2-18. In situ X-ray absorption spectroscopy (XAS) analysis proved that 

stable RuOx species were produced on the CeO2 support surface after the 

redispersion, which significantly promoted the CO selectivity (Aitbekova et al., 

2018). 

 

Figure 2-18 Schematic of Supported Ru/CeO2 for CO2 reduction and the 

increase of CO Selectivity (Aitbekova et al., 2018) 

For supported metal catalysts, the change of metal particle size can affect the 

surface chemical states of metals and thus the adsorption capability of 

reactants and intermediates. Li et al. introduced Ir particles with different sizes 

on CeO2 and achieved a strong interactions between sub-nano-sized (<1 nm) 

Ir particles and CeO2 support, which dramatically improve the CO selectivity 

from 12% to 100% in CO2 hydrogenation reaction (Li et al., 2017). 

2.2.3.1.2 Addition of Catalyst Promoter 

Alkali metal and transition metal are commonly added as the catalyst promoter. 
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They alter the interface structures and produce a great deal of active sites, 

thereby changing the adsorption of intermediate species and increasing CO2 

conversion. For example, the added Cu in the Cr2O3-Fe2O3 catalyst led to the 

generation of Cu0 on the newly-formed Cu-Fe3O4 interface, where the Cu0 

provided active sites for H2 dissociation and promoted the reduction of nearby 

surface oxygen species through hydrogen spillover, thus accelerating the CO2 

hydrogenation reaction (Zhu et al., 2020). For the RWGS reaction, the addition 

of alkali metal promoter K enhance the overall electronic properties, these metal 

sites on the other hand alter the reaction pathway and facilitate the CO2 

adsorption (Yang et al., 2017). Besides, the addition of transition metal such as 

Cu, Fe produces new active sites and interface structures, thus increases 

RWGS reaction rate (Consuelo et al., 2016; Rubin et al., 2018). 

2.2.3.1.3 Formation of Bimetallic Catalysts 

Bimetallic catalysts are catalysts that contain two different metallic elements in 

the active site. The two metals have different electronic properties and can 

interact in various ways, leading to improved catalytic performance compared 

to monometallic catalysts. A series of DFT simulation on the RWGS reactions 

catalyzed by Ni and Re-doped Ni were carried out (Yuan et al., 2018), it was 

concluded that the doping of Re lowering the activation barrier of C-O bond 

cleavage due to the strong affinity of Re to oxygen, which proves that it is more 

favorable for product CO. However, it is worth noting that the product selectivity 

is correlated with electronic properties of the catalyst support as well. Porosoff 

et al. have investigated the catalytic performance of PtCo, PtNi and PdNi 

supported by CeO2 or Al2O3 in RWGS reactions, the results indicating that 

catalyst PtNi/CeO2 displayed the highest catalytic activity but was more inclined 

to produce CH4, while catalyst PtCo/Al2O3 exhibited a significantly high CO 

selectivity (Porosoff et al., 2013). 

2.2.3.2 NEMCA -the Electrical Enhancement of Catalytic Activity 

2.2.3.2.1 The Research Process of NEMCA Effects 

Non-Faradaic electrochemical modification of catalytic activity (NEMCA) is a 
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newly founded technology that could significantly improve the efficiency of the 

catalytic process. Which means that the catalytic activity and selectivity of metal 

catalysts can be altered dramatically and reversibly by adjusting the applied 

current or potential at the catalyst surface. The impact of electricity on catalytic 

performance was realized since the 1950s, and then controlled modification of 

the electronic and concomitant catalytic properties became an important 

research goal. In 1981, a special phenomenon was observed by M. Stoukides, 

he found that when external voltages are applied to a solid electrolyte (YSZ) 

cell, the selectivity of ethylene oxidation on polycrystalline silver can be affected 

obviously through electrochemical oxygen pumping. The increase in the rate of 

C2H4O production can exceed the rate of O2− pumping over 400 times, 

indicating a dramatic change in the properties of the silver catalyst (M. 

Stoukides, 1981). 

Afterwards a simple model was proposed by M. Stoukides to explain this 

phenomenon, and two parameters was introduced: reaction rate enhancement 

factor ρ and Faradaic enhancement factor Λ: 

0

r
r

ρ =                   Equation 2-26 

2

r
i
F

∆
Λ =                  Equation 2-27 

where Δr=r-r0, r0 is the catalytic reaction rate without electrochemical 

enhancement, r is the catalytic reaction rate after electrochemical enhancement, 

i is the current and F is the Faraday constant. Generally after the catalyst is 

electrochemically enhanced, ρ≠1 and |Λ|>1 (M. Stoukides, 1981). One year 

later, they proposed that the order of magnitude of the enhancement factor Λ 

can be estimated from: 

0 02Fr IΛ =                  Equation 2-28 

where I0 is the exchange current of the catalyst-solid electrolyte interface 

(Stoukides et al., 1982). 
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The concept of NEMCA was first proposed by S. Bebelis and C. G. Vayenas, 

they conducted a deep oxidation of ethylene to CO2 in a Solid Oxide Fuel Cell 

(SOFC) membrane reactor and found that the steady-state increase in the 

catalytic reaction rate Δr is typically 104-105 higher than the rate of O2− transport 

to the catalyst surface (Figure 2-19). In 1988, C. G. Vayenas et al. proved that 

the spillover (O2−) would produce or consume at the boundaries between the 

solid electrolyte-catalyst-gas three phases during the reaction, which causes 

an increase or decrease in the catalyst work function eΦ. And they found that: 

WRe e V∆Φ = ∆                 Equation 2-29 

where eΔVWR is the overpotential measured between the solid 

electrolyte/catalyst and the metal reference electrode (R). 

 
Figure 2-19 Steady-state effect of applied current on the rate of ethylene 

oxidation Broken lines are constant enhancement factor lines 

Then C. G. Vayenas et al. investigated NEMCA effect within a work function 

ranges from 0.3 eV to 1 eV and suggested that the rates of catalytic reactions 

depend exponentially on the catalyst work function, it can be conclude as: 

0ln( ) ( ) Br r e k Tα ∗= Φ −Φ              Equation 2-30 

where r0 is the regular catalytic rate, α and Φ* are reaction- and catalyst-specific 

constants. The value of |α| is typically between 0.2 and 1. When α>1 indicates 

that the chemical reaction is electrophilic, otherwise the reaction is 
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electrophobic (Vayenas et al., 1990). 

In 1991, Vayenas et al. used hydroxide ion (OH-) as a spillover on the Pt/β″-

Al2O3 fuel cell, and observed the NEMCA effect during the C2H4 oxidation 

reaction. It’s also the first time to prove that the NEMCA effect could be induced 

by another ion instead of O2-. In 1994, Neophytides et al. reported that an effect 

similar to NEMCA could be observed in aqueous solution at ambient 

temperatures. Their experiments were carried out in aqueous KOH with 

dispersed platinum/graphite electrode and they found that the rate of H2 

oxidation is increased by 500% due to the application of a positive potential of 

1-2V on Pt electrode. They considered hydroxide ion as the spillover and found 

that each hydroxide ion in the catalytic system lead to the oxidation of about 20 

H2 atoms. In 2007, Beck et al. pointed out that the catalytic reaction is not just 

conducted on the three-phase interface area when the NEMCA effect occurs 

(Beck et al., 2017). At the same time, Levia predicted that the coverage of 

spillovers on the catalyst surface is linearly related to the potential difference at 

the metal-solid electrolyte interface. As of 2011, more than 100 chemical 

reactions have been proved to be promoted by NEMCA effect (Vayenas et al., 

2011). 

2.2.3.2.2 Double layer model of NEMCA 

Soon after the term of NEMCA was proposed, a theoretical model of a double-

layered structure was proposed to explain the NEMCA effect. As shown in 

Figure 2-20, a metal catalyst electrode particle (grey zone) is supported on 

Y2O3-doped ZrO2 (YSZ) (white rectangle), an O2- conductor, while different 

kinds of spillover-formed double layer structure are depicted and compared. 

Result indicates that electrochemical promotion is caused by the 

electrochemically controlled migration of spillover from the solid electrolyte onto 

the gas-exposed electrode surface. These migrations are accompanied by the 

compensating charge of spillover in the metal and establish an overall neutral 

double layer on the gas-exposed catalyst surface (Papadakis et al., 1996; 

Yiokari et al., 2000). This double layer structure is suggested to have an impact 
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on the chemical absorption and catalytic performance of the catalyst (Vayenas 

et al., 2001). 

 

Figure 2-20 Schematic of a metal catalyst electrode particle supported on 

Y2O3-doped ZrO2 (YSZ), an O2- conductor, under open-circuit conditions 

(top) and upon application of an anodic (positive) current showing the 

backspillover-formed double layer at the metal-gas interface (bottom). 

(Yiokari et al., 2000; Vayenas et al., 2001; Papadakis et al., 1996) 

2.2.3.2.3 The Application of NEMCA effects 

(1) Proton exchange membrane 

Proton exchange membrane (PEM) is a commonly used organic membrane 

proton electrolyte material for low-temperature fuel cells. It performs high 

hydrogen ion conductivity at lower temperatures. In 2005, Li et al. proposed a 

method to synthesize ammonia gas from hydrogen and nitrogen at standard 

atmospheric pressure utilizing PEM with the help of NEMCA effects (Li et al. 

2005). Moreover, Sapountzi et al. studied the conversion of CO to CO2 in PEM 
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fuel cell reactor and found that the efficiency of electrochemical promotion 

depends strongly on the anodic electrocatalyst (Pt or Au), CO concentration, 

operating temperature and the presence of oxygen, while the electropromotion 

effect were found to be much higher in CO-rich anode environments (Sapountzi 

et al. 2009). This phenomenon indicates that the application of NEMCA effect 

has advantage in the elimination of CO in PEM fuel cell. 

(2) EPOC Reactor 

In order to maximize the utilize of the NEMCA effect, S. Balomenou of the C.G. 

Vayenas research group proposed a strategy to combine EPOC reactor unit to 

produce an enhanced fuel cell reactor, called Monolithic Electropromoted 

Reactor (MEPR). In 2009, Souentie et al. investigated the reduction of NO by 

C2H4 in high excess of O2 a MEPR with 22 Rh/YSZ/Pt parallel plate elements, 

the MEPR is shown in Figure 2-21 (Souentie et al., 2009). It was found that he 

selective catalytic reduction (SCR) of NO can be electropromoted by 450% with 

near 100% selectivity to N2, and the oxidation rate of C2H4 is enhanced up to 

900% with Faradaic efficiency. 

 
Figure 2-21 Monolithic electrochemical promotion reactor (Souentie et al., 

2009) 

2.2.3.3 Thermoelectric promotion of catalysis (TEPOC) 

Thermoelectric promotion of catalysis is a novel approach to enhance the 

efficiency of catalytic reactions. It exhibits the utilization of Seebeck voltage 
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generated by thermoelectric materials, which promotes the catalytic reaction. 

The concept of TEPOC is still relatively new, and there has been significant 

interest in exploring its potential as a method to optimize catalytic reactions. 

In 2018, Achour et al. reports on an innovative application of a thermoelectric 

material, BiCuSeO, as both a catalyst support and promoter for CO2 

hydrogenation and Ethylene oxidation reactions (Achour et al., AEnM, 2018; 

Achour et al., ACS Catal., 2018). The authors propose that using thermoelectric 

materials can shift the Fermi level and work function of a catalyst, and therefore 

exponentially increasing the catalytic activity of catalyst particle which 

deposited on its surface, as plotted in Figure 2-22. 

 

Figure 2-22 Schematic of energy bands and Fermi levels for TE materials 

(Achour et al., AEnM, 2018) 

It was found that the thermoelectric Seebeck voltage has made a contribution 

to the dramatically rising of CO2 conversion rate and CO selectivity for CO2 

hydrogenation, indicating that thermoelectric effects can not only increase the 

reaction rate but also alter chemical equilibrium. Furthermore, the results reveal 
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that the thermoelectric promotion of catalysis allowed BiCuSeO oxide itself to 

have high catalytic activity for CO2 hydrogenation. For the Ethylene oxidation 

experiments, a linear relationship between the logarithm of the reaction rate 

and the thermoelectric Seebeck voltage was also observed (Figure 2-23, 

Achour et al., ACS Catal., 2018). 

 

Figure 2-23 The reaction rate in a log scale as a function of increasing 

Seebeck voltage (Achour et al., ACS Catal., 2018) 

The basic equation for TEPOC (Achour et al., AEnM, 2018) derives from 

Equation 2-30, which can be summarised as, 

ln (Y/Y0) = −γeV/kbTh              Equation 2-31 

Here, γ is a constant, to be determined by experiment. Y represent the 

conversion of reactant at a specific temperature Th, Y0 is the conversion 

obtained when Seebeck voltage V equals zero. For the p-type TE material 

BiCuSeO, the Seebeck voltage at hot surface is negative, so − γeV is positive. 

The ratio Y/Y0 can be calculated by introducing the γ obtained above and the 

corresponding V and Th values into Equation 2-31. By calculating Y/Y0 for each 

conditions, the improvement of conversion with a Seebeck voltage over without 

a Seebeck voltage could be clearly seen. 

From Arrhenius law, we have Y0 = B · As · exp (-Ea/kbTh), here B is a constant, 

As is the surface area, and Ea the activation energy of the reaction without the 
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TEPOC effect. Thus a generalized rate equation could be written as  

Y = B · As · exp (−(Ea + γeV)/kbTh)           Equation 2-32 

One of the objectives of this project is to confirm the validity of the above two 

equations (Equation 2-31 and Equation 2-32) still valid for porous 

thermoelectric materials used in a chemical reaction. In the next few chapters, 

we will apply porous structure to the surface of TE samples, then catalyze the 

CO2 hydrogenation reactions by using these porous samples. After obtaining 

data for relevant variables such as Seebeck coefficient, conversion rate, 

reaction temperature, etc., we will substitute them into the above two formulas 

to validate their feasibility. 
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3 Methods for Materials Processing and 

Characterizations 

3.1 Introduction  

In this chapter, a description of materials and methods used in this project is 

given. The first subchapter aimed at the preparation of porous and non-porous 

thermoelectric material BiCuSeO, the preparation process for Ca3Co4O9 and 

Ca2.6Tb0.4Co4O9 is also presented. The techniques used to characterise these 

materials are listed in the second subchapter. At last, the schematic of reaction 

chamber for conducting the catalytic chemical reaction are presented. 

3.2 Thermoelectric samples preparation 

3.2.1 Synthesis of BiCuSeO powder through Flux method 
The initial step in the experiment is the synthesis of BiCuSeO compound 

powder. High purity commercially purchased Bi2O3, Cu, Bi, and Se powders 

were weighed stoichiometrically and hand-mixed in an agate mortar for 2 hours. 

The mixed powder were then placed in a cylindrical alumina crucible and 

covered with B2O3 powder, as shown in Figure 3-1a and 3-1b. The powders in 

the crucible were uniformly compacted to minimize the air in the powder gaps. 

The calcination process was conducted in a box furnace for 10 hours at 600°C 

in air. The resulting reaction products (Figure 3-1c) were ground into powders 

in a mortar, a model D5005 X-Ray Diffractometer from Siemens was used to 

analyze the composition of the powder. After the desired BiCuSeO phase and 

its high purity was certified by XRD, the obtained powder would be 

subsequently utilized to produce porous and non-porous BiCuSeO samples. 



58 

 
Figure 3-1 (a) and (b) the raw materials in the crucible; (c) BiCuSeO 

samples after calcination 

3.2.2 Preparing nano-porous BiCuSeO samples through Sol-Gel 
method 
The Bi(NO3)3, Cu(NO3)2, Se and Citric Acid (CA) powder were stoichiometrically 

weighed with an analytical balance. The Se powder was first put into a beaker, 

an appropriate amount of Nitric Acid (NA) was added to dissolve the Se, then 

the solution was heated to 50°C and stirred vigorously with a magnetic stirrer, 

a light yellow clarified solution could be obtained after several minutes, 

indicating that the Se powder had been completely dissolved. On the other 

hand, Bi(NO3)3, Cu(NO3)2 and Citric Acid powder were dissolved into 30ml 

distilled water to get a bluish transparent solution and 36-72ml of Ethylene 

Glycol (EG) was added at the same time. The above two solutions were mixed, 

then heated to 90°C and stirred to mix it thoroughly. A light blue gel was formed 
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within 3 hours, it was then put into an oven and dehydrated under 80°C for 8 

hours to get a dry bluish gel. In a tube furnace, the dry gel was put into a round 

shallow crucible and calcined at 550°C for 10 hours. Finally a blackish BiCuSeO 

powder was prepared, followed by phase identification using XRD. 

3.2.3 Methods for obtaining porous/nano-porous/non-porous 
BiCuSeO samples 
For non-porous samples, the BiCuSeO powder obtained from flux method was 

directly cold-pressed under pressure of 1.07MPa to form Φ20mm*2mm pellets 

and subsequently sintered in a tube furnace under 650°C for 10 hours in Argon 

atmosphere with heating and cooling ramp rate of 1°C/min, this sample was 

named as BCSO @Flux. Besides, spark plasma sintering (SPS) was applied to 

maximize its thermoelectric properties and density. The dimension of SPSed 

sample is Φ20mm pellet with a thickness of 2mm and this sample was named 

as BCSO @SPSed. The sintering was conducted in vacuum with a vacuum 

degree of about 15Pa. The temperature was controlled at 630°C under a 

heating rate of 50K/min, the holding time was 5 minutes and the sintering 

pressure was 50MPa. 

In terms of porous samples, the sol-gel method provides an approach to obtain 

nano-porosity, but a significant drawback of it is the difficulty in controlling the 

surface area or porosity. The basic idea is to dip the bulk non-porous BiCuSeO 

sample into the Bi, Cu, Se contained gel (Chapter 3.2.2) and drop the gel onto 

the surface of non-porous BiCuSeO sample to form a thin gel layer at the 

sample surface, they were then calcined in the tube furnace at 550°C for 12 

hours to form porous coating and named as BCSO @Dip coating and BCSO 

@Drop coating. Their composition and surface structure were discussed in 

Chapter 4.2.2 and 4.2.3. 

Moreover, the BiCuSeO powder produced by Flux method (Chapter 3.2.1) was 

mixed with dry bluish gel (Chapter 3.2.2) in a weight ratio of 1:1 to form nano-

porous structure, the mixed powder was ball milled for 12 hours and cold 
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pressed into a Φ20mm* 2mm sample under a pressure of 1.07MPa. At last, a 

porous sample could be obtained after calcined in the tube furnace (550°C, 

12hrs), which was named as BCSO @50wt% Gel. 

In order to obtain the desired porosity, polystyrene (PS) was chosen to 

introduce a hierarchical porosity to BiCuSeO sample. During the preparation 

process, the BiCuSeO powder was mixed with 10 wt%, 15 wt% and 20 wt% of 

PS particles of grain size ≤ 155μm, respectively. The mixture was then milled 

in a ball milling machine for 12 hours and cold-pressed into Φ20mm*2mm 

pellets, these sample were then named as BCSO @10wt% PS, BCSO @15wt% 

PS and BCSO @20wt% PS, respectively. Moreover, three continuous cold-

press pressure 0.53MPa, 1.07MPa and 1.60MPa were chosen for preparing 

BCSO @10wt% PS, BCSO @15wt% PS and BCSO @20wt% PS samples, 

their surface morphology was characterized and compared in Chapter 4.2.4. 

At last, all of the samples above were sintered in a tube furnace in Argon. They 

were first heated to 300°C and kept for 2 hours to eliminate the internal PS and 

maintained at 650°C for 10 hours afterwards to generate the porous structure. 

. 

3.2.4 Preparation of Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples 
Thermoelectric samples of Ca3Co4O9 and Ca2.6Tb0.4Co4O9 were prepared by 

solid state reaction and spark plasma sintering methods. For solid state reaction 

method, stoichiometric amounts of Calcium oxide (CaO, Alfa Aesar, 99.9%), 

Cobalt oxide (Co3O4, Alfa Aesar, 99.7%) were mixed together to obtain a 

homogenous powder to produce Ca3Co4O9. Besides, Terbium oxide (Tb4O7, 

Alfa Aesar, 99.9%) were used for the preparation of Ca2.6Tb0.4Co4O9. The 

resulting powder was then calcined twice at 973 K for 20 hours with 

intermediate grinding steps. After being pulverized, the powder was 

compressed using a cold pressing machine under a pressure of 15 MPa, 

resulting in Φ20mm*2mm pellets. These pellets underwent sintering at a 

temperature of 1173 K for 20 hours, and the process of re-pelletizing and 
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sintering was repeated twice. Finally, the sintered pellets were polished for 

characterization experiments. 

In terms of spark plasma sintering method, those pulverized powder described 

in the paragraph above was weighed and consolidated using a Spark Plasm 

Sintering (SPS) technique (HP-D- 25/1, manufactured by FCT Systeme GmbH, 

Frankenblick, Germany). The SPS processing conditions were adopted from 

the published reports (Lin et al., 2015; Saini et al., 2017; Shimonishi et al., 2019), 

which were: at 1073 K and 50 MPa pressure with dwell time of 5 minutes under 

vacuum, the heating ramp rate is 50 K/min. The densities of the samples were 

measured using the Archimedes method. 

The SPS processing and density measurement were carried out by Dr. Cevriye 

Koz from European Thermodynamics Ltd., UK. 

3.3 Characterization Methods 

3.3.1 Microstructure Characterizations 
3.3.1.1 X-Ray Diffraction 

The X-ray Diffraction (XRD) is an analytical technique for providing detailed 

information about the structure of crystalline substances. A primary use of this 

tool is the characterization and identification of compounds based on their 

diffraction pattern. In this research, XRD (Siemens D5005) scans were carried 

out at 40 kV with a Cu Kα X-ray source at a 2θ range of 20º - 70º with a step 

size of 0.06º. Crystalline structures were identified and evaluated using a XRD 

Evaluation software and compared to Joint Committee on Powder Diffraction 

Standards (JCPDS) patterns. 

3.3.1.2 Scanning Electron Microscopy 

The microstructural investigations were carried out using a scanning electron 

microscope (SEM) (Philips, FEI XL30 SFEG). The SEM is equipped with 

Energy Dispersive X-Ray Spectroscopy (EDS) to detect and quantify elements 

from Beryllium upwards. Also, it is important to note that the EDS measures 
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elements present to a depth of several micrometers into the samples. The 

ImageJ software was used to determine the pore size distribution of porous 

TE samples. 

3.3.1.3 Thermogravimetric and Differential Scanning Calorimetry 

The combination of differential scanning calorimetry (DSC) and 

thermogravimetry (TG) is used to determine the oxidation and the decomposition 

properties of the bulk pieces of materials in an argon or air atmosphere. This 

method is based on the simultaneous measurement of the heat flux and mass 

change during oxidation or reduction. The DSC signal reflects the heat flux from 

the sample to the instrument chamber and was compared to the heat flow of an 

alumina crucible as a reference. The TG signal analyses the mass change as 

a function of temperature to determine characteristics of the materials e.g., 

decomposition points. 

3.3.1.4 Ultraviolet–visible spectroscopy 

Ultraviolet–visible (UV-Vis) spectroscopy (Jasco, V-670) is a useful analytical 

technique in chemistry and materials science that examines the interaction of 

molecules with ultraviolet and visible light. This technique measures the 

absorption of light as a function of wavelength, which provides information 

about the electronic structure of molecules and materials. UV-Vis spectroscopy 

is commonly used in chemical analysis, quality control, and research to study 

the properties of molecules and materials. In terms of the procedure of UV-Vis 

test, a reference sample is measured in the same way as the target sample to 

account for any background absorption at first, the sample is then measured 

and the data is analysed to determine the absorbance at each wavelength. 

3.3.1.5 Brunauer–Emmett–Teller (BET) Surface Area measurement 

BET surface area measurement is a common analytical technique used in 

chemistry and materials science to determine the surface area of a solid 

material, typically a porous or powdered substance. The technique is based on 

the Brunauer-Emmett-Teller (BET) theory, which states that the amount of gas 

molecules adsorbed by a solid surface is proportional to its surface area. In this 
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thesis, a BET measuring instrument (model: 3P meso 112/222) was used. 

During BET surface area measurement, a gas, typically nitrogen or carbon 

dioxide, is adsorbed onto the surface of a material at different pressures, and 

the amount of gas adsorbed is measured using specialized equipment. The 

data obtained from the measurements is then used to calculate the material’s 

surface area using the BET equation (Brunauer et al., 1940) which may be 

written as 

           Equation 3-1 

where na is the amount of gas adsorbed at a pressure p, na 
m is the amount of 

the gas required to form a monolayer on the surface of the adsorbent, p0 is the 

saturation vapour pressure of the adsorbate at the adsorption temperature and 

C is a parameter given by the equation 

  Equation 3-2 

where E1 is the mean enthalpy of adsorption of the first layer and EL the 

enthalpy of liquefaction of the adsorbate. The quantities Rand T have their 

usual significance. 

3.3.2 Thermoelectric properties 
3.3.2.1 Seebeck Coefficient and Electric Resistivity 

Seebeck coefficient and electrical resistivity were measured simultaneously by 

using a LSR-3 Linseis for BiCuSeO samples at range of a 300 K - 723 K and for 

Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples at 300 K - 973 K. These systems have 

a primary heating chamber. The sample is vertically placed in between two 

platinum electrodes in the chamber, which serve as the current electrodes for 

the four- point resistivity measurements. The two contacting thermocouples 

measure the temperature difference by determining the temperature of the 

sample at two different points. The generated Seebeck voltage is determined 

between two electrodes which is the same as for measuring temperature 
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difference. The electrical resistivity is measured by means of the standard four-

probe techniques. A constant current is applied to the electrodes while the 

voltage generated across the sample is measured by two contacting electrodes. 

3.3.2.2 Thermal Conductivity 

The thermal diffusivity (D) is determined by using a LFA-457 Netzsch laser flash 

method under a continuous argon flow. By using an infrared detector, the 

temperature increase is measured versus time. The thermal conductivity (κ) 

could be calculated by the equation below, 

κ = D*ρ*Cp                  Equation 3-3 

where ρ is the sample density and Cp is specific heat capacity that is almost 

constant in condensed matter. The sample density was determined using the 

Archimedes method, while the specific heat (Cp) was determined using a 

differential scanning calorimeter (DSC) instrument. 

The Seebeck coefficient, electrical resistivity and thermal diffusivity 

measurements were carried out by the group of Prof. Mike Reece of School of 

Engineering and Materials Science, Queen Mary University of London, UK. 

3.3.3 Experimental Set-up for Catalytic Chemical Reactions 
3.3.3.1 Reaction Chamber 

Chemical reactions were performed in a single chamber reactor. The schematic 

and actual pictures of the reaction chamber are shown in Figure 3-2. The 

reactor consisted of a stainless-steel cylinder of 40 cm3, capped with a cover 

plate and tightened with O-ring and screws (M5 x 25mm, RS). The cover plate 

was cooled with continuous running water. Gold wires (Agar Scientific, Ø 0.2 

mm) were used to connect the sample and a digital voltage meter. The Seebeck 

voltage between the bottom hot and upper cold surfaces could be read directly 

on the screen of the digital voltage meter. The temperatures (cold Tc and hot Th 

sides) were measured with K-type thermocouples (Ø 0.25mm, TC Direct) placed 

onto the sample surfaces with a high temperature tape. Gold wires and 

thermocouples were led out of the reactor chamber through two four- holes 



65 
 

alumina tubes (Omegatite 350). A high temperature hot plate 1500F model 

(HP99YX, Wenesco, Inc.) with a temperature controller was used to heating the 

reaction chamber. 

The reaction chamber was directly placed on the top of hotplate with connection 

to the water cooling system by two pipes. A disc sample pellet was placed into 

a pre-designed ceramic (MACOR) holder (Figure 3-2a) and attached to the 

cooling surface of the cover plate for normal thermoelectric effect experiments, 

so that its top side (Tc) was always below 373 K (Figure 3-2a). The bottom side 

of TE sample faces toward the hot bottom of the reaction chamber, and is 

surrounded by the reactant mixed gas. 

 
Figure 3-2 (a) Schematic and (b) actual picture of the reaction chamber 
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3.3.3.2 Catalytic Activity Experiment 

The catalytic activity measurements for different catalysts were carried out in 

the reaction chamber described above. A set of three gas mass flow controllers 

(MKS, 1679B Series, Unit UFC-1100) were used to control the gas composition 

and flowrate. The reaction reactants and products were continuously monitored 

using an online Gas Chromatograph (GC8340, CE instruments). The gas 

chromatograph (GC) is equipped with a Thermal Conductivity Detector (TCD) 

and two columns, the manipulation were performed using the TotalChrom 

Workstation (Version 6.2.1 for Windows) data system. Each experiment was 

repeated for three cycles to test the stability and reproducibility. At each 

temperature, the catalyst was allowed to reach a steady state for at least 30 

minutes and then three injections were performed for GC measurements. The 

average of three GC measurements at each temperature is recorded. 

For the CO2 hydrogenation reaction, the reactants were BOC standards of H2 

supplied as a 30% mixture in He, 3% CO2 mixture in He, and the gases were 

mixed with helium gas (BOC, 99.996%) to obtain the desired concentrations. 

The inlet gas ratio were set as H2: CO2 = 1:1 and 4:1 for BiCuSeO samples to 

investigate their catalyst activities, while they were H2: CO2 = 1:1, 3:1 and 5:1 for 

Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples. All samples were tested at an overall 

flow rate of 100 ml · min-1. The conversion of CO2 and the selectivity of CO and 

CH4 were evaluated from the outlet carbon percentage values obtained by the 

gas analysis. Because the reaction product water vapour could not be detected 

by GC, thus the CO2 conversion, and the selectivity of product X (X=CO, CH4) 

can be calculated as: 

CO2 Conversion (%) =  (CO (KPA) + CH4 (KPA)) / (CO (KPA) + CH4 (KPA) + 

CO2 (KPA)) *100              Equation 3-4 

X Selectivity (%) = X (KPA) / (CO (KPA) + CH4 (KPA))*100    Equation 3-5 

Here, CO2 (KPA), CO (KPA) and CH4 (KPA) stand for the partial pressure of 

CO2, CO and CH4 within the outlet gas, which could be identified and calculated 

from GC data.
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4 Characterization of porous/non-porous BiCuSeO 

4.1 Introduction  

In chapter 3.2, non-porous BiCuSeO samples were prepared by conventional 

sintering and spark plasma sintering (which were named as BCSO @Flux and 

BCSO @SPSed), while the porous samples were obtained by mixing flux 

method BiCuSeO powder with 50wt% BiCuSeO gel or 10 wt%, 15wt% and 20wt% 

polystyrene (which were named as BCSO @50wt% Gel, BCSO @10wt% PS, 

BCSO @15wt% PS and BCSO @20wt% PS, respectively). In this chapter, the 

characterization of the above-mentioned samples was reported. The optimal 

molar ratio of the reactants Nitric Acid, Citric Acid and Ethylene Glycol to the 

total metal cations Mn+for BiCuSeO preparation was obtained as n(Nitric Acid): 

n(Citric Acid): n(Ethylene Glycol): n(Mn+) = 20:1:1:1 (which corresponding to 

sample 1d, highlighted in Table 4-1). Furthermore, the microstructure and 

surface area of porous BCSO have been investigated systematically, the 

highest surface porosity of 37.3% was achieved from sample BCSO @ 20wt% 

PS 0.53MPa. 

4.2 Result and discussion 
4.2.1 The XRD analysis of porous/non-porous BiCuSeO prepared 
by Flux method and Spark plasma sintering 
Figure 4-1 shows the XRD patterns of the porous/non-porous BiCuSeO 

samples prepared by conventional sintering and the SPS. From the figure, it 

can be seen that the diffraction peaks of all samples mostly match with the 

standard card of BiCuSeO (PDF#45-0296), indicating that these samples are 

mainly comprised of BiCuSeO. A small characteristic peak of Bi4Se3 can be 

observed at 2θ=28.7 in the XRD patterns of all samples except BCSO @SPSed, 

while a small CuSe peak occurs in sample BCSO @SPSed at 2θ=28. 
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Figure 4-1 XRD patterns of non-porous samples BCSO @Flux and BCSO 

@SPSed; porous samples BCSO @10wt% PS, BCSO @15wt% PS and 

BCSO @20wt% PS 

4.2.2 The XRD analysis of BiCuSeO prepared by Sol-Gel method 
Related studies have shown that the structure of gels can be controlled by 

changing the type of chelating agent and solvent, pH value of solution, and 

concentration of chelating agent (Bhaskar et al., 2017). Owens et al. compared 

the structural characteristics of gels made up of different chelating agents, and 

the results showed that as the molecular weight of the chelating agent 

increased, the porosity of the product porous material decreased, as well as the 

pore size (Owens et al., 2016). The main reason is that the increasing of 

molecular weight of the chelating agent strengthen the viscosity of the sol 

system, leading to a decrease in the rate of sol-gel polymerization reaction and 

the diffusion of the solvent. In the meantime, the changes in solvent 

concentration of the sol system also have a significant impact on the pore 

structure of the product. When the solvent concentration is low, the pores in the 

porous material tend to exist in isolation, with the increase of solvent 

concentration, a large number of interconnected continuous pore channels are 
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formed in the material, resulting in a high porosity. 

Table 4-1 Gel formula for the Sol-Gel method and calcination procedure  

 Sample  
No. 

n(NA): 
n(Mn+) 

n(CA): 
n(Mn+) 

n(EG): 
n(CA) 

Calcine 
Temp.(°C) 

Heating 
Ramp Rate 
(°C/min) 

Dwelling 
Time(h) 

Different 

Calcine 

Temperature 

Figure 4-2, 4-3 

1a 20 1 1 500 2 10 

1b 20 1 1 530 2 10 

1c 20 1 1 540 2 10 

1d 20 1 1 550 2 10 

1e 20 1 1 560 2 10 

1f 20 1 1 570 2 10 

1g 20 1 1 600 2 10 

Different 

Heating 

Ramp Rate 

Figure 4-4 

1d 20 1 1 550 2 10 

2a 20 1 1 550 4 10 

2b 20 1 1 550 6 10 

Different ratio 

of Nitric Acid 

to metal cation 

Figure 4-5 

3a 10 1 1 550 2 10 

3b 15 1 1 550 2 10 

1d 20 1 1 550 2 10 

Different ratio 

of Citric Acid 

to metal cation 

Figure 4-6 

4a 20 0.5 1 550 2 10 

1d 20 1 1 550 2 10 

4b 20 2 1 550 2 10 

4c 20 3 1 550 2 10 

Different ratio of 

Ethylene Glycol 

to metal cation 

Figure 4-7 

5a 20 1 0 550 2 10 

1d 20 1 1 550 2 10 

5b 20 1 2 550 2 10 

 
In order to investigate the impact of the gel formula and the calcination 

conditions on the composition of the products, different control experiments 

were designed, where n(NA), n(CA), n(EG) and n(Mn+) in Table 4-1 represent 

the mole number of Nitric Acid, Citric Acid and Ethylene Glycol and the sum of 
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metal cations (i.e. Bi3+ and Cu2+), the calcination temperature and heating ramp 

rate were the controlled variables. The gel formula and calcination procedure 

of a series of samples that prepared by the Sol-Gel method are listed in Table 

4-1. 

4.2.2.1 The effect of calcination temperature on the composition of the 

Sol-Gel product 

The effect of calcination temperature on the composition of the product was 

investigated at the earliest stage. In order to narrow the calcination temperature 

within the range of 500°C -600°C, the dried gel were calcined at 500°C, 530°C, 

570°C and 600°C separately (corresponding to samples 1a, 1b, 1f and 1g in 

Table 4-1). The XRD patterns of the calcined samples are shown in Figure 4-2. 

 
Figure 4-2 XRD patterns of the gels which were calcined at 500°C, 530°C, 

570°C and 600°C, the BiCuSeO phase only generated at the gel sample 

which calcined at around 570°C 

It can be seen in Figure 4-2 that the peaks of the target phase BiCuSeO (PDF 

#45-0296) are shown on the curve of sample 1b and 1f at a 2θ of 30.5, but no 

peak occurs at the same position on the other two curves. In addition, the XRD 

pattern show that the calcined samples are consist of more than one phases. 



71 
 

For the calcined samples 1a and 1b, the secondary phases are mainly Bi and 

Bi4Se3 (corresponding to peaks at 2θ=27.1 and 2θ=28.7, respectively). While a 

small peak of Cu2Se can be seen at 2θ=44.4, and its intensity is about 5%-20% 

of the highest peak. The overall pattern of sample 1a showed more and lower 

peaks, indicating that the calcination product is more unstable under 500°C. 

In terms of the samples 1f and 1g, the calcination products consist of Bi2O3 and 

Bi3Se2 (corresponding to peaks at 2θ=28 and 2θ=28.7, respectively). On the 

contrary, the Cu2Se peak was unseeable on these curves. The results of the 

above four samples reveal that the target phase BiCuSeO occurs in samples 

1b and 1f, while the intensity of characteristic peak of BiCuSeO phase is 

significantly larger in sample 1f than 1b, thus it can be inferred that BiCuSeO 

phase could form under a temperature range of 530°C-570°C. 

 
Figure 4-3 XRD patterns of the gels calcined under 530°C - 570°C, a 

relatively pure BiCuSeO phase was obtained from the gel which calcined 

under 550°C (i.e. sample 1d) 

In the subsequent experiments, 540°C, 550°C and 560°C (corresponding to 

samples 1c, 1d and 1e) were chosen as the calcination temperature and the 

XRD pattern of the products were plotted in Figure 4-3. The characteristic peaks 
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at 2θ=30.2 of BiCuSeO phase (JCPD No. 45-0296) can be seen in these curves, 

among which the characteristic peaks of BiCuSeO phase for samples 1b and 

1c are very small, but those peaks on the other three pattern are much higher. 

Further analysis of the composition of these calcination products shows that 

samples 1b and 1c are consist of Bi, Bi4Se3 and Cu2Se, corresponding to the 

characteristic peaks at 2θ=27.1, 28.7 and 44.4, with a faint BiCuSeO peak at 

2θ=30.2. For samples 1b and 1c, a comparison between the intensity of peaks 

of BiCuSeO and secondary phases Bi and Bi4Se3 reveals that BiCuSeO was 

barely formed at a temperature below 540°C. The main difference between 

these two samples is the intensity of Bi and Bi4Se3 peaks, a higher intensity of 

Bi peak and lower intensity of Bi4Se3 peak could be obtained at lower 

temperatures, which can be verified by comparing the intensity of the 

characteristic peaks at 2θ=27.1 and 2θ=28.7 in Figure 4-3. In respect of the 

characteristic peak of BiCuSeO at 2θ=30.2, it is the highest among all the peaks 

in patterns of sample 1d, 1e and 1f, while the secondary phases include Bi (or 

Bi2O3), Bi4Se3, and Bi3Se2. It is worth noting that the secondary phases are Bi 

and Bi4Se3 for those samples which calcined at a temperature below 560°C. 

Whereas Bi2O3 and Bi3Se2 were formed as the secondary phase instead of Bi 

and Bi4Se3 on pattern of sample 1f, and similar results can be seen in Figure 4-

3, The characteristic peaks of Bi2O3 and Bi3Se2 at 2θ=28.7 and 2θ=28 also 

appeared in the XRD pattern of the sample 1g. It can be deduced that some 

solid-state reactions occurred within the sample when the calcination 

temperature was higher than 560°C, result in the change of secondary phase. 

It is demonstrated that in Bi-Se binary system (Okamoto et al., 1994), the 

composition of BixSey binary compound changes slightly with the temperature 

and percentage of Se. Hence there is a possibility that Bi4Se3 phase would 

transform into Bi3Se2 phase at higher calcination temperature because the 

latter is more stable, Hasanova et al. has also proved that the standard molar 

entropy of Bi3Se2 is much less than that of Bi4Se3 (Hasanova et al., 2021). 

Besides, the Bi2O3 phase might be generated from the oxidation of Bi at high 
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temperatures. 

Among all the samples discussed above, for the sample calcined at 550°C, the 

amount of peaks of secondary phases is the least, and the intensity of peaks of 

secondary phases are much smaller than that of BiCuSeO peak. This indicates 

that the BiCuSeO phase is most likely to be stable at 550°C. Meanwhile, the 

characteristic peak of Cu2Se can be observed on the patterns of the other 

samples except the sample 1d, which also indicates that BiCuSeO phase might 

be unstable to exist at these temperatures and partially decomposed into Bi-Se 

and Cu-Se binary compounds. Based on the results, the preparation process 

of single-phase BiCuSeO through Sol-Gel method will be further investigate at 

a calcination temperature of 550°C. 

4.2.2.2 The effect of heating ramp rate on the composition 

Figure 4-4 shows the XRD patterns of the samples calcined under a same 

temperature and dwelling time, and heating ramp rates of 6°C/min, 4°C/min and 

2°C/min, corresponding to samples 2a, 2b and 1d in Table 4-1, respectively. 

 

Figure 4-4 XRD patterns of the Sol-Gel method BiCuSeO samples calcined 

under heating ramp rates of 6°C/min, 4°C/min and 2°C/min, BiCuSeO 

phase tend to be generated at lower heating ramp rate 
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It can be seen that the characteristic peaks of BiCuSeO phase appear in the 

XRD pattern of all three samples. For samples 2a and 2b, the characteristic 

peak of Bi phase can also be observed at 2θ=27.1 and its intensity is about 1/3 

of the highest peak. Moreover, two small peaks are observed at 2θ=28.7 and 

2θ=33 in the sample 2b, and these two peaks were considered belong to Bi2O3. 

The difference between XRD patterns of sample 2a and 2b is small, which 

suggests that the composition of the calcination product does not change 

significantly during the decrease of the heating ramp rate from 6°C/min to 

4°C/min. 

The formation of the secondary phases Bi and Bi2O3 may be due to the fact that 

the organic component in the gel starts to decompose at about 200°C during 

the calcination process, while the formation temperature of the BiCuSeO phase 

is higher than 400°C. Under the higher heating rate, the temperature in the tube 

furnace rises rapidly, and the time interval for the furnace temperature to rise 

from 200°C to 400°C is not sufficient so that the decomposition of organic 

component could not be carried out completely. While the BiCuSeO phase was 

formed at a temperature above 400°C, a certain amount of organic component 

would decompose in the meantime. The gas-phase products of decomposition 

might have an effect on the environment inside the furnace during calcination 

and therefore affect the stability BiCuSeO phase, which eventually lead to the 

formation of secondary phases. 

In terms of sample 1d, a very small peak of Bi was seen at 2θ=27.1 in addition 

to the characteristic peaks of the target phase BiCuSeO, thus it is believed that 

when the heating ramp rate is decreased to 2°C/min, the generating of 

secondary phase was inhibited. Hence, 2°C/min was considered to be the most 

appropriate heating ramp rate. 

4.2.2.3 The effect Nitric Acid proportion the gelation process 

There are two roles that Nitric Acid plays in this Sol-Gel process, one is to 

dissolve Se powder, which is insoluble in water, following equation 4-1. 
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                       Equation 4-1 

In addition, sufficient Nitric Acid in the solution provides a suitable environment 

for gelation. An excess of Nitric Acid provides a large amount of H+ and 

maintains the pH of the solution, the acidic environment itself could promote the 

hydrolysis of citric acid and keeps the reaction moving forward, thus facilitating 

the formation of the gel. It is worth mention that the SeO32- anion would combine 

with the Bi3+ cation in the solution to form an insoluble white precipitate 

Bi2(SeO3)3. And it was observed that the appearance of this precipitation could 

be suppressed when the Nitric Acid content in the solution exceeded a certain 

level. Since the solution was kept heating during the gelation process, some of 

the HNO3 molecules in the solution would be consumed due to volatilization or 

decomposition. Hence, sufficient amount of Nitric Acid is necessary for the 

preparation of BiCuSeO by the sol-gel method. 

 

Figure 4-5 XRD patterns of calcined gel samples, with different molar ratio 

of n(NA):n(Mn+)=10:1, 15:1 and 20:1 in their gel formula, the highest 

proportion of BiCuSeO phase was observed on sample with 

n(NA):n(Mn+)=20:1 

Figure 4-5 shows the XRD patterns of the calcined samples with different molar 

ratio of Nitric Acid to metal cations Mn+, corresponding to samples 3a, 3b and 
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1d in Table 4-1. The characteristic peak of BiCuSeO can be clearly observed 

on all of the spectrums, and the intensity of the peaks at 2θ=30.2 become larger 

with the increase of n(NA):n(Mn+). In the meantime, the intensity of the peaks 

2θ=27.1 and 2θ=28.7 (corresponding to secondary phases Bi and Bi4Se3, 

respectively) has dramatically decreased. When n(NA):n(Mn+)=20:1, the 

intensity of secondary phases in sample 3a were less than 3% of the intensity 

of BiCuSeO phase. In contrast, the intensity of Bi and Bi4Se3 phases was even 

higher than that of the target phase BiCuSeO for the sample with 

n(NA):n(Mn+)=10:1. As discussed above, this may be due to the fact that the 

concentration of Nitric Acid in the solution during gel formation is not high 

enough, so the generation of Bi2(SeO3)3 hasn’t been completely inhibited, which 

result in the decomposition of Bi2(SeO3)3 during the calcination procedure and 

the formation of secondary phases Bi and Bi4Se3. Besides, it is suggested that 

a molar ratio of n(NA):n(Mn+) higher 30:1 should be avoided, which would result 

in the presence of a large amount of NO3- anions in the dried gel and have a 

huge negative impact on the formation of target phase BiCuSeO during 

calcination. Hence, In order to obtain high purity sample with BiCuSeO phase, 

a molar ratio of n(NA):n(Mn+) between 15:1 and 20:1 was recommended. 

4.2.2.4 The effect of Citric Acid proportion on the gelation process 

It is well known that Citric Acid usually works as a chelating agent in the sol-gel 

method. Citric Acid traps the free metal cations in the solution and immobilizes 

them within the gel. It seems reasonable to speculate that high concentration 

of Citric Acid in the solution strengthen its ability in trapping metal cations. On 

the contrary, a large number of Citric Acid molecules will eventually leads to a 

greater volume of the gel, and therefore loosen the structure of the calcination 

product. In order to investigate the appropriate proportion of Citric Acid in the 

recipe, molar ratios of Citric Acid to total metal cations n(CA):n(Mn+)=0.5:1, 1:1, 

2:1 and 3:1 were chosen for the gel preparation, corresponding to samples 4a, 

1d, 4b and 4c, respectively. 
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Figure 4-6 XRD patterns of the calcined samples with molar ratio of 

n(CA):n(Mn+)=0.5:1, 1:1, 2:1 and 3:1, the optimal ratio among these results 

is n(CA):n(Mn+)=1:1 

During the preparation procedure, it could be clearly observed that the gel 

formation efficiency increased significantly with the increase of Citric Acid 

content. For example, the solution was first heated to 100°C to achieve the gel, 

the gelation took as long as 4h for the sample with molar ratio 

n(CA):n(Mn+)=0.5:1 and the sample is mainly in the form of powder after 

calcination; For sample with n(CA):n(Mn+)=3:1, however, the gelation took only 

1h and the morphology of its calcination products are honeycomb and lamellar 

structure, which also consist with the discussion above. The XRD patterns in 

Figure 4-6 show the difference of the calcination products of gel with different 

molar ratios. Four secondary phases were identified at 2θ=27.1, 28, 28.7 and 

44.4 except for the target phase BiCuSeO, which is believed to be Bi, Bi2O3, 

Bi4Se3 and Cu2Se, respectively. 

Therefore, it can be concluded that single-phase sample with both high purity 

and porosity could be obtained within a molar ratio of n(CA):n(Mn+) between 1:1 

and 2:1. Increasing or decreasing the proportion of Citric Acid will leading to an 
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increase in the intensity of Bi peak. It is considered that due to the increase of 

Citric Acid proportion, the network structure of the gel was enlarged and the 

metal cations were dispersed inside the gel, makes it more difficult to form a 

regularly arranged BiCuSeO crystalline structure. 

The secondary phases Bi and Bi4Se3 in sample with n(CA):n(Mn+)=0.5:1 might 

come from the absence of Citric Acid during the gelation process, while some 

free Bi3+ or Cu2+ cations interact with SeO32- and produced Bi-Se or/and Cu-Se 

compound as secondary phase during the calcination. Among all the patterns 

in Figure 4-6, the smallest peak intensity of secondary phases are observed 

from sample 1d (n(CA):n(Mn+)=1:1). 

4.2.2.5 The study on proportion of Ethylene Glycol to Citric Acid 

Ethylene Glycol usually plays the role of solvent in Sol-Gel method for those 

reagents that are difficult to dissolve in water, in this Sol-Gel process, a 

condensation polymerization also happens between Ethylene Glycol and Citric 

Acid to strengthen the connection of gel network. In addition, Zhang et al. has 

found that Ethylene Glycol functioned as a spacer to modulate the distance 

between metal ions, preventing metal oxides from aggregation during earlier 

stage of organic removal (Zhang et al., 1999). In order to investigate the 

influence of Ethylene Glycol on the composition of calcination products, three 

gel samples with n(EG):n(CA) = 0, 1:1 and 2:1 (corresponding to samples 5a, 

1d, 5b, respectively) was prepared and the XRD patterns of calcined samples 

are shown in Figure 4-7. The characteristic peaks of the target phase BiCuSeO 

can be observed in the Figure, as well as several small peaks of Bi, Bi2O3 and 

Bi4Se3 at 2θ=27.1, 28 and 28.7. 
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Figure 4-7 XRD patterns of the calcined samples with molar ratio of n(EG): 

n(CA)=0, 1:1 and 2:1 

The generation of secondary phases Bi and Bi4Se3 in sample 5a may be due 

to the non-uniform distribution of metal cations in the solution during the 

gelation process. When n(EG):n(CA)=2:1, more Citric Acid was believed to 

participate in the condensation polymerization and its ability of trapping metal 

cations was weakened, therefore led to the occurrence of secondary phases 

upon calcination. 

The XRD pattern of sample 5b exhibits a significant difference with the other 

patterns. A possible explanation is that the metal cations were not well-

dispersed in the solvent without the help of Ethylene Glycol, the ions trend to 

aggregate upon gelation hence different kinds of metal compounds would be 

generated, which consistent with the fact that the peak intensity of Bi, Bi2O3 and 

Bi4Se3 is markedly increased. In contrast, a molar ratio of n(EG):n(CA)=1:1 is 

to be preferred. 

4.2.2.6 Different coating method onto the bulk sample surface 

Based on the results of the previous sections, the gel formula that 

corresponding to sample 1d was selected as the fixed parameter for the 

subsequent sol-gel preparation of BiCuSeO. The gel was applied to the surface 
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of the sample using dip coating or drop coating methods, they are named as 

BCSO @Dip coating and BCSO @Drop coating, respectively. Moreover, 

sample BCSO @50wt% Gel was added for comparison, it was obtained by mixing 

BiCuSeO powder that made of Flux Method and Sol-Gel Method with a weight 

ratio of 1:1. These samples were characterized by XRD, as shown in Figure 4-

8. 

 

Figure 4-8 More secondary phases appear on the XRD patterns of dip- 

coated or drop-coated BiCuSeO samples rather than sample BCSO 

@50wt% Gel 

Distinct BiCuSeO peaks were found on all three XRD spectrums shown in 

Figure 4-8, along with some low intensity peaks of secondary phases such as 

Bi2O3. Besides, Bi and CuSe peaks were observed on the XRD spectrums of 

dip coating and drop coating samples. The peak intensity of the secondary 

phases was much lower than that of the target phase BiCuSeO, suggesting that 

different coating methods can be used to produce porous BiCuSeO samples. 

However, the hybrid of two kinds of BiCuSeO that derive from Flux Method and 

Sol-Gel Method (sample BCSO @50wt% Gel) lead to lesser impurity. In the 

following chapters, the porosity and surface morphology of these three samples 

will be compared and a modified preparation procedure is adopted. 
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4.2.3 BET surface area measurement results 
The BET surface area was measured using a 3P instrument. The isotherms of 

porous BiCuSeO samples prepared by different methods are depicted in Figure 

4-9. It can be concluded that the feature of isotherms of porous BiCuSeO 

samples prepared by introducing pores (mixing with PS and then removing it 

by sintering) or by sol-gel method are nearly the same, which can be classified 

as type II isotherm, indicating that there are mainly macropores (pores >50 nm 

in diameter) in these samples. Mesoporosity (pores with diameters between 2 

and 50 nm) were unlikely to have be obtained. Numerous hierarchical 

macropores can still be observed from SEM images (Figure 4-10). This 

increases the surface area of the porous BiCuSeO samples. Table 4-1 lists the 

BET surface area of different samples. It can be seen that the surface area of 

porous samples are significantly higher than that of non-porous one. For 

example, the surface area of sample BCSO @50wt% Gel is 13.9 times larger 

than that of non-porous one, while the surface area increased by 11.7, 14.1 and 

17.1 times through introducing 10wt%, 15wt%, and 20wt% PS to non-porous 

BiCuSeO, respectively. The samples BCSO @Dip coating and BCSO @Drop 

coating had limited improvement on surface area and was therefore abandoned. 
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Figure 4-9 The isotherm of samples (a) BCSO @20wt% PS and (b) BCSO 

@50wt% Gel 

Table 4-2 The BET surface area of non-porous sample BCSO @Flux and 

they other porous samples 

Sample BCSO @Flux 
BCSO  

@10wt% PS 

BCSO  

@15wt% PS 

BCSO  

@20wt% PS 

BET surface 

area (m2/g) 
0.515 6.536 7.778 9.348 

Sample  
BCSO 

@50wt% Gel 

BCSO 

@Dip coating 

BCSO  

@Drop coating 
 

BET surface 

area (m2/g) 
7.602 1.602 1.549  

4.2.4 The surface morphology of BiCuSeO samples 
In the previous sections, the BET surface area of different porous materials was 

discussed. Although the results indicating that only a small amount of meso- or 

micro-porosity (<2 nm in diameters) was detected in the porous BiCuSeO 

samples, but the SEM images revealed a significant number of pores on the 

surface. Therefore, the distribution of the pores on the surface of porous 
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samples were counted and trend of the change of porosity was summarized. 

4.2.4.1 Pores distribution of porous BiCuSeO under low magnification 

In Figure 4-10, the surface morphology of all samples is shown with the 

magnification of 200 times. Among them, different sizes of pores can be clearly 

observed in Figure 4-10a to 4-10i, X wt% PS (X=10, 15, 20) and Y MPa (Y=0.53, 

1.07, 1.60) under each image represent the amount of PS addition and cold 

pressing pressure, respectively. It should be noted that the additive PS and 

BCSO powder were sufficiently mixed during the preparation process, so we 

assumed that the pores on the surface of the product samples are uniformly 

distributed throughout the sample. Therefore in the following discussion, the 

pore distribution data obtained from Figure 4-10 is used to characterize the 

overall situation of the sample. 
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Figure 4-10 The surface morphology of porous BiCuSeO samples at 200X 

The number of pores is generally increasing with the increase of PS addition 

and the decrease of cold pressing pressure. For example, the pores are 

independently and uniformly distributed on the surface of sample BCSO @10wt% 

PS 0.53MPa (Figure 4-10a); in Figure 4-10d, some pores started to 

interconnect with each other at the bottom of the image; when the PS addition 

is 20wt%, there are more connection between the pores, resulting in the 

groove-like patterns that across the entire image. In addition, with the 

increasing of cold pressing pressure, the pores on the sample surface is more 

dispersed, and the number of interconnected pores is reduced, as can be seen 
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from Figure 4-10g, 4-10h and 4-10i. Figures 4-10j, 4-10k, and 4-10l present 

porous samples prepared through different sol-gel methods. In these three 

images, no apparent pores can be observed, indicating that the pore size 

introduced by the sol-gel method is much smaller than that of adding PS, thus 

the pore distribution needs to be statistically analyzed using software. 

The statistical analysis of pore diameter distribution was performed using Nano 

Measurer software. Taking Figure 4-10g as an example, the image was 

enlarged (Figure 4-11a) and the dimension of about 40 visible pores were 

marked and measured, as shown in Figure 4-11b. Statistical results showed 

that the pore diameters in the Figure are range from tens to hundreds of 

micrometers, which are close to the size of the added PS particles (<155μm). 
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Figure 4-11 Statistic of pore diameter distribution 

Three samples from Figure 4-10 were subsequently selected for pore diameter 

distribution statistics analysis, and the results are plotted in Figure 4-12 by 

Origin. Figure 4-12a, b, and c present the pore diameter distributions of Figure 

4-10g, h, and i, respectively. The average pore diameters of BCSO @20wt% 

PS 0.53MPa, BCSO @20wt% PS 1.07MPa, and BCSO @20wt% PS 1.60MPa 

were 101.2μm, 96.4μm, and 95.6μm, respectively, indicating that the average 

pore diameter slightly decreased with increasing cold pressing pressure. 

However, the standard deviation of their surface pore diameters was not 
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significantly changed, which were 50.5, 51.2, and 53.1μm, respectively. 

 



88 

 

Figure 4-12 Pore diameter distributions of (a) BCSO @20wt% PS 0.53MPa, 

(b) BCSO @20wt% PS 1.07MPa, and (c) BCSO @20wt% PS 1.60MPa 

The comparison of Figure 4-12a, b, and c shows that the proportion of pores 

with diameters <60μm on the surface of the sample increased from 20% 

(@0.53MPa) to 33% (@1.60MPa) on sample prepared under higher pressing 

pressure, while the proportion of pores with diameters >140μm decreased from 

31% to 21%. This means that the sample is more compact and unlikely to form 

larger pores under high pressure. 

4.2.4.2 Statistic analysis of surface porosity of porous/nano-porous 

BiCuSeO 

In this section, the surface porosity of all samples were estimated in order to 

investigating the effects of different preparation conditions on surface 

morphology of porous BiCuSeO samples. ImageJ was used to measure the 

pore area in the images of Figure 4-10. It recognizes and distinguishes areas 

with different contrast on the SEM image to get the pore area Spores, as shown 

in Figure 4-13b. The total area of the image Sall can also be obtained from the 

software. The surface porosity φ% can be calculated using the following 

Equation 4-2. 

φ% = Spores /Sall*100             Equation 4-2 
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Figure 4-13 Pore area measurement using imageJ 

In addition, the porosity of the samples prepared under different conditions 

were listed in Table 4-2. Although these statistical results are not exactly the 

same as the actual porosity, these measured data can be used as a reference 

at least for porosity. 
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Table 4-3 Surface porosity measurement results 

Substrate Additive 
Cold-pressing 

Pressure(MPa) 
φ% 

BiCuSeO 10wt% PS 0.53 20.3 

BiCuSeO 10wt% PS 1.07 15.5 

BiCuSeO 10wt% PS 1.60 12.1 

BiCuSeO 15wt% PS 0.53 27.5 

BiCuSeO 15wt% PS 1.07 22.8 

BiCuSeO 15wt% PS 1.60 18.4 

BiCuSeO 20wt% PS 0.53 37.3 

BiCuSeO 20wt% PS 1.07 23.4 

BiCuSeO 20wt% PS 1.60 20.7 

BiCuSeO 50wt% BCSO Gel 1.07 18.0 

BiCuSeO (Dip coating) BCSO Gel - 19.6 

BiCuSeO (Drop coating) BCSO Gel - 22.5 

It can be concluded from the above table that the surface porosity of the 

samples increases with the increase of PS addition and the decrease of cold 

pressing pressure. This is reasonable because PS can easily decompose into 

gas molecules during the sintering process and pores are remained inside the 

sample, therefore a larger PS content in the sample will lead to a higher porosity. 

Besides, lower cold pressing pressure results in a looser compact structure. 

This means that the gas generated by PS decomposition may dilate the pores, 

which also affect the overall porosity. The porosity of the dip-coated (19.6%) 

and drop-coated (22.5%) samples are higher than that of sample BCSO @50wt% 

Gel (18%), but the BET surface area measurement shows the opposite result 

in chapter 4.2.3. This is understandable, as the powders obtained for the BET 
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measurement from these two samples most likely contained non-porous bulk 

BiCuSeO powders. Also, the pore size in the sol-gel samples are much smaller 

than those of PS-added samples, lots of them was unresolvable in the SEM 

image but can be measured by the BET method. This can explain why the sol-

gel sample has the highest BET surface area, but displayed lower porosity from 

the ImageJ analysis of the SEM images than the PS added samples. 

4.2.4.3 SEM and EDS analysis on surface morphology 
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Figure 4-14 5000X SEM images for porous BiCuSeO samples pressed 

under pressures (a) 0.53MPa; (b) 1.07MPa; (c) 1.60MPa 

In order to further investigate the surface structure of the porous samples, the 

sample surfaces were magnified up to 5000 times and EDS was used for 

component analysis. Figure 4-14 shows the SEM morphology of the surface of 

samples BCSO @20wt% 0.53MPa, BCSO @20wt% 1.07MPa, and BCSO 

@20wt% 1.60MPa, while the corresponding EDS analysis results are plotted in 

Figure 4-15. In Figure 4-14a, bulk phases with diameter greater than 10μm and 

small white particle phases attached to them can be observed. The EDS 

analysis result (Figure 4-15a) indicates that the white particles consist of four 

elements: Bi, Cu, Se, and O. The atom percentage of the four elements is 

similar, but that of Cu and Se are slightly higher than the other two elements, 

suggesting that the composition of those white particles are mainly BiCuSeO 

with a small amount of CuSe. On the contrary, higher Bi and O percentage in 

the bulk phase indicate the presence of Bi2O3 or Bi. In Figure 4-14b, a large 

number of irregular particles with diameter of several micron can be seen. 

Fewer white particles are observed compared to Figure 4-14a, but their volume 

has increased slightly. EDS analysis was performed on two regions with 

obvious contrast and the results reveal the additional CuSe except for BiCuSeO 

in white particle phases, while the significantly higher Bi content at the dark 



93 
 

zone suggests secondary phase Bi. The particle edges in Figure 4-14c are 

smoother and their shape are more spherical. Those particles integrated and 

formed a mesh-like structure, leaving behind many pores. The EDS mapping 

scan result confirms that the composition is primarily BiCuSeO. Thus it can be 

concluded that higher cold pressing pressure contribute to the fusion of the 

grain and slightly improve the evenly distribution of the elements. 
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Figure 4-15 Compositional analysis of porous BiCuSeO samples surface 

Figure 4-16 shows the surface structures of the samples with PS addition of 

(a) 10wt%, (b) 15wt%, and (c) 20wt% with the sample cold pressing pressure 

of 0.53MPa. As shown in Figure 4-16a, most of the microstructures are layer 

with different growth directions, and the thickness of each layer is about 1μm. 

They stack together to form particles with a diameter of tens of microns and 

leave many gaps in between them. When the amount of PS addition increases 

to 15wt%, part of the layer structures are replaced by particle. These particles 

with diameter of several microns have smooth edges, they clustered together 

and stick to the top of the layer structures, big gaps can be observed in the 

image as well. 
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Figure 4-16 5000X SEM images for porous BiCuSeO samples with PS 

additions (a) 10wt%; (b) 15wt%; (c) 20wt% 
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For the sample with 20wt% PS addition, its surface is covered with 

interconnected particles, some particle even have diameters of less than 1μm. 

Most of the particles are connected by sintered necks, and lots of pores could 

be observed. By comparing the three images, it can be found that with the 

increasing amount of PS addition, the number of layer structures in the sample 

decreases significantly. However, a great number of particle phase generated 

instead of those layer structure. This indicates that the addition of PS block the 

connection of BiCuSeO grain and makes it difficult for them to aggregate during 

the sintering process, thereby hindering grain growth and resulting in the 

presence of many small particles in the images. 

4.2.5 Band gap 
To characterize the influence of sintering conditions on the width of the band 

gap, the Ultraviolet–visible (UV-Vis) spectroscopy was applied on BiCuSeO 

samples sintered at different temperatures and SPSed sample, as shown in 

Figure 4-17, and the band gap width could be estimated subsequently. It can 

be seen from the Figure that the band gaps of the four samples are close to 0.8 

eV, which is consistent with the reported value of BiCuSeO (Zhao et al., 2011; 

Zhao et al., 2014). The band gap of SPSed sample is the highest among them, 

at approximately 0.82 eV. Moreover, it gradually decrease with the sintering 

temperature, the band gap widths are 0.81, 0.8, and 0.79 eV for BiCuSeO 

sintered at 650°C, 600°C, and 550°C, respectively. The band gap represents a 

minimum energy that is required to activate an electron so that it can participate 

in conduction, which significantly affects the electrical transport performance of 

the material. A lower band gap width means that electrons will be activated 

more easily and generate holes in the valence band, led to an increase in 

electrical conductivity. 
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Figure 4-17 Band gap measurement result of BiCuSeO under different 

sintering conditions 
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4.3 Conclusion 

Porous BiCuSeO sample is successfully prepared by using Sol-Gel method 

and the adding of PS fine powders. High purity of the target phase of BiCuSeO 

was confirmed by XRD analysis. The Sol-Gel method provides a possibility to 

introduce nano-porous coating to the surface of a non-porous sample, while the 

addition of PS generate pores within the entire sample. Porous samples with 

relatively high surface porosity and BET surface area can be prepared through 

coating methods. 
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5 Simulation and experimental verification of 

temperature distribution of thermoelectric samples 

under reaction conditions 

5.1 Introduction 

The temperature difference between the hot side and cold side of the TE 

sample in the reaction chamber has a direct impact on its catalytic activity. In 

addition, the hot surface of TE sample could get closer to the heat source by 

increasing the sample thickness, thereby effectively increases the temperature 

difference across the sample. In order to explore the temperature distribution of 

thermoelectric samples with different thickness, a series of computational 

simulation on the temperature distribution of TE samples in the reaction 

chamber are carried out in this chapter using finite element simulation software 

Ansys. On the one hand, the simulated temperature distribution data is 

compared with the experimental data to verify the simulation. On the other hand, 

the simulation was then used to predict the temperature distribution of TE 

samples with different thicknesses. The overall research process of this chapter 

is divided into three steps, as shown in Figure 5-1. 

 

Figure 5-1 Diagram of the analysis process 
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5.2 Result and discussion 

5.2.1 3D modelling and heating process 
5.2.1.1 3D modeling of the reaction chamber and the hot plate 

The reaction chamber used in this project is self-designed and its structure is 

shown in Figure 3-2b. The reaction chamber consists of base, cap, heat 

insulation O-ring and sample holder. A water tank with a cooling water 

circulation system is located inside the cap. A hot plate is placed underneath 

the reaction chamber, which could reach to temperatures as high as 800°C. 

The 3D model of the reaction chamber is established by AutoCAD and imported 

into the Ansys workbench, as shown in Figure 5-2. The main body of the 

reaction chamber is consisted of 316 stainless steel, while the sample holder is 

made of Macor and the o-ring is made of a polymer materials that can withstand 

temperatures of 400°C. 

 

Figure 5-2 3D model of reaction chamber 

5.2.1.2 Heating process 

During the experiment, the maximum heating temperature was fixed at 760°C 

to maintain the stability and durability of the hot plate. A same heating process 

as the chemical reaction experiment was used in the simulation to ensure the 
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simulation results are closer to the reality. The heating process start at room 

temperature, the temperature will raise to a preset temperature at a rate of 

5°C/min and maintained for 30 minutes before being raised to the next setting 

temperature until it reaches the highest temperature of 760°C. The heating 

ramp rate is fixed at 5°C/min and the dwelling time for each temperature is 30 

minutes (as illustrated in Figure 5-3). The correlation between the simulation 

time and related temperature could be seen in Table 5-1. 

 
Figure 5-3 The Time-Temperature curve during the heating process for 

finite element simulation 

Table 5-1 The simulation time nodes and their correlation temperature 

time/s 0 3300 5100 7500 9300 9900 11700 12300 14100 

temperature/°C 25 300 300 500 500 550 550 600 600 

time/s  14580 16380 16860 18660 19140 20940 21420 23220 

temperature/°C  640 640 680 680 720 720 760 760 



102 

5.2.2 The establishment of a simplified 3D model and implement of 
finite element simulation 
5.2.2.1  The simplification of the 3D model 

The geometric model serves as the foundation of the finite element simulation 

for the thermal field. In order to obtain reasonable simulation results, the model 

itself must not only match the structural properties of the item, but also needs 

to be easy realizable to have the computation efficiency. 

Transient temperature simulations are employed in this chapter to indicate the 

change of temperatures of the reaction chamber and the TE sample inside of it 

during the heating process. The establishment of the model is based on the 

following presumptions and simplifications, with the core structure remaining 

unchanged: 

(1) The whole reaction chamber is considered to be a regular cylinder, as well 

as the water tank inside the cap of reaction chamber; the inlet and outlet 

channels on the side of the reaction chamber are neglected; 

(2) Small components such as the sample holder and the screws that fix the 

sample holder are removed from the model because they have little 

influence on the thermal field; 

(3) The interior space of the reaction chamber apart from the TE sample is 

modeled as the gas. As more than 95% of the reactant or product gas 

mixture is He, the mixed gas in the reaction chamber is regarded as pure 

He. The properties such as heat transfer coefficient of pure He are applied 

to the simulation when required. Moreover, the mixed gas that slowly flows 

through the reaction chamber is considered to be static. 

(4) The convection was also simplified during the transient temperature 

simulations, the convection heat transfer coefficient of the mixture gas was 

considered to be similar to air, which was set as 5 W/(m2·K) at 25°C and 

linearly increased to 25 W/(m2·K) at 760°C. 

5.2.2.2 The establishment of the 3D model 

The geometric features are generally regular and simple once the reaction 
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chamber model has been simplified. The simplified model of the reaction 

chamber and TE sample could be established using the modeling function of 

Ansys Workbench. The dimensions of the main part of the model are listed in 

Table 5-2. The simplified model of the reaction chamber and TE sample are 

shown in Figure 5-4. 

Table 5-2 The dimensions of the main part of the model 

component Diameter/mm Height/mm Thickness/mm 

Base (exterior) 80 60 - 

Base (interior) 50 35 - 

Cap (exterior) 80 80 - 

Water tank 50 77 - 

Sample 20 - 2,4,6,10,20 

 

Figure 5-4 Sectional view of the simplified model of the reaction chamber 

with TE sample 
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5.2.3 Meshing 
5.2.3.1 Meshing parameters 

The meshing methods provided by Ansys Workbench for 3D models include: 

Automatic, Hex Dominant, Tetrahedrons, Sweep and Multi-Zone. Among them, 

Hex Dominant method generate meshes with higher quality, which improves 

the accuracy of simulation results. However, it also significantly increase the 

computing time for the simulation. The majority of the simplified model is consist 

of cylindrical components. Therefore, the main objects with a small volume 

were meshed by Hex Dominant method, while the unimportant components 

with a huge volume were meshed by Sweep method. The meshing parameters 

are shown in Table 5-3. 

Table 5-3 The meshing parameters for the simplified model 

components meshing method element size/10-6m 

TE sample Hex Dominant 7.5 

Base of reaction chamber Sweep 100 

Cap of reaction chamber Sweep 100 

Water tank Sweep 50 

hot plate Sweep 100 

A quality check for all the obtained meshes is usually carried out after meshing. 

The element quality is based on the ratio of the volume to the sum of the square 

of the edge lengths for 2D quad/tri elements, or the square root of the cube of 

the sum of the square of the edge lengths for 3D elements. It is a composite 

quality metric that ranges between 0 and 1, where 1 represents a perfectly 

shaped element. For example, the TE sample was meshed according to the 

method in Table 5-3, the obtained number for elements and nodes are 6551 

and 32088, respectively. The average grid quality is 0.906. The model of TE 

sample after meshing is shown in Figure 5-5. 
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Figure 5-5 Meshing diagram of (a) The reaction rig with TE sample inside 

and (b) the enlarged TE sample 

5.2.3.2 Mesh Independence Test 

The accuracy and convergence of the simulation results in finite element 

analysis are directly influenced by the mesh fineness. Therefore a mesh 

independence test was conducted to verify the rationality of the current meshing 

parameters. Firstly, a 2mm TE sample was modeled, while a total amount of 4 

probes were inserted at the center and edge of the hot side and cold side 

surfaces of the TE sample. Then the effect of mesh fineness on the simulation 

results is evaluated by comparing the difference between the measured 

temperatures of these four probes. The final temperature after dwelling at 
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760°C for 30 minutes was taken as the reference. The numbers of the elements 

in this chapter are obtained as 5032, 6068, 6551, 9407 and 10362 after 

meshing. Their quality check results are listed in Table 5-4. Element quality=1 

corresponds to a perfectly regular element while a high value of average 

element quality indicates an ideal meshing method (Staten et al., 2010). 

Table 5-4 the quality check results under different meshing conditions, 

better average element quality were obtained from model 3, 4 and 5 

Model number 
 

1 2 3 4 5 

element size/10-6m  5 7.5 10 20 30 

Element quality 

min 
 

0.423 0.228 0.309 0.150 0.152 

max 
 

0.999 0.999 0.999 0.999 0.999 

average 
 

0.867 0.860 0.906 0.907 0.907 

standard 
deviation 0.123 0.134 0.096 0.093 0.094 

Node numbers 
  

49511 38826 32088 29560 27418 

Element numbers  
  

10362 9407 6551 6068 5032 

Figure 5-6 shows a schematic diagram of the location of four probes and the 

final temperatures of the probes under five meshing conditions. According to 

the simulation results, there is a relatively high temperature difference of up to 

2°C between model 5 (with elements number of 5032) and the other models so 

model 5 is excluded. For the rest of the models, the temperature differences 

measured at the four probes are all smaller than 1°C. After all, Model 3 with 

elements number of 6551 was chosen as the meshing method for TE samples 

when combined with the quality check results in Table 5-4, because it has a 

high average quality and a moderate elements number. 
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Figure 5-6 (a) Schematic diagram of the location of four probes (b) the 

final temperatures at these four probes changed slightly with the meshing 

condition
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Table 5-5 Thermo-physical properties of the materials that used for the simulation 

Material Density 

(g·cm-3) 

Temperature/K 300 400 500 600 700 800 900 1000 1100 

BiCuSeO 8.903 κ (W·m-1·K-1) 0.84 0.6 0.49 0.44 0.43 0.42 - - -   
Cp (J·kg-1·K-1) 34.03 34.73 34.98 35.21 35.43 35.65 35.83 36.01 - 

Helium (Gas) 1.78*10-4 κ (W·m-1·K-1) 0.156 0.190 0.222 0.252 0.281 0.309 0.336 0.363 - 

  Cp (J·kg-1·K-1) 5238.3         

316 Stainless 

Steel 

7.98 κ (W·m-1·K-1) 13.96 15.53 17.1 18.68 20.25 21.82 23.39 24.96 26.53 

 Cp (J·kg-1·K-1) 500.64 514.08 527.52 540.54 553.98 567.42 580.86 593.88 607.32 

  Temperature/K 295 305 315 325 335 345 355 365  

Water (pure) 1 κ (W·m-1·K-1) 0.6009 0.6176 0.6322 0.6445 0.6546 0.6624 0.668 0.6714  

 Cp (J·kg-1·K-1) 4184  4078 4011 3910  3842 3787  
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5.2.3.3 Thermophysical parameter setting 

The temperature distribution of the TE sample is nonlinear, it is influenced by 

the changes in the thermophysical properties of the TE material. At the same 

time, the TE sample itself is also continuously conducting heat with the nearby 

water cooling tank and heated reaction chamber. Therefore, the constituent 

materials of each component in the simulation model should be consistent with 

the reality. The thermophysical properties of these materials, such as thermal 

conductivity, specific heat capacity and density are provided in Table 5-5.

5.2.4 The setting of loading conditions and solution 
Finite element simulations show how a structure or component will respond to 

certain loading conditions. In thermal analysis, the loading conditions include 

temperature, heat flow rate, radiation, convection, and internal heat generation, 

etc. 

5.2.4.1 The initial conditions and boundary condition settings 

As for thermal simulation, the initial condition is the temperature distribution of 

each component of the model at the beginning of the simulation process, while 

the boundary conditions normally refer to heat radiation, heat convection, etc. 

In this chapter, the initial conditions and boundary conditions of the reaction 

chamber model are set as follows: 

(1) The initial temperature of the overall model is set to 25°C; 

(2) The temperature of the water cooling tank is kept constant at 25°C; 

(3) The surfaces of the water tank are considered to be adiabatic except for the 

surface in contact with TE sample, so the water cooling system does not 

exchange heat with the environment; 

(4) The heating process of the hot plate is set with reference to Figure 5-3; 

(5) Since the gas in the reaction chamber is considered to be static, a smaller 

thermal convection coefficient of 10W·m-2·K-1 is selected; 

(6) The influence of thermal radiation on the temperature distribution is 

neglected. 
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5.2.4.2 The setting of heating program 

In this chapter, the preset heating temperature of the hot plate is equivalent to 

its surface temperature, and the heating process is simulated by placing the 

bottom surface of the reaction chamber model close to the surface of the hot 

plate model. Since the surface temperature of the hot plate varies regularly 

following the preset program, the reaction chamber will be heated in 

accordance with the hot plate. At the heating stage, the thermal field inside the 

reaction chamber changes with time, but the temperature inside the reaction 

chamber will gradually stabilize during the heat preservation stage. If the 

dwelling time is long enough, there is only tiny temperature change at the end. 

Then the thermal field within the reaction chamber can be regarded as steady-

state, the simulated temperature distribution of TE sample is considered to be 

valid. 

For the purpose of investigating the impact of dwelling time on the stabilization 

of thermal field within the reaction chamber, several simulations were 

conducted with dwelling times of 20, 30, 40, 50 and 60 minutes. Figure 5-7 

present the temperature of four probes (referring Figure 5-6a) on the TE sample 

as a function of dwelling time at a fixed heating temperature. The results 

indicate that when the dwelling time increases from 20 minutes to 30 minutes, 

the temperatures at the cold surface center, cold surface edge, hot surface 

edge and hot surface center of the TE sample increase by 4.6°C, 5.4°C, 8.5°C 

and 7.2°C, respectively; however, the temperature differences at the four 

probes are all less than 0.5°C as the dwelling time increase from 30 minutes to 

60 minutes. Considering that a longer dwelling time would prolong the duration 

of the simulation, the dwelling time was then set at 30 minutes. 
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Figure 5-7 The temperatures at four specific positions on the TE sample 

was lower under a dwelling time of 20 mins, but kept stable when dwelling 

time range from 30 mins to 60 mins 

5.2.4.3 Step-size independence test 

During the calculation process of transient thermal simulation, one or more load 

steps can be set for any load history. Therefore, a more precise solution can be 

obtained by adjusting the number of step (i.e. step size).To make sure that the 

step size setting in this chapter meet the requirement of simulation without 

significantly changing the simulation duration, it is necessary to conduct an 

experimental test on the step size independence (in the previous section 5.2.4.2, 

the model has gone through the mesh independence test). Then a simplified 

heating program (as shown in Figure 5-8) was designed: firstly, the heating 

temperature of hot plate raises from 25°C to 325°C at a rate of 5°C/min; after 

dwelling for 30 minutes, the hot plate is kept heating to 525°C with a subsequent 

heat preservation process of another 30min; finally the temperature of hot plate 

decrease to 25°C at a rate of 10°C/min. During the heating process, 7 specific 

points are chosen and the corresponding hot surface center temperatures of 

TE sample are recorded at step sizes of 0.5, 1, 2, 3 and 4 minutes. The results 



112 

are listed in Table 5-6. 

 

Figure 5-8 The simplified heating process 

Table 5-6 The recorded hot surface temperatures of TE sample at step 

sizes of 0.5, 1, 2, 3 and 4 minutes, P1-P7 represent seven stages during 

the heating process and were pointed out in Figure 5-8 

step size/min   0.5 1 2 3 4 

Temperature/°C 

P1 71.4 71.3 71.4 71.2 71.3 

P2 113.6 113.5 113.3 113.7 113.4 

P3 135.4 135.2 135.2 135.4 135.2 

P4 196.9 196.8 196.5 196.8 196.7 

P5 265.1 265.3 265.5 265.4 265.7 

P6 317.5 317.5 317.4 317.5 317.4 

P7 234.6 234.7 234.5 234.9 234.4 

It can be concluded from Table 5-6 that the step size barely affect the thermal 

field. When the step size varied from 0.5 to 4 minutes, the temperature 

differences at all 7 specific points (P1-P7) are smaller than 0.4°C. This is due 
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to the perfect meshing method of the model. Generally speaking, the simulation 

was realized by solving a series of interrelated calculation. The step size 

theoretically affects the number of calculations that can be performed within a 

certain time, the more calculations are performed and the better reliability the 

results will be (Boz et al., 2014). However, the size and shape of the mesh 

elements can have a significant effect on the accuracy and computational cost 

of the simulation. A finer mesh (i.e., smaller elements) typically leads to a more 

accurate simulation but with higher computational costs, because they help 

capture the details and complexities of the geometry being simulated, which 

may affect the behavior of materials, structures, or fluids. When a simulation is 

run using larger mesh elements, the details and nuances of the simulation may 

not be captured, which can cause errors and the results may not be as accurate. 

Additionally, using smaller elements in the mesh allows for the simulation to 

more accurately approximate the real-world physics since it can better follow 

and represent the contours and changes in the geometry of the modeled 

objects (Stolarski et al., 2018). On the other hand, since the temperature rises 

steadily at a relatively low heating ramp rate (5°C/min) during the simulation 

process. Hence the influence of the step size on the thermal field is negligible 

considering that there are some systematic errors exist throughout the 

simulation. 

5.2.5 The temperature distribution of the TE sample under 
simulated and experimental heating conditions 
5.2.5.1 The temperature distribution of TE sample during simulation 

After the modeling and setting of the above-mentioned parameters, the 

temperature distribution of 2mm, 4mm, 6mm, 8mm and 10mm BiCuSeO 

samples were simulated under a heating temperature range of 25°C -760°C. In 

the meantime, four probes were inserted at the edge and center of the hot/cold 

surface of each sample to record the temperature change at these positions. 

The schematic of the positions of the probes were shown in Figure 5-9. 
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Figure 5-9 The temperature distribution of (a) 4mm and (b) 10mm TE 

sample at heating temperature of 750°C 

Figure 5-9 show the temperature distribution of 4mm and 10mm BiCuSeO 

samples at heating temperature of 750°C. Tc and Th represent the temperature 

at the cold and hot surfaces, respectively. It should be noted that Figure 5-9a 

and 5-9b were side views of the sample. Therefore, the center of cold and hot 

surface are unobservable but the temperatures at these positions could be read 

from their probes. Referring the values at the four blue labels in the figure, the 

temperatures were not evenly distributed on the surface of heated TE samples. 

The temperatures was found to be higher at the edge than the center of cold 

surface in Figure 5-9, whereas the hot surface center is hotter than its edge. In 

addition, the color of the meshes change rapidly along the Z axis direction 

rather than in Y axis direction Figure 5-9a and 5-9b. By comparing to the colored 

legend at the left side of the figure, a much higher temperature difference along 

Z axis direction was suggested. Similar result could be obtained from both 

figures. 
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Figure 5-10 The temperature difference ΔT at (a) the center and (b) the 

edge of 2mm, 4mm, 6mm, 8mm and 10mm TE samples 

From Figure 5-9 we know that the Tc at the center are various from that at the 

edge, so does the Th. Since the generated Seebeck voltage is proportional to 

the temperature difference ΔT (ΔT = Th - Tc) across the sample, the values of 

ΔT at the center and the edge were calculated separately for 2mm, 4mm, 6mm, 

8mm and 10mm samples, the results are plotted in Figure 5-10. The ΔT at both 

the center and the edge increase gradually with the heating temperature in 

Figure 5-10a and 5-10b, while thicker sample perform a larger ΔT on the other 
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hand. It should be noted that the ΔT at the edge is smaller than that at the center, 

which indicate that the Seebeck voltage generated at the edge of the sample is 

also smaller, and therefore, may exhibit lower catalytic activity during the 

catalytic chemical reaction. 

5.2.5.2 The temperature measurement for the designed experiments 

In order to verify the temperature distribution of BiCuSeO sample obtained by 

simulation, a series of experiments were designed to measure the temperature 

of BiCuSeO sample under heating condition. The thermocouple and the 

thermometer linked to it were used for the measurement. The configuration of 

thermocouples inside the reaction chamber is plotted in Figure 5-11. Two hollow 

ceramic tubes (black dashed box) penetrate the cap of the reaction chamber, 

which enable the thermocouples (red line) to pass through, the tip of the two 

thermocouples are placed close to the bottom surface edge and the top surface 

center of the TE sample. Then the instant temperature could be read and 

recorded from the screen of thermometer. Insulating glue is used to seal the 

end of ceramic tubes to isolating the interior of the reaction chamber from the 

atmosphere outside. 
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Figure 5-11 The schematic of the thermocouples within the reaction 

chamber 

During the experiment, the sample was put into the reaction chamber and the 

whole chamber was heated by the hot plate below, 300°C, 500°C, 550°C, 

600°C, 640°C, 680°C, 720°C, 760°C were chosen as the preset temperatures. 

The experimental procedures are: 

Step 1: the hot plate is heated to 300°C at a moderate ramp rate from room 

temperature; 

Step 2: maintain the temperature at 300°C for at least 30 minutes, record the 

temperature of the hot and cold side of TE sample every 2 minutes for 5 times; 

Step 3: keep heating the hot plate to the next preset temperature (here is 

500°C); 

Step 4: record the temperatures for 5 times every 2minutes after heat 

preservation stage; 

Step 5: repeating Step 3 and Step 4 until the temperature reaches 760°C; 

Step 6: take the average value of 5 measurements as the result. 
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The comparison of simulated temperature and experimental data of 2mm, 4mm 

and 6mm BiCuSeO sample is presented in Figure 5-12. The results show that 

the simulated temperatures are very close to the experimental data of all three 

samples. The difference between them at the cold surface is smaller than 3°C, 

that is, a relative error of 8%. In terms of the hot surface, their temperature 

difference is 5°C-7°C, indicating an error of 3%-5%. These results are 

predictable because the temperature of hot plate fluctuated within a certain 

temperature range (normally that is ±8°C) during the heat preservation stage of 

experiment. Whereas the hot plate temperature increased steadily throughout 

the simulation process, therefore the temperature of the TE sample surface is 

able to keep at a constant value. In addition, the ambient temperature has a 

significant impact on the temperature of the cooling water under experimmental 

condition, which may led to the relatively high temperature difference between 

simulated and experimental data at cold surface. 
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Figure 5-12 The values of simulated and experimental measured 

temperatures of 2mm (a), (b); 4mm (c), (d) and 6mm (e), (f) BiCuSeO 

samples are very close 

 

5.3 Conclusion 

A simplified 3D model for the TE sample and the reaction chamber was 

established and a series of transient thermal simulation under different 

conditions were carried out using Ansys 2021R software. The appropriate 

parameters for meshing and loading conditions were investigated and verified 

independently, a high quality meshing method was successfully applied onto 

the 3D model of simplified reaction chamber and TE sample. The transient 

simulation results indicate that the temperature are unevenly distributed on the 

surface of TE samples under heating conditions. It also reveal the fact that the 

temperature difference between the cold and hot surface of TE sample increase 

significantly with the thickening of sample. In addition, the finite element 

simulation provide reasonable and valid data for predicting the temperature 

distribution of a TE sample under real experimmental conditions. 
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6 Effect of sample thickness and porosity on the 

catalytic activity of BiCuSeO 

6.1 Introduction 

BiCuSeO, as a thermoelectric material, was proved to be effective as a support 

and promoter of catalysis for CO2 hydrogenation reaction for Thermoelectric 

Promotion of Catalysis (TEPOC). In this chapter, different methods have been 

employed to modify the BiCuSeO sample and maximize its catalytic activity for 

CO2 hydrogenation, such as increasing the thickness of the sample or 

introducing porous structure onto the sample surface to increase the surface 

area. A significant enhancement was observed on samples with high thickness 

and/or surface area, which provide the possibility to achieve greater CO2 

conversion rate at lower temperature by the combined effect of surface area 

and Seebeck voltage. It should be noted that although several BiCuSeO 

samples with different porosity and BET surface areas were prepared, we only 

carried out CO2 hydrogenation reactions using the porous BCSO @50wt% Gel 

sample due to the limitation of PhD project duration. 

6.2 Result and discussion 
6.2.1 The characterization of porous and non-porous BiCuSeO 
samples 
Figure 6-1 shows the (a) thermal conductivity, (b) electrical conductivity, (c) 

Seebeck coefficient and (d) ZT value as a function of temperature for the porous 

BiCuSeO sample prepared by adding 50wt% Gel and 20wt% PS, respectively. 

Due to the adoption of the same preparation process, the TE properties of non-

porous BiCuSeO prepared by Flux method (Achour et al., 2018) was referred 

as well. Meanwhile the introduction of Bhaskar’s data was to compare the TE 

properties of BiCuSeO samples prepared by another Sol-Gel method. 
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Figure 6-1 (a) thermal conductivity, (b) electrical conductivity, (c) Seebeck 

coefficient and (d) ZT value as a function of temperature for porous/non-

porous BiCuSeO samples 

It was found that sample BCSO @20wt% PS exhibits a relatively low thermal 

conductivity, Seebeck coefficient, and ZT value, but an abnormally high 

electrical conductivity. By comparing the properties of porous samples BCSO 

@20 wt% PS and BCSO @50 wt% Gel to that from the reference data, it can 

be seen that our BCSO has a lower thermal conductivity and a relatively higher 

Seebeck coefficient above 450K, while the electrical conductivity and ZT value 

are basically the same. In addition, non-porous BCSO (Achour et al., 2018) 

shows the lowest thermal conductivity, highest Seebeck coefficient and ZT 

value than the porous samples, which was predictable because porous 

materials have more defects and pores inside, which can easily lead to the 

deterioration of their thermoelectric performance. Given the overall 
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thermoelectric performance and porosity, although the porous BCSO @20wt% 

PS sample exhibited better pore size and higher BET surface area, its 

thermoelectric properties, especially the Seebeck coefficient which is critical for 

the TEPOC application, is extremely small (1/10 of that of sample BCSO @50wt% 

Gel). Therefore in this chapter, only the catalytic activity of the porous BCSO 

@50wt% Gel sample is discussed. 

 
Figure 6-2 XRD patterns of the newly prepared non-porous sample BCSO 

@Flux and porous sample BCSO @50wt% Gel before being used for 

chemical reaction 

Figure 6-2 displays the XRD patterns of the porous BiCuSeO sample prepared 

by the Sol-Gel method and the bulk BiCuSeO sample prepared by Solid-State 

Reaction. We have tested on both sides of the porous samples because these 

two surfaces were varied in terms of porosity. The peaks of secondary phases 

Bi2O3 and Cu2Se could be seen clearly on patterns of BCSO @50wt% Gel. The 

existence of impurities such as Bi2O3 and Cu2Se is not surprised for samples 

prepared by Sol-Gel method. From the technical point of view, it is very 

challenging to keep Bi, Cu and Se uniformly distributed within the solution. 

Besides, the diffusion of the ions is restricted owing to the obstruction of the 
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organic gel which formed during the gelation process, therefore these 

secondary phases would be easily appeared in the calcined Sol-Gel samples. 

In order to investigate the stability of BiCuSeO samples at temperatures higher 

than 450°C, we performed XRD tests on the hot sides of the samples which 

were involved in multiple catalytic chemical reactions (the highest temperature 

during the reaction was about 723 K, i.e. 450°C, and the dwell time under this 

temperature was over 20 hours). The results are shown in Figure 6-3. 

 

Figure 6-3 The BiCuSeO samples BCSO @Flux and BCSO @50wt% Gel 

decomposed severely after applied in catalytic chemical reactions at 

450°C for 10 hours, but it was more stable at 400°C after over 100 hours 

It is obvious that the composition of hot side surface has changed dramatically 

after dwelling at 450°C for nearly 10 hours (red and black patterns in Figure 6-

3). There are secondary phases other than BiCuSeO appear on the XRD 

pattern of both porous and bulk BiCuSeO samples that indicate the occurrence 

of second phases. The second phases in the bulk sample are mainly Bi and 

Bi2O3, while an additional Bi3Se2 peaks appear at 2θ=28.7 on the pattern of 

porous sample. This indicates that our BiCuSeO sample is not stable at 450°C, 

and the spontaneous decomposition of BiCuSeO into the second phases such 
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as Bi, Bi2O3 and Bi3Se2 happens. These second phases would inevitably affect 

the thermoelectric properties of the BiCuSeO sample and thus its catalytic 

activity. A long duration stability test was subsequently conducted onto the 

BiCuSeO samples and it revealed that a limited numbers of secondary phase 

generated at the sample surface after heated under 400°C for over 100 hours 

(blue pattern in Figure 6-3). Therefore, we tried to avoid exposing BiCuSeO to 

temperatures above 400°C in subsequent experiments to ensure the stability 

of the thermoelectric properties of the samples in different tests. 

6.2.2 Initial test on 4mm bulk BiCuSeO sample under TE and RTE 
conditions 
It was reported that a significant change in the rate of catalytic chemical 

reactions requires a large Seebeck voltage for TEPOC, which corresponds to 

a large temperature difference for thermoelectric materials (Achour et al., 2018). 

For thermoelectric (TE) conditions, it can be seen that the surface of the TE 

sample is in close contact with a water cooling system(referring Figure 3-2a) to 

ensure that the temperature of this surface didn’t exceed 373K, so the 

temperature difference across the sample could be optimized. However under 

reduced thermoelectric (RTE) conditions, the cold surface of the sample is 

detached with the water cooling system. Thus the temperature at cold surface 

under RTE conditions should be much higher compared to that of TE conditions, 

leading to a lower temperature difference across the sample which generate a 

much smaller Seebeck voltage, therefore a different catalytic performance of 

BiCuSeO sample under RTE conditions is expected. The main purpose of 

comparing the catalytic behavior of BiCuSeO under TE and RTE conditions is 

to explore the influence of the Seebeck voltage on its catalytic activity. Referring 

to the literature of Achour et al., it was found that the 2mm BiCuSeO sample 

could hardly catalyze the CO2 hydrogenation reaction under RTE conditions. In 

this section, two test on 4mm bulk BiCuSeO sample were performed at inlet 

gas ratio H2:CO2=4:1 (hereinafter BCSO 4B @4:1) to characterize its catalytic 
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activity in CO2 hydrogenation reaction under TE and RTE condition. 

 

 
Figure 6-4 The (a) CO2 conversion and (b) CO selectivity as a function of 

Th for samples hereinafter 

Figure 6-4 shows the relationship of (a) Th-CO2 conversion and (b) Th-CO 

selectivity for the 4 mm bulk BiCuSeO sample under both TE and RTE 

conditions, the inlet gas ratio was H2:CO2 = 4:1. It can be seen from Figure 6-

4a that the CO2 conversion under TE condition was significantly higher than 

that under RTE condition at temperatures ranged from 550K to 700K. The CO 
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selectivity as a function of hot side temperature Th are shown in Figure 6-4b, it 

can be seen that the vast majority of the products here for CO2 hydrogenation 

reaction is CO. The product CO was observed for the first time at 359K for both 

TE and RTE conditions, whilst the CO selectivity is always higher than 98% at 

the temperature range of 350-700 K. For both curves in Figure 6-4b, the CO 

selectivity starts to decrease from 100% after 520K and reaches the lowest 

value at 613K, where the CO selectivity is 98.2% and 98.9% for TE and RTE 

condition, respectively, then it gradually increases to more than 99.5% at 

around 650K. 

6.2.3 The effect of sample thickness on the catalytic activity of 
BiCuSeO samples 
For the purpose of studying the effect of sample thickness on the catalytic 

activity of BiCuSeO samples, we firstly performed catalytic chemical reactions 

with 6mm, 4mm, and 2mm bulk BiCuSeO samples under inlet gas ratio of 

H2:CO2 = 1:1 and 4:1, respectively (which are written as BCSO 2B, BCSO 4B, 

BCSO 6B with the suffix @1:1 or @4:1 in the context). Figure 6-5 shows three 

Th-V curves for BiCuSeO samples with thicknesses of 6mm, 4mm, and 2mm. 

The curves indicate a direct correlation between the voltage and the sample 

thickness, with the voltage increasing as the thickness of the sample increases, 

demonstrating a linear relationship between thickness and voltage. The highest 

voltage achieved for the three samples at around 600K are 56mV, 81mV and 

103mV, respectively. For thicker samples, it can be observed that the voltage 

is higher at a certain Th. This indicates that with the thickening of the BiCuSeO 

sample, it is more difficult to conduct heat from the sample hot side to its cold 

side due to the intrinsic low thermal conductivity of BiCuSeO. Hence the cold 

side temperature Tc of the sample is lower. Hence, this is actually the effect of 

different Tc on the catalytic activity at the same Th. 
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Figure 6-5 the Seebeck voltage as a function of Th for samples BCSO 6B 

@1:1, BCSO 4B @1:1 and BCSO 2B @1:1 

According to the definition of Seebeck voltage (i.e. Equation 2-1), the Seebeck 

coefficient S is calculated as, 

S = V/ (Th-Tc)               Equation 6-1 

When Th and S are identical for BiCuSeO, the Seebeck voltage of 6mm sample 

should be larger because it has a smaller Tc. This behavior can be useful in 

predicting the electrical behavior of BiCuSeO samples in different applications 

and can be applied to optimize the design of electronic devices. 
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Figure 6-6 The relationship between (a) Th - CO2 Conversion, (b) Th - CO 

Selectivity and (c) -eV/kbTh - ln (Y) for samples BCSO 6B @4:1, BCSO 4B 

@4:1 and BCSO 2B @4:1 

It can be seen that the CO2 Conversion rate kept at a very low level at a 

temperature range of 300K-450K in Figure 6-6a. However, sample BCSO 6B 

@4:1 shows a remarkably higher CO2 conversion than samples BCSO 4B 

@4:1 and BCSO 2B @4:1 under the same temperature when Th>450K. For 
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example, the CO2 conversion of BCSO 6B @4:1 is about 29% at 600K, 8% for 

BCSO 4B @4:1 and 4% for BCSO 2B @4:1. Combined with the discussion 

above, it is clear that a thicker sample generates higher Seebeck voltage at a 

specific temperature Th>450K, Thus a higher chemical reaction rate could be 

achieved at the hot surface of thicker sample, which contribute to the increase 

of its CO2 conversion. In other words, the same CO2 conversion could be 

achieved at a much lower temperature by using a thicker sample. Similar results 

could be obtained from the experiments with inlet gas ratio H2/CO2=1:1, For 

sample BCSO 6B @1:1, BCSO 4B @1:1 and BCSO 2B @1:1, their CO2 

conversion rates at 600K are 21%, 4% and 3%, respectively. 

Figure 6-6c plotted the ln (Y) as a function of -eV/kbTh, a mostly linear 

relationship was observed for the three samples. According to Equation 2-31, 

which could be rewritten as: 

ln (Y) = γ·(−eV/kbTh) + ln (Y0)           Equation 6-2 

From the -eV/kbTh - ln (Y) curve and the equation above, the values of γ and ln 

(Y0) for each sample could be obtained, thus the ratio Y/Y0 were also calculated 

as 6974, 5642 and 4818 for sample BCSO 6B @1:1, BCSO 4B @1:1 and 

BCSO 2B @1:1 at 600K, indicating that the CO2 conversion was enhanced by 

thousands of times for all the samples by TEPOC (Achour et al., AEnM, 2018). 

6.2.4 The use of stacked sample in CO2 hydrogenation reactions 
In order to investigate the effect of thickness and porosity on the catalytic 

activity of BCSO samples, initially we planned to prepare samples with 

thicknesses of 2 mm, 4 mm and 6 mm and of porous non-porous, respectively. 

However, it is not possible for us to control and to know the exact porosity and 

other thermoelectric properties of all these samples, so instead, the thinner 

samples were polished carefully and stacked together to form thicker samples. 

For example, we stacked two samples of 2mm (2mm + 2mm) to form a 4mm 

thickness, and 4mm + 2 mm to form a 6mm thickness. And for all these samples, 

the top 2mm sample was the same one. In this way, we kept the surface area 
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and the thermoelectric properties at the reaction surface to be the same, as 

chemical reactions are considered to take place at the surface with the highest 

temperature only. In another word, this minimize the variation in the result 

generated by samples with different surface area and composition. 
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Figure 6-7 The (a) CO2 conversion, (b) Seebeck voltage V, and (c) CO 

selectivity as a function of Th for samples BCSO 4B + 2B @1:1 and BCSO 

6B@1:1 

One open question is that whether the stacked sample has the same catalytic 

activity as that of a single sample. So we performed catalytic chemical reactions 

using a 6mm bulk BiCuSeO sample and a stacked sample consisted of a 4mm 

and a 2mm bulk BiCuSeO samples. The diameter of the samples is 20mm, the 

inlet gas ratio for catalytic chemical reaction is H2:CO2=1:1. The (a) CO2 

conversion, (b) Seebeck voltage V, and (c) CO selectivity as a function of Th 

are plotted in Figure 6-7. It is shown in Figure 6-7a that the CO2 conversion of 

single sample was similar to that of stacked sample in the range of 350 K-450 

K. For example, the CO2 conversion for sample BCSO 6B @1:1 was 0.97% at 

415 K while that of the sample BCSO 4B + 2B @1:1 was 0.25%. The difference 

between them was maintained at a small value with increasing temperature, 

e.g. the CO2 conversions were 13.2% and 12.7% for sample BCSO 6B @1:1 

and BCSO 4B + 2B @1:1 at 580K, respectively. 

From Figure 6-7b it can be seen that the Seebeck voltage of sample BCSO 4B 

+ 2B @1:1 is slightly higher than that of sample BCSO 6B @1:1 at temperatures 
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below 500 K. This might because of the slight difference in Seebeck coefficient 

between different samples prepared under the same conditions. In addition, the 

CO2 conversion is very small (<3%) at this stage, so it can be assumed that the 

CO2 conversion is not significantly affected by the Seebeck voltage. As the 

temperature increases, the Seebeck voltage of these two samples increase 

similarly. This indicates that there is no loss of the Seebeck voltage of the 

stacked sample as compared to the single sample. It is noteworthy that the 

contact surfaces were finely polished before stacking the two samples together. 

The CO selectivity for both samples are higher than 99% over the entire 

temperature range, so it can be concluded that the vast majority of the product 

was CO. The difference was found at 513K, the CO selectivity for sample BCSO 

4B + 2B @1:1 decreased to 99%, but it kept at 100% for sample BCSO 6B 

@1:1. This sudden drop of CO selectivity at about 513K, which also occurred 

on the curves in Figure 6-6b, can be explain by the thermodynamic equilibrium 

conversion (TEC) for RWGS reaction referring Figure 7-5 and its context, herein 

it will be briefly discussed. Firstly, the TEC of CO2 at a certain temperature was 

strongly affected by the product of RWGS reaction (i.e. CH4 generated or not). 

According to Figure 7-5a, the TEC decreases at around 510K for all the curves, 

indicating that the production of CH4 is constricted. Therefore in the cases 

where CH4 generated in Figure 6-6b and 6-7c, lesser CH4 was produced at   

Th > 510K, leading to the increase in CO selectivity. In summary, the catalytic 

activity of the single sample and the stacked sample are essentially the same. 

6.2.5 The effect of porosity on the thermoelectric properties of 
stacked BiCuSeO samples 
In order to maintain the uniformity of the surface structure and composition of 

the samples, we produced several stacked samples for the subsequent 

experiments. Bulk samples with thickness of 2 mm 4 mm were stacked with 

porous non-porous samples and subjected to the catalytic chemical reactions, 

a schematic diagram for the stacked sample is present in Figure 6-8, with their 
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name listed in Table 6-1. 

 
Figure 6-8 Schematic diagram for the stacked BCSO sample 

Table 6-1 The combination of stacked BCSO sample refer to Figure 6-8 

BCSO(Substrate)  

 

BCSO(Catalyst) 

2mm bulk BiCuSeO 

(non-porous) 

4mm bulk BiCuSeO 

(non-porous) 

2mm bulk BiCuSeO 

(non-porous) 
2B + 2B BCSO 4B + 2B BCSO 

2mm porous BiCuSeO 2B + 2P BCSO 4B + 2P BCSO 

The (a) Seebeck voltage and (b) Seebeck coefficient as a function of Th for four 

stacked samples are shown in Figure 6-9, each sample was tested under TE 

conditions with H2:CO2 = 4:1. Note that the slope of the curve here in Figure 6-

9a is not equal to the Seebeck coefficient because the X axis stand for Th but 

not ΔT. It can be seen that the bulk samples produce higher Seebeck voltage 

than the porous samples at the same Th, this is because the porous sample 

has a poorer Seebeck coefficient due to the porous structure and the existence 

of second phases. The maximum Seebeck coefficient for the bulk sample in 

Figure 6-9b is 349 μV/K for BCSO 2B + 2B at 528 K. Whilst the Seebeck 
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coefficient for sample BCSO 4B + 2B also reaches 347 μV/K at 585 K. In terms 

of porous samples, a Seebeck coefficient of 275 μV/K could be achieved for 

sample BCSO 2B + 2P under 625K. The above data also indicate that it is still 

possible to obtain a relatively high and stable Seebeck coefficient within the 

temperature range of the catalytic reaction by using stacked samples. 

 

 

Figure 6-9 The (a) Seebeck voltage and (b) Seebeck coefficient as a 

function of Th for samples BCSO 4B+2P, BCSO 4B+2B, BCSO 2B+2P and 

BCSO 2B+2B 
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6.2.6 The effect of porosity on the CO2 conversion and CO 
selectivity 
A series of CO2 hydrogenation reactions has been performed by using samples 

BCSO 2B + 2B, BCSO 4B + 2B, BCSO 2B + 2P and BCSO 4B + 2P as catalyst. 

 

 

Figure 6-10 CO2 conversion as a function of (a) temperature Th and (B) 

Seebeck voltage V for samples BCSO 4B + 2P @1:1, BCSO 4B + 2B @1:1, 

BCSO 2B + 2P @1:1 and BCSO 2B + 2B @1:1 
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Figure 6-10 plotted the CO2 conversion as a function of (a) temperature Th and 

(b) Seebeck voltage, the inlet gas ratio is H2:CO2=1:1 for all the cases. It can 

be seen from Figure 6-10a that the CO2 conversion of porous and non-porous 

samples are close to each other at the initial stage, then it increasing slightly 

while the conversion is larger for porous samples than that of non-porous ones. 

This complex relationship between Th and CO2 conversion is affected by 

multiple factors, Seebeck voltage and the porosity are considered to be the key 

factors among them. It was reported that the CO2 conversion could be 

increased significantly by Seebeck voltage (Achour et al., AEnM, 2018). 

Therefore, we are focusing on the effect of porosity to CO2 conversion. 

The introduction of porosity onto the sample surface brings two notable 

changes for BiCuSeO sample. First of all, it increases the surface area on which 

the catalytic chemical reaction occurs. However, it should be noted that the 

thermoelectric property of the porous sample are much inferior to the non-

porous samples. This is also consistent with our observation from Figure 6-9b 

that the calculated Seebeck coefficient for the porous samples are lower than 

that of bulk samples. As the Seebeck voltage measured in our experiments is 

the potential difference across the whole sample, therefore the Seebeck 

coefficient calculated from it is only an average value. 

The difference in CO2 conversion of porous and non-porous samples can be 

explained by comparing the cases in Figure 6-10b. All cases show a similar 

trend, that is, the conversion increases with increasing temperature. The porous 

sample display a much higher CO2 conversion than non-porous sample at the 

same Seebeck voltage. For example, the corresponding CO2 conversion for 

samples BCSO 4B + 2P @1:1 and BCSO 4B + 2B @1:1 with Seebeck voltage 

of 60mV are 23% and 12%, respectively. Based on Equation 2-32: 

Y = B x As x exp (−(Ea + γeV)/kbTh) 

The conversion is decided by several variables, among them e and kb are 

identical for all the reactions, while the independent constants B and γ is similar 

in given conditions, therefore we assumed that the CO2 conversion Y is mainly 
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controlled by the Seebeck voltage V, working temperature Th and the surface 

area As. Here V remain the same, but Th for non-porous BCSO 4B + 2B is much 

smaller than that of porous BCSO 4B + 2P according to Figure 6-9a. As a result, 

porous BCSO 4B + 2P sample shows a smaller value of exp (− γeV/kbTh) but a 

double overall CO2 conversion, indicating that surface area As plays an 

important role. This might due to the enlargement of surface area helps to 

improve the physisorption of CO2 on the catalytic surface and therefore led to 

the higher CO2 conversion. Similar results can be obtained by comparing cases 

BCSO 2B + 2P @1:1 and BCSO 2B + 2B @1:1 as well. 

We have seen that for the porous samples investigated so far, the higher 

surface area As is accompanied by a smaller Seebeck voltage, leading to a 

modest promotional effect. So both the boosting effect of high surface area and 

offset effect of low Seebeck voltage should be taken in to consideration when 

comparing the CO2 conversion at a particular temperature. This also explains 

the small difference in CO2 conversion between porous and non-porous 

samples at same Th in Figure 6-10a. When the enhancement due to high 

surface area is offset by the weakening due to low Seebeck voltage, the CO2 

conversion was not significantly improved after all. We have to say that it also 

has a lot to do with the porous sample we have used in the tests. According to 

the BET test, the measured surface area of the porous sample is 5 m2/g, which 

is only 3 times larger than the 1.6 m2/g of the non-porous sample. 
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Figure 6-11 CO selectivity as a function of Th for BCSO 4B + 2P @1:1, 

BCSO 4B + 2B @1:1, BCSO 2B + 2P @1:1 and BCSO 2B + 2B @1:1 

The reaction products were found to be CO and CH4, Figure 6-11 shows the 

CO selectivity as a function of Th. It can be seen that the CO selectivity is always 

greater than 98% for all these cases. This indicates that the low H2 

concentration in the inlet gas lead to a high CO selectivity. For samples BCSO 

2B + 2B @1:1 and BCSO 2B + 2P @1:1, their CO selectivity is >99% within the 

whole temperature range. In terms of BCSO 4B + 2B @1:1 and BCSO 4B + 2P 

@1:1, the minimum value of their CO selectivity were achieved at 513K for 

BCSO 4B + 2B @1:1 (99.2%) and 541K for BCSO 4B + 2P @1:1 (98.1%). Then 

their CO selectivity increase to 100% at 624K. 

6.3 Conclusion 

By increasing the thickness of BiCuSeO samples, we successfully obtained 

large temperature difference ΔT and Seebeck voltage at a relatively low 

temperature Th. And therefore greater CO2 conversion was achieved by 

increasing sample thickness at a certain reaction temperature. In order to 

produce a sufficient Seebeck voltage at low reaction temperatures, it is 

suggested to use thicker BiCuSeO samples considering its low stability at 
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temperatures above 400°C. 

The Sol-Gel method was applied to introduce porous structure onto the surface 

of BiCuSeO, which increased the surface area, but in contrast, worsening its 

Seebeck coefficient. The enhancement of higher surface area on its CO2 

conversion was partly offset by the poor Seebeck voltage compared with non-

porous samples. But importantly, we have confirmed that the TEPOC dynamic 

equation ln(Y/Y0) = −γeV/kbTh is still valid for porous thermoelectric materials. 
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7 Thermoelectric Ca2.6Tb0.4Co4O9 for the CO2 

mitigation reactions  

7.1 Introduction 

Chapters 4, 5 and 6 presented porous BiCuSeO for the application of TEPOC. 

The sol-gel prepared porous BiCuSeO have a surface area more than 10 times 

larger than their non-porous ones, but also possess much lower Seebeck 

coefficient. These lead to an improved catalytic promotional effect over the non-

porous counterparts. However, those porous BiCuSeO displays much more 

severe high temperature instability problem than their non-porous counterparts. 

This makes it necessary to search for other oxide thermoelectric materials 

which can be used for TEPOC at high temperatures (> 450°C). After a 

comprehensive survey of oxide thermoelectric materials, the Ca3Co4O9 (CCO) 

based materials attracted our attention. 

Ca3Co4O9 (CCO) is a material that has gained much research interest in recent 

years due to its excellent thermoelectric properties. This oxide material exhibits 

a unique combination of high electrical conductivity and low thermal conductivity. 

The high electrical conductivity is attributed to the presence of Co3 + ions, while 

the low thermal conductivity is due to the structural complexity of the material. 

The combination of high temperature stability and outstanding thermoelectric 

properties makes Ca3Co4O9 potentially one of the best candidates for TEPOC 

application at high temperatures. Moreover, the Ca3Co4O9 phase maintained 

high stability in air at high temperatures (Lin et al., 2007), which is a significant 

advantage compared with BiCuSeO. However, the Seebeck coefficient of 

Ca3Co4O9 itself is not high enough for TEPOC investigation. The survey of 

doping elements indicated that the doping of Terbium into Ca3Co4O9 could 

enhance its thermoelectric properties such as Seebeck coefficient (from 

160μV/K to 320μV/K at 800K, Shrikant et al., 2017), which meet our 

requirement. Thus the Ca2.6Tb0.4Co4O9 (CTCO) with the best properties was 

chosen and its catalytic activities was further investigated in this chapter. 
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7.2 Result and discussion 

7.2.1 Microstructural characterization of Ca2.6Tb0.4Co4O9 samples 
7.2.1.1 XRD analysis of Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples 

The XRD pattern of the SPSed Ca3Co4O9 sample shows a good match with the 

PDF#23-0110, and a few impurity peaks at around 2θ=37, which can be 

referred to Co3O4, indicating that the sample has a well-ordered crystal 

structure. However, the XRD patterns of Ca2.6Tb0.4Co4O9 were apparently 

different from that of Ca3Co4O9. First, the peak intensity at 2θ=16 and 2θ=33 

varies significantly, suggesting that some transformation have occurred after Tb 

doping. Further analysis reveal the existence of phase Tb at 2θ=28 on XRD 

patterns of both SPS and SSR Ca2.6Tb0.4Co4O9 samples. The intensity of 

impurity peaks for SSR Ca2.6Tb0.4Co4O9 is slightly higher than that of SPSed 

sample, alongside this, there is barely any difference between XRD results of 

SPS and SSR Ca2.6Tb0.4Co4O9 samples. 

 
Figure 7-1 XRD pattern of Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples 

Figure 7-2 shows the thermal conductivity and Seebeck coefficient of Ca3Co4O9 

and Ca2.6Tb0.4Co4O9 prepared using spark plasma sintering and solid-state 

reaction methods. All the samples showed very small thermal conductivity, a 

comparison of these results reveals that Tb-doping increases the thermal 
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conductivity of CCO. At the same time, the Seebeck coefficient of CTCO 

significantly improved, the Seebeck coefficient of samples CTCO SPS and 

CTCO SSR reach 1.7 and 1.3 times of sample CCO at 723K, respectively. The 

room temperature electrical conductivity was measured and listed in Table 7-

1.It can be clearly observed that the doping of Tb can improve the 

thermoelectric properties of CCO. Nonetheless, further studies and 

optimization are needed to fully characterize and understand the influence of 

Tb-doping on the thermoelectric performance of these samples. 

Table 7-1 Room temperature electrical conductivity for Ca3Co4O9 and 

Ca2.6Tb0.4Co4O9 prepared using SPS and SSR 

sample name Ca3Co4O9 SPS Ca2.6Tb0.4Co4O9 SPS Ca2.6Tb0.4Co4O9 SSR 

Electrical 

conductivity (S/cm) 
39.2 13.8       7.73 
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Figure 7-2 (a) thermal conductivity and (b) Seebeck coefficient of 

Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples 

7.2.1.2 High temperature stability of Ca2.6Tb0.4Co4O9 

 
Figure 7-3 DSC and TG analysis of Ca2.6Tb0.4Co4O9 sample 

High temperature thermal stability of Ca2.6Tb0.4Co4O9 sample was 
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characterized by DSC and TG, the test was conducted under a temperature 

range from 300K to 1173K in air. As shown in Figure 7-3, the exothermic peak 

between 300K and 473K on the heat flow curve was considered as a first-order 

phase transition (Yin et al., 2017), at the same time the sample weight 

fluctuated around 0%. Subsequently, an upward trend on the heat flow curve 

have shown and a significant exothermic peak appeared between 473K and 

1073K, which was believed to be caused by the absorption of oxygen from the 

air at high temperatures, resulting in a small amount of sample oxidation. The 

sample weight increased continued after 400K, with a maximum weight gain of 

4%. Considering the fact that a second phase of Tb existed in the sample, this 

weight gain could be due to the oxidation of the second phase Tb. The test was 

terminated when the temperature reached 1173K, which was close to the 

melting point of Co3O4. In summary, the Ca2.6Tb0.4Co4O9 sample underwent a 

first-order phase transition at first and then slightly oxidized during the DSC test, 

which result in a weight gain of around 4%, indicating that the Ca2.6Tb0.4Co4O9 

sample behaved a relatively good stability under temperatures as high as 

1173K. 

7.2.2 The effect of sample thickness on the catalytic activity of 
Ca2.6Tb0.4Co4O9 
After the Ca2.6Tb0.4Co4O9 sample was successfully prepared and characterized 

by XRD, the 2mm CTCO sample was applied in a catalytic chemical reaction 

to verify its catalytic ability. Then a series of CTCO samples with different 

thickness were prepared to investigate the effect of sample thickness on the 

catalytic activity of Ca2.6Tb0.4Co4O9. Figure 7-4 present the relationship 

between (a) hot side temperature Th and CO2 conversion; (b) Seebeck voltage 

V and CO2 conversion; (c) Th and CO selectivity. The inlet gas ratio is 

H2:CO2=3:1 for all the cases. 
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Figure 7-4 The relationship between (a) Th and CO2 conversion; (b) 

Seebeck voltage V and CO2 conversion; (c) Th and CO selectivity. 
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The CO2 conversions were obtained as: 0.11% at 329K for CTCO 2mm @ 3:1, 

0.11% at 353K for CTCO 4mm @ 3:1 and 0.31% at 396K for CTCO 6mm @ 

3:1. The CO2 conversions keep at a very small level (<1%) at temperatures 

below 400K, then they rise rapidly with temperature for all the cases and reach 

to 21% at 501K for CTCO 2mm @ 3:1, 27% at 582K for CTCO 4mm @ 3:1 and 

64% at 707K for CTCO 6mm @ 3:1. Within the temperature range from 400K 

to 501K, the CO2 conversion of CTCO 2mm @ 3:1 is significantly higher than 

that of CTCO 4mm @ 3:1 and CTCO 6mm @ 3:1 at the same temperature, 

while it is slightly different for 4mm and 6mm. For example, the CO2 conversions 

at 480K are 16%, 5% and 4% for CTCO 2mm @ 3:1, CTCO 4mm @ 3:1 and 

CTCO 6mm @ 3:1, respectively. And they rise to 21%, 8% and 5% at 500K. 

The CO2 conversion shows a linear relationship with temperature when it is 

higher than 1% for all the cases. 

The Seebeck voltage - CO2 conversion curves for three cases are much close 

to each other, as shown in Figure 7-4b. The CO2 conversion is no more than 2% 

when the Seebeck voltage is smaller than 15mV, but it increases linearly with 

the Seebeck voltage. In the end, a CO2 conversion of 64% was obtained with 

the Seebeck voltage of 40mV for the 6mm Ca2.6Tb0.4Co4O9 sample. Based on 

the discussion of the previous chapter, the surface area and Seebeck voltage 

should be considered as the main factors that affect the CO2 conversion. The 

three samples here do not have any introduced porosity, all three cylindrical 

samples have the same diameter. The Th and corresponding ΔT, V and S for 

these cases are listed in Table 7-2. 
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Table 7-2 The preset temperatures of hot plate during heating process 

and the corresponding Th, ΔT, V and S 

 
Hot plate 

temperature/K 
573 773 823 873 913 953 993 1033 

CTCO 

2mm 

@ 3:1 

Th/K 330  380  415  450  475  500  
  

ΔT/K 32  77  111  136  160  186   
 

V/mV 4  9  13  16  20  23  
  

S/μV·K-1 113  118  117  116  123  124  
  

CTCO 

4mm 

@ 3:1 

Th/K 350  425  455  485  515  540  570  600  

ΔT/K 55  122  150  183  205  226  243  274  

V/mV 5  12  15  17  20  22  23  26  

S/μV·K-1 99  100  99  95  95  96  96  94  

CTCO 

6mm 

@ 3:1 

Th/K 400  500  540  580  610  640  670  700  

ΔT/K 98  194  232  273  297  326  359  389  

V/mV 9  17  20  24  28  31  35  40  

S/μV·K-1 90  89  87  89  94  96  97  102  

It can be seen that for CTCO 2mm @ 3:1, the Seebeck coefficient S is about 

120μV/K, slightly higher than that of CTCO 4mm @ 3:1 (98 μV/K) and CTCO 

6mm @ 3:1 (98 μV/K). Therefore in Figure 7-3a, a larger Seebeck voltage and 

a greater CO2 conversion was obtained for sample CTCO 2mm @ 3:1 at the 

same Th. 

The main products of the chemical reaction are identified as CO and CH4. The 

CO selectivity also changes with sample thickness (Figure 7-3c). For CTCO 

2mm @ 3:1, the CO selectivity sustained above 99% within the whole 

temperature range from 353K to 501K. But the CO selectivity decrease from 

100% to 96% and 23% for CTCO 4mm @ 3:1 and CTCO 6mm @ 3:1 at 501K, 

respectively. Then their CO selectivity fluctuate and reach 95% at 593K for 

CTCO 4mm @ 3:1 and 36% at 707K for CTCO 6mm @ 3:1. It is noteworthy 

that CH4 is more likely to be generated for samples with higher thickness under 
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the same temperature Th. As shown in Figure 7-3c, the CO selectivity varies 

between 99% and 100% for CTCO 2mm @ 3:1, which indicate that only 1% of 

CH4 is produced during the reaction. However, the lowest CO selectivity for 

CTCO 4mm @ 3:1 and CTCO 6mm @ 3:1 are 95% and 23%, respectively. That 

means the percentage of CH4 in the product could be as high as 77% for 6mm 

CTCO sample. 

To understand the complex behaviors of the CO and CH4 formation at TE and 

RTE conditions, we need to know the thermodynamic equilibrium conversion 

(TEC) of CO2 for the so called RWGS reaction with methanization (the CO2 

hydrogenation reaction would be carried out according to Equation 2-13, 2-14 

and 2-15) or without methanization (the RWGS reaction would be carried out 

only according to Equation 2-13). 

CO2 + H2 → CO + H2O              Equation 2-1 

CO2 + 4H2 → CH4 +  2H2O             Equation 2-2 

CO + 3H2 → CH4 +  H2O             Equation 2-3 

Figure 7-5 below shows the calculated TEC for the both cases (U. R. Bajirao, 

2012). It can be seen that the CO formation (from RWGS reaction) increases 

monotonically with temperature. This feature allows us to ignore the reaction 

on the Tc surface as well as on the side wall, all the reaction can be considered 

taken place on the Th surface. However, for CH4 formation (from the 

methanization), the above simplification can no longer be allowed. Firstly, the 

TEC to CH4 at low temperatures are very high. Secondly, under certain 

temperatures the TEC to CH4 decreases with the increasing temperature. 

Because the methanization reactions occurs not only on the Th surface but on 

all the surfaces, which including the Tc, Th and the side wall. Therefore Th alone 

cannot define the reaction rate for the CH4 formation. The high selectivity for 

CH4 formation under certain conditions and the TEC’s complex temperature 

behavior make the quantitative analysis of the chemical reactions involved very 

difficult if not impossible. 
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Figure 7-5 The calculated TEC for RWGS (a) with methanization and (b) 

without methanization (U. R. Bajirao, 2012) 

In general, the significance of increasing the sample thickness is to increase 

the temperature difference ΔT between the cold side and the hot side of CTCO 

sample, which result in higher Seebeck voltage and CO2 conversion. Besides, 
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thicker samples provide the possibility to achieve higher Th at the same hot 

plate temperature (Table 7-2) under the current experimental condition. The 

reactions under inlet gas ratio H2:CO2=1:1 by using 4mm and 6mm CTCO 

samples are also investigated, the CO2 conversion as a function of (a) Th and 

(b) V are plotted in Figure 7-6. 

 

 



151 
 

 

Figure 7-6 The CO2 conversion as a function of (a) Th and (b) V; and the 

CO selectivity as a function of (c) Th for 4mm and 6mm CTCO samples at 

H2:CO2=1:1 and 3:1 

The CO2 conversion increase gradually with the temperature Th and Seebeck 

voltage V for CTCO 4mm @ 1:1 and CTCO 6mm @ 1:1. A small difference in 

CO2 conversion could be observed between two curves in Figure 7-6a. For 

example the CO2 conversion for CTCO 4mm @ 1:1 at 500K is 3% and it is 2% 

for CTCO 6mm @ 1:1. Then at 600K, they become 22% and 19% for 4mm and 

6mm CTCO samples, respectively. For the purpose of comparison, the TEC 

values for RWGS reactions with methanization (namely RWGS+Meth @1:1 

and @3:1, violet color) and without methanization (RWGS @1:1 and @3:1, 

orange color) at 573 K and 673K are also presented in Figure 7-6a. The main 

products of the four cases are identified as: CO (>99.8%) for CTCO 4mm @ 

1:1; CO and CH4 (>5%) for CTCO 4mm @ 3:1, CTCO 6mm @ 1:1 and CTCO 

6mm @ 3:1, so the methanization need to be taken into consideration for the 

last three cases. The relationship between CO2 conversion for each case and 

the TEC are discussed below: For CTCO 4mm @ 1:1 the CO2 conversion is 

17% at 573K, that is slightly higher than the TEC (14% for RWGS reaction 
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without methanization at H2:CO2=1:1); For CTCO 4mm @ 3:1, the CO2 

conversion is 22% at 573K, much lower than that of TEC for RWGS reaction 

with methanization at H2:CO2=3:1 (72%); The CO2 conversion for CTCO 6mm 

@ 1:1 and CTCO 6mm @ 3:1 are 12% and 24% at 573K, the TEC with 

methanization here at H2:CO2=1:1 and 3:1 are 24% and 72%, respectively; 

However, the CO2 conversion for CTCO 6mm @ 1:1 (32%) exceeded TEC 

(23%) at 673K, but for CTCO 6mm @ 1:1 (53%), it is still less than TEC (67%). 

It is clear that the CO2 conversion of some cases have been above TEC. This 

is not surprising because similar results have been observed before (Oshima 

et al., 2014). This agrees with the observation that an electric field (via the 

NEMCA mechanism) shifted the chemical equilibrium, increased the RWGS 

reaction, and decreased the (backward) water-gas shift reaction (Oshima et al., 

2014). 

In Figure 7-6c, the CO selectivity of CTCO 4mm @ 1:1 is initially obtained as 

100% at 360K and it decrease to 99.8% at 600K. For the CTCO 6mm @ 1:1, 

the CO selectivity starts decreasing at 396K and reaches its lowest value (40%) 

at 603K, then it goes up to 72% at 703K. It can be seen that the CO selectivity 

keeps at a low level within the temperature range 500K-600K for CTCO 6mm 

@ 1:1, in other words, CH4 is more likely to be generated at these temperatures. 

Similar result was obtained from CTCO 6mm @ 3:1 in Figure 7-3c. 

7.2.3 High CH4 selectivity under Reduced Thermoelectric condition 
In reduced thermoelectric (RTE) condition, the cold side of the sample was 

detached from the water cooling surface, thus a relatively small temperature 

difference across the sample is obtained which result in a small Seebeck 

voltage. In order to investigate the catalytic activity of Ca2.6Tb0.4Co4O9 samples 

under RTE condition, we performed catalytic chemical reactions by using 2mm 

and 4mm CTCO samples under TE and RTE conditions, respectively. The CO2 

conversion as a function of (a) hot side temperature and (b) Seebeck voltage 

were plotted in Figure 7-7. 
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Figure 7-7 The CO2 conversion as a function of (a) Th and (b) V for 2mm 

and 4mm CTCO samples under TE and RTE conditions 

The cases CTCO 2mm @ 3:1 TE and CTCO 4mm @ 3:1 TE were discussed 

in section 7.2.2, here we focus on cases CTCO 2mm @ 3:1 RTE and CTCO 

4mm @ 3:1 RTE. The CO2 conversion was firstly observed at Th of 424K and 

426K for CTCO 2mm @ 3:1 RTE (0.3%) and CTCO 4mm @ 3:1 RTE (0.6%), 

respectively. They become larger with the increasing temperature and reach 

52.4% at 708K for CTCO 4mm @ 3:1 RTE and 49.3% at 717K for CTCO 2mm 
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@ 3:1 RTE. The TEC for RWGS reaction with methanization is above 80% at 

750K at gas ratio H2:CO2=3:1, so the CO2 conversion for two RTE cases 

doesn’t excess the TEC. Figure 7-7b shows that the CO2 conversion increases 

rapidly with a small Seebeck voltage for these two RTE cases, this is quite 

different from those cases under TE conditions. The products for two RTE 

cases are CO and CH4 as measured by GC. Thus we plot the relationship 

between CO/CH4 KPA (the amount of the CO/CH4) and Th/V separately, as 

shown in Figure 7-8. 
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Figure 7-8 The relationship between (a) Th – CO KPA; (b) Th – CH4 KPA; (c) 

V – CO KPA; and (d) V – CH4 KPA for 2mm and 4mm CTCO samples under 

TE and RTE conditions 

It can be seen that the CO KPA and CH4 KPA appear simultaneously at 424K 

for CTCO 2mm @ 3:1 RTE and at 426K for CTCO 4mm @ 3:1 RTE. However, 

the CH4 KPA increase significantly at temperatures from 425K to 600K for the 

two RTE cases, while their CO KPA just change slightly. For example, the CH4 

KPA for CTCO 2mm @ 3:1 RTE is 0.3 at 600K, 5 times larger than its CO KPA 

(0.05); the CH4 KPA for CTCO 4mm @ 3:1 RTE is 0.28 at 600K, which is more 

than 9 times of CO KPA (0.03). Then the CH4 KPA of CTCO 2mm @ 3:1 RTE 
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starts to fall at 620K whereas the CO KPA starts to rise rapidly. For CTCO 4mm 

@ 3:1 RTE, the CH4 KPA reaches the highest value of 0.46 at 720K, while its 

CO KPA is increasing significantly from 675K. The main difference between 

these two RTE cases are considered to be caused by different Seebeck voltage. 

As discussed before, a sample with higher thickness is able to generate higher 

Seebeck voltage at the same temperature Th. Thus the catalytic activity for 4mm 

CTCO sample should be greater than that of 2mm CTCO sample due to the 

high Seebeck voltage. As shown in Figure 7-8c and 7-7d, the maximum CO 

KPA are similar for CTCO 2mm @ 3:1 RTE (0.27) and CTCO 4mm @ 3:1 RTE 

(0.24). But the CH4 KPA for CTCO 4mm @ 3:1 RTE is 0.45 at the Seebeck 

voltage of 6mV, which is about 1.5 times of that of CTCO 2mm @ 3:1 RTE (0.31 

at the Seebeck voltage of 3mV). The product CO is present at both V<6.2mV 

and V>10mV under RTE and TE conditions (Figure 7-8c). Comparatively, CH4 

was produced at V<6.2mV under RTE condition but keep at an extremely low 

level (<0.003) at V<23.2mV under TE condition (Figure 7-8d). 

Table 7-3 The temperature Th and the corresponding ΔT and V of 2mm 

and 4mm samples CTCO samples under TE and RTE conditions 

2mm 

CTCO 

@ 3:1 TE 

Th/K 329  379  417  446  473  502  
    

ΔT/K 32  77  111  136  160  186  
    

V/mV 3.6  9.1  12.9  15.9  19.8  23.1  
    

2mm 

CTCO 

@ 3:1 RTE 

Th/K 
  

427  550  585  620  653  685  717  
 

ΔT/K 
  

20  36  41  47  55  62  68  
 

V/mV 
  

0.2  1.9  2.4  3.1  3.3  3.5  3.8  
 

4mm 

CTCO 

@ 3:1 TE 

Th/K 
 

353  424  457  493  517  540  561  593  
 

ΔT/K 
 

55  122  150  183  205  226  243  274  
 

V/mV 
 

5.5  12.2  14.8  17.4  19.6  21.7  23.2  25.8  
 

4mm 

CTCO 

@ 3:1 RTE 

Th/K 
  

424  563  602  642  675  708  740  774  

ΔT/K 
  

22  48  54  52  54  60  65  67  

V/mV 
  

1.9  4.2  4.8  5.3  5.7  5.9  6.0  6.3  
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The boldface data in Table 7-3 can be used to support the discussion above. 

For RTE cases, the Th can be as high as 740K while their Seebeck voltage still 

remains below 6.2mV. However for TE cases, their Th should be lower than 

380K at V=6.2mV, so it is reasonable to say that no CH4 is generated at such a 

low temperature. 

Based on the observation from Figure 7-8b, the CH4 KPA started to increase 

significantly at Th>423K for RTE cases, the correlating Seebeck voltage is 

0.2mV for case CTCO 2mm @ 3:1 RTE (at 427K); 1.9mV for CTCO 4mm @ 

3:1 RTE (at 424K) ; 12.9mV for CTCO 2mm @ 3:1 TE (at 417K) and 12.2mV 

for CTCO 4mm @ 3:1 TE (at 424K). At Th>423K, the RTE cases show a 

relatively low Seebeck voltage but a higher CH4 KPA than that of TE cases 

under a similar Th, which indicate that the CH4 production is inhibited when the 

Seebeck voltage reaches a certain level. Comparatively, there is no sign of 

inhibition on the generation of CO. The CO KPA start to increase at about 423K 

for the two RTE cases and CTCO 4mm @ 3:1 TE. For CTCO 2mm @ 3:1 TE, 

CO is able to be generated at temperatures as low as 379K. 

 

Figure 7-9 The CO selectivity as a function of Th for 2mm and 4mm CTCO 

samples under TE and RTE conditions 

The relationship between temperature Th and CO selectivity is plotted in Figure 
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7-9. The products were initially detected as CO (100%) for CTCO 2mm @ 3:1 

RTE at 427K and CO(3%) + CH4(97%) for CTCO 4mm @ 3:1 RTE at 424K. It 

revealed that the CH4 selectivity could be at least 90% within a wide 

temperature range of 424K-675K for 4mm CTCO sample under RTE condition, 

while CH4 selectivity for 2mm CTCO sample is kept above 85% at 550K-620K 

as well. One possible reason for the high CH4 selectivity performed under RTE 

conditions is the cobalt itself catalyze the CO2 hydrogenation reactionwithout 

the enhancement of TEPOC. Generally speaking, TEPOC doesn’t work under 

RTE conditions because the generated Seebeck voltage is limited, but the 

dispersed cobalt on the surface of CTCO sample might have a promoting onto 

the CO2 reforming of CH4 (Zhang et al., 2014) under a certain condition. As a 

consequence, this provide a possibility to adjust the CO/CH4 selectivity by 

change the cold side temperature of the sample in CO2 hydrogenation reactions. 

7.2.4 The effect of inlet gas ratio H2:CO2 on the catalytic activities 
of Ca2.6Tb0.4Co4O9 under Reduced Thermoelectric condition 
In order to investigate the catalytic activity of Ca2.6Tb0.4Co4O9 sample at 

different inlet gas ratio under RTE condition. A series of CO2 hydrogenation 

reactions were performed with H2:CO2=1:1, 3:1 and 5:1 using 4mm CTCO 

sample. The (a) CO2 conversion; (b) CO selectivity; (c) CO KPA and (d) CH4 

KPA as a function of Th were present in Figure 7-10. 
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Figure 7-10 The (a) CO2 conversion; (b) CO selectivity; (c) CO KPA and (d) 

CH4 KPA as a function of Th 
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The reaction products CO and CH4 are detected at 424K for all three cases and 

their CO2 conversion increase gradually with increasing temperature, as shown 

in in Figure 7-10a. The CO2 conversion reach the maximum values of 34% for 

CTCO 4mm @ 1:1 RTE at 743K; 65% for CTCO 4mm @ 3:1 RTE at 740K and 

62% for CTCO 4mm @ 5:1 RTE at 739K, and then show a downward trend 

until the end of the reaction. An obvious difference in CO selectivity could be 

observed at 424K in Figure 7-10b, the lowest CO selectivity of 3% is obtained 

at H2:CO2=3:1 while they are 40% and 62% at H2:CO2=1:1 and 5:1, respectively. 

The CO selectivity for CTCO 4mm @ 1:1 RTE and CTCO 4mm @ 5:1 RTE 

reach the minimum values of 12% and 7% at 563K, then rise to 92% and 37% 

at 770K. Generally speaking, the CTCO 4mm @ 5:1 RTE shows the lowest CO 

selectivity of <10% at 424K-563K among these three cases. At Th>563K, the 

CO selectivity of CTCO 4mm @ 1:1 RTE increase significantly from 12% to 

92%, in the meantime a clear upward trend in CO selectivity is showed for the 

other two cases. The dramatic change in CO selectivity with inlet ratio could 

possibly be explained by the observation of Bredy et al., they found that the 

selectivity to CH4 appears to increase monotonously with decreasing surface 

coverage of CO (Bredy et al., 2022). Whereas the increasing proportion of CO2 

within the inlet gas will mainly lead to the decrease of CO coverage. Therefore 

the CO selectivity varied with different inlet ratio. 

The CO KPA of three cases exhibited a similar tendency, they increase steadily 

with temperature from 300K to 600K and all reach 0.03 at 600K. At Th>600K, 

the CO KPA for CTCO 4mm @ 1:1 RTE and CTCO 4mm @ 5:1 RTE rise rapidly 

with temperature but the curve of CTCO 4mm @ 3:1 RTE fluctuated at 600K-

675K, the maximum values are obtained as: 0.3 for CTCO 4mm @ 1:1 RTE at 

771K; 0.24 for CTCO 4mm @ 3:1 RTE at 773K and 0.2 for CTCO 4mm @ 5:1 

RTE at 769K. In addition, it can be concluded from Figure 7-10c that the CO 

KPA decrease with the increasing inlet gas ratio H2:CO2 from 1:1 to 5:1 at 

Th>700K. As for CH4 KPA in Figure 7-10d, the reaction product CH4 were 

initially obtained at 424K for all the cases, their CH4 KPA increase at first and 
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then decrease with increasing temperature. The CH4 KPA for CTCO 4mm @ 

1:1 RTE reaches its maximum value of 0.14 at 603K and drop to 0.02 at 770K. 

The maximum values of CH4 KPA for CTCO 4mm @ 3:1 RTE and CTCO 4mm 

@ 5:1 RTE are 0.44 (at 704K) and 0.46 (at 740K). Although those values drop 

a bit afterwards, they are still as high as 0.34 at about 770K. In summary, 4mm 

Ca2.6Tb0.4Co4O9 sample displays greater CO2 conversion at inlet gas ratio 

H2:CO2>1:1, especially at temperatures over 600K. The CO selectivity for cases 

with different inlet gas ratio varies with temperature while a relatively low CO 

selectivity of 20% can be obtained at 550K-600K for all of them. In the end, the 

CO selectivity for CTCO 4mm @ 1:1 RTE goes up to 92% while they remain at 

40%±2% for CTCO 4mm @ 1:1 RTE and CTCO 4mm @ 1:1 RTE at 770K. In 

terms of the reaction products, the CO KPA for three cases rise gradually with 

temperature but their CH4 KPA decrease significantly at the highest Th 

compared with the maximum values. It can be seen in Figure 7-10d, that the 

CH4 KPA for CTCO 4mm @ 1:1 RTE is only 0.02 at 770K, which indicate the 

generation of CH4 is strongly inhibited at this temperature. 

7.3 Conclusion 

A series of Ca2.6Tb0.4Co4O9 samples with different thickness were successfully 

prepared by doping Tb into Ca3Co4O9 and its feasibility for TEPOC application 

was verified by conducting CO2 hydrogenation reactions using CTCO as a 

catalyst. The high catalytic efficiency of CTCO suggests that it can be a new 

choice for high-temperature TEPOC applications. When catalyzed by CTCO, 

the product of CO2 hydrogenation reactions can be switched between CO and 

CH4 just by changing the cold side temperature. Besides, the CO2 conversion 

rate could be significantly improved by increasing the sample thickness for our 

reaction chamber set-up. The maximum CO2 conversion rate can reach to 64% 

using 6mm CTCO as a catalyst at 700K and an inlet gas ratio H2:CO2=3:1, while 

the CO selectivity is 72%. In addition, it should be noted that under RTE 

conditions, a relatively high CH4 selectivity is obtained. The CH4 selectivity is 
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kept above 70% in the range of 550-650K at H2:CO2=1:1, 3:1 and 5:1, while the 

maximum CH4 selectivity can be as high as 92%. The results above suggest 

an enormous potential of applying CTCO into catalytic chemical reactions at 

high temperatures. 
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8 Conclusions  

In summary, the following objectives have been fulfilled: 

 By utilizing the Sol-Gel method as well as the addition of fine PS powder, 

porous BiCuSeO thermoelectric materials have been produced 

successfully. The sol-gel method enables a porous coating to the surface 

of non-porous TE samples. Both techniques produced porous samples 

with significant porosity and BET surface area more than 10 times larger 

than the non-porous counterparts. In fact, the porosity as high as 37% and 

22% was attained by adding 20wt% PS and applying the sol-gel method, 

respectively. The BET surface area of the two samples were 17.1 and 13.9 

times higher than that of the non-porous sample, respectively. On the other 

hand, the porous BiCuSeO showed more severe instability problems at 

temperatures higher than 400°C than their non-porous counterparts. 

 A 3D model of reaction chamber with thermoelectric sample inside was 

created using the AutoCAD software, it was then introduced into Ansys 

2021R to carry out a transient thermal simulation in order to understand 

the temperature evolution of the thermoelectric materials during a 

practical chemical reaction run. The parameters and boundary conditions 

of the simulation was obtained through a series of controlled tests. In 

addition, the accuracy of the simulation was validated by comparing the 

simulated temperatures with the actual temperature measured during 

experiments. 

 The temperature distributions of thermoelectric BiCuSeO samples with 

thickness of 2mm, 4mm, 6mm, 8mm and 10mm were simulated through 

Ansys 2021R. The results indicating that the temperature difference 

between the cold side and hot side of the BiCuSeO sample increase 

significantly with the increasing thickness of the sample. This result is then 

used to guide the design of the actual catalytic chemical reactions. By 
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increasing the thickness of BiCuSeO samples, a larger temperature 

difference and Seebeck voltage across the sample was obtained at a fixed 

reaction surface temperature Th, therefore led to a greater CO2 conversion. 

For example at Th=600 K, the CO2 conversion of the 6mm BiCuSeO 

sample is 29% with an inlet gas ratio H2:CO2=4:1, but much lower 8% and 

4% for 4mm and 2mm BiCuSeO samples. 

 Although porous TE materials BiCuSeO have higher surface area, they 

also have much lower Seebeck coefficient. The combined effects of these 

two factors lead to a modest increase of the catalytic activity of the porous 

TE as compared to the non-porous counterparts at the same reaction 

temperature Th. For example, the CO2 conversion rate of porous BiCuSeO 

sample prepared through Sol-Gel method is similar to that of non-porous 

BiCuSeO sample under the same Th. However, they are very different 

under the same Seebeck voltage V. The CO2 conversion for porous sample 

BCSO 4B + 2P @1:1 is 24.55% at a Seebeck voltage of 70mV, which is 

more than 5 times higher than 4.2% of the non-porous sample BCSO 4B 

+ 2B @1:1. Moreover, the CO selectivity is not much affected by the porous 

surface structure. 

 The stacked samples was utilized in TEPOC. It has been demonstrated 

that TEPOC can also be realized by connecting two (or more) 

thermoelectric materials in series. The Seebeck voltages and CO2 

conversion rates of a single sample and stacked samples with an 

equivalent thickness were compared, and the difference was confirmed to 

be very small, less than 5%. This enables the fabrication of the bulk and 

surface thermoelectric materials used in TEPOC to be separated. 

 For porours thermoelectric materials the previously observed TEPOC 

dynamic equation ln(Y/Y0) = −γeV/kbTh is still valid if all the chemical 

reactions are carried out at the Th surface.  
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 Thermoelectric Ca3Co4O9 and Ca2.6Tb0.4Co4O9 samples were 

successfully prepared using spark plasma sintering and solid-state 

reaction methods. Tb-doping increases the Seebeck coefficient and 

thermal conductivity of the samples. The Seebeck coefficient of samples 

CTCO SPS and CTCO SSR reached 1.7 and 1.3 times of that of the CCO 

at 723K, respectively. 

 A series of CTCO samples with different thickness were successfully 

prepared and its feasibility for TEPOC application was verified by applying 

it into CO2 hydrogenation reactions. A maximum CO2 conversion rate of 

64% is obtained from 6mm CTCO sample at 700K and an inlet gas ratio 

H2:CO2=3:1, the CO selectivity is 72%. CCO and CTCO showed better 

stability than BiCuSeO at temperatures higher than 400°C 

 Under RTE conditions, a relatively high CH4 selectivity was obtained from 

the CO2 hydrogenation reactions catalyzed by CTCO. The CH4 selectivity 

is kept above 70% in the range of 550-650K at H2:CO2=1:1, 3:1 and 5:1, 

while the maximum CH4 selectivity can be as high as 92%. 

In summary, all the objectives of the project have been fulfilled and the aim 

of the project, i.e., to develop high surface area thermoelectric materials to 

work at highest possible temperature difference in a particular reaction 

chamber, has been achieved. 
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9 Recommendations for Future Work 
 Our current heat source, the hot plate, has a maximum working 

temperature of 1023K, which led to a maximum temperature Th of 823K for 

a 6mm TE samples fixed within it. With a thicker sample of 10mm, its ideal 

Th will increasing to 873K-923K. Alternatively, a newly designed reaction 

chamber with higher heating efficiency would be suggested to increase the 

temperature difference between the hot and cold surfaces of the sample, 

which leading to higher Seebeck voltage and reaction rates according to 

the theoretical equation of TEPOC. 

 

 Further investigation on BiCuSeO samples with different porosity. A finer 

particle size of PS or a modified Sol-Gel parameter would be suggested to 

achieve greater meso-porosity or micro-porosity. Therefore a systematic 

study on the variation of catalytic activity at different BET surface area could 

be performed. Additionally, the current partial pressure of CO2 in the 

reactant gas is only 1%. If we can obtain a BET surface area large enough, 

such samples with extremely high BET surface area could be applied to 

catalyze reactant gas which containing higher partial pressures of H2 and 

CO2. 

 In this study, catalytic behaviors of thermoelectric Ca2.6Tb0.4Co4O9 samples 

with thicknesses ranging from 2mm to 6mm were investigated. It would be 

very interesting to investigate the impact of sample thickness and porosity 

on CO2 conversion and product selectivity by prepare and further test 8-

12mm Ca2.6Tb0.4Co4O9 samples with relatively high porosity. This would 

also contribute to a better understanding of the complex behaviors of CO 

and CH4 formation under TE and RTE conditions. 

 Based on the research mentioned above, samples with high catalytic 

activity can also be applied to catalytic chemical other than the CO2 

hydrogenation reactions, such as the reduction of NOx, the oxygen 
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evolution reaction (OER) and the hydrogen evolution reaction (HER) in 

water splitting, to demonstrate the universal applicability of TEPOC. 
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