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Abstract 

Solutions to the growing energy demand and environment concerns can be 

increasing the current energy conversion efficiency or seeking alternative energy sources. 

Thermoelectric materials can directly harvest and convert waste heat from industrial, 

residential, commercial and transportation to electricity. However, the low conversion 

efficiency of thermoelectric material severely hinders its mass commercial application in 

past few decades, because thermoelectric parameters including electrical conductivity, 

Seebeck coefficient, and electronic thermal conductivity are intimately interdependent on 

each other by carrier concentration. Nanosized materials exhibit advantages to decouple 

the thermoelectric parameters. In my work, thermoelectric performances of n-type 

Mg3Sb1.5Bi0.5-based compounds are enhanced through grain alignment and carrier 

concentration optimization. Due to its typical layered crystal structure, partial texturing in 

the (001) plane is achieved by hot forging. Hall mobility is significantly improved to 105 

cm2 V-1 s-1 in the (00l) plane, resulting in higher electrical conductivity, and power factor 

of 18 ɛW cm-1 K-2 at room temperature. Additionally, all of the Mg vacancies in 

Mg3Sb1.5Bi0.5-based compounds are almost eliminated by simple Y doping, and n-type 

conduction was successfully achieved without adding extra Mg in the initial composition. 

The carrier concentration is optimized through the combination of Y and Mg, leading to a 

record peak ZT of ~1.8 at 773 K in Mg3.02Y0.02Sb1.5Bi0.5. 

Electrochemical water splitting is capable of converting electricity to chemical 

energy storaged as hydrogen, which is considered to be one of the most promising energy 

alternatives. Oxygen evolution reaction (OER) as one-half reaction of water splitting 

suffers from multiple steps of proton-coupled electron transfer and displays a sluggish 
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kinetic process, it is challenging to develop efficient OER catalysts in order to match well 

with hydrogen evolution reaction for overall water splitting. We develop a new route to 

synthesize highly efficient and robust bulk catalyst of Ni1-xFex layered double hydroxide 

(Ni1-xFex-LDH) for OER by ball milling and sintering. The nano-sheet catalysts achieve 

100, 500, and 1000 mA cm-2 at overpotentials of 244, 278, and 300 mV, respectively, as 

well as a low Tafel slope of 58 mV dec-1 in 1 M KOH.  
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Chapter 1 Introduction   

1.1 Background  

ñGlobal warming of 1.5 °Cò raises humanity alerts about the environment concerns 

and weather extreme in 2018. This predication with high confidence asks for every 

personôs contribution to control the anthropogenic emission, which would give chance to 

keep the global warming below1.5 °C by the end of this century.[1] Fossil fuel, as one of 

main energy sources, has been contributing to the world development and society evolution 

since the pre-industry period.[2] Amounts of conflicts and problems stand between huge 

energy demanding and sustainable development. Research community have made 

enormous efforts to seeking for new clean, cost-effective and ecofriendly energy instead 

of current energy configuration.[3] Though solar, wind, tide, and hydropower have been 

well adopted and benefit humanity, these kinds of energy conversion are accompanying 

with some disadvantages, such as complicated design, high-maintenance cost, and 

collateral environment pollution.[4]  

In past few decades, thermoelectric materials offer a feasible solution to 

predicament. Thermoelectric generator, as solid-state energy conversion, exhibits superior 

advantages than traditional energy conversion, such as no-moving parts, nonchemical 

reaction, low-cost maintenance, quiet operation, and zero emission etc.[5] The tricky 

situation for application is its low conversion efficiency. The performance of 

thermoelectric materials was governed by dimensionless figure of merit ZT, which was 

struggling with 1 till the end of last centuries.[6] ZT value 1 of thermoelectric materials 

indicated 10% conversion efficiency from heat to electric power under ideal working 

condition, thatôs not good enough to commercialize it in large scale.[7] The target figure of 
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merit for mass production and application should be beyond 3.[8] The emerging of 

nanotechnology totally changed this situation. Advanced theories and concept including 

quantum well, energy filtering, resonate states, and band engineering are proposed, and 

figure of merit ZT was brought up to 2 by combing these theories with innovative 

fabrication process in past twenty decades, such as, ball milling, spinning, spark plasma 

sintering, and molecular beam epitaxy (MBE) etc.[9] 

In addition to increasing current utilization rate of energy circulation, people also 

try to seek other advanced alternative energy sources. Being the most abundant of elements 

in the universe and one of the highest energy density values per mass, hydrogen has been 

considered as the most promising energy alternatives to replace fossil fuel and change the 

energy configuration in the future.[10] The combustion of hydrogen is quiet and has no 

emission but heat and water vapor.[11] In past few decades, hydrogen mainly is made from 

fossil fuel and its production is dominated by steam methane reforming of natural gas, 

followed by partial oxidation and autothermal reforming.[12] Hydrogen is generally used in 

refining industry as petrochemical for hydrocracking and desulphurization, ammonia 

production, metal refining, methanol production, food processing and electronics sectors 

in existing industry. Electrochemical water splitting is another well-established 

commercial technology to convert electricity into chemical energy stored by hydrogen.[13] 

This method principally relies on the electrode catalysts. Water splitting is composed of 

hydrogen evolution reaction (HER) on cathode and oxygen evolution reaction (OER) on 

anode. Noble metels (Pt, Ir, Ru) and their oxides (IrO2 and RuO2) have been traditionally 

acknowledged as the most efficient catalysts for HER and OER, respectively.[14] However, 

their high cost and scarcity severely hinder large-scale applications. Lately based on 
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cutting-edge characterization methods, like high resolution transmission electron 

microscopy, in-situ X-ray absorption spectroscopy etc.[15] the mechanism of water 

electrolysis are further disclosed. It turns out that nanostructure are beneficial for exposing 

more active sites and improving the electrodes durability.[16] Transition metal-based 

catalysts with different morphologies displays comparable, even better efficiency than that 

of noble metals, such as metal selenide,[17] metal phosphide,[18] Ni/Fe hydroxides,[19] Ni/Fe 

double layer hydroxides,[20] MoNi4 
[21] etc. On January 17, 2019, South Korea government 

announces ñRoadmap to Become the World Leader in the Hydrogen Economyò in next 20 

years, which laid out its goals of leading hydrogen technology worldwide, including 

hydrogen vehicles, production and refueling stations. As the dilemma between increasing 

energy demanding and environment concerns related to global warming constantly are 

becoming intense, more global attention was paid to hydrogen production in recent years. 

Though water electrolysis has been known for 200 years, the large-scale application was 

still limited by high costs from noble metal catalysts (Pt/Ir) and proton exchange membrane 

in acid electrolyte, or low conversion efficiency in alkaline electrolyte.[22] Developing non-

noble metal catalyst with high efficiency is essential to promote large-scale hydrogen 

technology development.[23] 

1.2 Introduction to thermoelectric materials  

This energy conversion from waste heat to electric power by thermoelectric 

materials (TE) depends on Seebeck effect, which was discovered by Thomas J. Seebeck in 

1821.[8] As shown in Fig. 1(a), when the junctions connecting two dissimilar metal wires 

was given to temperature difference, voltage drop can be generated at the ends of wires. 

The reversal process of Seebeck effect is Peltier effect, which was discovered by Jean C. 
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A. Peltier in 1834. In Fig. 1(b) Peltier effect was described as a presence of heating or 

cooling at the junction connecting by two dissimilar metals when a current was injected 

into a circuit. The general thermoelectric power generator and refrigerator was individually 

relied on Seebeck and Peltier effect, respectively. Fig. 1(c) presents the common schematic 

of thermoelectric generator and refrigerator, which is consisted of n-type and p-type 

Figure 1 (a) Schematic of Seebeck effecient and (b)Peltier effect. (c) Schematic 

of thermal generator and refrigerator. 
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thermoelectric elements wired electrically in series and thermally in parallel.[24] The 

conversion efficiency of thermoelectric generator was evaluated by 

– ,  (1.1) 

where TH and TC are the temperature of hot side and cold side of thermoelectric generator, 

respectively.[25] And ZT is denoted as figure of merit, which was used for evaluating the 

performance of thermoelectric materials and is expressed by  

ὤὝ  Ὕ,  (1.2) 

where S, ʎ, ʆ and T are the Seebeck coefficient, electrical conductivity, thermal 

conductivity (ʆ ʆ ʆ, with ʆ being the electronic part and ʆ the lattice part), and 

temperature in Kelvin, respectively.[26] From thermoelectric materials to the generator, it is 

an extremely complicated engineering work. The process of energy conversion is 

accompanying with Seebeck effect, Peltier effect, Thomson effect, Joule heating, thermal 

expansion and contact resistance etc.[27] High figure of merit should be required for high-

efficiency energy harvesting in large-scale application.[28]  

1.3 Strategies for thermoelectric performance improvement  

1.3.1 Nano engineering on charge carrier transportation 

1.3.1.1 Optimization of carrier concentration 

Based on the definiton of figure of merit, ZT enhancement can be realized by either 

improving numerator, which means the power factor (Sů2), or decreasing the denominaror 

(thermal conductivity ).[29] All of themoelectric parameters are intrisinc properties of 
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materials. Seebeck coefficient is defined as the Seebeck voltage per unit temperature 

difference, which can be described by Mottôs equation, 

Ὓ  ὯὝ , (1.3) 

where e, n(E), ɛ(E), kB, T, and EF are electron charge, carrier concentration at energy E, 

mobility at energy, Boltzmann constant, temperature and Fermi level.[30] Electrical 

conductivity is calculated by 

„ ὲ‘Ὡ, (1.4) 

the electronic contribution to thermal conductivity can be estimated Wiedemann-Franz law 

by 

Ὧ „ὒὝὲὩ‘ὒὝ, (1.5) 

Figure 2 Carrier concentration dependence of thermoelectric parameters. 
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where L is the Lorenz factor, and referred to 2.4 × 10-8 J2 K-2 C-2 for free electrons.[31, 32] It 

is notable that S, ů, and ə are couple with each other by carrier concentration. Fig. 2 

illustrates the strong interdependence of each thermoelectric parameter on carrier 

concentration. It is extremely difficult to improve one parameter without deteriorating the 

others. For example, higher electrical conductivity normally leads to higher thermal 

conductivity and poor Seebeck coefficient. Low thermal conductivity results in low 

electrical conductivity and large Seebeck coefficient. However, it turns out that the 

maximum of ZT value typically locates at the range of carrier concentration, around 1020 

cm-3, which is corresponding to heavily doped or degenerate semiconductors.[33] Enlighten 

by this, tuning carrier concentration later was proved to be the most efficient approach to 

enhance thermoelectric performance. For example, it was demonstrated that alkaline 

metals were effective dopant to adjust the carrier concentration in PbTe/Se compounds.[34, 

35] Subgroup  and lanthanide elements are very effective donor for n-type Mg3Sb2-based 

Zintl compounds.[36] Though the efforts that carrier concentration contributes to 

thermoelectric performance enhancement is important, the biggest challenge of high-

efficient thermoelectric materials is to decouple interplay of charger carrier in 

thermoelectric parameters. In 1993, Hicks and Dresselhaus introduced that quantum 

confinement of charge carriers in low-dimensional materials, which enable manipulating 

power factor independently and dramatically increase ZT value beyond 1.[37, 38] When nano-

structure based concepts were introduced into thermoelectric field, significant 

achievements and innovative breakthrough were made in past two decades. Based on 

optimized carrier concentration, nano technology is capability of precisely engineering 

band structure,[39] and tuning phonon and electron transport.[40] For example, thermal 
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conductivity can be effectively suppressed with minimizing influences on power factor, or 

Seebeck coefficient was improved without deteriorating electrical conductivity.  

1.3.1.2 Energy filtering  

Improving power factor usually is one of the approaches to boost TE efficiency, 

and simultaneously give rise to high output power.[41] Power factor is the product of 

electrical conductivity and Seebeck coefficient. Improvement of power factor should result 

from the straight increase of Seebeck coefficient as opposed to good electrical conductivity, 

because Seebeck coefficient dose not straight affect thermal conductivity, while 

manipulating electrical conductivity would inevitably influence the electronic part of 

thermal conductivity.[42] From Mottôs equation, Seebeck coefficient is determined by 

carrier density of states (DOS) near Fermi level and average energy of charge carrier, which 

suggest that either high DOS or higher average energy of charge carrier can give rise to 

improved Seebeck coefficient.[43] The typical case is the superlattice, which is formed by 

alternating materials with thickness of 3 nm. Quantum-well structure created by 

superlattice lead to confinement of in-plane charge carrier, and the DOS in each well 

structure was enhanced sharply, resulting in substantial improvement of Seebeck 

Figure 3 Schematic of energy barrier between nano inclusion and matrix. 
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coefficient and power factor. When it comes to ZT value, superlattice presents its drawback 

that heat not only flow through in-plane well, but also out plane, which offset the 

enhancement of Seebeck coefficient. The transfer of charge carrier is confinement in two-

dimensional space, but heat flow embodies bulk phenomena. Though thinner well was tried 

to make up this disadvantage, tunneling effect between adjacent quantum well normally 

mitigate the improved power factor.[44] 

Inspired by the effect of quantum well in superlattice, energy filtering was 

introduced into bulk materials by compositing the second nanosized phase within bulk 

materials.[45] Due to the difference of band structure, energy barrier will be created cross 

the gran boundary. Fig. 3 presents a typical band engineering design for energy filtering. 

Electrons with low energy normally were trapped or filtered by the barrier, and carriers 

with high energy will flow through, resulting in increased average energy of charge carrier 

and higher Seebeck coefficient. Though reduced carrier concentration servicing in 

transportation would jeopardize electrical conductivity, dramatically improved Seebeck 

coefficient will mitigate this loss, leading to enhancement of power factor.[46] It was 

demonstrated that energy filtering was created at the coherent grain boundaries when full -

Heusler nano inclusions of Zr0.25Hf0.75Ni2Sn were dispersed into half-Heusler nano 

materials of Zr0.25Hf0.75NiSn. Normally, the carrier concentration was expected to be 

increased if the matrix was composited with metal inclusions, but obviously carrier density 

was decreased by 40% at room temperature. It was claimed that the improvement of 

Seebeck coefficient mainly benefits from the filtering of low-energy carrier involving the 

transportation at low temperature. Itôs unexpected to observe the mobility was improved 

dramatically, which compensate the loss of carrier concentration, finally leading to the 



10 

 

power factor increased by 60% at room temperature compared to the pure matrix 

Zr0.25Hf0.75Ni2Sn. At high temperature, low carrier concentration compared to undoped 

matrix did not induce bipolar effect, and carrier concentration rise rapidly with temperature, 

which was attributed to the participation of low energy carrier, which access energy 

channel by gaining sufficient energy from the thermal energy.  

It should be spell out that energy filtering couldnôt be correctly introduced by 

simply compositing nanosized inclusion with matrix.[8] The phases separated by 

boundaries should be coherent or structural similarity to guarantee lattice matching at the 

boundaries, which can promise the boundaries thermally stable and low-energy. Otherwise 

both high energy and low energy carrier would be scattered simultaneously. The achievable 

amount of Seebeck coefficient improvement, and carrier concentration reduction is 

strongly dependent on energy barrier E, which can be manipulated by precisely 

controlling nano-inclusion size, boundary tilt angle and inclusion dispersion. [47] 

1.3.1.3 Band convergency 

In heavily doped semiconductors or degenerate semiconductors, Mott equation is 

simplified as  

Figure 4 Relative position of light valence band and heavy valence band dependent 

on dopant element and temperature in PbTe/Se. 
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Ὓ  άᶻ
ϳ

, (1.6) 

where h is the Plank constant, m* is the effective mass. It can be observed that effective 

mass is another option to improving Seebeck coefficient. Multiband convergence has the 

advantage of producing large m* without explicitly reducing the mobility.[48] Specifically, 

band convergence of high symmetry crystal structures like PbTe(Se),[49] (Bi,Sb)2Te3,
[50]

 

and SnTe[51] can be realized by tuning band offset between the light and heavy valence 

band. The light-hole valence band locate at L points of the highly symmetric Brillouin zone, 

and the heavy band defined as heavy-hole valence band exists at the Ɇ points.[52] The 

difference of light band and heavy band is ascribed to the different effecive mass of charge 

carrier.[39] As shown in Fig. 4, there is an energy offset between two seprated valence band, 

which is materials dependent. The value in PbTe normally is ~ 0.15 eV,  and ~ 0.3 eV in 

SnTe at 300 K. The band convergence was described as the redistribution of charge carrier 

between two valence bands when the L and Ɇ band edges are moving closer. Normally, 

only charge carriers in the light-band takes part in transportation. After band converging, 

the overall effective mass would be enhanced due to participation of heavy-effective mass 

from the heavy valence band, leading to intense improvement of Seebeck coefficient. The 

effective mass after carrier redistrubution can be calculated by 

άᶻ  ὔ
ϳ
άᶻ,  (1.7) 

where  Nv stands for the number of degenerate valleys, and άᶻ is the average (single valley) 

density of states effective mass of degenerate valley.[52] Room-temperature TE materials 

(Bi,Sb)2Te3 displays substantial band degeneracy, with ὔ φ for conduction band and 

valence band.[50] It also find out that PbTe has band degeneracy 4 for L band and 12 for Ɇ 

band.[53]  
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Band convergency can be produced at desired temperature or by proper dopant. Fig. 

4(a) presents typical relative energy of valence bands of PbTe0.85Se0.15.
[54] As the 

temperature rises to 500 K, L band and Ɇ band start to converge, leading to transportation 

contributions from both L band and Ɇ band, which is benificial for keeping Seebeck 

coefficient increasing at high temperature. Combining with strong phonon scattering, ZT 

value of 1.8 is reached at ~800 K. Band convergency also could be realized by doping in 

the matrix, for example, Pb1-xMxSe (M = Mg, Mn). With increasing content of Mg or Mn 

in the matrix, the energy level of both L and Ɇ band begin to reduce, but L band reduces 

much faster than Ɇ band, resulting in descreased energy offset between L and Ɇ band. 

Finally, a high ZT valueof 1.6 at 700 K and 2.0 at 873 K was achieved by Mn and Mg 

doped PbTe, respectively.[55] 

Figure 5 Resonate states was produced when Fermi level aligns with local 

distorted density of states. 
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1.3.1.4 Resonate states 

As aforemensioned strategy for Seebeck coefficient enhancement, improving 

density of states near the Fermi level is another feasible approach. Based on Mahan-Sofo 

theory, DOS can be increased when the Fermi level of a semiconductor aligns properly 

within the range of the excess DOS in the band (Fig. 5). This situation occurrs that when a 

local impurity energy level was created by the proper dopant in the semiconductor and 

valence or conduction band can resonates with it.[51, 56, 57] It has been demonstrated that Tl 

impurity level produced a distortion of the electronic DOS and enchance the Seebeck 

coefficient, leading to peak ZT of ~ 1.5 at 773 K in p-type PbTe.[56]  

The band convergence or resonate states can be traced by the deviation of 

dependance of Seebeck coefficent on the carrier concentration, which was named as 

Pisarenko curves. The theoretic Pisarenko curves for thermoelectric materials can be 

calculated by a simple parabolic band model (SPB) as shown in following equation, 

Ὓ  
ϳ ϳ

ϳ ϳ
– and  (1.8) 

ὲ τ“
ᶻ ϳ

ϳ
 , (1. 9) 

where r and RH is the scattering parameter, and Hall coefficient, respectivly. Fi(ɖ) is the 

Fermi integral and ɖ is the reduced Fermi energy.[58] Zhang et al. investigate Al doping 

effect on n-type PbSe. Compared with the situation of Cl and I doping matching well with 

Pisarenko curves, Al doping exhibit enhanced Seebeck coefficent at the same concentration, 

which is 40% higher that of SPB model. The synergistic effect of enhanced Seebeck 

coefficient and low thermal conductivity from nanosized phonon scattering results in ZT 

of 1.3 at 850 K.[59]  
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1.3.2 Nano effect on phonon transport  

Thermal conductivity in thermoelectric materials is contributed by lattice part and 

electronic part. Only the lattice part is independent on the carrier concentration, so reducing 

the lattice thermal conductivity is a direct approach to enhance figure of merit in 

thermoelectric materials.[60] Phonons as the quantized energy unit for lattice vibration are 

the carrier for thermal transport in the lattice. Distracting phonon transport or enhance 

phone scattering is helpful for reducing lattice thermal conductivity. Phonon normally 

encounter scattering from different source such as defects, inclusion, and boundaries, 

which has a size distribution, from nano to micro meters.[1, 61] Fig. 6 illustrates the all-scale 

hierarchical structure for full-wavelength phonon scattering. Energy waves transporting in 

lattices have a spectrum of wavelengths, which is corresponding to different mean free path 

(MFP) for phonon. Strong and efficient scattering can be expected when the size of defects, 

inclusion and boundaries are comparable with the mean free path.[62, 63, 64] The advantage 

Figure 6 All -scale hierarchical structure for full-wavelength phonon scattering.  
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of nanomaterials is to produce more boundary interfaces to enhance phonon scattering. It 

should be emphasized that ball milling and cold pressing is one of the most popular and 

efficient methods to synthesize nano-size thermoelectric compounds.[65, 66] Amounts of 

nanosized defects and grain boundaries are created, leading to strong scattering of short 

and intermediate MFP phonon. Benefiting from largely reduced lattice thermal 

conductivity, ZT value of p-type Bi2Te3 compounds achieved 1.4 at 373 K.[67] Subsequently, 

all spectrum of wavelength scattering is also proposed, and the corresponding materials 

design was named as all-scale hierarchical architectures. The based principle of all-scale 

hierarchical architectures is to build different size of scattering source corresponding to 

different MFP phonons.[35] For example, point defects or atomic-scale lattice disorder for 

short MFP phonons, grain boundaries, dislocation, lamellar/multilayers for medium MFP 

phonons, and mesosized grains or precipitation for long wavelength.[49, 54] In order to 

realize all-scale hierarchical architecture scattering, advanced fabrication process is 

adopted. Point defects and atomic-scale lattice disorder usually are introduced by doping.[68] 

Mass fluctuation or strain field phonon scattering can be realized by solid-solution 

alloying.[41, 69] Multiple boundaries, dislocation and precipitation can be obtained by ball 

milling, melt spinning, and annealing.[42, 70, 71] By taking these approaches, high ZT value 

of 2.2 at 915 K is achieved in p-type PbTe, which is attributed to atomic lattice disorder 

and nanosized endotaxial precipitates.[53] It was demonstrated that high thermoelectric 

figure of merit of 2.2 is achieved in Na doped Pb0.97Eu0.03Te by effectively suppressing 

lattice thermal conductivity through combining scattering effect of point defects, lattice 

dislocations, and nanosized interfaces. 
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ñPhonon-glass electron-crystalò (PGEC) was another pursued conceptual approach 

for thermoelectric performance enhancement.[72] PGEC thermoelectric materials possess a 

desirable single crystal structure for good electronic properties, and a disordered atomic 

arrangement akin to amorphous material for extremely low thermal conductivity. Of 

interest is the fact that PGEC system possess features in common with Skutterudites and 

clathrates, which originates from its crystal structure. Binary skutterudites has a normal 

formula MX3 (M =Fe, Ni, Co, Rh, Ir and X = P, As, Sb), and crystalized a distorted 

symmetric cubic structure. The unit cell is composed of eight cubes of M occupying the 8c 

sites (¼, ¼, ¼), with six of these cube fillers with square rectangle of X occupying 24g (0, 

y, z) sites. There are two remaining voids left in the unit cell, the diameter of which was 

estimated to range from 0.17 to 0.2 nm.[73, 74, 75] The main approach of obtaining phonon-

glass thermal conductivity is to create ñrattlingò effect by filling the voids with small 

diameter, large-mass interstitials such as trivalent rare-earth ions. These filled ñrattlersò 

usually produce local vibrational modes and disorder, which can strongly scatter phonons, 

leading to large reduction in the lattice thermal conductivity.[76, 77]  

Advanced technologies were employed to reduce the thermal conductivity further 

approaching to the amorphous limit , but the figure of merit improvement still was impeded 

by the interdependence of thermoelectric parameters. It turns out that material with 

intrinsically low thermal conductivity also displays potential for high thermoelectric 

performance, which normally has quite complicated atomic arrangement.[78, 79, 80, 81] For 

example, Zintl phase, BiCuSeO, and liquid-like materials. Thermal conductivities of 

polycrystalline BiCuSeO are reported as ~ 0.9 W m-1 K-1 at room temperature and ~ 0.45 

W m-1 K-1 at high temperature.[82] AgSbTe display a very low thermal conductivity in the 
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temperature range of 300 K (0.3 W m-1 K-1) and 673 K (0.39 W m-1 K-1).[83, 84] Liquid 

materials mainly refer to copper based chalcogenides, in which Se forms a rigid face-center 

cubic lattice, and copper ions are randomly distributed around Se sublattice, and behavior 

with liquid-like mobility.[85] The Se cubic sublattice provide a crystalline pathway for 

charge transfer, and liquid-like Cu ions results in extremely low thermal conductivity. 

Their combination effect leads to peak ZT of ~1.5 at 1000 K in Cu2-xSe compounds.[86] 

1.4 Electrochemical water splitting 

1.4.1 Introduction of water splitting  

Water splitting is described as waterôs dissociation into hydrogen and oxygen. This 

process contains two separate reaction, hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER).[87] Itôs well known that water is one of the most stable substances 

on earth, so the dissociation process always an energy-cost process, which is capable of 

Figure 7 Schematic of water splitting in electrolysis cell. 
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converting electricity to chemical energy storage as hydrogen.[12] As shown in Fig. 7, a 

electrolysis cell is composed of an anode, a cathode, a power source and electrolyte. When 

a DC potential is applied, electron will flow away from the negative electrode towards the 

cathode, where hydrogen ions consumed the electron to form hydrogen. Meanwhile, 

hydroxide ions driven by the electric field between negative and positive electrode move 

through the electrolyte and reach the anode, where hydroxide ions give away electrons to 

form oxygen. And these electrons go back to the positive terminal of the power source.[12, 

23, 88] The half reactions occurring on cathode are described as follows:[13]  

( Å ᴼ( ,  (1.10) 

ς( ᴼ( , and (1.11) 

ς( ςÅ ᴼ ( , (1.12) 

where Hads is adsorbed hydrogen on the active site. The other half reaction occurring on 

the anode are as following:[23] 

/( ᴾ/( Å, (1.13) 

/( /( ᴾ/ (/ Å, (1.14) 

/ / ᴾ/ , and (1.15) 

τ/(ᴾς(/ / τÅ. (1.16) 

These steps involve four proton-coupled electron transfers and oxygen-oxygen 

bond formation. This whole process can be conducted in alkaline solution, acid solution 

and neutral solution. However, alkaline and acid solution provide better charge transfer in 

the solution than that of neutral solution, and most of metal electrodes endure 

electrochemical corrosion for a longer time in alkaline solution than that in acid solution.[88, 

89] Another disadvantage of conducting water splitting in acid solution is that the cathode 
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must be noble metal because its relatively high kinetics and better electrochemical 

stability.[90] 

Kinetically, the whole reaction is uphill process and requires an energy input of 286 

Kj mol-1at room temperature and 1 atm pressure. Iridium/Ruthenium dioxide is the state-

of-the-art OER electrocatalysts.[91] The standard potential for OER at PH 0 is 1.23 V vs. 

standard hydrogen electrode, which is the biggest obstacle for water electrolysis. As the 

reaction proceed in acid or alkaline solution, the potential increases by shifting 59 mV for 

each rising PH unit according to the Nernst equation 

Ὁ ὉЈ ὰὲ , (1.17) 

where E, E°, R, T, n, F, [Red], and [Ox] are the potential, potential at standard conditions, 

ideal gas constant, working temperature in Kelvin, number of moles of electrons 

Figure 8 Pourbaix diagram for water at standard temperature and pressure. 
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participating in each mole of reaction, Faraday constant, concentration of reduced 

molecules and concentration of oxidized molecules.[12] Fig. 8 shows Pourbaix diagram, and 

the stability region for water was limited by the solid red and black lines in a shadow region. 

The solid red and black lines are referred to the oxygen evolution reaction and hydrogen 

evolution reaction, respectively. The potential E is always changing with PH value 

regardless of the highly reducing condition (HER, %  πȢπυωρ0(6)) or highly 

oxidizing conditions (OER, % ρȢςσ6 πȢπυωρ0(6). Reversible hydrogen electrode 

(RHE) was introduced to avoid requirement of measured potential changing with the PH 

value, so the theoretical potential for OER is always 1.23 V vs. RHE and HER is 0 V vs. 

RHE at all PH values.  

Cell efficiency usually is defined as the ratio of energy directly used for hydrogen 

and oxygen production to the total energy input, and it can be approximated that the 

Figure 9 The distribution of charge resistances in the water splitting. 
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percentage of effective voltage for water dissociation in the whole voltage applied on 

electrolysis cell. Equation was as Faradic efficiency,  

–  , (1.18) 

where E G and Ecell are Gibbs free energy change and cell voltage input. In order to get 

higher efficiency, energy loss should be avoided as much as possible, which primarily 

come from Jouleôs heat from the resistance in Fig. 9. 

Good catalysts could protect water splitting from the large energy consumption. It 

has been proposed that catalysts for widespread application should satisfy requirements as 

following: a) low overpotential for large current density, b) chemical stability in the 

electrolyte, c) robust mechanical strength and no peeling off, d) long time durability and 

no potential drift with time, e) simple and eco-friendly preparation process at a low cost.[92, 

93] Noble metal (Pt, Ir, and Ru) and their oxides (IrO2 and RuO2) display low onset potential 

and highly efficient performance for HER and OER, but high cost and extreme scarcity 

restricts their application, and lead to few percentage share of worldwide hydrogen 

production by water splitting.[94] Good catalysts could be synthesized by well controlling 

three critical factors, as many active sites as possible by increasing the surface area, 

superior electrical conductivity of electrode, and suitable absorption energy of hydrogen 

ions. The strategies of optimizing three factors will be talked in next part.  

1.4.2 Strategies to improve efficiency of water electrolysis 

1.4.2.1 Energy barrier and resistance 

Electrons constantly flow along the whole circuit during the electrochemical 

reaction, indicating charge transfer involved every single process of water electrolysis. It 
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must overcome the resistance and the barrier to form hydrogen and oxygen by virtue of 

applied potential. As shown in Fig. 9, the resistance includes the resistance of the 

electrolyte (RION + RMEM), which refers to the ions transfer in the electrolyte, resistance of 

circuit (Relectrode + Rcircuit), and interface resistance between electrode and electrolyte 

(Rsurface), which mainly refer to the ions exchange between the electrolyte and the active 

sites.[95] The lower resistance in the circuit and electrode avoid high-energy loss from the 

joule heat and promote electron transfer efficiency. The major concerns involve the 

resistance of anode and cathode. The catalysts normally grow on or bind with the support 

materials as the electrodes, good contact guarantee electron transfer between electrode and 

active site. It should be mentioned that bubbles covering on the actives site also lead to 

high resistance on the surface, so itôs imperative to get rid of these bubbles instantly from 

the active site after H2 or O2 forming.[96] Xu. et al. studied S-doped effect on HER 

performance of MoSe2 nanosheet, and found out S effectively reduced the charge transfer 

resistance from 145.02 ɋ to 35.66 ɋ, which contributes to faster HER kinetics.[97]  

1.4.2.2 Large electrochemical active surface area (ECSA) 

Large ECSA can provide more positions and edges to expose active sites for 

adsorption and desorption of hydrogen, hydroxide and intermediates.[98, 99] The straight 

way to enhance ECSA is to produce nano-structured catalysts, such as nanowires,[100, 101] 

core shell,[102] nanosheets,[103] and sandwich structures[98] etc. Most well-investigated NiSe2 

for HER has been formed in different structures like nanosheets, nanoparticle, and 

nanowires, which are responsible for their reported large ECSA, leading to highly efficient 

performance.  
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Three-dimensional structure metal substrates such as metal foam and metal sheet 

are also adopted as support, and efficient catalysts can be grown on by hydrothermal or 

chemical vapor transport, or able to bound with them to increase the active catalysts. Zhou 

et al. have devoted lots of efforts to synthesize good catalysts on Ni foam for HER and 

OER, including NiSe2/Ni,[17] WSSe/NiSe2,
[29] Ni2P/CoP/Ni,[104] NiFeOOH/Ni[92] etc. Many 

of them exhibit remarkable achievement. For example, 3D structure NiFeOOH synthesized 

based on Ni foam using simple room-temperature stirring method, reaches current density 

of 1000 mA/cm2 at a potential of 258 mV, and also exhibit excellent durability.[92] 

Electrochemical active surface area of electrodes usually is proportional to the 

double layer capacitance (Cdl), which can be extracted from the cyclic voltammetry (CV) 

in the potential range where no Faradaic current is observed. The difference of positive 

current at oxidation and negative current at reduction is linearly dependent on the different 

CV scanning rate. The half value of the fitting slope was considered as the double-layer 

capacitance.  

1.4.2.3 Free energy of adsorption and desorption 

The free energy of adsorption normally indicates the intrinsic properties of the 

catalyst, which commonly are suggested by the Tafel slope and exchange current density. 

The Tafel equation can be written as 

– ὥ ὦÌÏÇὭ, (1.19) 

where ὥ
Ȣ
ÌÏÇὭ, and ὦ

Ȣ
, i, i0, ‌, F, R, and T refer to the current density, 

exchange current density, transfer coefficient (its value lies between 0 and 1 for one-

electron reaction), Faraday constant, gas constant and working temperature in Kelvin.[105] 

The Tafel slope are obtained by the linear relationship between the overpotential and 



24 

 

logarithm of current density and exchange current density i0, which is the current of the 

reversible water splitting reaction and can be acquired by the interception of slope with x 

axis. Tafel slope and exchange current density are the indication of the kinetics of catalysts 

and rate-determining step in the whole electrolysis process.[21, 106] A small Tafel slope and 

large exchange current density are preferred as active kinetics and low overpotential barrier. 

It has been proposed that HER in acid solution contains four possible steps, Volmer step 

(/ Å ᴼ( (/ and (1.20) 

(ᶻ ᴼ( , (1.21) 

Heyrovsky step 

( (/ Å ᴼ( (/, and (1.22) 

Tafel step 

( ( ᴼ( , (1.23) 

where Hads and (ᶻ  denotes adsorbed hydrogen and active adsorbed hydrogen on the 

catalyst site. Eqn. 1.21 is the Volmer equation, wherein ‌ is assumed to be 0.5, and Tafel 

slope for this step was estimated to be 120 mV dec-1 (ὦ ςȢσ ). The step describes H+ is 

absorbed onto the active site of the surface via electrochemical discharge step. Eqn. 1.22 

is proposed to be the spill-over process, which mainly present the migration of unstable 

adsorbed (ᶻ  to a stable site. Tafel slope for this step is estimated to be around 60 mV. 

Eqn. 1.23 and Eqn. 1.24 are identified as Heyrovsky and Tafel reactions, respectively.[107, 

108] And the Tafel slope are associated with these two steps are 40 mV dec-1 and 30 mV 

dec-1, respectively. H2 is generated through electrochemical desorption. Tafel slope of 120, 

40, and 30 mV dec-1, are referred to be Volmer, Heyrovsky and Tafel step. For example, 

Volmer step would be the rate-determining step when the Tafel slope is around 120 mV 
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dec-1. Rate determining step may involve into the Volmer-spillover-Heyrovsky process 

when the Tafel slope is fall in the range of 50-60 mV dec-1. Noble metal Pt normally exhibit 

30 mV dec-1 of Tafel slope, which suggest that Volmer-Tafel reaction process is the rate-

determining step.  

Low Tafel slope is strongly correlated with the free energy of hydrogen or hydrogen 

oxide ions adsorbed to the catalysts surface. It is always an effective way to obtain low 

Tafel slope by changing the electronic structure and lowering the free energy of hydrogen 

adsorption. First principle density function theory often was hired to evaluate the GH, 

which is a quantitative parameter to gauge the bonding strength of hydrogen and metal.[13] 

CoP has been experimentally demonstrated to be a bifunctional catalyst for overall water 

splitting. DFT calculation displays that it is not stable for Hydrogen ion adsorbed at P site, 

and GH is nearly -0.14 eV once hydrogen was adsorbed by Co, which is much larger than 

that of Pt, -0.009 eV. However, this value can be suddenly lowered to -0.088 eV at Co site 

when partial Co was substituted by Fe, giving rise to weakened H-Co binding strength and 

promote GH toward zero accordingly.[109] Hou. et al. also investigate the effect of 

vacancies and P displacement of Se in cobalt phosphoselenide on electronic structure. It 

was claimed that the weakest H-bond was obtained after P substituting due to the longest 

length of H bond. Besides, P-Co bond induced one of Co atoms transition from oxidation 

state to the reduction states, which is helpful to lower the Coulombic potential for atom 

hydrogen adsorption and shorten the distance between two neighboring H atoms for 

hydrogen desorption in HER. The synergistic effects of vacancies and P substitution lead 

to 10 mA cm-2 at overpotential 150 mV.[110]  
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Chapter 2 Characterization 

2.1 Thermoelectric materials 

2.1.1 Thermoelectric properties characterization 

The electric resistance and the Seebeck coefficient were measured by a commercial 

system ZEM3 (ZEM3, ULVAC) with dimensions of about 2 mm × 2 mm ×12mm. Fig. 10 

shows the schematic of resistance and Seebeck coefficient measurement in ZEM3. Electric 

resistance was tested by direct current (DC) four-probe method. When a current was 

injected into the sample from the blocks, potential V between the two thermocouple-

sample contact points can be read from thermocouple probes. Seebeck was obtained by 

static DC method. When a temperature difference was applied on the sample through the 

heater concealed in the bottom block, a thermal electromotive force dV was subtracted from 

two thermocouple probes. Thermal conductivity was calculated by ‖ Ὀὅ”, where D is 

Figure 10 Schematic of measurement principle of Seebeck coefficient and 

electrical conductivity. 
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the thermal diffusivity determined by Laser flash technology (LFA 457, Netzsch). For most 

of thermoelectric semiconductor, pellets with diameter 12.7 mm and thickness 1.5 mm or 

lower are prepared for the diffusivity measurement. The specific heat ὅwas obtained by 

differential scanning calorimetry thermal analyzer (DSC 404C, Netzsch), and density ” 

was measured by Archimedes method. Hall coefficient RH at room temperature was 

measured by a Physical Properties Measurement System (PPMS D060, Quantum Design) 

with four-probe configuration. Thickness of samples was controlled below 0.4 mm, and 

the magnetic field sweeping is controlled between +3 T and -3 T. The Hall carrier 

concentration ὲ  and mobility ‘were calculated by ὲ   and ‘ „Ὑ . 

2.1.2 Phase and microstructure characterization  

X-ray diffraction spectra analysis of pellets and powder were conducted on a 

PANalytical multipurpose diffractometer with an Xôcelerator detector (PANalytical XôPert 

Pro). Microstructures were characterized by scanning electron microscopy (SEM Leo 1525 

Gemini FEG, Zeiss and FE-SEM, LEO 1525) and transmission electron microscope (JEOL 

2010F). Microstructure characterization was also carried out by JEM-ARM 200F TEM. 

This microscope was equipped with a Cold FEG source for STEM and double-sextupole 

Cs correctors for TEM and STEM, respectively. Samples of thermoelectric materials for 

the TEM were prepared by a standard procedure, including mechanical polish, dimpling, 

followed by ion-beam milling. Specimens of electrochemical water splitting for TEM was 

peeled off by ultrasonic or blades, and then dispersed on copper grid by ethanol.  
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2.2 Water splitting 

2.2.1 Electrochemical activity characterization 

The electrochemical tests were performed via typical three-electrode configuration 

in 100 mL 1 M KOH electrolyte. Pt and Hg/HgO were adopted as counter and reference 

electrode, respectively. The measured potentials vs. Hg/HgO was converted to RHE by 

Nernst equation, 

% % Ⱦ πȢπυω0(ʒṦ , (2.1) 

where EHg/HgO, and •Ṧ  are the measured potential and standard potential of HgO. The 

polarization curves for HER and OER were recorded by linear sweep voltammetry with a 

scan rate of 2.0 mV s-1 in the range 0.075~- 0.425V vs. RHE/ 1.125-1.625 V vs. RHE, 

Figure 11 Schematic of double layer structure and the corresponded equivalent circuit 

during water splitting. 
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respectively. And the scan rate for activation was set to 50 mV s-1. Besides, all the 

electrocatalytic measurements are performed at room temperature and iR error was 

compensated by current interruption method. To evaluating electrochemical test system, 

commercial Ni foam was adopted as a reference for the polarization curves.  

2.2.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) specifically is related to internal 

charge-transfer resistance of electrode and charge transfer resistance at the 

electrode/electrolyte interface in the electrochemical cell. When a voltage is applied on 

electrodes in the electrolyte, two layers of ions with opposing polarity form, which is the 

double layer. One layer is at the surface of electrode and the other locates in the electrolyte. 

The structure of the double layer is similar with an electrical condenser constituted by two 

Figure 12 Nyquist plots fitting with simplifying Randles equivalent circuit. 
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charged areas separated by a dielectric. Formed two-double layer functionally equals to a 

capacitance, which plays an important role 

The equivalent circuit was shown in Fig. 11, where the capacitance and the 

resistance are corresponding to the double layer, and an additional resistance equals to the 

ohmic drop due to the electron transfer resistance from the electrolyte. Electrochemical 

impedance is usually applied an AC potential with changed frequency to an 

electrochemical cell and measure the resistance through the cell. The frequency normally 

ranges between 100 KHz to 0.1 Hz (Fig. 12). Equivalent circuit (1) in Fig. 12 just describes 

the ideal situation of capacitor, but the capacitance of double layer was possibly changed 

with ion concentration, surface morphology and temperature electrolyte. The constant 

phase element usually was recommended to substitute the capacitor in the equivalent 

circuit.  

Figure 13 Three electrode configuration system for electrochemical measurement. 
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EIS data is presented through the Nyquist Plot, then matched with the equivalent 

circuit by the model fitting until the curve generated fit well with the measured data. The 

internal charge-transfer resistance of electrode, charge transfer resistance at the 

electrode/electrolyte interface, and the capacitance of double layer can be obtained. 

 2.2.3 iR compensation 

iR compensation is used for correcting voltage drop induced by complicated 

electrochemical system in electrolysis cell, especially for the situation where we have large 

current and unregular geometry shape. Fig.13 shows the normal electrolysis cell, and its 

equivalent circuit was presented in Fig. 14. During the electrolysis process, we want to 

control and measure the voltage between E and F, which can be expressed as 

 ὠ ὠ ὠ ὠ  Ὅ Ὑ ὠ ,        (2.2)  

Figure 14 Schematic of equivalent circuit of three-electrodes configuration 

measurement in electrolysis cell. 
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where Ve, and Vf are the voltage of electrolyte surface and metal surface of the working 

electrode, respectively. Vmeasure is voltage of working electrode that we pursue, and Voc, 

known as open-circuit voltage, is a constant offset voltage caused by the potential 

difference between working electrode and reference electrode. Icell and Ro are the current 

flowing through the circuit and resistance between the tip of the Luggin capillary and the 

electrolyte surface of the working electrode. In the equation, Vmeasure, Icell, and Voc can be 

 read by the equipment, and iR compensation stands for the ) 2 . From the equation, 

it can be concluded that iR compensation applies an enormous influence on the output 

voltage, but it is very difficult to correct this existed error instantaneously during 

electrolysis because of sophisticated chemical and physical situation. Fortunately, there are 

two classic methods offered by most of electrochemical workstation to carry out iR 

compensation, known as current interrupt iR compensation (CI), and positive feedback iR 

compensation (PF). CI propose an instantaneous method to obtain the voltage drop across 

Figure 15 Current interruption for iR compensation. 
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the Ro. The moment that current in the electrolyte cell is cut off and put back (duration is 

about 10 ˃ s to 30000 ˃s), the cell voltage will be read immediately before and after this 

current interruption. Due to the Faradaic capacitorôs characteristics in the equivalent circuit 

(solid back square), the signal of cell voltage was presented in Fig. 15, which is referred to 

the voltage drop by Ro. The estimated Vo is calculated by 

6 6 6 6 , (2.3) 

Table 1 Advantages and disadvantages of current interruption and positive feedback. 

iR compensation Advantages 
Disadvantages 

Current 

Interruption 

¶ No prior knowledge of Ro is 

required 

¶ Ro can change during an 

experiment 

¶ Compensation is independent of 

the current range 

¶ Scan parameters such as ramp 

limits and scan rates are 

corrected automatically 

¶ Need for a large faradiac 

capacitance 

¶ Time-per-point 

limitations 

¶ Rfaradiac should be 

larger than Ro 

¶ Value of Ro must be less 

than a limit 

Positive 

Feedback 

¶ Reasonable in very fast 

measurement 

¶ Scan parameters such as ramp 

limits and scan rates are 

corrected 

¶ Ro needs to be known 

before beginning test 

¶ Error occur if Ro changes 

during the measurement 

¶ The current range must 

not change during the 

experiment 

¶ PF can lead to 

potentiostat oscillation 

It can be observed that the system is very sensitive and precise from the equation and the 

figure due to the extremely short interval, like from a few millivolts to a few hundred 

millivolts, from which the voltage reading is also small. There is a big possibility of the 


























































































































































