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Abstract 

As the energy consumption of modern civilization is primarily based on limited 

resources, effective utilization of the available energy is paramount. Currently, 

more than two-thirds of the produced energy is lost as waste heat, mainly in 

heat-to-work processes. Thermoelectric materials offer a potential mean to 

mitigate the inefficiency by directly recouping some of the waste heat into 

electricity. During energy harvesting, thermoelectric materials are exposed to 

harsh operating conditions, which has caused numerous promising 

thermoelectric candidates to disintegrate. To be able to design thermoelectric 

materials capable of withstanding these harsh conditions, the fundamental 

mechanisms causing the decomposition of the materials must be understood.  

The work presented in this Ph.D. thesis attempts to obtain such knowledge on 

a range of thermoelectric materials using custom built operando setups, which 

facilitate X-ray diffraction data and electrical resistance to be measured on 

samples in realistic application conditions. The samples investigated in this 

thesis are Te-doped Mg3Sb1.5Bi0.5, β-Zn4Sb3, SrZn2Sb2 and the PbTe-PbS 

composite, where the instability manifests itself in different ways, ranging from 

a complete phase break down to subtle structural alterations.  

A stability study of powder and pellet samples with nominal composition 

Mg3Sb1.475Bi0.475Te0.05 has been carried out, where bismuth is released from the 

structure and forms as a secondary crystalline phase upon heating. A prototype 

version of a thermoelectric operando setup has been developed to study 

thermoelectric materials under applied direct current, where the ion migration 

in β-Zn4Sb3 has been studied at three current densities. An improved version of 

the thermoelectric operando setup has been developed to enable stability tests 

to be conducted in realistic module conditions. Involvement in two other 

studies is mentioned briefly, where the stability of SrZn2Sb2 and the PbTe-PbS 

nanocomposite structure has been investigated. Lastly, the experiences and 

insights gathered during the Ph.D. project regarding stability are concisely 

presented. A categorization scheme and a reporting protocol are proposed to 

streamline future thermoelectric stability tests. 
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Dansk Resumé 

Energiforbruget i det moderne samfund baserer sig primært på begrænsede 

ressourcer, og det er derfor altafgørende at anvende den tilgængelige energi 

effektivt. I øjeblikket går mere end to-tredjedele af den totale producerede 

energi tabt som spildvarme, primært i varme-til-arbejde processer. 

Termoelektriske materialer er i stand til at omdanne spildvarmen til strøm, og 

udgør derfor en mulighed for at reducere den store ineffektivitet. Under 

genvindingen af spildvarme udsættes de termoelektriske materialer for barske 

anvendelsesbetingelser, hvilket har medført, at talrige termoelektriske 

materialer er brudt sammen. For at kunne designe materialer, der er i stand til 

at modstå disse barske betingelser, er det nødvendigt at opnå en fundamental 

forståelse af de processer, der fører til nedbrydningerne.  

Dette Ph.D. projekt forsøger at opnå denne fundamentale forståelse i en række 

termoelektriske materialer ved brug af specialbygget operando udstyr, som gør 

det muligt at måle røntgendiffraktionsdata og elektrisk modstand på prøver, 

der udsættes for realistiske anvendelsesbetingelser. I denne Ph.D. afhandling 

undersøges Te-doteret Mg3Sb1.5Bi0.5, β-Zn4Sb3, SrZn2Sb2 samt PbTe-PbS 

kompositstrukturen, hvor ustabiliteten både viser sig i form af en fuldstændig 

fasenedbrydning og små subtile strukturelle ændringer.  

Der er udført et stabilitetsstudie på både pulver- og pilleprøver med nominel 

komposition Mg3Sb1.475Bi0.475Te0.05, hvor bismuth frigives af hovedstrukturen 

og udkrystalliserer som en sekundær fase under opvarmning af materialet. En 

prototype af et termoelektrisk operando udstyr er blevet udviklet til at studere 

termoelektriske materialer under en pålagt jævnstrøm, hvor ionvandringen i β-

Zn4Sb3 er blevet undersøgt ved tre forskellige strømtætheder. En forbedret 

version af det termoelektriske operando udstyr er udviklet, hvilket muliggører 

stabilitetstests i realistiske modulbetingelser. Involvering i to andre studier 

benævnes kort, hvor stabiliteten af SrZn2Sb2 og PbTe-PbS 

nanokompositstrukturen er undersøgt. Slutningsvist præsenteres en kort 

sammenfatning af de erfaringer og indsigter, som Ph.D. projektet har medført. 

Et kategoriseringsskema og en rapporteringsprotokol foreslås som en måde at 
strømline fremtidige termoelektriske stabilitetsstudier.
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C H A P T E R 1 

Thermoelectric Energy 

Harvesting 

Eras of human history are often characterized by the development and 

application of materials, which shows how materials science has shaped the 

advancement of human civilizations since the dawn of humanity. The Stone Age 

did not end because we ran out of stones, it ended because we discovered newer 

and better materials to fulfill our needs and improve life quality.  

Today, the looming threat of climate change to modern society is one of great 

complexity. The global awareness towards the emerging crisis is bigger than 

ever before, and as a society highly dependent on various energy sources, 

lowering energy consumption will have huge consequences and noticeable 

effects on people’s everyday lives. Once again, we must put our trust in 

materials science to address our societal challenges and explore new materials 

to enhance the utilization of the available energy sources, which is a necessity 

in developing a sustainable and pleasant future. 

According to the estimated U.S. energy consumption in 2020 (Figure 1.1), a 

staggering two-thirds of the total generated energy is being squandered, mainly 

in the form of waste heat.[1] Most of this energy loss happens in heat-to-work 
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processes, which is especially a concern for electricity generation and 

transportation. While efforts to recoup this waste heat will improve efficiency 

it is important to note that there is an upper limit to how much of this energy 

can be regained, which follows from the second law of thermodynamics. In 

some countries, the energy lost as heat during electricity generation is captured 

and used for district heating, which improves the efficiency from 30-40 % up to 

90 %.[2] However, vehicles with internal combustion engines require other 

solutions and these are limited due to weight and form-factor restrictions. This 

results in approximately two-thirds of the gasoline potential energy being lost 

to the cooling water system or through the exhaust pipe into the environment. 

However, releasing heat into the environment is actually not the main concern; 

rather it is the unutilized energy and the associated emission of greenhouse 

gasses from the combustion of scarce fossil fuels, which are problematic. As 

such, technologies capable of increasing the efficiency of heat-to-work 

processes in mobile applications are highly desired in combating climate 

change.  

 

Figure 1.1. Estimated energy consumption diagram for the U.S. in 2020. The figure is reprinted 
with permission from the Lawrence Livermore National Laboratory.[1] 
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Thermoelectric materials could be one such option, as they possess the unique 

capability of directly interconverting thermal and electrical energy, and 

therefore have the potential for recouping waste heat as electricity. Despite 

having constituted the main power source in extraterrestrial space probes for 

decades, thermoelectric modules for energy harvesting have yet to thrive in the 

market. One of the inhibitors towards commercialization is the limited lifetime 

of the materials during operation. This Ph.D. project attempts to obtain a deeper 

understanding of the stability issue in thermoelectric materials. 

1.1 Thermoelectricity 

To understand the stability issue of thermoelectric materials, one must first be 

familiar with the basic concepts behind thermoelectricity. This chapter contains 

a concise introduction to the most important thermoelectric theory followed by 

a discussion on thermoelectric energy harvesting operation conditions. This 

will naturally lead us onto the main topic of this thesis, namely the stability 

aspect of thermoelectric materials. 

In 1821, the German physicist Thomas Johann Seebeck observed that a compass 

needle surrounded by a closed loop of two different metals would deflect when 

a temperature difference was applied across the joints. He did not know it back 

then, but he had just observed what would later come to be known as the 

Seebeck effect. This phenomenon describes the emergence of an electromotive 

force across a material from a thermal gradient across the same material, with 

the proportionality factor between the electrical field and the thermal gradient 

coined the Seebeck coefficient, S. Experimentally this is observed as a potential 

difference, 𝛥𝑈, resulting from a temperature difference, 𝛥𝑇, as follows:[3] 

 𝛥𝑈 = 𝑆𝛥𝑇 (1.1) 

While the Seebeck coefficient is at the heart of thermoelectrics, as it describes 

the all-important electrical response to a temperature difference, other 

parameters are also essential to consider. Here it is helpful to start from the end 

goal, a thermoelectric power generator or module, as it is often called. A 

thermoelectric module consists of alternating p- and n-type semiconductors 
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that are connected in series electrically and in parallel thermally. Looking at the 

maximum efficiency of a thermoelectric generator, η, one can see that it is given 

as a fraction of the Carnot efficiency: 

 
𝜂 = 𝜂Carnot ∙

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 +
𝑇𝐶
𝑇ℎ

 (1.2) 

Here, ηCarnot = ΔT/Th and all material dependent parameters are contained in the 

variable 𝑍𝑇, which is the device figure of merit. The contribution to the ZT from 

the individual semiconductors composing the module is known as the material 

figure of merit, and is given as:[4] 

 
𝑧𝑇 =

𝑆2𝜎

𝜅
𝑇 (1.3) 

Where σ is the electrical conductivity and κ is the thermal conductivity. The 

numerator contains the electronic properties and are collectively called the 

power factor. The material figure of merit neatly encompasses the essential 

challenge of thermoelectric research, as a high electrical conductivity is usually 

found in materials with a high thermal conductivity and vice versa. Further 

complicating this challenge is the fact that the Seebeck coefficient is generally 

large for insulators and small for metals.[5] One critical parameter in this 

challenge is the charge carrier concentration, n, which scales directly with the 

electrical conductivity: 

 𝜎 = 𝑛𝑒𝜇 (1.4) 

Where μ is the charge carrier mobility and e is the elementary charge. However, 

mindlessly increasing the carrier concentration will have detrimental effects on 

the Seebeck coefficient as the Fermi level moves closer to the dominant band.[6] 

In the parabolic band model, the Seebeck coefficient can be expressed as:[7] 

 𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇 (

𝜋

3𝑛
)

2
3
  (1.5) 
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Where m* is the effective mass of the charge carrier. Equation 1.5 provides a 

relatively simple and measurable set of parameters to efficiently optimize the 

Seebeck coefficient, however, while it generally gives the right intuition, care 

should be taken when using the single parabolic band model, as it falls short for 

systems with complex band structures.[8] Figure 1.2 depicts the dependency of 

the Seebeck coefficient and electrical conductivity on the carrier concentration, 

and reveals that optimizing the power factor requires a carrier concentration of 

approximately 1020 cm-3.[5] 

 

Figure 1.2. Thermoelectric figure of merit as a function of carrier concentration. Figure has 
been reprinted with permission from Springer Nature.[5] 

Another conflicting parameter is the charge carrier effective mass, which 

essentially accounts for the apparent alterations to the original mass and 

mobility of the carrier caused by interactions with the chemical environment. A 

high effective mass often entails a low mobility, which decreases electrical 

conductivity according to equation 1.4. Optimizing this parameter is not as 

straight forward as the carrier concentration, and promising thermoelectric 

materials have been found with both high[9] and low effective masses.[10] 

As observed in Figure 1.2, the power factor and zT do not share the same 

optimal carrier concentration. The reason is to be found in the thermal 
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conductivity, which can be split into different contributions. Generally, two of 

these contributions are dominant in the context of thermoelectrics. One is the 

heat transferred by the phonons of the crystal lattice, κlat, and the other comes 

from the heat transferred by the charge carriers, κe. The latter term is directly 

proportional to the electrical conductivity through the Wiedermann-Franz law: 

 𝜅 =  𝜅𝑒 + 𝜅𝑙𝑎𝑡  (1.6) 

 𝜅𝑒 = 𝜎𝐿𝑇 (1.7) 

Where L is the Lorenz factor and is often set to 2.44∙10-8 WΩK-2 for heavily 

doped (degenerate) semiconductors but can deviate significantly for non-

degenerate semiconductors.[11] The optimal charge carrier concentration for 

increasing figure of merit is thus on the order of 1019 cm-3, which is found in 

heavily doped semiconductors.[4] 

Another popular approach to increase zT is by reducing the lattice contribution 

to the thermal conductivity, as this parameter is largely uncorrelated with the 

electronic parameters.[12] Low lattice thermal conductivities are usually found 

in materials with a complex crystal structure and a high degree of atomic 

disorder. The extreme case is that of glass, which has an amorphous atomic 

structure. Here, the concept of phonons falls apart as the energy transfer 

through the material mostly resembles a random walk. This does not mean that 

glasses would make good thermoelectric materials, as they usually possess a 

very low electrical conductivity. The desirable electric conductivity of crystals 

combined with the low thermal conductivity of glasses have given rise to the 

concept of phonon-glass-electron-crystals, which encapsulates a class of 

materials with the ideal set of physical properties for thermoelectric 

application.[13] Some well-known examples of phonon-glass-electron-crystal 

materials are the clathrate family, which has a cage-structure with nano-sized 

void spaces containing rattler atoms,[14] and mixed ionic electronic 

conductors,[15–17] which are composed partly of a rigid lattice and partly of a 

highly disordered and mobile substructure. 

So far, the most common approaches for optimizing zT have been discussed, 

however looking at equation 1.3, it would appear fruitful to simply increase the 



 C h a p t e r 1:   Thermoelectric Energy Harvesting      7 

 
 

 
temperature as it seems to scale directly with zT. Unfortunately, it is not so 

straight forward as the materials have their own temperature intervals for 

optimal performance, which are primarily determined by their electronic band 

gaps. As such, the thermoelectric materials should be chosen to fit the 

application environment. The potential applications cover everything from 

autonomous (battery-free) heat sensors, which tends to involve a rather low 

hot-side temperature of less than 100 °C,[18] to waste heat harvesting in internal 

combustion engines with temperatures above 300 °C,[19] and extraterrestrial 

applications, where heat is generated by a Plutonium-238 source with 

temperatures just below 1000 °C.[20] 

1.2 Thermoelectric Application and the Stability Issue 

In a typical thermoelectric module, the thermoelectric materials are usually 

installed as bar-shaped dense units, which are connected electrically in series 

through a conducting layer. During thermoelectric energy harvesting, one side 

of the module is heated causing a temperature difference to build up across the 

materials, which generates a potential difference according to equation 1.1. If 

the circuit is closed, the materials will experience a flow of direct current due to 

the induced potential difference. The applied temperature difference is in many 

applications large in order to get an appreciable electrical output and 

depending on the specific application, the materials will have to endure these 

conditions for hours or days at a time and be able to withstand being cooled 

down and reheated potentially thousands of times.  

The main obstacle preventing the thermoelectric technology from commercial 

success has long been said to be the high cost-per-watt. This was due to the low 

figure of merit in state-of-the-art thermoelectric materials, which limits 

thermoelectricity to sub-kilowatt applications,[21] together with the scarcity of 

the elements constituting them, such as tellurium. However, the past decade has 

witnessed immense progress in thermoelectric research, and where zT of 1 was 

once the goal, materials with zT values close to 2 are now frequently 

reported.[22–25] With that in mind, it is certainly striking that the thermoelectric 

energy harvesting technology is not more widespread. One of the biggest 
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challenges is to find materials, which can endure the harsh conditions they must 

operate under. This has been the essential challenge for NASA, which has 

lifetime tests implemented as a natural part of their technology development 

lifecycle.[26,27] To qualify for NASA’s Next-Generation Radioisotope 

Thermoelectric Generator Study, the material must exhibit stable physical 

properties for more than 17 years of constant operation.[26] As such, even small 

signs of degradation during typical laboratory experiments and stability tests 

of several hours or days should be considered and scrutinized, as they might be 

exacerbated during years of operation. 

1.2.1 Mixed Ionic Electronic Conductors 

Back in the early 70’ies the TPM-217 module consisting of p-type Cu2Se and n-

type GdSe was anticipated to become the new standard power source in 

unmanned space probes due to its exciting conversion efficiency of 12 %. 

However, stability issues with the Cu2Se-legs appeared during long-term 

operation, where Se evaporated from the hot end of the sample and mobile Cu-

ions migrated in the direction of the current and precipitated as metallic Cu on 

the surface of the material, as seen in Figure 1.3c.[28,29] This naturally affects the 

thermoelectric properties of Cu2Se and furthermore deteriorates the electrical 

contact between the thermoelectric material and the interlayer. Detrimental ion 

migration seems common among the mixed-ionic-electronic-conductors 

(MIEC), which have received a lot of interest recently due to their complex 

crystal structure and associated low lattice thermal conductivity.[15,16,30] These 

issues led NASA to fully abandon the system after years of testing. 

One of the other well-known MIECs is β-Zn4Sb3. This was once considered one 

of the most promising thermoelectric materials due to its non-toxic and earth 

abundant elements, and its relatively high zT reaching 1.3 at 700 K.[31] In fact, 

several patents have been filed to protect various processing and fabrication 

procedures for this compound.[32] According to the Zn-Sb phase diagram, the β-

phase should be thermodynamically stable up to 765 K before eventually 

transforming into the high temperature γ-phase. Nevertheless, exposing a bulk 

sample of β-Zn4Sb3 to 543 K in dynamic vacuum caused the electrical resistivity 

to rise due to the formation of ZnSb inclusions in the sample.[31] Similar results 

were observed when exposing a powder sample of β-Zn4Sb3 to elevated 
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temperatures in air. Here, approximately 30 w% impurity phases evolved 

already at 500 K, which were identified as a mixture of ZnSb, ZnO and Sb.[33] 

Two main decomposition reactions were later proposed:[34] 

1) Zn4Sb3(s) → 3 ZnSb(s) + Zn(s) 

2) Zn4Sb3(s) → 3 Sb(s) + 4 Zn(s) 

The first reaction occurs at approximately 500 K regardless of atmosphere, 

doping content and synthesis method and is said to be intrinsic to the system.[34] 

Heating the material in air or in dynamic vacuum causes elemental Zn to oxidize 

or evaporate, respectively, displacing the decomposition reaction even further 

due to the Le Châtelier principle. This decomposition seems to be amplified 

under a thermal gradient and an applied current, as will be shown in Chapter 4. 

As Zn-ions are highly mobile in the structure,[35] they migrate in the direction of 

the current much similar to Cu2Se, but to a much larger extent. A sample that 

has been exposed to a thermal gradient of 300 °C and direct current for a few 

hours can be seen in Figure 1.3a. Studying the structural changes leading up to 

the decomposition event occurring in β-Zn4Sb3 constitutes a major part of the 

work presented in Chapter 4 and 5. 

1.2.2 Inorganic Clathrates 

The type-I inorganic clathrates have attracted interest in the thermoelectric 

community ever since Nolas et al. in 1998[14] presented low temperature lattice 

thermal conductivity data for Sr8Ga16Ge30 comparable to that of amorphous 

SiO2. The type of the clathrate refers to the difference in crystal structure. 

Clathrates are composed of a host-guest structure, where guest atoms are 

confined in void cages of the host framework. Here, they are weakly bonded to 

the framework and thus free to rattle, which has been proposed as a phonon 

scattering mechanism to explain the glass-like lattice thermal conductivity 

observed in many of these systems.[36] The most promising performance is 

found in the Ba8Ga16Ge30 system, where the dominating charge carrier type can 

be adjusted by tweaking the Ga/Ge ratio in the host framework.[37] For the n- 

and p-type variants of Ba8Ga16Ge30, zT values of just above 1.35 and 1.1 have 

been reported at 900 K, respectively.[37,38]  The system was initially believed to 

be chemically and physically stable due to reproducible electronic 
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properties,[38] but later stability studies on p-type Ba8Ga16Ge30 revealed a loss 

of Ga from the clathrate structure accompanied by a significant weight loss 

exceeding 10 wt% during exposure to elevated temperatures.[39] This was 

supported by a subsequent stability study from our group, where the atomic 

structure was investigated using high temperature powder X-ray diffraction. 

Here, the loss of Ga was evident from visual inspections of the sample in the 

form of beads growing out of the sample (Figure 1.3b), which was confirmed by 

SEM-EDX.[40] In the diffraction data, however, no crystalline Ga phase was 

found. Instead, α-Ge formed at around 800 K when heating Ba8Ga16Ge30 powder 

in air. These observations indicate that the host framework collapses during 

exposure to elevated temperatures, but the exact mechanism behind this 

decomposition event is yet to be fully understood.  

 

Figure 1.3. Observed instability of a) β-Zn4Sb3, b) Ba8Ga16Ge30 and c) Cu2Se. The figures are 
republished with permission from The Royal Society of Chemistry(b), The Institute of 

Electrical and Electronics Engineers(c). 

1.2.3 Closing Remarks 

Stability issues during operation seem to constitute a major challenge for 

thermoelectric energy harvesting. Nevertheless, the stability aspect is rarely 

considered in high-impact publications, which focus mostly on physical 

properties. In case the material of interest is unstable, the high temperature 
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physical property data presented in these studies might not be measured on the 

anticipated material, but instead on a mixture of decomposition products. By 

neglecting the material stability in scientific studies, one pushes the issue 

further down the road of technology development, and onto the companies that 

dares to invest in maturing promising scientific results into a commercial 

product. The economical capacity of NASA enables them to cope with negative 

stability test results, however, as a newborn startup company, the degradation 

of a material upon which the company is built can be lethal. By implementing 

stability tests as an established part of thermoelectric research, the risks of 

investing in the thermoelectric technology decreases significantly. 

This Ph.D. project serves to emphasize the importance of considering 

operational stability of thermoelectric materials and attempts to obtain deeper 

knowledge on the decomposition phenomenon observed in a range of 

promising thermoelectric candidates. By understanding the mechanisms at 

play during decomposition, we equip ourselves with the best prerequisites for 

ultimately being able to tailor stable and reliable materials for thermoelectric 

application. 
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C H A P T E R 2 

X-ray Scattering Theory 

X-ray scattering is the common denominator for the studies presented in this 

Ph.D. project. The primary focus of this chapter is therefore to equip the reader 

with a sufficient level of theoretical insight into this technique to appreciate the 

subsequent studies. The other characterization techniques used in the studies 

will not be described here, as their contribution to the overall project is minor. 

The first part of the chapter introduces the basic theory and notation of X-ray 

diffraction. Then, relevant types of X-ray sources will be described before 

scoping in on powder X-ray diffraction, data treatment and total scattering. 

Comprehensive theoretical derivations, which are already presented flawlessly 

in common crystallography books, will be kept at a minimum and efforts will 

instead be dedicated towards introducing the concepts that are directly 

relevant for the studies in the thesis. The theory and notation presented in this 

chapter are heavily inspired by the books of Carmelo Giacovazzo,[41] Bertram E. 

Warren,[42] Jens-Als Nielsen,[43] Takeshi Egami and Simon Billinge,[44] and 

others.[45–47] Specific experimental details for the different studies are not 

included in this section, and will instead feature in their respective chapters. 
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2.1 Introduction 

After the discovery of X-ray radiation by Wilhelm Röntgen in 1895, it didn’t take 

long for Max von Laue to realize its ability to be diffracted by crystals in 1912, 

and for the Braggs to utilize the diffracted pattern to solve crystal structures 

just a few years later. X-ray crystallography is now a multidisciplinary field 

spanning everything from biology and medicine to materials science. As a field, 

it has collectively received 32 Nobel Prizes, including the determination of the 

helical structure of DNA by Crick, Watson and Wilkins in 1962.[48] 

 

X-rays are electromagnetic waves with wavelengths, λ, close to an angstrom. 

Electromagnetic waves are composed of an electric and a magnetic field, which 

are orthogonal to each other and to the direction of propagation. When atoms 

are exposed to X-rays, two main processes occur: Scattering and absorption. 

This section will mainly focus on scattering, but the absorption effect will also 

be discussed briefly. In a scattering event, the electric field of the X-rays will 

interact with the electrons of the atoms, causing them to emit radiation with a 

frequency identical to or slightly lowered from that of the incoming wave. In 

these two scenarios, the scattering process is elastic or inelastic, respectively. 

The scattering process can furthermore be coherent or incoherent, depending 

on the existence of a definite phase relation between the incoming and the 

scattered waves. The focus in this section will be on Thomson scattering, which 

is elastic and coherent with a phase shift of π between the incoming and 

diffracted waves.[41] In the realm of solid crystalline materials, the terms 

diffraction and scattering can be used interchangeably and will be so during the 

thesis. 

2.2 X-ray Scattering 

The diffraction phenomenon occurs since atoms in a perfect crystal are 

arranged in a periodic lattice extending infinitely in three dimensions, and that 

the wavelength of the incident X-ray radiation is on the same order of 

magnitude as the characteristic distances within the atomic target grid. The 

scattered pattern from a periodic grid will likewise possess periodicity, which 

can be used to mathematically reconstruct the grid.[49] The scattered pattern 
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contains roughly three sources of information: The diffracted intensity, the 

angle of diffraction, and the shape of the diffraction peak. In this section, each of 

them will be discussed individually. 

2.2.1 Diffraction Intensity and the Structure Factor 

The amplitude of the scattered X-rays is the Fourier Transform of the electron 

density, ρ:[41] 

 

 𝐹(𝒓∗) = 𝑇[𝜌(𝒓)] = ∫𝜌(𝒓) exp(2πi𝒓∗ ∙ 𝒓) d𝒓
 

𝑉

 (2.1) 

Where V is the scattering volume, and r* = λ-1(s-s0) is a reciprocal space vector, 

with s0 and s being the unit vectors associated with incoming and scattered 

waves. The magnitude of the reciprocal space vector is r* = 2sinϴ/λ, where ϴ is 

half the scattering angle. In the total scattering community, Q = 2πr* is often 

used rather than r*, and we will do so as well in later parts of this thesis. 

Equation 2.1 implies that if the scattering amplitudes in terms of both the 

modulus and phase are known, the electron density can be reconstructed 

through an inverse Fourier Transformation. In a crystal, the scattering is 

contributed by a myriad (>1022) of scattering centers, namely the electrons 

bounded to the atoms of the crystal. Luckily, due to the symmetry of crystals, 

we can simplify the description of the crystal significantly by identifying the 

smallest repeating unit of the crystal, i.e. the unit cell. From just the unit cell, the 

entire crystal can be generated through translational symmetry operations. As 

such, having obtained the electron density of the unit cell, the electron density 

of the entire crystal, ρcrystal, can be calculated by convoluting the unit cell 

electron density, ρuc, with the lattice function of the crystal, Lcrystal(r): 

  

𝜌crystal(𝒓) = 𝜌uc(𝒓) ∗ 𝐿crystal(𝒓) (2.2) 

Often, the unit cell electron density is described as a sum of the electron density 

of the individual atoms composing the unit cell: 
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𝜌uc(𝒓) =  ∑𝜌𝑗(𝒓 − 𝒓𝒋)

𝑁

𝑗=1

 (2.3) 

Where N is the number of atoms in the unit cell. Often, the electron density 

deformation caused by the chemical environment around the atoms, such as the 

formation of chemical bonds, is not considered when modelling the electron 

density of individual atoms. This approximation is known as the independent 

atom model and is employed throughout this thesis. By inserting equation 2.3 

into equation 2.1, the scattering amplitude of the unit cell becomes:[41] 

  

𝐹𝑢𝑐(𝒓
∗) = ∫ ∑𝜌𝑗(𝒓 − 𝒓𝒋) exp(2𝜋𝑖 𝒓

∗ ∙ 𝒓)d𝒓

𝑁

𝑗=1

 

𝑆

 

= ∑𝑓𝑗(𝒓
∗) exp(2𝜋𝑖 𝒓∗ ∙ 𝒓𝒋)

𝑁

𝑗=1

 
(2.4) 

Where fj (r*) is the atomic scattering factor of the jth atom, corresponding to the 

Fourier Transform of the atomic electron density, which is dependent on r* in 

X-ray scattering theory due to the finite extent of the electron cloud around the 

nucleus. This is because waves scattered from different scattering centers 

within the cloud will interfere. Mathematically, Fourier Transforming the 

atomic electron density results in scattering, which is somewhat confined in 

reciprocal space, with the highest intensity observed at r* = 0, where the atomic 

scattering factor equals the number of electrons in the atom. This is illustrated 

as the solid line in Figure 2.1 for an atom with Z electrons. The decay of the 

atomic scattering factor as a function of increasing r* depends on the 

distribution of the electron density, which in turn depends on the population of 

orbitals. A deeper dive into this topic is beyond the scope of this thesis. 
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Figure 2.1. Atomic scattering factor as a function of the reciprocal vector magnitude, r* = 

2sin(θ)/λ. 

In neutron scattering, there is no r* dependency on the atomic scattering factor 

as neutrons are scattered by the nucleus of the atom, which mathematically 

resembles a delta function. The Fourier Transform of a delta function is a 

constant, and the scattering will therefore be constantly distributed in 

reciprocal space.[50] 

 

In a crystal lattice, atoms are not firmly locked to their lattice points; rather they 

oscillate around an equilibrium position due to thermal energy. As the 

scattering event is orders of magnitude faster than the motion of atoms, the 

observed volume of the atomic electron density cloud will be enlarged, which 

results in further reduction of the scattering in reciprocal space. In other words, 

the scattering will be further dampened as a function of r*, as illustrated in 

Figure 2.1 as the red dashed line. Taking thermal motion into account, equation 

2.4 becomes: 

 

Z

r*

f(r*)∙exp(-Br*2/4)

f(r*) 
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𝐹𝑢𝑐(𝒓
∗) =  ∑𝑓𝑗(𝒓

∗) exp(2𝜋𝑖 𝒓∗ ∙ 𝒓𝒋) exp (−
𝐵𝑟∗2

4
)

𝑁

𝑗=1

  (2.5) 

The exponential dampening function is known as the Debye Waller factor, 

where B = 8π2U, and U is the isotropic square mean shift of the atom away from 

its equilibrium position. In some cases, the atoms will not vibrate equally in all 

directions and a more sophisticated and anisotropic description is needed. Even 

though thermal motion might appear to reduce the amount of scattering by the 

atoms, it simply removes intensity from the peaks and redistributes it between 

the peaks. Equation 2.5 is better known as the structure factor and takes non-

zero values when r* coincides with a reciprocal lattice point, rH* = ha* + kb* + lc*. 

This is formally known as the Laue condition: 

𝒓∗ = 𝒓𝑯
∗  (2.6) 

The Laue condition simply states that scattering from a crystal will only be 

observed in certain directions with respect to the incoming waves. The 

constructively interfering scattered waves form a so-called Bragg reflection. 

When talking about structure factors from a specific reflection, Fuc will be 

substituted by FH. Obtaining correct structure factors is one of the main goals of 

an X-ray diffraction experiment, as they contain information about the atomic 

species, positions, and vibrations. They are extracted from the measured 

intensity of the Bragg reflections, which is influenced by a range of different 

effects:[41] 

 

𝐼𝐻 =
𝑒4

𝑚2𝑐4
𝜆3𝛺

𝑉2
𝐼0𝐿𝑃𝑇𝐸|𝐹𝐻|

2  (2.7) 

Here, e, m and c are universal constants, Ω and V is the sample and unit cell 

volume, respectively, I0 is the intensity of the incoming beam, L is the Lorenz 

factor, P is the polarization factor, T is the transmission factor and E is the 

extinction coefficient. A deeper discussion of these factors is included in section 

2.4.3. By successfully correcting the integrated intensity, one can obtain the 

modulus of the structure factor squared, from which the phase of the structure 

factor cannot be determined directly. This is a well-known issue within 



 C h a p t e r 2:   X-ray Scattering Theory      19 

 
 

 
crystallography and has been labelled the phase problem. Fortunately, there are 

several ways of circumventing the phase problem to retrieve the phase of the 

structure factor. In the studies included in this thesis, the crystalline phases of 

investigation are known in advance, which enables structural refinement 

procedures to be applied to approximate the phase information. The structural 

refinement procedure is elaborated in section 2.4.4. 

2.2.2 The Diffraction Angles 

The Laue condition in Equation 2.6 implies that the structure factor will only 

take non-zero values at certain angles and directions in reciprocal space. A way 

of visualizing the Laue condition is through the Ewald Sphere, which is shown 

in Figure 2.2. In this depiction, the crystal is located at the center of the sphere, 

which has a diameter of 2/λ. The incident X-ray wave enters the sphere from a 

point on the circumference and travels along the diameter. The angle between 

the incident and the scattered beam is by convention 2ϴ, and the point on the 

circumference opposite to the incoming beam, at 2ϴ = 0, is the origin of 

reciprocal space. When a reciprocal lattice point coincides with the surface of 

the Ewald Sphere, the Laue condition is fulfilled, and a diffraction peak is 

observed. The experimental goal is to bring as many reciprocal lattice points in 

scattering condition as possible. If a long wavelength is used, the sphere will 

have a short diameter and only few reflections will be observed consequently, 

but on the other hand, the measured intensity will be high according to 

Equation 2.7. This is one of many tradeoff scenarios in crystallography and the 

optimal set of parameters should always be chosen based on the scientific case.   

A simpler but less general description of constructive interference is that of 

Bragg’s law. Here, lattice planes of atoms within the crystal are considered 

semitransparent mirrors, which are stacked on top of each other with an 

interplanar distance, d. These mirrors will reflect some X-rays with an angle of 

ϴ with respect to the plane, while letting others pass through onto the next 

layer. The situation is depicted in Figure 2.3. For the reflected waves to interfere 

constructively, the difference in distance traveled between waves reflected by 

different planes must be equal to a whole number of wavelengths, which 

ensures that they remain in phase after the reflection event:[47] 
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2𝑑sin(𝛳) = 𝑛𝜆  (2.8) 

Where n is an integer describing the reflection order. Bragg’s law offers an 

intuitive and simple relationship between the observed scattering angle and the 

distance between a family of atomic planes within the crystal, which are often 

labelled using the Miller indices, (hkl). Equation 2.8 further reveals that fine 

structural information (small d-spacings) is to be found in reflections at high 

values of 2sin(ϴ)/λ, that is, at high values of r*. In practice, this can be obtained 

by using a high X-ray energy or by measuring data over a large angular range. 

 

  

 

Figure 2.2. Drawing of the two-dimensional Ewald Sphere, which is an illustration of the Laue 
condition. When a reciprocal lattice point coincides with the Ewald Sphere, the crystal is in 

scattering condition.  

 

r*H
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Figure 2.3. Illustration of Bragg’s law of diffraction, where atomic planes are considered semi-
transparent X-ray mirrors rather than rows of atoms. 

2.2.3 The Diffraction Peak Width 

If X-rays are generated by a perfect X-ray source and scattered from a perfect 

crystal, they will appear exactly at the angles fulfilling Bragg’s law and have the 

shape of a Delta function. However, crystals and X-ray sources are never perfect. 

Often deviation from a perfect crystal structure is exactly what accounts for the 

desirable properties found in functional materials, such as large surface to 

volume ratio in nano-sized particles for catalyst purposes,[51] defect 

engineering for lowering thermal conductivity in thermoelectric 

materials,[30,52–54] or structuring of nanoparticles in bulk magnets to improve 

the macroscopic magnetic properties.[55,56] The scattering from these systems 

will cause a broadening of the Bragg peaks, which can be utilized to extract 

information about the structural imperfections. The observed peak broadening 

can generally be described as:[46] 

ℎ(2𝛳) = 𝑔(2𝛳) ∗ 𝑓(2𝛳) (2.9) 

Where h(2ϴ) is the observed peak broadening, often expressed in terms of the 

integral breadth, β, which is defined as the peak width at half the intensity. The 

observed peak broadening is a result of both instrumental broadening effects, 

ϴ

ϴ
d

(hkl)
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g(2ϴ), and sample related microstructural broadening effects, f(2ϴ). The 

instrumental broadening effects are different depending on the experimental 

geometry, but usually includes beam characteristics such as size and energy 

resolution. In practice, the instrumental broadening is accounted for by 

measuring a certified standard sample in which the microstructural broadening 

effects are minimized. Modelling the observed peak broadening will therefore 

be an adequate description of the instrumental broadening, which is then 

considered constant for subsequent experiments. This allows for extraction of 

microstructural contributions to the peak broadening, which can be divided 

into two categories: Microstructural strain and crystallite size. Small crystallites 

(< 100 nm[57]) will leave diffraction peaks broadened due to an improper 

extinction of scattered waves that do not completely fulfill Bragg’s law. 

Microstructural strain often originates from structural defects or compositional 

inhomogeneities,[46] which results in a distribution of d-spacings between 

atomic layers, which in turn will fulfill Bragg’s law at a distribution of angles. 

The two effects can be decoupled by exploiting their different angular 

dependencies. Peak broadening originating from small isotropic crystallite 

sizes is given by the Scherrer equation:[46] 

𝛽 =
𝐾𝜆

𝜏cos (𝛳)
 (2.10) 

Where, τ is the crystallite size and K is the shape constant, which is normally 

close to 1, and takes different values depending on the crystallite shape.[46] In 

the case of anisotropic crystallite shapes, the broadening will not be smoothly 

varying with increasing angle, but will instead depend on the hkl indices of the 

peaks. The samples investigated in this thesis are mostly composed of 

micrometer-sized crystals, which is sufficiently large to leave the diffraction 

peak shapes unaffected. The only exception is a project on PbTe-PbS presented 

in chapter 6, where the Scherrer broadening was adequate for describing the 

peak shape. Microstructural strain also contributes to the peak shape, and the 

broadening is given as: 

𝛽 = 𝑘𝜀 tan (𝜃) (2.11) 
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Where ε is the parameter associated with microstructural strain and k is a 

constant, which depends on the definition strain. Much like the size broadening, 

microstructural strain can also be directionally dependent, which requires 

more sophisticated models to describe.[58]  

2.3 X-ray Sources 

One of the first commercially available X-ray source was the X-ray tube 

developed in the early 1910’s.[43] The X-ray tube relied on thermionic emission 

of electrons from a heated filament, which were subsequently accelerated into 

a water-cooled metal target by a high-voltage electric field. As depicted in 

Figure 2.4, the resulting X-ray spectrum would be composed of two distinct 

features. One is a broad and low intensity spectrum, which is produced by 

electrons that are deaccelerated by the target and is called Bremsstrahlung. The 

maximum energy of the Bremsstrahlung corresponds to the kinetic energy of 

the incoming electrons, which can be adjusted by tweaking the potential of the 

electric field accelerating the electrons. The distinct peaks in the X-ray spectrum 

originate from electronic transitions within the atoms of the metal target. This 

occurs when the incoming electrons collide and eject inner shell electrons from 

the metal atoms, which leaves behind a vacancy. Electrons from higher energy 

levels will quickly relax into the vacant position and emit the energy difference 

as a photon, which is usually in the X-ray regime. These photons are observed 

as high intensity peaks, with energies characteristic for the metal target, 

superimposed on the Bremsstrahlung. The most common metal used in X-ray 

tubes is copper, where the transition from the L-shell to the K-shell gives rise to 

Kα line with a wavelength of approximately 1.54 Å, which is widely used in 

laboratory X-ray sources.[43] In practice, the desired wavelength is isolated 

using a monochromator crystal inserted somewhere between the X-ray source 

and the sample. 

Since X-ray tubes produce X-rays from characteristic electronic transitions, 

they are inherently limited when it comes to tuning the X-ray energy. 

Furthermore, they suffer from a relatively low beam intensity making time 

resolved experiments unfeasible.  
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Figure 2.4. The X-ray spectrum produced by accelerating electrons into a Cu-target. 

These drawbacks paved the way for a better and more sophisticated X-ray 

source, namely the synchrotron. Synchrotrons are large storage rings, where X-

rays are generated by accelerating electrons using strong magnetic fields. 

Before entering the synchrotron, the electrons are accelerated to relativistic 

velocities yielding energies of several gigaelectron-volts:[43] 

𝐸𝑒 =
𝑚𝑐2

√1 − (
𝑣
𝑐)
2
= 𝛾𝑚𝑐2 

(2.12) 

Where Ee is the electron energy, mc2 is the electron rest mass energy and v is the 

velocity of the electron. The reason for introducing γ is to express the electron 

energy in units of its rest mass energy. The high electron energies can be 

contained by having strong magnetic fields and a large ring radius, as shown 

below in practical units: 

𝐸𝑒[𝐺𝑒𝑉] = 3.3𝐵[𝑇]𝜌[𝑚] (2.13) 

Energy

Intensity

Kα

Kβ

Bremsstrahlung
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The synchrotron with the highest electron energy is currently the Japanese 

synchrotron SPring-8 with 8 GeV, which has a circumference of just above 1.4 

km. The largest synchrotron is PETRA-III in Hamburg, Germany, with a 

circumference of approximately 2.3 km and an electron energy of 6 GeV. 

Equation 2.13 assumes the synchrotron to be circular in shape, but even though 

they are often depicted as rings, the shape of a synchrotron is more accurately 

described as a polygon with several straight sections, as depicted in Figure 2.5, 

with bending magnets placed in the corners of the polygon. In the bending 

process, the electrons experience a radial acceleration causing them to emit X-

rays. The critical photon energy of the produced X-rays also depends on the 

magnetic field and the electron energy:[43] 

𝐸𝑐[𝑘𝑒𝑉] = 0.665 𝐸𝑒
2[𝐺𝑒𝑉]𝐵[𝑇] (2.14) 

  

Figure 2.5. Depiction of a synchrotron storage ring, where electrons are accelerated using 
bending magnets and insertion devices such as wigglers and undulators (inset). 

 

Bending magnet

Insertion device
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The critical photon energy is the energy, where exactly half of the produced 

photons are above and below in energy and it is commonly used to describe 

energy spectra. Electrons will produce radiation during its entire path through 

the bending magnet, but from an observer’s perspective, the radiation will be 

most intense tangentially to the arc, as this is where the apparent electron 

acceleration is at its highest due to the Doppler effect. This cone of radiation has 

a tight opening angle of 1/γ. The generated X-rays are linearly polarized in the 

orbit plane and have a wide energy spectrum. The tunability of the X-ray energy 

is beneficial for spectroscopic experiments such as EXAFS, where the X-ray 

energy is scanned. However, the intensity of X-rays generated by a bending 

magnet drops significantly as a function of increasing X-ray energy. Bending 

magnets are thus not optimal for experiments where data up to a large value of 

r* (or Q) is needed together with a high time resolution. For these experiments, 

X-ray radiation produced by an undulator is more suited. Undulators are 

insertion devices and are located in the straight sections of the synchrotron. 

They are composed of a magnetic array with alternating field directions 

pointing up and down. This forces the electrons to oscillate periodically in the 

horizontal plane during its path through the undulator. The magnetic array is 

constructed in such a way that X-rays emitted by succeeding electrons interfere 

constructively, which is a highly effective way of producing intense X-rays as 

the resulting intensity will scale with the sum of all the emitted amplitudes 

squared. This entails that the peak X-ray flux generated by an undulator is 

proportional to the number of periods in the magnetic array squared. The 

energy of the generated X-rays is dictated by the trajectory of the electron 

through the undulator. The amplitude of the oscillations increases with 

increasing magnetic field, which can be realized by either decreasing the 

undulator gap or by increasing the strength of the magnets in the undulator. 

The amplitude of the electron trajectory is described in terms of the maximum 

angular deviation from the primary undulator axis, which is defined as K times 

the opening angle, γ-1, as shown in Figure 2.6. Increasing the amplitude of the 

electron path results in a lowering of the produced X-ray energies, as the time 

between electron deflections, and thus radiation emission events, increases 

with the amplitude of the electron trajectory, resulting in a diminished Doppler 

shift. From this consideration, it is also clear that the highest X-ray energies are 
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produced along the undulator axis. In this case, the X-ray wavelength from the 

undulator is given as: 

𝜆 =
𝜆𝑢
2𝑛𝛾2

(1 +
𝐾2

2
) (2.15) 

Here, n is the harmonic order and λu is the spatial wavelength of the magnetic 

array in the undulator, as shown in Figure 2.6, which is usually on the order of 

centimeters. Equation 2.15 neatly explains why electrons need to be 

accelerated to relativistic velocities to generate X-rays with sub angstrom 

wavelengths, as γ-2 must be on the order of 10-8. If the amplitude of the 

oscillating electrons reaches a certain upper threshold, coherency between the 

radiation emitted by succeeding electrons is lost and the resulting intensity will 

be lowered as the amplitudes sum up separately. In this case, the insertion 

device is called a wiggler. The X-rays sources used in this thesis are 

predominantly X-ray tubes, bending magnets and undulators.    

 

 

Figure 2.6. Undulator characteristics such as the spatial wavelength and the strength 
parameter. 

X-ray sources are characterized and compared by their brilliance, which serves 

as a sector wide figure of merit:[43] 

𝐾1
𝛾

𝐾2
𝛾
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Brilliance =

Photons
second

(mrad)2(mm2source area)(0.1% BW)
 (2.16) 

The brilliance is a measure of the flux, divergence, and source size of the 

synchrotron radiation within a 0.1 % energy bandwidth. The small divergence, 

high intensity and low beam size of the X-rays generated by an undulator results 

in a high brilliance, which is the main reason why 3rd generation synchrotrons 

are such a widely used tool in various fields of science. The type of X-ray source 

with the highest brilliance is the free electron laser. A discussion of these 

facilities is outside the scope of this thesis. 

2.4 Powder X-ray Diffraction 

For the theory presented so far, we have only considered diffraction from a 

single crystal. To obtain a full X-ray diffraction dataset from just a single crystal, 

most X-rays sources require a micrometer sized crystal. Unfortunately, for 

some systems it can be experimentally challenging, if not impossible, to grow 

single crystals of sufficient size and quality. Furthermore, functional materials, 

such as thermoelectric materials, are rarely single crystals. Typically, they are 

composed of a densely compacted ensemble of single crystals. It would thus be 

much more realistic if the ensemble of single crystals could be characterized as 

a whole. This is possible using powder X-ray diffraction (PXRD). In this section, 

the consequences of studying several single crystals at once will be discussed. 

Afterwards, the main PXRD experimental geometries will be introduced, and 
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lastly, extraction of information from a PXRD pattern using the Rietveld method 

will be presented.  

 

Figure 2.7. Illustration of the experimental setup of a typical powder X-ray diffraction 
experiment. The figure is made by Mads Ry Jørgensen and is reprinted with permission. 

2.4.1 Ensemble of Single Crystals 

A perfect powder sample is composed of a myriad of micrometer or sub 

micrometer single crystals oriented completely random. Exposing such as a 

sample to X-rays will result in a situation identical to Figure 2.2 for each single 

crystal. Some crystals will fulfill the Laue condition, and thus be in scattering 

condition, while others will not. If the powder is composed of enough randomly 

oriented crystals, many reciprocal lattice points will intersect the Ewald sphere 

at once, without the need for sample rotation. In practice, however, powder 

samples are often rotated, nonetheless. The countless single crystal diffraction 

spots will appear as a cone of diffracted X-rays originating from the sample as 

shown in Figure 2.7. These are the so-called Debye Scherrer cones. The angle 

between a cone and the incident beam direction is 2ϴ. In a PXRD experiment, 

the scattered X-rays are often collected using a 2D detector, which is placed 

perpendicular to the direction of the incident beam. On the detector, the Debye-

Scherrer cones will appear as diffraction rings. If the number of crystallites in 
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the sample is large enough and the orientation of the crystallites is truly 

random, the intensity of each diffraction ring will be evenly distributed along 

the ring, which is also called the azimuthal angle. On the other hand, if not 

enough crystallites are present in the sample, the intensity will be unevenly 

distributed azimuthally. This is less of a problem if the intensity of the entire 

ring is collected, as is the case for 2D detectors, but it can cause major problems 

in the case of 1D detectors, where only a limited section of the diffraction ring 

is measured, which might not be representative for the entire ring. If the 

crystallites are anisotropically shaped, such as platelets or needle-like, the 

crystallite will tend to pack with a certain orientation, referred to as a preferred 

crystallite orientation. This effect will lead to disturbed relative intensities 

between reflections, which can be difficult to decouple from other structure 

related effects and must be reduced by synthesis procedures. This is 

particularly important if the sample cannot be rotated during experiment, 

which is the case for the projects presented in Chapter 4 and 5. Ways of 

minimizing this issue will be presented in Chapter 5. 

2.4.2 PXRD Experimental Geometries 

Some of the most frequently used experimental geometries for PXRD are Bragg 

Brentano and Debye Scherrer, and they are also the two main PXRD geometries 

employed in this thesis. Bragg Brentano is a parafocusing geometry, where a 

divergent incident beam is shined onto a flat plate sample holder. The sample 

diffracts the X-rays, and effectively refocuses the beam onto the detector placed 

exactly at the focal point, which facilitates data with a high angular resolution. 

To record an entire dataset, all angles must be scanned, and a full dataset 

collection takes several minutes, which is unfeasible for time resolved 

experiments in most cases. The Bragg Brentano geometry is mostly used in in-

house diffractometers, and its popularity partly stems from the minimized 

effect of sample absorption, which is particularly important when using long 

wavelength X-rays such as Cu Kα radiation. For harder X-rays, such as those 

generated by a synchrotron, the Debye Scherrer geometry, also called 

transmission geometry, is more suitable. Here, the sample is usually contained 

in a capillary, which is bathed by the incoming X-ray beam, and the scattered 

signal is collected by a detector placed on the opposite side of the sample 

(Figure 2.7). This enables an entire dataset to be collected with sub second time 
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resolution, which is excellent for studying structural transformations as they 

happen, i.e. in-situ or operando. The issue of sample absorption is much more 

complicated in the transmission geometry and will be discussed further in the 

next section.  

2.4.3 Data Reduction 

One of the main goals of a diffraction experiment is to extract reliable structure 

factors from the measured intensities. As shown in equation 2.7, this can only 

be done by applying a range of data corrections, and in this section, a brief 

description of these corrections will be given. Nowadays, most of the 

corrections are carried out automatically by various integration and refinement 

software, which increases the availability of detailed intensity interpretation to 

a broader user base. For this reason, it is particularly important to rehearse the 

origin of the different corrections, to avoid accidentally applying them falsely. 

The PXRD experiments, where the goal was to obtain correct structure factors, 

have all been performed in Debye-Scherrer geometry, and the corrections 

discussed in this section will therefore be limited to only that geometry. As was 

introduced in section 2.2.2, a crystal is in diffraction condition when a reciprocal 

lattice point coincides with the surface of the Ewald sphere. As reciprocal lattice 

points have a certain volume, they can be in contact with the Ewald sphere for 

a varying amount of time depending on the rotation of the crystal. The intensity 

of the reflection will increase with the time the crystal is in diffraction condition. 

The Lorentz factor is a correction for this effect and is given as:[41] 

𝐿 =
1

sin (2𝜃)
 (2.17) 

This form of the Lorentz factor assumes the sample rotation axis to be 

perpendicular to the beam direction, which is often true for Debye-Scherrer 

geometry. 

The intensity of X-rays scattered by electrons is influenced by the polarization 

of the incoming beam, which for most X-ray radiation produced by synchrotron 

rings is linearly polarized in the orbit plane. This results in a high intensity in 

the scattering plane, that is, the vertical plane, and zero intensity perpendicular 
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to the scattering plane.[43] The polarization correction takes several forms 

depending on the polarization of the beam. If the original, the monochromatized 

and the scattered beam is in the same plane, the polarization correction has the 

following form:[41] 

𝑃 =
cos2(2𝜃) cos2(2𝜃M) + 1

1 + cos2(2𝜃M)
 (2.18) 

Where θM is the monochromator reflection angle. 

Absorption of X-rays by the sample reduces the intensity of the beam. As known 

from the Lambert-Beer law, the absorption is dependent on the total path of the 

X-rays through the medium, and the total path of the X-rays will be different for 

reflections with different scattering angles. The intensity will be reduced by the 

following factor:[43] 

𝐼

𝐼0
= exp (−𝜇𝑥) (2.19) 

Where μ is the linear absorption coefficient and x is the total path length 

through the medium. The linear absorption coefficient depends on the mass 

density, ρm, the molar mass, M, and the absorption cross-section, σa: 

𝜇 =
𝜎a𝜌m𝑁A
𝑀

 (2.20) 

When the X-ray energy is equal to or slightly higher than an electron binding 

energy within the target atoms, the absorption cross-section increases 

drastically due to the photoelectric effect. Continuing to increase the X-ray 

energy will cause the absorption cross-section to fall off with an approximate E-

3 dependency. In general, the absorption cross-section increases with the 

atomic number as approximately Z4, which is important to consider when 

performing X-ray diffraction experiments in transmission geometry.[43] For 

some of the studies in this thesis, thick and densely compacted samples 

containing heavy atoms are investigated in transmission geometry. As such, to 

minimize severe absorption, high energy X-rays must be used. The transmission 
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factor is obtained by integrating equation 2.19 over the volume of the 

sample:[43] 

𝑇 =
1

𝑉
∫exp (−𝜇𝑥)d𝑣
 

𝑣

 (2.21) 

The last correction in the data reduction takes care of the extinction effect. This 

effect describes the phenomenon of multiple scattering and is mostly 

pronounced in single crystal X-ray diffraction experiments, where the crystal 

size is large, or in electron diffraction, where the interaction between the beam 

and the sample is much stronger than for X-rays. In the case of multiple 

scattering, the assumption of kinematical scattering no longer holds, and the 

theory of dynamical scattering must be consulted. This is beyond the scope of 

this thesis and will not be touched upon any further. Fortunately, in a PXRD 

experiment, the individual crystals composing the sample are often very tiny, 

so multiple scattering occurs only to very little extent. For this reason, it is often 

neglected in the data reduction, which is also the case for the studies in this 

thesis. 

2.4.4 The Rietveld Method[49] 

In the early days of PXRD, crystalline phase identification was the only viable 

application of the technique, but with the improvement of computer power in 

the early ’60s, computational full-pattern analysis of diffraction data became 

viable and the method developed by Hugo Rietveld in the mid-to-late ’60s 

became the most popular of its kind.[59] This has enabled fine structural details 

to be extracted from PXRD patterns. The Rietveld method applies least-square 

refinements to obtain the best correspondence between calculated and 

observed data points. This is done by minimizing the weighted residual, χ2:[45,60] 

𝜒2 =∑𝑤𝑖 (𝑦𝑖 − 𝑦𝑖,calc)
2

𝑛

𝑖=1

 (2.22) 

Here, yi is the observed height of the ith data point and wi = 1/σi2, where σi2 is the 

variance of the ith data point. To perform a Rietveld refinement, two main inputs 

are required: Diffraction data and an initial structural model. By allowing the 
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right set of structural and experimental parameters to be refined in the right 

order, and iteratively reducing the residual between the calculated and the 

observed data, one obtains a model from which the structure factor can be 

approximated for a given phase. The height of the ith data point is calculated as 

follows:[60] 

𝑦
𝑖,calc

= 𝑠∑𝐿ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|
2𝜑(2𝜃𝑖 − 2𝜃ℎ𝑘𝑙)𝑃ℎ𝑘𝑙𝐴+ 𝑦b,𝑖

ℎ𝑘𝑙

 (2.23) 

Where s is the scale-factor, which is an angular independent scaling of intensity, 

Lhkl contains the corrections mentioned in section 2.4.3, φ is the peak shape 

function, Phkl is preferred orientation, A is absorption and yb,i is the background 

intensity of the ith data point.[60] The employed peak shape function is the 

Thompson-Cox-Hastings (TCH) Pseudo Voigt function,[61] which is a linear 

combination of Lorentzian and Gaussian functions. Compared to the original 

Voigt function, which is a convolution of a Lorentzian and Gaussian function, the 

linear combinations of the pseudo Voigt are less computationally demanding, 

and pseudo Voigt functions are therefore much more applied. In the TCH 

formulation, the peak shape is calculated as:[45] 

Г = (Г𝐺
5 + 2.69269Г𝐺

4Г𝐿 + 2.42843Г𝐺
3Г𝐿

2 + 4.47163Г𝐺
2Г𝐿

3

+ 0.07842Г𝐺Г𝐿
4 + Г𝐿

5)1/5  
(2.24) 

Here, Γ is the full width at half maximum (FWHM) of the diffraction peak. The 

Gaussian and Lorentzian functions in TCH can be related to physical effects such 

as particle size, microscopic strain, and instrumental broadening (as discussed 

in section 2.2.3), which is why it is used more often than a regular pseudo Voigt. 

The Gaussian and Lorentzian FWHM parameters in TCH are given as: 

Г𝐺 = (𝑈 tan
2 𝜃 + 𝑉 tan𝜃 +𝑊 +

𝑍

cos2 𝜃
)
1/2

 (2.25) 

Г𝐿 = 𝑋 tanθ + Y/ cos 𝜃 (2.26) 

Where the Lorentzian parameter X and Gaussian parameter U contain 

information about the microstructural strain, while Lorentzian Y and Gaussian 
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Z contain information about the crystallite size due to their angular 

dependencies, as described in section 2.2.3.   

The quality of a Rietveld refinement can be assessed based on a variety of R-

values. A list of these can be found in the excellent book by R. A. Young 

(1993),[45] but most meaningful of them all is probably the R-weighted pattern, 

Rwp, since the numerator of this is the quantity being minimized in the least-

square process:[62] 

𝑅wp =
∑ 𝑤𝑖 (𝑦𝑖 − 𝑦𝑖,calc)

2
𝑛
𝑖=1

∑ 𝑤𝑖(𝑦𝑖)
2𝑛

𝑖=1

 (2.27) 

For the refinements included in this thesis, a healthy combination of Rwp and 

chemical intuition has been used as the evaluator for the quality and soundness 

of the fits. Furthermore, the refinement must be able to converge without 

severely correlated parameters. As a rule of thumb, correlations higher than 80 

% should be avoided.[63] 

2.5 Total Scattering 

The X-ray scattering theory discussed so far applies for crystalline materials, 

where the long-range order of atoms gives rise to intense Bragg peaks. 

Deviations from a perfect crystal lattice will remove intensity from the Bragg 

peaks and redistribute it over a wider angular range. This is called diffuse 

scattering and contains information about the disorder of the structure. In the 

fully disordered case the structure becomes amorphous, and the long range 

order is completely absent. Even though such a material will not produce any 

Bragg peaks, it will still produce diffuse scattering, which contains information 

about the local ordering of atoms, and in the case of SiO2-glass, it can be utilized 

to identify the local tetrahedral coordination formed by silicon and oxygen. 

When a thermoelectric material decomposes, or when new crystalline phases 

appear during thermal treatment, studying only the crystalline phases might be 

insufficient to derive balanced reaction equations, and information about the 

entirety of the sample is therefore desired. Total Scattering has its name from 
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the fact that all the coherent scattering from the sample is included in the 

analysis, regardless of the sample crystallinity. The analysis of this data is often 

carried out in direct space by Fourier Transforming the measured intensity, and 

it constitutes a great supplement to the reciprocal space analysis. 

To obtain a TS dataset of sufficient quality, two main requirements must be met. 

First, the collected dataset must extend far out in reciprocal space. This is 

evident from Bragg’s law in equation 2.8, where fine structural details, i.e. 

information about small d-spacings and consequently high direct-space 

resolution, are obtained at high values of sin(ϴ)/λ. In the TS community, the 

momentum transfer vector, Q=4πsin(θ)/λ=2πr*, is used more often than the 

reciprocal lattice vector and scattering angle. To measure data at high values of 

Q, a combination of a large angular coverage and a high-energy X-ray beam is 

necessary. Extending the Q-range further than the diffraction signal, however, 

has no meaning since acquiring noise does not give additional information. As 

discussed previously, the angular reach of the diffracted signal depends heavily 

on the Debye-Waller factor, so as a rule of thumb, Qmax should be chosen to 

correspond approximately to 3/⟪U2⟫1/2.[44] In practice, high angular coverage 

is obtained by ensuring a short sample-detector distance. From Bragg’s law and 

the definition of Q, it follows that the smallest resolvable distance is given as 

dmin = 2π/Qmax. 

The second requirement for obtaining a satisfactory TS dataset is to isolate the 

coherent scattering originating from the sample. This is challenging as the 

measured intensity is contributed by several components:[44] 

𝐼measured = 𝐼coh + 𝐼incoh + 𝐼bg + 𝐼MS (2.28) 

The incoherent intensity, Iincoh, covers Compton scattering from the sample, 

which is also inelastic. IMS covers multiple scattering occurring within the 

sample or between the sample and the equipment in the experimental hutch. Ibg 

is the background intensity and originates from X-rays scattered by the sample 

holder, air, beam slits, optics, etc. This classification of the background intensity 

is distinctly different from that of conventional X-ray diffraction, which 

essentially covers everything between Bragg peaks. In practice, the background 
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intensity is removed from a TS dataset by performing a measurement on an 

empty sample holder and subsequently subtracting the scattering data. 

Unfortunately, removing the incoherent and multiple scattering terms is very 

difficult and is usually neglected in TS experiments. This is also the case for the 

experiments presented in this thesis, and in the following section, we will 

assume that we have efficiently isolated the coherently scattered intensity from 

the sample. 

Having isolated the coherent intensity, the starting point of the data processing 

is to normalize the coherent intensity with respect to the average scattering 

factor squared of the atoms composing the material and to subtract the Laue 

monotonic scattering. We then obtain the total scattering structure function, 

S(Q): 

𝑆(𝑄) =
𝐼𝑐𝑜ℎ
𝑁〈𝑓〉2 

−
〈(𝑓 − 〈𝑓〉)2〉

〈𝑓〉2
 

𝑆(𝑄) − 1 =
𝐼𝑐𝑜ℎ
𝑁〈𝑓〉2 

−
〈𝑓2〉

〈𝑓〉2
=

𝐼𝑑
𝑁〈𝑓〉2

 

(2.29) 

By subtracting the Laue monotonic scattering, which is also called the self-

scattering, one obtains the discrete scattering, Id. Subtracting 1 from the 

structure function ensures that the function converges towards zero at high 

values of Q. The structure function is multiplied by Q to obtain the reduced 

structure function, F(Q) = (S(Q)-1)Q. Fourier transforming the reciprocal space 

reduced structure function finally yields the direct-space reduced Pair 

Distribution Function (PDF), G(r): 

𝐺(𝑟) =
2

𝜋
∫ 𝐹(𝑄) sin(𝑄𝑟)𝑑𝑄
𝑄max

𝑄min

 (2.30) 

Where Qmin and Qmax are limited by experimental constraints such as the X-ray 

wavelength, the sample-to-beamstop and sample-to-detector distance, etc. As 

the name implies, the PDF is a probability function that displays the distribution 

of pairs. If the function peaks at a certain distance, r, there will be an above 

average probability of finding two scatters spaced by that distance in the 



38      Total Scattering   2.5 

 
 

sample, regardless of the crystallinity. The number of scatters being spaced by 

the distance determines the peak intensity. Extracting quantitative information 

from the PDF is possible through a so-called Real-space Rietveld refinement. 

For more information on TS and the PDF, the reader is referred to the book by 

Billinge and Egami.[44] 

 

Figure 2.8. a) A periodic structure with b) its corresponding radial pair distribution function 
shown for both the two- and three-dimensional structure. Courtesy of Anders Bank Blichfeld.

a) b)
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C H A P T E R 3 

Thermal Stability of n-type Te-

doped Mg3Sb1.5Bi0.5 

The following chapter presents the first major study of my Ph.D. project, which 

is about investigating the thermal stability of the promising thermoelectric 

system, Mg3Sb1.5Bi0.5. The study was conducted during the first half of my Ph.D. 

with close collaboration with Jiawei Zhang and Christian Moeslund Zeuthen, 

and the obtained results have been published in Journal of Materials Chemistry 

A. Most sections and figures in this chapter will be identical to what is in the 

published article, of which I am the main author, and they are reprinted with 

permission from the publisher.[64] The last part of the chapter concerning the 

stability of bulk samples is currently unpublished. My contribution to the work 

in this chapter includes collection, refinement, and interpretation of the 

diffraction data along with the interpretation of the STEM-EDS data. Jiawei 

Zhang contributed with synthesizing the samples, measurements of the 

physical property data presented in Figure 3.2, along with collection of the 

diffraction data shown in Figure 3.8 and Figure 3.9. Christian Moeslund Zeuthen 

contributed significantly to the interpretation of the results and generally with 

helpful discussions and suggestions during the entire study. 
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3.1 Introduction 

At the beginning of 2017, two papers were published almost simultaneously 

reporting excellent thermoelectric properties for n-type Mg3Sb1.5-0.5xBi0.5-0.5xTex. 

Due to the low content of tellurium in this compound compared to the 

alternative state-of-the-art materials, such as PbTe and Bi2Te3, the compound 

quickly rose to attract huge interest in the thermoelectric community. 

Intrinsically, Mg3Sb2 is a p-type semiconductor due to the formation of 

negatively charged vacancies in the cationic layer pinning the Fermi level to the 

valence band,[65] but as shown originally in a master thesis by Pedersen[66] and 

later by Tamaki et al.[65] and Zhang et al.,[67] n-type properties can be realized 

by doping Te on the Sb-site with or without using excess Mg during the 

synthesis. The excess Mg is typically necessary for obtaining n-type conduction 

in Mg3Sb2-xBix due to the high reactivity, easy oxidation, and high vapor pressure 

of elemental Mg leading to Mg loss during the synthesis. The zT values reported 

for this system range from 0.56 to 1.65 between 300-725 K for nominal 

composition Mg3Sb1.475Bi0.475Te0.05[67] and approximately 0.2 to 1.5 between 

330-716 K for Mg3.2Sb1.5Bi0.49Te0.01.[65] The crystal structure of the compound is 

that of α-Mg3Sb2, which is a CaAl2Si2-type structure and is popularly perceived 

as a layered Zintl phase consisting of alternating cationic and anionic layers 

along the crystallographic c-direction consisting of Mg2+ and [Mg2Sb2]2-, 

respectively.[68] The structure can be seen in Figure 3.1, where it is expected 

that Bi and Te will reside on the Sb1 position. The Zintl description implies an 

ionic interaction between the cationic Mg1 layer and the anionic network of 

Mg2 and Sb1, and covalent bonding within the anionic network. However, this 

has been shown through quantitative chemical bonding analysis to be an 

inaccurate description of the structure, as the interlayer and intralayer 

interactions were found to be quite similar and mostly ionic.[69] The isotropy is 

further manifested in the thermal expansion of the structure and the thermal 

conductivity, which is almost identical along the crystallographic a and c 

directions.[69] In Figure 3.1, bonds between Mg1 and Sb1 have been drawn to 

illustrate that the structure is in fact a 3D network more than layered. 
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Figure 3.1. Atomic structure of the CaAl2Si2-type compound Mg3Sb2. The figure is created using 
the VESTA visualization software.[70] 

Despite the excellent thermoelectric properties of the Mg3Sb1.5Bi0.5 derivatives, 

a clear hysteresis behavior in the electronic property measurements was 

observed in both the study by Zhang et al. and Tamaki et al. Furthermore, the 

electronic property data collected by Zhang et al. during the first heating were 

significantly different from the subsequent heating cycles, although it was not 

included in the article. When doing thermoelectric property measurements, it 

is quite common to discard data measured during the first heating cycle, as the 

sample often contains residual microstructural strain from the synthesis, which 

will be released during heating and thus disturb the measured properties. The 

electronic property data published by Zhang et al. is shown in Figure 3.2, 

including the very first thermal cycle. The combination of the observed 

hysteresis behavior and the significantly different first heating cycle inspired us 

to conduct a complete analysis of the thermal stability of Mg3Sb1.475Bi0.475Te0.05, 

which was largely unexplored at the time. In this study, we investigate powder 

and pellet samples with nominal composition Mg3Sb1.475Bi0.475Te0.05 prepared 

by a colleague Jiawei Zhang, who is the author of the Zhang et al. paper.[67] The 

thermal stability of the powder samples is evaluated during ten consecutive 



42         Experimental Details   3.2 

 
 

thermal cycles between room temperature and 725 K, and characterized using 

separate measurements of powder X-ray diffraction (PXRD) and total scattering 

(TS). To corroborate the diffraction data, ex-situ scanning transmission electron 

microscopy (STEM) and energy dispersive X-ray (EDS) measurements of 

thermally treated powders were also performed. The second part of this 

chapter contains a comparable stability tests performed on a densified bulk 

sample, where a significant increase in stability is observed compared to the 

powder samples, which highlights the influence of sample form on the observed 

stability.  

  

Figure 3.2. a) electrical resistivity and b) Seebeck coefficient of Mg3Sb1.475Bi0.475Te0.05 as a 
function of temperature for three consecutive cycles. Data from the two last heating cycles are 

published by Zhang et al. and reused with permission.[67] 

3.2 Experimental Details 

Antimony pieces (99.9999 %, Chempur), bismuth pieces (99.999%, Chempur) 

and tellurium pieces (99.999 %, Sigma Aldrich) were ground into powders in 

an agate mortar and weighed in a stoichiometric ratio corresponding to a 

nominal composition of Mg3Sb1.475Bi0.475Te0.05. The powders were thoroughly 

mixed in a ball mill mixer (SpectroMill, Chemplex Industries, Inc.) for 15 

minutes. The resulting powder was cold-pressed and homogenized by arc-

melting (Edmund Bühler GmbH MAM-1) in a glovebox of argon atmosphere. 

The obtained ingot was ground to particle sizes < 63 μm, mixed with 
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magnesium powder (99.8 %, ≤ 44 μm, Alfa Aesar) and once again mixed by a 

ball-milling mixer for an additional 15 minutes. The resulting powder was then 

loaded into a high-density graphite die with a half-inch diameter protected by 

graphite paper. Lastly, Spark Plasma Sintering (SPS Syntex Inc., Japan) was 

employed to react the elements and simultaneously densify the sample. The 

sintering was done in a vacuum atmosphere at a pressure of 75 MPa. The 

temperature was ramped up to 823 K in 11 minutes, kept isothermal for 2 

minutes and subsequently heated to 1123 K, where the temperature was kept 

for an additional 4 minutes. For PXRD experiments, the synthesized pellets 

were ground to powder, which was floated in ethanol to isolate only the 

smallest particles.  

Variable temperature PXRD patterns were collected at the SPring-8 

synchrotron facility in Japan using beamline BL44B2. Data were measured in 

transmission geometry using an image plate detector, and the exact wavelength 

was refined to λ = 0.500597(2) Å using a CeO2 NIST-standard (674b), in which 

the unit cell parameters are known to a high precision. The sample was packed 

in ambient atmosphere in a quartz capillary of 0.2 mm outer diameter in order 

to avoid significant absorption of the X-rays from heavy elements such as Sb, Bi 

and Te. The temperature interval was chosen to be 300–725 K, which is 

consistent with physical property measurements in previous publications and 

in Figure 3.2.[67] The sample was thermally cycled ten times in this temperature 

interval, where the first heating ramp and the last cooling ramp consisted of 

data acquisition in intervals of 100 K (although datasets were also collected at 

725 K). Data acquisition was only done at 350 K and 725 K for the thermal cycles 

in between. A heating rate of 50 K/min was employed and an isothermal 

equilibration time of 120 seconds at each acquisition temperature prior to data 

collection was inserted.  Variable temperature X-ray TS experiments were 

conducted at NSLS-II at Brookhaven National Laboratory at beamline 28-ID-2. 

In order to cover a sufficiently large Q-range, X-rays with an energy of 67.5 keV 

were used along with a rather short sample-to-detector distance of 

approximately 200 mm realizing a maximum Q-value of approximately 30 Å-1. 

The exact sample-to-detector distance was calibrated from a CeO2 standard 

sample with known unit cell parameters using the Dioptas software.[71] The 



44         Experimental Details   3.2 

 
 

temperature regime used for these experiments was equal to that employed at 

SPring-8 in order to achieve the highest possible comparability between the 

data from the two experiments. 

Neutron time-of-flight (TOF) diffraction experiments were conducted at the 

ISIS Neutron and Muon Source near Oxford in the UK, at beamline Polaris. The 

investigated sample was a densified pellet of Mg3Sb1.475Bi0.475Te0.05, which was 

packed in a vanadium can with an outer diameter of 11 mm. Data was acquired 

at temperatures between 350 and 725 K in intervals of 100 K for two cycles. At 

each set temperature, an equilibration period of 10 min was inserted to reduce 

thermal fluctuations during the measurement. The exposure time was 40 min 

at each temperature. Only the backscattering bank (bank 5) was used for the 

figures presented in this chapter.  

In-house PXRD was performed on a Rigaku Smartlab diffractometer using a 

parallel beam optic and a Co-Kα source (λ1 = 1.78892 Å and λ2 = 1.79278 Å). The 

sample was heated in an Anton Paar DHS 1100 domed hot stage in the 

temperature interval of 300-725 K, similar to the synchrotron and neutron 

experiments. A heating/cooling rate of 2 K min−1 was used. The sample was kept 

under dynamic vacuum during the experiments. Visualization of the individual 

particles and simultaneous elemental mapping was performed using STEM-EDS 

on an FEI Talos F200x with a 200 keV FEG source. 

Rietveld refinement of the diffraction data was conducted with the JANA2006 

software.[72] The starting model was taken from the ICSD database with the 

Mg3Sb2 structure (ICSD #2142) without including bismuth and tellurium in the 

structure.[68] The background was described using a Chebychev polynomial 

function, with four coefficients refined, splining manually selected background 

points. The peak shape was described using the Thompson-Cox-Hasting 

Pseudo-Voigt function, introduced in section 2.4.4, in which the Gaussian W 

parameter was refined while keeping the remaining parameters fixed to the 

values obtained from the refinement of the CeO2 data. The phenomenological 

model of anisotropic peak broadening proposed by Stephens was employed to 

describe the presence of anisotropic strain.[58] The occupancies of all the atomic 

sites in the unit cell were kept fixed at full occupancy while the isotropic U-
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values were refined. All refinements were stable and converging, and the 

correlation matrix was consulted to ensure the absence of heavily correlated 

parameters. A bismuth structure (ICSD# 64703) was later integrated into the 

model.[73] For this phase, the peak shape was adequately described using the 

Gaussian W and the Lorentzian X parameter. Both the site occupancy factors 

and isotropic U-values were kept fixed for this phase. 

3.3 Results 

The following result section is divided into two. The first part focuses on the 

thermal stability of powder samples, and the second part presents comparable 

stability tests performed on densified bulk samples. Lastly, the differences in 

stability between the two sample forms will be discussed. 

3.3.1 Thermal Stability of Powder Samples 

The PXRD patterns collected during the first heating from 300 K to 725 K are 

shown in Figure 3.3a. The sample clearly has Mg3Sb1.475Bi0.475Te0.05 as the main 

phase with only a small fraction of MgO. The MgO phase presumably stems from 

surface oxidation of the fine Mg powder used in the synthesis, but the exact 

amount has not been quantified. The increased background signal at 

approximately 4° < 2θ < 10° originates from the amorphous quartz capillary 

used as sample holder. Throughout the heating regime, the main phase is 

preserved, but small fractions of elemental antimony appear at high 

temperatures. No oxidation is observed despite the sample being exposed to air 

during the measurements. The dataset collected at room temperature after the 

first heating is compared to that collected before heating in Figure 3.5. Clearly, 

additional intense peaks have emerged, with the most intense peaks located 

between 8° and 9° and just above 12°. These peaks match perfectly with an 

elemental bismuth phase with space group Rm3H, which constitutes 

approximately 10.86(8) wt% of the crystalline sample after the first heating 

ramp (Figure 3.3c). The evolution in the bismuth content as a function of 

thermal cycling was investigated through Rietveld refinements of the room 

temperature data collected between the ten thermal cycles and the results are 

shown in Figure 3.3c, and the Rietveld refinement models can be seen in 
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Appendix I. The largest increase in bismuth content is observed after the first 

heating cycle, whereas only a slight increase from approximately 11 wt% to 15 

wt% occurs during the subsequent cycles. From datasets collected during 

cooling from the last thermal cycle, the bismuth peaks are observed to evolve 

in the temperature interval of 500 – 600 K corresponding well with the melting 

point of bismuth at approximately 544 K (Figure 3.3b).  

 

Figure 3.3  Raw synchrotron powder X-ray diffraction data from SPring-8 during a) heating 
from 300 K to 725 K and b) cooling from 725 K to 350 K, along with c) the refined weight 

fraction of elemental bismuth and d) the unit cell parameters of the Mg3Sb2-phase throughout 
the ten thermal cycles. The figure is reprinted with permission from the Royal Society of 

Chemistry.[64]  

In assessing the long-term thermal stability of the Mg3Sb1.475Bi0.475Te0.05 phase, 

the origin of the crystalline bismuth phase must be understood. One would 
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expect it to have either 1) been crystallized from an initially present amorphous 

state or 2) been expelled directly from the main phase. To address this question, 

the technique of TS is useful since it can also detect local atomic ordering in non-

crystalline components, as explained in section 2.5. In Figure 3.4a, the PDF 

before heating is compared to that after heating, where crystalline bismuth is 

known to be present. Since amorphous bismuth is expected to have local atomic 

ordering resembling that of crystalline bismuth, crystallization from an 

amorphous bismuth state should not change the low-r region significantly in 

the two first room-temperature PDFs. In Figure 3.4b, the shortest distances in 

the bismuth crystal structure are noted d1 and d2, and constitute the distances, 

which are expected to be the most abundant in a possible amorphous bismuth 

phase. From Figure 3.4a, it is seen that the first room-temperature PDF does not 

contain these characteristic features of bismuth-bismuth correlations, 

indicating that an initial amorphous bismuth phase is not present. In 

comparison, the second room temperature PDF does indeed show signs of 

crystalline bismuth, seen by the emergence of the d2 peak and slight shift of the 

peak at 3 Å. 

 

Figure 3.4. a) PDF measured at room temperature during the first and second thermal cycle 
together with simulated data for Mg3Sb2 and Bi. b) The unit cell of bismuth with relevant 

bonds highlighted generated using VESTA software.[70] The figure is reprinted with permission 
from the Royal Society of Chemistry.[64] 
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Comparing the peak profiles in Figure 3.5, a visible sharpening of the Bragg 

peaks is apparent in the dataset collected after thermal treatment suggesting a 

reduction of microscopic strain in the structure. This reduction of microscopic 

strain could be linked with the release of bismuth from the structure. Rietveld 

refinements of the PXRD data collected at room temperature during the thermal 

cycles are used to track changes in unit cell parameters, Figure 3.3d. A 

significant decrease in both the a- and c-axis is seen between the first and 

second room temperature measurement. This decrease correlates with the 

increase in the crystalline bismuth content and further supports that bismuth 

is indeed released from the main phase. 

 

Figure 3.5. Comparison of the raw synchrotron powder X-ray diffraction data measured at 
room temperature before and after the first thermal cycle. The figure is reprinted with 

permission from the Royal Society of Chemistry.[64] 

In order to investigate the annealing temperature required to crystallize 

bismuth, heating experiments on powder samples were conducted in argon 

atmosphere at 450 K and 550 K for 30 minutes and at 725 K for one hour. These 

samples were characterized by in-house PXRD measurements both before and 

after the annealing, Figure 3.6. A slight increase in the background is observed 
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just below 27.5° already at 450 K. At 550 K a peak is starting to appear, and at 

725 K it has turned into a well-defined intense peak. This peak constitutes the 

(012) reflection of the bismuth phase, and the bismuth content is gradually 

increasing depending on the annealing temperature. Additionally, examining 

the strain evolution as a function of annealing temperature, there is little to no 

differences between the room temperature, 450 K and 550 K strain, while there 

is significant relaxation in the 725 K sample seen qualitatively as a sharpening 

of the diffraction peaks and an increase in the maximum intensity. This 

supports the hypothesis that the strain in the sample arises from the bismuth 

in the crystal structure and not from other effects, as these are expected to 

anneal out gradually. 

 

Figure 3.6. Comparison of ex-situ raw PXRD data measured on samples with varying annealing 
temperature. The figure is reprinted with permission from the Royal Society of Chemistry.[64] 

If bismuth is indeed initially located in the crystal structure of the main phase 

(Mg3Sb1.475Bi0.475Te0.05), a homogeneous distribution of antimony and bismuth 

throughout grains is expected. Using STEM-EDS, elemental maps of the 

annealed samples have been obtained, as seen in Figure 3.7. Only bismuth and 

antimony are included due to the formation of MgO on the surface of the 
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particles. Homogeneous distribution of antimony and bismuth is seen in 

particles before annealing and after annealing at 450 K. This is consistent with 

the observations from the PXRD measurements, where no crystalline bismuth 

is present. For the sample annealed at 725 K, however, well-defined Bi clusters 

are formed. 

 

Figure 3.7. Ex-situ STEM-EDS of particles annealed at different temperatures. The figure is 
reprinted with permission from the Royal Society of Chemistry.[64] 

3.3.2 Thermal Stability of Bulk Samples 

A densified pellet of nominal composition Mg3Sb1.475Bi0.475Te0.05 was exposed to 

two heating cycles between 300–725 K and characterized using in-house PXRD. 

The diffraction data is shown in Figure 3.8a. From the similar experiment 

performed on powder samples (Figure 3.3a-c), it is expected that a secondary 

bismuth phase would appear when cooling the sample after the first heating 

cycle. Interestingly, no sign of a secondary bismuth phase is observed in the 

bulk sample even after two thermal cycles. The diffraction data was collected 

using a parallel-beam reflection geometry, and as the compound contains heavy 

elements such as bismuth and antimony, the penetration depth of the X-rays 

into the sample is very limited, and it is therefore mostly the sample surface, 

which contributes to the observed scattering. The lack of a secondary bismuth 

phase could therefore be explained by a formation bismuth in the grain 

boundaries of the material rather than the surface. To investigate the interior 

of the sample, neutron TOF diffraction data was measured during two thermal 

cycles and the data can be seen in Figure 3.8b. Neutrons interact weakly with 

solid matter compared to X-rays, and thick samples can therefore be measured 

in transmission geometry without severe absorption issues. The weak 
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interaction, however, comes with the downside of lower signal-to-noise ratio in 

the data compared to X-rays, despite having a longer exposure time. During the 

two thermal cycles, the diffraction peaks from the Mg3Sb2-phase seem to 

increase in intensity and sharpness, which is particularly evident for the peaks 

at about 1.7 Å-1 and just below 1.5 Å-1. This is presumably due to the thermal 

release of the microstructural strain of the sample, as discussed earlier. This is 

further supported by the stagnation of the evolution during the cooling section 

and subsequent continuation during the second heating. Just below 2.2 Å-1 a 

new peak seems to appear, which can be indexed to the vanadium sample 

holder. Despite the noisy data quality, no clear diffraction peaks from elemental 

bismuth are detected during the experiment. 

One of the obvious differences between finely ground powders and a densely 

compacted pellet is the surface-to-volume ratio, which is much higher for fine 

powder samples than for pellets. If the formation of bismuth clusters occurs on 

the surface of the sample, several mechanisms could be imagined. 1) bismuth 

migrates to the sample surface, either through the crystal structure or through 

the grain boundaries of the material, where it agglomerates into the bismuth 

clusters observed in Figure 3.7. 2) Mg evaporates from the surface of the sample 

causing the main structure to be Mg-deficient, and to rebalance the 

stoichiometry of the phase, either Bi or Sb is expelled locally. In a powder 

sample, the crystallites are small leaving plenty of surface area for any of the 

two suggested mechanisms to occur rather quickly, whereas for bulk samples, 

it might take significantly longer. If so, long-term annealing experiments should 

eventually reveal bismuth forming on the surface of the pellet samples. In 

Figure 3.9, X-ray diffraction data is presented for a pellet, which has been stored 

at room temperature for approximately a year. Surprisingly, the long-term 

storage at ambient conditions has caused the elemental bismuth phase to 

appear on the surface of the sample. After polishing the pellet, the bismuth 

phase disappears completely. 
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Figure 3.8. Pellet of Mg3Sb1.475Bi0.475Te0.05 investigated during two thermal cycles using a) 
powder X-ray diffraction, where the applied temperature interval is between 725 K and 350 K, 

and b) time-of-flight neutron diffraction. 

 

Figure 3.9. Powder X-ray diffraction data collected on a pellet immediately after synthesis, 
after one year storage at ambient conditions and after being polished. 

3.4 Discussion and Outlook 

Due to the observed correlation between the increasing crystalline bismuth 

content and the decreasing unit cell parameter of the Mg3Sb1.475Bi0.475Te0.05 
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phase in Figure 3.3c-d, it is strongly believed that bismuth is released from the 

main structure (Mg3Sb1.475Bi0.475Te0.05) upon thermal treatment in powder 

samples. This is supported by the initially homogeneous distribution of 

antimony and bismuth in the particles observed through STEM-EDS. Despite 

this significant alteration of the overall sample, the main phase remains intact. 

Examining the two diffractograms in Figure 3.5, a significant reduction in the 

width of the Bragg peaks can be seen between the first and second room 

temperature measurement. As the particle sizes in the investigated samples are 

all sufficiently large to leave the Bragg peaks unaffected by size broadening 

effects, this sharpening of the peaks most likely stems from a reduction in 

microscopic strain. If this is correlated with the release of bismuth from the 

structure, it could imply that incorporating bismuth into the crystal structure 

results in a highly strained phase that, upon heating, will relax into a less 

strained and bismuth deficient phase. This is supported by annealing 

experiments at a constant temperature as there is a correlation between the 

emergence of the bismuth phase and the strain relaxation (Figure 3.6). This may 

also explain why Mg3Sb1.475Bi0.475Te0.05 can only be synthesized through fast and 

high-energy synthesis methods such as combining ball milling or arc melting 

with subsequent SPS pressing. 

In densified pellet samples of Mg3Sb1.475Bi0.475Te0.05, the observed formation of 

bismuth occurs much slower than for powder samples, and furthermore only 

occurs on the surface of the sample. This was revealed by a pellet stored at 

ambient conditions for a year, where the formation of bismuth was detected by 

PXRD. This suggests that the release of bismuth from the structure is a 

kinetically slow process, which occurs already at room temperature, but is 

accelerated significantly at elevated temperatures, as observed in the powder 

samples. The slow formation of bismuth observed even at room temperature 

might imply that the surface of the sample is non-stoichiometric and Mg-

deficient. In a study by Shuai et al., bismuth was likewise observed in the grain 

boundaries of Mg-poor samples, as detected by HADDF-STEM images, even 

though it was not seen in their X-ray diffraction data.[74] During extended 

annealing at 450 °C, the carrier concentration decreases significantly, which 

was ascribed to a loss of Mg in a study by Imasato et al.[75] This is an issue for 
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the thermoelectric applicability of the material as severe Mg-deficiency will 

eventually result in p-type conduction.[74] Attempts to prevent the Mg-loss have 

therefore been pursued and promising results have been obtained by Ag 

doping,[76] La doping,[75] and coating with boron nitride.[77] Kuo et al. reported 

that grain boundaries in Mg3Sb2-based materials are particularly Mg-deficient 

and highly resistive. This inspired Wood et al. to decrease the density of grain 

boundaries by annealing the sample in Mg-vapor, which increased the grain 

sizes. The focus of these studies was primarily on improving the electronic 

properties of the material, but annealing Mg3Sb2-based materials in Mg-vapor, 

and thus saturating the material with Mg, might turn out to be beneficial for the 

stability of the material as well. We are currently investigating this approach for 

improving the stability of Mg3Sb2-based materials. Furthermore, we are 

exploring how coating the material will prevent Mg-loss. We anticipate the 

combination of Mg-annealing and surface coating to be a promising solution for 

improving the stability of Mg3Sb2-based materials. 

The present results do not necessarily question the applicability of n-type Te-

doped Mg3Sb1.5Bi0.5 as a thermoelectric material. Several studies have reported 

thermally cycled physical property data with a high degree of reproducibility of 

state-of-the-art zT values. One potential problem could arise if continuous 

release of bismuth will reach a critical point, where the integrity of the 

Mg3Sb1.475Bi0.475Te0.05 crystal structure is lost. For this reason, it is important to 

carry out long-term tests on densified samples in realistic conditions, i.e. under 

a thermal gradient and an electrical current, and we now have the possibility to 

do so with our newly build thermoelectric operando setup, which will be 

introduced in the coming chapters.
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C H A P T E R 4 

Prototype Version of the 

Thermoelectric Operando Setup 

The following section presents a stability study on β-Zn4Sb3 under applied 

electrical current. The experiments are performed using our custom-built 

thermoelectric operando setup prototype. This study is the only scientific case 

conducted with this particular setup, as we have since developed a new and 

improved version of it, which will be introduced in the next chapter. Despite the 

simple design of the prototype setup, it did validate its usefulness by enabling 

diffraction data to be measured in concert with electrical resistivity on samples 

exposed to direct current. The study was carried out in collaboration with 

colleagues Christian Moeslund Zeuthen, Kasper Borup Andersen, Martin 

Roelsgaard, Nils Lau Nyborg Broge and Jonas Beyer. My contribution to the 

study lies primarily in collection, treatment, analysis, and interpretation of the 

diffraction data. The results obtained in this study is published in IUCrJ, and I 

am the main author of the paper.[78] Most sections and figures in this chapter 

will be identical to what is in the published article, and they are reprinted with 

permission from the publisher. 
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4.1 Thermoelectric operando Characterization 

Operando characterization is performed in conditions, which mimic the 

potential operating environment of the material of interest. In general, it 

provides direct insight into the material response to true application conditions 

and is a useful tool for optimizing the operational reliability of functional 

materials. The concept of operando characterization is widely adopted in 

materials science, and one of the pioneers of the measurement technique is the 

field of heterogeneous catalysis, where thermodynamics occasionally favor 

exposure of certain crystallite facets, which might be catalytically suboptimal. 

The scientific advances that form the basis of many commercial catalysts has 

been significantly aided by the implementation of operando characterization 

techniques.[79] The same holds true for the battery technology, where operando 

techniques have brought basic knowledge on the charge/discharge structural 

mechanisms ultimately improving the reliability of rechargeable batteries.[80–

82] The future of thermoelectric materials for energy harvesting currently relies 

on optimizing the operational stability without compromising performance, 

and thus, the implementation of operando methods in this field is very ripe. 

During the last decade, the thermoelectric community has increasingly focused 

on operational stability, which is reflected in an increasing amount of stability 

studies. Typically, powder samples are exposed to elevated temperatures for a 

few thermal cycles,[33,64,83–87] similar to the previous study on 

Mg3Sb1.475Bi0.475Te0.05. However, uniform heating is not adequate to replicate 

the operational environment found in a thermoelectric module for energy 

harvesting, as the additional effects from a thermal gradient and the 

accompanying potential gradient due to the Seebeck effect are not considered. 

In general, the individual legs in a thermoelectric module must also have a 

density of more than ~95 % of the crystallographic density to exhibit the 

intrinsic physical properties of the material.[88] Reducing the surface-to-volume 

ratio when pressing finely powdered samples into a dense material has just 

been shown to influence the thermal stability of Mg3Sb1.475Bi0.475Te0.05, and 

similar observations have been done in an older study of ours,[85] which is 

presented briefly in section 6.1. As such, stability tests should ideally be 

performed on bulk samples, which is more representative of what would be 
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used in a working module. Some studies have in fact considered the effect of 

current and Seebeck potential on bulk samples,[40,89,90] which is particularly 

important in materials containing mobile ions such as Cu2Se, Cu2S, and 

Zn4Sb3.[16,17,30,90,91] In these systems, irreversible compositional changes have 

been observed through ex-situ characterization methods; however, although ex-

situ characterization provides valuable information, insights into the reaction 

dynamics and mechanisms are inherently inaccessible. 

In this chapter, a prototype version of a thermoelectric operando setup is 

presented, which is shown in Figure 4.1. The setup can run a direct current 

through a bar-shaped sample, which is spring-loaded between two electrodes. 

The setup is compatible with the synchrotron beamline P02.1 at PETRA-III in 

Hamburg, which enables us to characterize the atomic structure of the material 

while applying the current. Two molybdenum wires are placed in contact with 

the sample surface to continuously measure a 4-point electrical resistance 

between the two probes during the experiment. To the author’s best 

knowledge, it is the first attempt to combine X-ray diffraction and physical 

property data to study a thermoelectric material exposed to an electrical 

current. 

4.2 Zn-migration in β-Zn4Sb3 

The effect of electrical current on TE materials is rarely investigated in stability 

studies, but it is particularly important for mixed ionic-electronic conductors 

(MIEC) such as β-Zn4Sb3. β-Zn4Sb3 is a well-known thermoelectric material due 

to its appreciable zT in the intermediate temperature range (400-700 K).[31,92] 

The system crystallizes in the space group R-3c, and has a complex atomic 

structure composed of an ordered Zn (denoted Zn1) and Sb (Sb1 and Sb2) main 

lattice (shown in Figure 4.4a) and a partly disordered subcomponent of Zn 

cations. The main lattice has a considerable number of Zn vacancies. The 

average structure of the disordered subcomponent has successfully been 

described as three distinct interstitial Zn-sites (Zn2, Zn3 and Zn4, not shown in 

Figure 4.4a), placed in close proximity of the main Zn1-site. This “liquid-like” 

subcomponent is believed to be the main origin of the low lattice thermal 
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conductivity found in this system, which is highly desirable for thermoelectric 

application.[15,93,94] Conversely, having highly mobile ions in the structure may 

not be ideal for reliable long-term operation in an electric field. This has been 

the essential challenge for β-Zn4Sb3, where Zn-ions have been shown to migrate 

along the current direction during spark plasma sintering (SPS), which 

ultimately results in an irreversible decomposition of β-Zn4Sb3 into ZnSb in the 

Zn-deficient region while elemental Zn forms on the surface of the sample in the 

Zn-rich region.[89,95,96] However, mostly ex-situ characterization methods have 

been employed in studying the decomposition, and the atomic insight into the 

Zn migration is therefore limited. 

Here we report an operando study of fully dense bar-shaped samples of β-

Zn4Sb3 subjected to electrical current, where three successful experiments were 

performed with different current densities. For two current settings the 

detector was placed to provide powder X-ray diffraction (PXRD) data, while for 

the third current setting total scattering (TS) data were obtained at short 

detector distance allowing for subsequent Pair Distribution Function (PDF) 

analysis. 

4.3 Experimental Details 

Due to the high photon energy (60 keV) available at beamline P02.1 at PETRA-

III, DESY, Germany, it is possible to penetrate a densified inorganic sample of 1 

mm thickness without extensive absorption (µR < 1.4 for β-Zn4Sb3 assuming 

crystallographic density, see section 2.4.3 for elaboration). The beamsize was 

slit down to 1 mm x 1 mm. The applied currents were 0.77 A, 1.0 A and 2.84 A 

resulting in current densities of 0.5 A/mm2, 1.14 A/mm2 and 2.3 A/mm2. The 

current was kept constant during the X-ray experiment. When measuring TS 

data, a sample-to-detector distance of ~200 mm was used with the detector 

displaced vertically so that the beam center was at the edge of the detector. This 

resulted in a maximum Q-value of ~33 Å-1. For PXRD, the sample-to-detector 

distance was ~650 mm to improve angular resolution, and the beam center was 

moved to the center of the detector to increase the detected intensity. The exact 

sample-to-detector distances and instrumental broadening were calibrated 

using a LaB6 NIST sample. The resulting scattering patterns were azimuthally 
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integrated using the Dioptas software,[71] and the TS data was Fourier 

transformed in PDFGetX3 to obtain the PDF.[97] Refinement of PXRD data was 

carried out using the FullProf Suite[60] and JANA2006 software,[72] and the PDF 

data was refined using PDFgui.[98] 

The synthesis of β-Zn4Sb3 was done using the method of Yin et al.[95] Zinc 

powder (99.99 %, Alfa Aesar) and antimony powder (99.5 %, ChemPur) were 

weighed in a stoichiometric ratio (Zn4Sb3) and mixed for 15 minutes in a ball-

mill (SpectroMill, Chemplex Industries, Inc.). The powder was then transferred 

to a graphite die with a 1-inch diameter and compacted using SPS. To 

compensate for zinc migration caused by the current in the SPS press, a zinc foil 

(99.95 %, Sterilin) of 0.15 mm thickness was placed at the anode of the pellet, 

resulting in a compositionally homogenous sample as verified by PXRD and 

Seebeck microprobe experiments (not shown here). The samples were cut into 

approximately 1 mm x 1 mm x 10 mm dimensions for the operando 

experiments, and the exact dimensions of the samples were measured using a 

caliper prior to each experiment.  

 

Figure 4.1. The first version of the thermoelectric operando setup. The X-ray beam travels 
through the collimator, seen in the top middle of the image, and onto the sample. 
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Two refinement models were employed for analysing the diffraction data, and 

both are based on the β-Zn4Sb3 structure (ICSD #159090). The first model was 

used for sequential refinements of both PXRD and TS data. In this model, the 

site occupancy factors and atomic coordinates were kept fixed, and the isotropic 

ADPs were refined. The atomic displacement parameter (ADP) for Sb1 and Sb2 

were refined individually, whereas the ADP for all the zinc sites were 

constrained to be equal in an attempt to limit the number of free parameters. 

The reason for keeping the occupancy fixed is due to its severe correlation with 

the ADPs. Keeping the ADPs constant is undesirable since the current running 

through the material will cause significant Joule heating. Instead, the expected 

decrease in zinc occupancy from diffusion will be reflected in increasing zinc 

ADPs, which we attempt to decouple from the effect of temperature by 

consulting the measured electrical resistance of the sample. The second 

refinement model is used in refinements of data acquired when the current was 

turned off and the temperature was constant, and for this reason, all ADPs are 

also expected to be constant between the data sets and are therefore fixed. 

Instead, the site occupancy of the different zinc-sites was allowed to refine 

individually along with all possible atomic coordinates. These refinements were 

carried out in the JANA2006 software. 

4.4 Results 

This section contains three experiments, where the applied current densities 

were 0.5, 1.14 and 2.3 A/mm2. These values are considerably higher than for 

operating thermoelectric modules, but this was necessary due to the limited 

amount of beam time, and the experiments should therefore be seen as 

accelerated stability tests. The current densities are in fact closer in magnitude 

to typical SPS densification processes. The first experiment used a current 

density of 0.5 A/mm2, and a long sample-detector distance to record PXRD data, 

which are shown as a surface plot in Figure 4.2. The sample is investigated close 

to the electrode, where the external current enters the sample (where the 

electrons leave the sample), as this is where the decomposition into ZnSb will 

first occur due to Zn-deficiency. During ~270 minutes no structural transition 
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is observed in the diffraction data. Time resolved sequential Rietveld 

refinements were carried out to track changes in unit cell parameters and ADPs, 

which are shown in Figure 4.3a-e. Joule heating of the sample caused by the 

applied current is reflected in a rapid increase in both unit cell parameters and 

ADPs corresponding to a sample temperature of approximately 65 °C 

immediately after initiating the current. This sample temperature was 

estimated using the lattice thermal expansion obtained from a separate variable 

temperature PXRD experiment conducted at beamline I15-1 at the Diamond 

Light Source, and the extracted unit cell parameters as a function of 

temperature can be seen in Appendix II. The expansion was found to be 2.15∙10-

4 Å/K and 2.37∙10-4 Å/K for the a-axis and c-axis, respectively. Since the 

measured sample electrical resistance does not at any time exceed the value 

measured right after initiating the current (Figure 4.2), the sample temperature 

must reach steady-state, and the subsequent relative development of the unit 

cell parameters and ADPs is primarily due to structural changes (Zn migration). 

Similar behaviors are observed for the ADPs of all three atomic sites (Figure 

4.3a-c), with a linear increase during the entire experiment. The absolute 

changes in ADPs are largest for the Zn-sites. Decreasing the Zn content on the 

Zn sites due to migration will lead to a lower average electron density on that 

site. Since the present Rietveld model does not vary the site occupancy factor, 

the effect of migration will be reflected in an increased ADP. 
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Figure 4.2. Surface plot of the PXRD patterns acquired during the experiment plotted 
alongside the electrical resistance. The applied current density is J = 0.5 A/mm2 and is turned 

on at t = 0. The figure is reprinted with permission.[78] 

 

Figure 4.3. Extracted refinement parameters from a sequential Rietveld refinement. a)-c) 
shows ADPs for Zn1, Sb2 and Sb1. d)-e) shows the unit cell a and c parameters. These figures 

are reprinted with permission.[78] 
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Figure 4.4. The atomic structure of a) β-Zn4Sb3 and b) ZnSb. The interstitial zinc-sites in β-
Zn4Sb3 are not shown. The right side of the figures shows the rhomboid units present in both 

structures. The figures are generated using the VESTA software.[70] The figure is reprinted 
with permission.[78] 

 

Figure 4.5. The extracted occupancy of the a) Zn1 site and b) Zn2, Zn3 and Zn4 sites as a 
function of sample position. C) Shows the final composition. These figures are reprinted with 

permission.[78] 

Although no transition is observed, the sample is expected to have formed a Zn 

concentration gradient, and this was confirmed from refinement of PXRD data 
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collected along the sample with a spatial resolution of 1 mm. The second 

Rietveld model was used to extract the site occupancy factor for the Zn sites. 

The obtained occupancy for the Zn1 site is shown in Figure 4.5a, whereas the 

occupancies of the interstitial Zn-sites (Zn2, Zn3, Zn4) are shown in Figure 4.5b, 

and the overall composition of the structure is shown in Figure 4.5c. Indeed, the 

occupancy of the Zn1 site increases when moving from the anode towards the 

cathode, but this behavior is not seen for the interstitial Zn sites, where the 

occupancy is approximately constant throughout the sample. The importance 

of the interstitial sites in the Zn migration process has been suggested but never 

quantified.[99] At first sight, the disordered low occupancy Zn interstitial sites 

may be expected to behave somewhat like a liquid, but it appears that it is the 

main Zn1 site, which provides the migrating ions during current exposure. The 

total Zn content increases from the anode to the cathode, although the absolute 

values may be inaccurate since the ADPs are fixed to literature values (ICSD 

#159090). Even so, the relative changes are expected to be reliable. 

Next, we analyze the PDF data measured with a current density of 1.14 A/mm2, 

Figure 4.6b. After ~55 minutes, an abrupt decomposition of β-Zn4Sb3 into ZnSb 

is observed. The reason for this delay is that the decomposition starts in the Zn-

deficient end of the sample, and travels along the sample as the experiment 

progresses before eventually entering the illuminated part of the sample. In the 

PDF, the decomposition event is marked at the point where many of the 

characteristic distances within the structure changes. Even so, some of the 

shortest distances at r ≈ 2.7-2.9 Å seem to be maintained throughout the 

decomposition, indicating that a substructure of β-Zn4Sb3 is preserved in ZnSb. 

The r ≈ 2.7-2.9 Å correlations originate from rhomboid Zn2Sb2 units (Figure 

4.4), and this motif is present in both β-Zn4Sb3 and ZnSb with the only difference 

being the linking of different units by additional Zn in β-Zn4Sb3 (absent in ZnSb). 

The rhomboid unit has also been shown to be preserved through the phase 

transition from the low-temperature α-Zn4Sb3 structure to the β-Zn4Sb3 

structure.[100] Observing the same unit in ZnSb indicates that the rhomboid 

Zn2Sb2 substructure could be a fundamental feature of zinc antimonide 

structures. To confirm that the correlations at r ≈ 2.7-2.9 Å originate from the 

rhomboid unit, PDFs have been simulated for the Zn2Sb2 units present in β-
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Zn4Sb3 and ZnSb and compared to the full PDF of β-Zn4Sb3 and ZnSb, Figure 4.7. 

The rhomboid unit is clearly a significant contributor to this correlation. 

 

Figure 4.6 a) Electrical resistivity and b) surface plot of the raw Pair Distribution Function 
data. c) A single-peak integration of the peak at r ≈ 2.7 Å seen in b). These figures are 

reprinted with permission.[78] 

 

Figure 4.7. Simulated Pair Distribution Functions for the rhomboid unit Zn2Sb2 found in β-
Zn4Sb3 (bottom), β-Zn4Sb3, ZnSb, γ-Zn4Sb3 and the rhomboid unit Zn2Sb2 found in ZnSb (top). 

These figures are reprinted with permission.[78] 
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The integrated intensity of the rhomboid PDF peak as a function of time reveals 

three distinct regions, Figure 4.6c. Up to ~30 minutes, the intensity decreases 

only slightly, but in the following 20 minutes there is a pronounced decrease. 

After 50 minutes the intensity drops drastically immediately before the 

decomposition of β-Zn4Sb3 at ~55 minutes. A decrease in intensity of a PDF 

peak indicates fewer correlations at this distance, as expected due to the linking 

of the rhomboids in β-Zn4Sb3, which is not present in ZnSb (see Figure 4.4 

insets). This is consistent with the refined occupancies in Figure 4.5a, where the 

Zn1-site becomes depleted due to migration. The present operando data 

suggests that it is the linking Zn1 that leave the β-Zn4Sb3 structure during 

decomposition to ZnSb. It is presumably these Zn atoms that migrate during 

exposure to electrical current leading to a change in the Zn1 occupancy. The 

difference in slope in the three regions of Figure 4.6c can be explained by the 

continuously changing composition, which is known to significantly change the 

diffusion constant of Zn-ions in β-Zn4Sb3.[101] The electrical resistance is 

relatively constant during the first 45 minutes after which it increases 

drastically. This increase indicates that the decomposition has occurred at the 

position of the first resistance probe, which is mounted approximately 1 mm 

from the X-ray beam position. Thus, the decomposition commences in the end 

of the sample where the current enters, and travels along the current direction. 

As the ZnSb phase has a higher electrical resistance compared to that of β-

Zn4Sb3,[31,102] the continuously increasing resistance reflects that a larger 

portion of the sample between the two resistance probes decomposes into 

ZnSb. 

Direct-space PDF refinements were performed to quantify the structural 

behavior leading up to the decomposition and unit cell parameters and ADPs 

are shown in Figure 4.8. From the sudden increase in the refined unit cell 

parameters, a temperature rising to 145 °C is estimated from Joule heating in 

this experiment, which remains constant until the decomposition, as seen in the 

flat electrical resistance of the sample (Figure 4.6a). The subsequent behavior 

of the unit cell parameters and ADPs correspond nicely to those obtained at 0.5 

A/mm2 (linear increase after heating). This linear region extends to ~40 

minutes, where electrical contact resistance in the interface between the β-
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Zn4Sb3 and ZnSb phases causes further heating in this specific region of the 

sample, which intensifies the increase in unit cell parameters and ADPs. 

 

Figure 4.8. Extracted parameters from a sequential Rietveld refinement. a)-c) shows ADPs 
from Zn1, Sb1 and Sb2. d)-e) shows the unit cell a and c parameters. These figures are 

reprinted with permission.[78] 

In the last experiment, a high current density of 2.3 A/mm2 was applied, and the 

collected PXRD data can be seen in Figure 4.9. β-Zn4Sb3 is present in the very 

beginning but a significant peak shift towards lower angles indicates that severe 

Joule heating increases the sample temperature rapidly. The Joule heating is 

proportional to the square of the applied current, i.e. a 4-fold and 16-fold 

increase compared with the other experiments (assuming an equal electrical 

resistance). Within seconds, a phase transition is seen from β-Zn4Sb3 to the high 

temperature γ-Zn4Sb3 phase, which is stable above 493°C.[92] This phase is 

present for approximately 2 minutes before it decomposes into ZnSb due to 

migration of Zn out of the structure. This means that Zn is also mobile in γ-

Zn4Sb3, but additional studies are needed to establish the migration mechanism 

for this transition. Nevertheless, simulation of the PDF of γ-Zn4Sb3 reveals the 

same correlation at r ≈ 2.7-2.9 Å as seen in both β-Zn4Sb3 and ZnSb (shown in 

Figure 4.7). 
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Figure 4.9. Surface plot of PXRD patterns obtained during the experiment plotted alongside 
the electrical resistance. A current density of J = 2.3 A/mm2 was applied at t = 0. The figure is 

reprinted with permission.[78] 

4.5 Discussion and Final Remarks 

Applying a current density of 0.5 A/mm2 to a sample of β-Zn4Sb3 did not results 

in any decomposition during the approximate 270 minutes of exposure. 

Measuring different positions along the sample revealed the presence of a zinc-

gradient, which is presumably induced by the electric potential. This implies 

that 0.5 A/mm2 is enough to cause zinc-migration to occur in β-Zn4Sb3 even 

though no decomposition is observed. The explanation for the absence of an 

observed decomposition event could be that Zn migration and the 

decomposition into the ZnSb phase have separate activation energies, or it 

could simply be that the experiment had not been running for sufficiently long 

time for the ZnSb phase to appear in the beam. This could have been tested by 

measuring the very end of the sample after the experiment, where the 

decomposition unfolds first, but this was not done, unfortunately. 
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In the literature it has been suggested that the interstitial zinc-sites play an 

important role in the zinc-migration.[103] From single-peak integration analysis 

of the time resolved PDF data presented in Figure 4.6b, and by analysing the 

zinc occupancies along the sample after exposure to current (Figure 4.5), it was 

suggested that it is in fact the Zn1-site, which is being emptied during the 

experiment. Whether the interstitial zinc-sites are involved in the migration 

mechanism cannot be concluded from this data. 

Decoupling the effect of temperature from that of the applied current and the 

accompanying electric potential on the observed migration is one of the biggest 

issues in this prototype setup. Applying a current density of 1.14 A/mm2 leads 

to an approximate sample temperature of 145 °C, and the decomposition of β-

Zn4Sb3 into ZnSb is observed after approximately 55 minutes after turning on 

the current. Whether the decomposition is observed due to a sufficiently high 

sample temperature or due to the increased current density cannot be 

concluded from these experiments. The increasing sample temperature from 

Joule heating is particularly severe due to the lack of an efficient heat sink, as 

the energy dissipated into the sample by the external current cannot be 

discarded. The high current experiment (2.3 A/mm2) furthermore emphasizes 

the difficulty of separating current and temperature effects, as the sample 

temperature seems to exceed 493 °C (transition to γ-phase). If this energy could 

instead be transferred to a heat sink, the temperature rise would not be so 

significant, which would make it easier to separate the effects. 

This study has showed how combining structural information with physical 

properties can produce valuable information on the decomposition reaction 

occurring in the well-studied β-Zn4Sb3. However, as discussed earlier in this 

chapter, the sample conditions in a real thermoelectric module also includes a 

thermal gradient across the sample. This was not possible to create in this 

version of the setup, as the only source of heating was Joule heating. Installing 

an active heating source would therefore be a significant improvement to the 

setup, as it would allow for true operando conditions to be realized. Another 

important issue is the fluctuating sample positioning. In this setup, there is no 

rigid way of ensuring a reproducible sample positioning. Furthermore, the 
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sample is not guaranteed to be perpendicular to the incoming beam. This 

prevents us from reliably comparing certain refinement parameters, such as the 

unit cell size, from data collected across the sample. This is because a varying 

sample-to-detector distance along the sample will be reflected as a shift in the 

integrated peak positions. These issues leave room for further improvements, 

and that has inspired us to develop a new version of the setup, which will be 

introduced in the coming chapter.
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C H A P T E R 5 

ATOS: Aarhus Thermoelectric 

Operando Setup 

This chapter presents a thermoelectric operando stability study of β-Zn4Sb3 

using our newly built operando setup. The study is a product of great 

collaboration between colleagues with a diverse set of competences. It simply 

would not have been possible without the help of Kasper Borup, who is the main 

architect and engineer behind the setup, Martin Roelsgaard, who ensured 

alignment with the facilities at the PETRA-III beamlines P02.1 and P21.1, and 

Christian Moeslund Zeuthen, who prepared all the samples and helped 

immensely with data interpretation. My contribution lies primarily in collecting 

diffraction data, synchronizing diffraction data with the physical property data 

measured by the setup, and in analyzing and interpreting the diffraction results, 

but I have also been heavily involved in developing and testing the setup. The 

results obtained have been published in Journal of Applied Crystallography, and 

I am the main author of that paper.[104] Once again, most sections and figures in 

this chapter will be identical to what is in the published article, and they are 

reprinted with permission from the publisher. 
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5.1 Introduction 

In the previous chapter, the first version of a thermoelectric operando setup was 

introduced.[78] In that setup, densified bar-shaped samples could be exposed to 

a direct current while measuring the electrical resistance and X-ray diffraction 

data. A major weakness of the setup was the lack of an active heating source, 

making the decoupling of current and temperature effects difficult, and 

furthermore preventing real-world operating conditions to be obtained. In 

addition, a low reproducibility of the sample positioning meant that diffraction 

data collected at different positions along the sample could not be compared 

reliably. In the present study, we introduce a completely new setup, coined the 

Aarhus Thermoelectric Operando Setup (ATOS), which solves the main 

drawbacks of the initial operando system, and which is fully capable of realizing 

realistic module conditions. As far as we know, it is the only thermoelectric 

operando setup, which combines measurements of physical properties with 

structural insight during realistic conditions. Due to the improved precision of 

the sample positioning, the setup furthermore enables X-ray diffraction to be 

collected at several positions along the sample during operation, which 

provides unique spatial structure information of the entire sample as will be 

seen in this chapter. Since combining operando structure and property 

measurements on thermoelectric materials represent a new scientific field, the 

first part of this chapter will discuss the new design concepts and measurement 

details. Afterwards, technical discussions of the choice of materials used in the 

setup, the sample preparation procedure and the operation procedure are 

presented. In the end, the capabilities of the setup are demonstrated in a 

scientific study. 

In the scientific study, we once again chose to study the mixed ionic electronic 

conductor β-Zn4Sb3, mainly because the previous study using the old version of 

the setup (Chapter 4), left a range of unanswered questions particularly 

regarding the effect of temperature versus the effect of an applied current. An 

introduction to this compound can be found in Chapter 4. In this study, the 

unique capabilities of ATOS are used to determine the compositional changes 

occurring throughout the entire sample during realistic operating conditions. 

The design of ATOS also allows for a better evaluation of the effects of current 
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in the absence of a high sample temperature. We first examine β-Zn4Sb3 with an 

isothermal sample temperature and with a fixed beam position to obtain high 

time resolution data. Afterwards we investigate the sample under a thermal 

gradient with the current applied in both forward and reverse bias, and the 

compositional changes occurring in the sample are followed using spatially 

resolved PXRD. 

5.2 ATOS: Aarhus Thermoelectric Operando Setup 

Figure 5.1 shows a design render of ATOS. A bar-shaped sample (8) is held by 

two brass blocks (9), as can be seen on the right pane in Figure 5.1. Each brass 

block can act as an independent heat source due to the cartridge heater inserted 

in the block (1). A temperature of up to 700 K reliably can be reached in each 

tower, making it possible to establish both an approximately uniform 

temperature and a temperature gradient along the sample. Thermocouples are 

inserted into the brass blocks from below approximately 5 mm from the sample. 

Between the two towers, a 2-point electrical resistance and a DC voltage bias 

can be measured using a Keithley source measurement unit (Keithley 2450), 

which is connected to the two brass blocks through copper wires. We mostly 

use the 2-point resistance measurement to monitor contact resistances. 

Another Keithley 2450 unit is connected to two nickel probes (6), which are in 

contact with the top of the sample during experiment. In this way, a 4-point 

electrical resistance can be obtained, much similar to the first version of the 

setup. To estimate an average Seebeck coefficient across the material, a Keithley 

2182A Nanovoltmeter is connected to the brass blocks through the same 

copper wires as the first Keithley 2450 unit, which enables measurement of the 

open circuit voltage. An estimate of the sample and temperature averaged 

Seebeck coefficient is then obtained by dividing the open circuit voltage with 

the applied temperature difference between the two towers.[88,105] The sample 

is fixed by two stainless steel clips (7) pressing lightly on top of the sample to 

obtain a good thermal and electrical contact between the sample and the brass 

blocks. A ledge with a 90° sharp edge is milled in the top of the brass block for 

the sample to lean against, which gives a reproducible and stable sample 

position. The brass blocks are each supported by a stainless-steel tower (2) 
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fixed with a polyethylene (PE) block (3) to a high-precision optical rail system. 

Due to the PE blocks, the two towers are electrically isolated, thus enabling 

electrical measurements on the sample. Electrical wires are attached to the 

bottom of the towers, avoiding any risk of thermal damage on the contacts 

caused by the hot brass blocks. As such, it is possible to pass a DC current 

through the sample or apply a DC voltage bias across the sample. 

 

Figure 5.1. Design sketch of the Aarhus Thermoelectric Operando Setup (ATOS). The figure is 

reprinted with permission.[104] 

The hierarchical structure of ATOS is designed to transmit the alignment of the 

diffractometer, on which the setup is mounted, all the way up to the sample 

position. In the bottom of the setup, the optical sled is positioned such that its 

edge aligns parallel with the table edge, which is perpendicular to the incoming 

beam, and it is screwed onto the beamline table ensuring a reproducible 

position of the setup (left side of Figure 5.1). The side of the brass blocks facing 

the detector has a 50-degree opening angle to allow the scattered X-rays to pass 

onto the detector without interfering with the setup. This gives a Q-range of 

around 26 Å-1 at 60 keV and around 43 Å-1 at 100 keV X-ray beams, both 

sufficient for high quality Pair Distribution Function analysis. 
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The rest of this section will be rather heavy on technical details and will present 

our considerations behind the choice of materials used in the setup, the sample 

preparation procedures, and the different methods used for data acquisition. 

Afterwards, the sample placement and the decoupling of temperature and 

current effects are quantified. 

5.2.1 Material Choices 

5.2.1.1 Brass heating elements 

Successfully mimicking the conditions found in a thermoelectric module 

requires elevated temperatures and direct current. In ATOS, heat is supplied via 

the temperature-controlled brass blocks and current is delivered through the 

stainless steel tower, brass element, and across the sample. Apart from being 

stable at these conditions, the brass blocks also have a high thermal and 

electrical conductivity, which are necessary to efficiently transfer heat and 

current to the sample. We designed the brass blocks to have a high thermal 

mass while still being able to dissipate heat to the surroundings quickly. This 

combination makes the brass blocks act as both good heat reservoirs for the hot 

end and heat sinks for the cold end, which makes the temperature easily 

controllable and stable. In addition, brass is very inexpensive and easy to 

machine, making it an ideal material for this purpose. However, one should be 

aware of compounds reacting with the brass elements, such as Cu2-xSe. In these 

cases, an electron-conducting layer (e.g. graphite paper) is inserted between the 

sample and the brass block. For very high temperature applications, brass is not 

ideal since it is readily oxidized above 700 K. 

5.2.1.2 Nickel resistance probes 

Two nickel probes are placed in contact with the top surface of the sample. Here, 

a good electrical contact between the sample and the probes is important, as a 

poor contact will result in increased contact resistance and increased 

measurement noise. A range of metals such as Ni, Mo, Nb, W and some alloys 

are suitable, but due to the high inertness, appropriate flexibility and 

availability, Ni was chosen despite having a high Seebeck coefficient of 

approximately -20 μV/K. To avoid signals from the Ni probes appearing in the 

diffraction data and avoid excessively perturbing the temperature gradient 



76      ATOS: Aarhus Thermoelectric Operando Setup   5.2 

 
 

along the sample, the probes are contacting the sample either above or close to 

the brass blocks. 

5.2.1.3 Stainless steel towers 

The towers have a height of approximately 15 cm, which is short enough to 

ensure the setup is rigid and thus keep the sample stable during the experiment, 

while being tall enough that the heat transmitted from the brass elements does 

not soften the PE elements in the bottom of the towers. The thickness of the 

towers further grants stability to the setup but also serves to reduce the extent 

of Joule heating of the towers induced by the current. Stainless steel is fairly 

corrosion resistant at the temperatures employed, cheap, easily machinable, 

rigid, and has a suitably low thermal expansion, which is desirable since the top 

of the tower is in direct contact with the hot brass blocks, and any expansion 

would thus result in an off-centering of the sample. 

5.2.2 Sample and Operation 

5.2.2.1 Sample preparation 

To obtain high-quality powder X-ray diffraction patterns, the orientation of the 

crystallites in the illuminated sample must be random, as discussed in section 

2.4.1. A tendency for the crystallites to favor certain orientations will result in 

grainy Debye-Scherrer cones on the detector leading to erroneous peak 

intensities and shapes, as shown in Figure 5.2b for a sample of Ba8Ga16Ge30. In 

regular PXRD experiments performed on finely powdered samples in 

capillaries, this is avoided to a large extent by continuously spinning the sample. 

The ATOS does not allow for sample rotation, and samples furthermore must 

be compacted using sintering pressing tools to obtain a sufficient density of at 

least 95 % of the crystallographic density.[88] Some crystallite alignment is 

expected in samples, which have been densified using a hot press or spark 

plasma sintering press, and extensive sintering furthermore tends to promote 

crystallite growth. As such, it is important to 1) reduce the crystallite size of the 

starting materials before the sintering, 2) reduce the sintering temperature as 

much as possible while still obtaining sufficiently dense samples, and 3) reduce 

the sintering time as much as possible. These obstacles can be largely mitigated 

by milling and sieving the synthesized materials prior to pressing and by careful 
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optimization of the sintering conditions. All these precautions have been taken 

when synthesizing β-Zn4Sb3 for the present study and an example of the 

resulting diffraction pattern can be seen in Figure 5.2a, which looks highly 

satisfying. 

 

Figure 5.2. Raw diffraction patterns collected for a sample consisting of a) β-Zn4Sb3 and b) 
Ba8Ga16Ge30 

The interaction between X-rays and condensed inorganic matter is relatively 

strong and for X-ray diffraction experiments in transmission geometry, 

absorption of the X-rays by the sample is an important consideration as this will 

reduce the intensity of the scattered beam and possibly introduce 

complications in the data analysis, which is further elaborated in section 2.4.3. 

The absorption of X-rays is calculated from the absorption coefficient, μ, which 

depends on X-ray energy-specific absorption cross-section for the material as 

well as the sample density, through equation 2.20 in Chapter 2.[43] The samples 

possess higher density than normal powder samples and often consist of heavy 

elements such as Sb, Bi and Te, which pose severe restrictions on the sample 

thickness. On the other hand, reducing the sample thickness too much will 

reduce the effective thermal conductance of the sample resulting in a steeper 

and more uncertain thermal gradient across the sample. To meet the golden 

rule of a μR < 2.0,[63] the samples included in this study are cut into bars of 1 mm 

x 1 mm x 10 mm, which is the upper thickness limit for the applied X-ray energy 
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of 60 keV. The maximum sample length is about 25 mm, which is the maximum 

separation of the two towers. The minimum sample length depends on 1) the 

desired overlap between the sample and the tower, where a larger overlap 

yields a better thermal contact. 2) The desired thermal gradient, where a longer 

distance between the towers will give a larger thermal gradient. 3) The number 

of desired investigation points along the sample. 

5.2.2.2 Picking the right system 

The kinetics of the reaction of interest obviously have to be resolvable with the 

time resolution of the measurement in order to be observed. Depending on the 

data acquisition mode, ATOS has a lower time resolution boundary of 

approximately 1 second, which might be decreased by increasing the photon 

flux of the X-ray source. Therefore, it is currently not possible to resolve 

reactions occurring on the sub-second time scale. On the other hand, slow 

reaction kinetics can also be a disadvantage as the experimental time has to fit 

within the period of a typical synchrotron beamtime, which is usually a few 

days. However, for longer experiments, the setup can be installed in-house 

without the structural probing by X-rays, and then only electrical resistance and 

Seebeck coefficient are obtained during the experiment. 

The ATOS initially was built for testing thermoelectric materials, but it should 

be stressed here that it can also be used for solving challenges in other fields of 

materials science, where the materials are exposed to a high temperature, 

temperature gradient or an electric field. 

5.2.2.3 Operation procedure 

A typical experiment would commence by locating the outer boundaries of the 

sample by translating the setup perpendicular to the beam. The sample is then 

centered in the beam by translating the setup vertically. For data acquisition, 

two different modes are employed based on the scientific case. In the first mode, 

the sample can be cyclically translated perpendicular to the direct beam to 

specific positions. This gives spatial information with the expense of a 

decreased time resolution at each position. Alternatively, data is acquired at a 

fixed position with a time resolution of approximately 1 second, compared to 

minutes for cyclic translation. The data acquisition method should therefore be 

chosen based on the kinetics of the reaction of interest. Before initializing 
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external parameters, diffraction data is collected at different points along the 

sample to ensure structural homogeneity regardless of the subsequent data 

acquisition method. 

5.2.3 Testing ATOS 

This section presents some of the tests performed on ATOS to quantify both the 

perpendicularity of the sample with respect to the beam, the capability of the 

brass elements to act as heat sinks, and the temperature landscape along a 

sample, where both towers are set to the same temperature. 

5.2.3.1 Sample positioning 

Since a varying sample-to-detector distance will be reflected in the refined unit 

cell parameters, a certified NIST standard sample can be used to quantify the 

sample displacement. In practice, this is done by loading LaB6 (NIST 660b) 

powder into a 1.0 mm outer diameter kapton capillary, mounting the capillary 

in the ATOS and collecting X-ray diffraction data at various positions along the 

sample by translating the setup perpendicular to the beam. The refined unit cell 

parameters can be seen in Figure 5.3b. The variation in the refined unit cell 

parameter is on the order of 10-4 Å, which defines the uncertainty with which 

unit cell parameters can be compared between different points in the ATOS. 

From geometrical considerations, the shift in diffraction peak position as a 

function of sample displacement along the beam path should be most 

pronounced at higher angles. In the present case, a comparison of the high-

angle region of the raw diffraction patterns collected at each end of the sample 

shows no visible peak shift within the angular resolution of the experiment 

(Figure 5.3a). Thus, if the diffraction peak at 2θ ≈ 31.4° (Q ≈ 16.4 Å-1), comprised 

of the (10 3 3) and (9 6 1) reflections, is shifted less than the angular resolution 

of 0.01° between the two data sets, an estimated sample displacement of less 

than 0.2 mm from end to end is obtained, as shown in the original article.[104] 

For the actual samples, a thickness deviating from 1.0 mm will increase the 

uncertainty of the absolute value of the refined unit cell parameter since the 

sample-to-detector distance is calibrated using a 1.0 mm thick LaB6 sample. The 

sample perpendicularity is further ensured through a high-precision camera 

mounted directly above the sample during operation, as is shown in Figure 5.4. 
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Figure 5.3. a) Two X-ray diffraction patterns collected on a LaB6 standard sample at each end 
of the capillary spaced 19 mm apart. The inset shows a high angle region, where the peak 
positions in the two patterns are equal. b) Refined unit cell parameter for the LaB6 NIST 
standard collected at several positions along the length of the sample. These figures are 

reprinted with permission.[104] 

 

Figure 5.4. Pictures of the a) cold side and b) hot side of the sample seen from above. These 
figures are reprinted with permission.[104] 

5.2.3.2 Separating temperature and current effects 

The initial operando setup had no active heating source. Instead, due to the 

applied high currents and the limited possibility for the system to discard heat, 

severe Joule heating was observed, thereby irrevocably linking the current and 
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temperature effects, making any separation difficult. In ATOS, the brass 

elements, on which the sample is mounted, are designed to act as heat sinks, 

effectively removing much of the thermal energy released in the sample during 

resistive heating. Exposing β-Zn4Sb3 to a current density of 1.14 A/mm2 in the 

first operando setup resulted in severe migration of Zn-ions along the direction 

of the current, which eventually resulted in decomposition of β-Zn4Sb3 into 

ZnSb in the Zn-deficient end of the sample after approximately 55 minutes 

(Figure 4.6). In order to compare the new setup to the old one, the experiment 

was repeated using ATOS, and the raw diffraction patterns are shown in Figure 

5.7a. During this experiment, diffraction data is measured at the end where Zn-

ions accumulate. After approximately 120 minutes of exposure to the DC 

current, no secondary Zn phase is observed and the β-Zn4Sb3 phase appears 

unchanged. Figure 5.5 shows the refined unit cell parameter for β-Zn4Sb3 along 

with the temperature of the brass element. The unit cell parameter increases 

immediately due to the rapid Joule heating caused by the DC current. The unit 

cell parameter then slowly falls while the temperature of the brass block 

correspondingly increases. This clearly demonstrates the ability of the brass 

block to accept heat from the sample. The spike in unit cell size observed 

immediately after the current is turned on is expected to originate from 

excessive joule heating at the junctions between the sample and the tower. This 

large Joule heating originate from the contact resistance, which can be a factor 

of 10-100 larger than the electrical resistance of the sample. This local 

annealing seems to improve the contact resistance over time, which is also 

reflected in the subsequently decreasing unit cell size. 

5.2.3.3 Sample temperature 

The actual sample temperature is not measured since placing a thermocouple 

in direct contact with the sample will actively cool the sample, also known as 

the cold-finger effect. Instead, the temperature sensitivity of the 

crystallographic unit cell can be used as a proxy for the sample temperature 

exactly at the position of investigation, as was also done in the previous study 

(chapter 4). This temperature estimate becomes uncertain if other factors are 

also influencing the unit cell parameter, such as compositional changes.  
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Figure 5.5. Refined unit cell parameter for β-Zn4Sb3 along with the temperature of the brass 
block. The figure is reprinted with permission.[104] 

For experiments where the brass elements are set to the same temperature, the 

sample temperature will be lower in the middle of the sample, which 

presumably is due to convection cooling and thermal radiation. An estimate of 

the temperature landscape for β-Zn4Sb3 with both brass elements set to 250 °C 

has been shown in Figure 5.6, and is based on the fluctuation of the unit cell 

parameters. The exact temperature landscape, however, will differ between 

experiments, as it is dependent on the thermal contact between the sample and 

the towers, and the length, thermal conductivity, and cross-section of the 

sample, along with the dynamic nature of the air surrounding the sample. We 

envision that the convection cooling can be minimized by placing the sample in 

a closed container, which will reduce the airflow around the sample.  

5.3 Results 

This section contains the first scientific study using the ATOS. As stated in the 

introduction, the system of scrutiny is β-Zn4Sb3, which will be exposed to an 

externally applied current both at room temperature, at a higher temperature 
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and under thermal gradients. In the first part of the section, the sample is heated 

with a uniform sample temperature (i.e. the temperature of the towers is set to 

be equal). Afterwards, samples will be investigated under thermal gradients, 

and here we consider both the case where the current is applied in the same 

direction as dictated by the Seebeck effect and the case where the current 

direction is reversed.  

 

Figure 5.6. The temperature landscape along the sample displayed through the unit cell 
parameters of β-Zn4Sb3. Three scans along the sample have been included with separate 

scatter symbols. The temperature of each tower is set to 250 °C. The figure is reprinted with 
permission.[104] 

5.3.1 Uniform Sample Temperature 

For the experiments presented in this section, a fixed beam position was chosen 

to maximize the time resolution with the expense of spatially resolved 

information. The investigated point of the sample is chosen to be the end where 

the current exits the sample, and where Zn is expected to accumulate in case of 

Zn-migration. This is because Zn whiskers can be seen in this end of the sample 

much before the decomposition event unfolds in the Zn-deficient end. 

Interestingly, no Zn-diffusion is observed in a sample exposed to a high current 
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density of 1.14 A/mm2 with no active heating, as seen in Figure 5.7a, although 

the relatively small sample dimensions are the main cause of the high current 

density in these samples (absolute current of ≈ 2 A). Conversely, in the previous 

operando setup, extensive Zn-migration was observed at these conditions, 

which presumably was due to the lack of heat sinks resulting in a significantly 

increased sample temperature from Joule heating. These sample conditions can 

be replicated in the new setup simply by actively heating both brass blocks to 

200 °C while applying the same current density of 1.14 A/mm2. The obtained 

diffraction patterns are shown in Figure 5.7b, where diffraction peaks 

originating from metallic zinc appear after only approximately 10 minutes, 

clearly indicating the migration of Zn along the direction of the current into the 

illuminated sample volume. This experimentally confirms the presence of an 

onset temperature of somewhere between room temperature and 200 °C for 

Zn-migration, which is in line with the onset temperature of superionic 

conduction at around 425 K suggested by Lin et al.,[103] and it furthermore 

shows that application of a current of 2 A is not sufficient for obtaining Zn 

migration at room temperature. 

The 4-point electrical resistance measured between the two probes during the 

experiment is shown in Figure 5.8. Here, three distinct regions are observed; an 

increasing resistance up to the 10-minute mark, where metallic Zn appears in 

the Zn-rich end of the sample, a flat region until approximately 28 minutes after 

which the composition boundary of the β-Zn4Sb3 phase is reached at the Zn-

deficient end of the sample, and then a decomposition into the ZnSb phase is 

observed. The ZnSb phase has a higher electrical resistivity than β-Zn4Sb3, and 

this causes the average sample resistance to rise as an increasingly larger 

portion of the sample decomposes into the ZnSb phase. This is seen in the 

linearly increasing resistance after the 28-minute mark. This particular 

experiment was reproduced with the beam position at the opposite end of the 

sample. These data agree with the interpretation described above, and the 

diffraction patterns and electrical resistance data are given in Appendix III 

(Figure A3.1).  
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Figure 5.7. Raw diffraction patterns measured on a sample a) without active heating and b) 
with a uniform temperature of 200 °C. These figures are reprinted with permission.[104] 

 

Figure 5.8. Measured electrical resistance along with the temperature of the two towers. The 
data point of Tower 1 and Tower 2 coincides, as their temperature is equal. The figure is 

reprinted with permission.[104] 
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5.3.2 Thermal Gradient 

To obtain a complete understanding of the reactions occurring during 

operation, we must inspect more than just a single point of the sample. For the 

experiments presented in this section, the illuminated section of the sample is 

varied in order to add spatial information to the PXRD data. This is realized by 

translating the setup perpendicular to the incoming beam in a cyclical manner. 

The spatial information, however, comes at the cost of reduced time resolution 

at each point of investigation of approximately one minute. In these 

experiments, the samples are exposed to a thermal gradient of 350 °C – 30 °C 

and a current density of 1.14 A/mm2. In the first experiment, the current is 

applied in forward bias, that is, in the direction dictated by the Seebeck 

potential gradient, and for the second experiment, the current will be applied in 

reverse bias, i.e. opposing the Seebeck potential.  

5.3.2.1 Forward bias 

Seven points along the sample spaced by 0.5 mm were chosen, and the X-ray 

diffraction data collected at each point can be seen in Appendix III, Figure A3.2. 

Sequential Rietveld refinements were performed to extract the weight fraction 

of each crystalline phase at every position and results are shown in Figure 5.11a 

together with a depiction of the experimental conditions. Initially, the entire 

sample consist of the β-Zn4Sb3 phase, but after approximately 6 minutes, the 

secondary Zn phase is observed in the cold end of the sample. This is because 

the β-Zn4Sb3 phase becomes saturated with respect to Zn leading metallic Zn to 

deposit, as we have seen before, with an increasing content throughout the 

experiment. The value of the refined Zn phase weight fraction seems to 

fluctuate, presumably due to the Zn phase growing as needle-shaped single 

crystals on the surface of the sample (Figure 5.9a) yielding a poor powder X-ray 

diffraction signal (as discussed in section 2.4.1). After approximately 20 

minutes, the hot end of the sample decomposes from β-Zn4Sb3 to ZnSb due to 

the Zn deficiency. The time delay between the formation of Zn in the cold end 

and the decomposition of β-Zn4Sb3 into ZnSb in the hot end is likely due to the 

phase width of the β-Zn4Sb3 phase as the one-step synthesis method employed 

to make these samples leads to a Zn-rich composition. As the experiment 

progresses, the Zn rich and Zn poor regions of the sample approach each other. 

The electrical resistance of the sample is shown in Figure 5.9b and shares many 
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common features with that of Figure 5.8, where the increase after 

approximately 10 minutes indicates the point in time where the decomposition 

into ZnSb occurs at the first resistance probe, and the continuous increase again 

reflects that a larger part of the sample decomposes into ZnSb. The electrical 

resistance makes a large jump after 8 minutes, which can be explained by a 

displacement of the probes during the experiment. This can occur as the probes 

are spring-loaded to the top of the sample, which makes them prone to 

displacement as the sample undergoes thermal expansion. The movement of 

the probes could also be caused by Zn whiskers growing out of the sample. 

 

Figure 5.9 a) Picture of a β-Zn4Sb3 sample taken after experiment, and b) experimental 
temperature of the two towers along with the measured electrical resistance of the sample. 

These figures are reprinted with permission.[104] 
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Figure 5.10. Composition of the β-Zn4Sb3 phase as a function of time plotted together with the 
weight fraction of the secondary phase. A linear regression is fitted to the composition as a 

function of time (red dashed line) up until a secondary phase appears. The investigated 
positions of the sample ranges from 3.0 mm (a) to 0.0 mm (g) in steps of 0.5 mm. The hot side 

of the sample is at 3.0 mm. These figures are reprinted with permission.[104] 
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To obtain a complete picture of the compositional changes in the β-Zn4Sb3 

phase leading up to the decomposition event, the site occupancy factors (SOFs) 

of Zn were extracted from the Rietveld refinements. As discussed in the 

previous chapter, these parameters correlate strongly with the atomic 

displacement parameters (ADPs), and co-refining both parameters will 

therefore be challenging. Instead, we assume the sample temperature at each 

position of the sample to be constant after the thermal gradient is stabilized and 

the current has been turned on. This will enable us to co-refine the ADPs and 

SOFs simultaneously for the first dataset at each point, and then lock the ADPs 

to the refined value, while refining only the SOFs for the rest of the datasets. 

This will presumably yield somewhat erroneous absolute values for both the 

ADPs and the SOFs, but the subsequent evolution in Zn occupancy will be 

trustworthy if the temperature remains constant. Figure 5.10a-g shows the 

change in Zn content at each position of the sample during the experiment. 

Here, positions close to the hot tower become Zn deficient, and after reaching a 

critical composition corresponding to the lower phase boundary with respect 

to the Zn content, β-Zn4Sb3 decomposes into ZnSb. At the opposite end of the 

sample, the sample becomes Zn rich, with Zn partly entering the β-Zn4Sb3 phase 

and partly forming a secondary Zn phase, which increases in amount over time. 

The increase in the Zn content of the β-Zn4Sb3 phase observed right after the 

decomposition into ZnSb in the hot end should be interpreted with care as the 

diffraction peaks from β-Zn4Sb3 and ZnSb overlap significantly, which makes 

correct partition of intensities troublesome. Even so, the increasing Zn-content 

can be explained by a combination of two effects. 1) It is the most Zn-deficient 

regions of the β-Zn4Sb3 phase, which decomposes into the ZnSb phase. This will 

leave behind a β-Zn4Sb3 phase in which the average Zn content is higher than 

before the decomposition. 2) The decomposition of β-Zn4Sb3 into ZnSb involves 

the release of additional Zn to balance the reaction equation. This Zn will 

presumably be released locally into the β-Zn4Sb3 structure, causing the Zn 

content to increase. This is supported by the lack of an elemental Zn phase in 

the diffraction patterns at the point of decomposition. 
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Figure 5.11 a) Spatially resolved weight fractions as a function of experimental duration for β-
Zn4Sb3 with the external current applied in forward bias (see upper panel). b) The change in x 

in ZnxSb30 with time plotted together with the temperature of the sample as estimated from 
the change in unit cell parameters. These figures are reprinted with permission.[104] 

The rate with which the composition of the β-Zn4Sb3 phase changes before the 

decomposition event is significantly different along the sample. We primarily 

ascribe this to the varying sample temperature, as the diffusion constant of Zn 

in β-Zn4Sb3 has been shown to be highly temperature dependent.[35] The sample 

temperature at the different points along the sample (approximated from the 

unit cell parameters) is shown together with the compositional change in Figure 

5.11b. Here, the compositional change appears to increase with the sample 

temperature, and changes from a negative to a positive value close to the cold 

end of the sample. Between these two areas, the compositional change is zero, 

but that does not imply that Zn diffusion is absent at this point. It merely marks 

the interception between the Zn-rich and Zn-deficient regions of the sample, 

where the Zn-flux in and out of the beam is equal. The unit cell parameters of β-

Zn4Sb3 are shown in Figure 5.12a-g for each position of investigation. These 

parameters might be affected by several effects during the experiment, such as 

external heating, change in atomic composition and Joule heating from the 

external current. As is discussed in section 5.2.3.2, and shown in Figure 5.5, the 

contact resistance between the sample and the brass towers can be quite 

significant. This will lead to local Joule heating, which will decrease over time 

as the electrical contact should be improved by annealing. This will mostly heat 

the sample close to the brass towers and might explain the initial increase in the 
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unit cell parameters of β-Zn4Sb3, as seen in Figure 5.12. The point of 

decomposition into the ZnSb phase is shown with a vertical line in Figure 5.12a-

e. The unit cell parameters of β-Zn4Sb3 seem to increase rapidly leading up to 

the decomposition at every position, which is consistent with previous 

experiments conducted with our old operando setup (Figure 4.3 and Figure 4.8). 

This is possibly due to the ZnSb phase having a higher electrical resistivity 

compared to the β-Zn4Sb3 phase, and thus it will experience larger Joule heating 

by the external current. The boundary between the ZnSb and β-Zn4Sb3 phases 

will furthermore contribute to an increased local electrical resistance, which 

will effectively be heated by the current. The combination of these two effects 

implies that when the ZnSb front approaches the illuminated part of the β-

Zn4Sb3 phase, the unit cell parameters will increase due to a local heating effect 

caused by the nearby ZnSb phase front (Figure 5.12a-e). Due to the different 

dependencies of the unit cell parameters, it is difficult to infer the structural 

response to the compositional changes occurring in the β-Zn4Sb3 phase. This 

will be a challenge in any kind of X-ray diffraction operando setup with an 

external current source and it might be solved using a temperature probe with 

sufficiently high accuracy and spatial resolution. 
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Figure 5.12 Refined unit cell parameters for β-Zn4Sb3 exposed to a thermal gradient and 
external current in the forward bias. The vertical black line indicates the point where the 

decomposition starts. The investigated positions of the sample ranges from 3.0 mm (a) to 0.0 
mm (g) in steps of 0.5 mm. The hot side of the sample is at 3.0 mm. These figures are reprinted 

with permission.[104] 
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5.3.2.2 Reverse bias 

In this experiment, the external electrical field is opposing the Seebeck 

potential. Here, nine points of investigation were chosen spaced by 1 mm. The 

raw diffraction data are shown in Appendix III, Figure A3.3, and sequential 

Rietveld refinements were performed on the datasets collected at each position, 

similar to the previous section. Figure 5.13a shows the weight fractions 

extracted for each crystalline phase during the experiment. Despite reversing 

the thermal gradient, Zn still migrates in the direction of the DC current and 

now deposits on the surface of the sample in the hot end at position 0.0 mm. 

This might have been expected since the external electric potential by far 

exceeds the internal Seebeck potential, but it explicitly underlines that the Zn 

migration is more an electrochemically driven event than thermodiffusion. 

Interestingly, the decomposition from β-Zn4Sb3 into ZnSb is not seen at the cold 

end of the sample in this case. Instead, it unfolds at position 1.0 mm right next 

to the position with secondary metallic Zn phase. This might be due to the 

temperature of the cold end of the sample being too low for Zn to be mobile in 

the structure, and instead migration occurs in the hotter end of the sample, 

which is consistent with the data shown in Figure 5.7, where active heating was 

needed to observe migration. As the experiment carries on, the β-Zn4Sb3 to 

ZnSb decomposition front moves towards the colder end of the sample. 

 

Figure 5.13 a) Spatially resolved weight fractions as a function of experimental duration for β-
Zn4Sb3 with the external current applied in reverse bias. b) Experimental temperature of the 
two towers along with the measured electrical resistance. These figures are reprinted with 

permission.[104] 
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The electrical resistance (Figure 5.13b) drops during the first few of minutes 

and then stabilizes until 5-6 minutes into the experiment, where it begins to rise 

similarly to the former experiment, which again is correlated with the 

appearance of the ZnSb phase, now observed at position 1.0 mm. A similar 

analysis of the compositional changes and unit cell parameters as in the forward 

bias experiment could not be done as the phase decomposition occurs already 

after the first couple of data points at position 1.0 mm and 2.0 mm leaving no 

room for analyzing β-Zn4Sb3 before the decomposition occurs. 

5.3.3 Discussion and Outlook 

The forward bias test reveals that Zn migrates from the hot end of the sample 

to the cold end, and in the direction of the applied current, with the hot end 

being 350 °C. This observation is in line with previous investigations of β-Zn4Sb3 

under applied current.[78,89,96] Despite some studies suggesting β-Zn4Sb3 to be 

thermodynamically stable above approximately 290 °C,[103] Zn ions are in fact 

mobile in the structure at these temperatures, and under an applied electric 

field the ion migration will cause the material to degrade. 

The effect of Joule heating is important to consider for mixed ionic electronic 

conductors with a temperature dependent ion mobility. For β-Zn4Sb3, critical 

current densities (i.e. current densities causing degradation) have been 

reported recently at room temperature by Jakob et al.,[106] which conflicts with 

the observations presented here. Their experiments employed samples with 

much larger cross-sectional area than used here, meaning that correspondingly 

higher external currents are needed to reach similar current densities. 

Assuming a fixed current density, the amount of Joule heating will scale directly 

with the sample cross-section, and it appears that the samples studied by Jakob 

et al. could have reached quite high (but unknown) temperatures. The Joule 

heating effect severely complicates the decoupling of thermal and electrical 

contributions to the observed operational stability of a material, and as shown 

above it is vital to acknowledge their interdependence in stability tests. 

Evaluating only the applied current density or voltage when assessing the 

critical current density and the stability of β-Zn4Sb3 is not adequate since it is a 

mixed ionic electronic conductor with temperature dependent ion mobility.  
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From the reverse bias test, we observe that Zn migrates in the direction of the 

current, rather than in the direction of the thermal gradient. This proves that Zn 

migration is an electrochemical effect more than a thermodiffusion, and 

furthermore suggests that Zn preserves its cationic charge during its migration 

through the structure. In this experiment, Zn crystallizes in the hot end of the 

sample rather than the cold end, as was observed in forward bias case. 

Interestingly, this was also observed by Jakob et al., and it appears that the 

applied current might have been reversed with respect to the Seebeck effect in 

those experiments.[106] This emphasizes the need for clearly establishing 

experimental conditions, and we therefore encourage the use of terms such as 

forward and reverse bias to avoid confusion. 

Despite ATOS indeed being a major improvement to the prototype setup 

presented in the previous chapter, we still desire to implement certain 

upgrades. One of the main drawbacks of the current version of ATOS is the lack 

of a controllable atmosphere. To probe the intrinsic stability of a material, the 

external effects of an oxidizing/reactive atmosphere should sometimes be 

excluded from the experiment. This would also enable us to replicate some of 

the thermoelectric applications, which take place in non-ambient atmospheres, 

such as extraterrestrial power generation, where the thermoelectric legs 

typically operate in vacuum. This could be realized by placing the sample and 

the two brass blocks in a closed container and with kapton windows installed 

to let incoming and scattered X-rays through. Placing the sample in a closed 

container would furthermore reduce convection cooling of the sample from the 

surrounding airflow, which would be particularly important for very thin 

samples. Obviously, the thermal conductivity of the sample is not influenced by 

the sample thickness, but the large surface-to-volume ratio of thin samples 

would make convection cooling much more pronounced. This results in a much 

steeper thermal gradient across the sample and a much more uneven thermal 

landscape in the case where the brass towers are set to the same temperature. 

The present study illustrates the power of operando X-ray scattering analysis in 

combination with measurements of physical properties. For other complex 

disordered materials having mixed ion electron conduction such as Cu2S or 
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Cu2Se, decoupling of electrical and thermal effects is also important for 

establishing the true structural integrity during thermoelectric operation. Since 

the exact composition and atomic substitution considerably alters the 

properties of materials,[107] it appears fruitful to conduct systematic operando 

studies of such material systems. One of the key directions of thermoelectric 

science is development of materials with low thermal conductivity,[108] and such 

materials often have defect crystals structures. Low κ materials may have 

static[30] or dynamic point defects,[54] or rattler atoms in oversized cages,[109] or 

they may have complex extended defects e.g. due to nano-inclusion.[22] Clearly, 

it is of fundamental interest for the advancement of thermoelectric science, to 

study such defect structures under operating conditions. 

Finally, we note that the developed operando setup is not limited to studies of 

thermoelectric materials, and we expect that it can be applied broadly to studies 

e.g. of solid state electrolytes, or that it can be used to structurally follow solid 

state synthesis reactions under well controlled conditions. This will open new 

scientific possibilities for structure-based materials science.
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C H A P T E R 6 

“Deleted Scenes”: Involvement in 

Other Studies 

In the previous chapters, the three main studies of my Ph.D. project have been 

presented in detail, but during the more than four-years of my Ph.D. project, I 

have also been involved in a range of other studies. Just as a film-instructor 

often desires to show some of the scenes that did not make the actual movie, I 

too desire to include a summary of the projects, which did not make it into this 

thesis in detail. In an attempt to still keep this thesis somewhat readable, I will 

however constrain myself to only describe my contribution to two other 

studies. The first study examines the thermal stability of SrZn2Sb2, which was 

initiated already during my bachelor-project and extended a couple of months 

into my Ph.D. project. The results obtained lead to my very first publication as 

a first author in the Journal of Physical Chemistry C, and was the first time I 

encountered the thermoelectric stability issue.[85] The second study presented 

in this chapter is relatively new and a manuscript is currently in preparation. It 

investigates the stability of the thermoelectric PbTe-PbS composite, using the 

Aarhus Thermoelectric Operando Setup introduced in Chapter 5. The study has 

mainly been conducted by a colleague, Christian Moeslund Zeuthen, but I have 

contributed significantly with collection, analysis, and interpretation of 

diffraction data. I have chosen to include this particular study because it 
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challenges the current understanding of nanostructuring and its effect on the 

thermal conductivity at high temperatures, which I believe is of high impact in 

the field. While indeed exciting, involvements in other studies will 

unfortunately not find space in the constrained format of this thesis. A complete 

list of the studies I have been involved in can be found in the publication list 

located in the beginning of this thesis. 

6.1 Thermal Stability of SrZn2Sb2 

The study on SrZn2Sb2 was suggested to me as a bachelor project back in 2016. 

The initial goal of the project was to synthesize a phase pure sample of SrZn2Sb2, 

measure the thermoelectric properties and attempt to dope the structure with 

a small amount of tellurium to improve the thermoelectric properties. SrZn2Sb2 

is intrinsically a p-type semiconductor with a CaAl2Si2-type structure, similar to 

Mg3Sb2 presented in Chapter 3. The thermoelectric properties of SrZn2Sb2 had 

already been measured at the time, where a rather disappointing 

thermoelectric figure of merit of 0.15 at 650 K was reported by Zhang et al.[110] 

and 0.35 at 723 K by Toberer et al.,[111] and the poor performance was mainly 

due to a low power factor. The reason for reinvestigating the compound was 

due to a study by Zhang et al.,[112] where a six-fold degenerate carrier pocket 

was found at the M point in the first Brillouin zone. By doping Te on the Sb site, 

this degeneracy could potentially be obtained, which would lead to an enhanced 

power factor and a revival of SrZn2Sb2 as an interesting thermoelectric topic. 

Several studies claimed to have synthesized phase pure samples of 

SrZn2Sb2,[110,111] but we were unable to reproduce their results, as we 

repeatedly obtained samples with only 80-90 % phase purity, determined from 

synchrotron powder X-ray diffraction. The other phases were a mixture of ZnSb 

and β-Zn4Sb3. Failing to obtain a higher purity, we decided to proceed with the 

available samples and densify the obtained powders using a spark plasma 

sintering press (SPS), similar to what was done in literature.[110] Here, we 

observed a change in the pressure curve during compaction at temperatures 

close to 700 K, which is often a sign of evaporation, and we therefore naturally 

decided to measure diffraction data on the resulting pellet, which can be seen 

in Figure 6.1a. 
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Figure 6.1. a) Comparison of X-ray diffraction patterns collected on samples right after 
synthesis and after SPS compaction at 673 K and at 773 K. b) Variable synchrotron X-ray 

diffraction data collected between 300 K and 800 K. Figures are reprinted with permission.[85] 

By SPS pressing at 773 K, new unidentified diffraction peaks appeared, which 

are not present in the two other datasets shown in the figure. To explain this 

observation, variable temperature powder X-ray diffraction data was measured 

on a freshly synthesized (not pressed) sample, and the data can be seen in 

Figure 6.1b. Here, a complete breakdown of the SrZn2Sb2 phase is observed 

already between the 400 K and 500 K dataset, and the main crystalline phase 

becomes elemental antimony. It is anticipated that this decomposition event 

also takes place during SPS pressing, although the high pressure might 

influence the decomposition, which could account for the less pronounced 

decomposition observed after SPS pressing compared to the powder sample, 

and the difference in decomposition products. To further investigate the 

decomposition mechanism, thermogravimetry (TG) was conducted with a 

varying heating rate on powder samples. At about 900 K, the weight of the 

sample starts to decrease due to evaporation (Figure 6.2b), which is probably 

what caused the pressure curve to rise during SPS. The weight loss seems to 

increase with decreasing heating rate, which translates into a prolonged sample 

exposure to high temperatures. Such a dependency would suggest the presence 

of a kinetically limited step in the evaporation process. To identify the 
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evaporating specie, elemental analysis in the form of inductively coupled 

plasma optical emission spectroscopy (ICP-OES) was performed on the samples 

after the TG experiments. The zinc-to-strontium ratio decreases with 

decreasing heating rate, as shown in Figure 6.2a, which clearly reveals zinc as 

the evaporating element during high temperatures.  

 

Figure 6.2 a) The zinc-to-strontium ratio determined by ICP after TG measurements with a 
varying heating rate. b) TG data obtained in experiments with a varying heating rate between 

20 K/min and 2 K/min. Figures are reprinted with permission.[85] 

To reconcile the effect of atmosphere composition (vacuum in the SPS press, 

argon in the TG and air in the powder X-ray diffraction experiment) on the 

thermal stability of SrZn2Sb2, and to also include tests on pellets, three 

annealing experiments were performed on cold-pressed pellets in air, argon 

and vacuum, respectively, for five days at 850 K. X-ray diffraction patterns 

collected after the stability tests can be seen in Figure 6.3. Even though the 

decomposition products seem to differ, the SrZn2Sb2 phase is fully decomposed 

in all experiments. These observations suggest that the SrZn2Sb2 phase is 

unstable at elevated temperatures in both argon, air and vacuum regardless of 

the sample being a pellet or a powder. This puts the applicability of SrZn2Sb2 as 

a thermoelectric material into serious doubt, and furthermore questions the 

reliability of the physical property data presented in the literature. If the sample 

has partly decomposed during high temperature physical property 

measurements, the measured properties will not reflect the true intrinsic 
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properties of SrZn2Sb2, but instead a mixture of decomposition products. This 

might explain the difference in zT reported by Zhang et al. and Toberer et al.  

 

Figure 6.3 Comparison of X-ray diffraction data measured on pellets exposed to 850 K for five 
days in air, argon and vacuum. Figure is reprinted with permission.[85] 

6.2 Stability of the PbTe-PbS Nanocomposite 

Our investigation of PbS nanoinclusions in the PbTe-Pbs composite was 

inspired by a study from Girard et al. in 2011,[22] where a stunning zT of 

approximately 1.8 at 800 K was reported for the nominal composition of 

Na0.02Pb0.98Te0.88S0.12. At this composition, it was shown that approximately 6-8 

% of the PbS is dissolved into the PbTe matrix forming a solid solution, while 

the rest separates out into cube-shaped nanoparticles, which are imbedded into 

the PbTe-PbS solid solution matrix as a secondary crystalline phase to form a 

composite structure. In the PbTe-PbS phase diagram,[113] a large miscibility gap 

exists, which predicts only a very limited solubility of PbS in the PbTe phase 

much below the 6-8 % reported in the study by Girard et al.. Furthermore, the 
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crystal structure of PbS and PbTe is very similar, which could facilitate PbS 

migration in the PbTe matrix. This led us to question the whether the reported 

composition of the PbS-PbTe solid solution was thermodynamically stable. If 

PbS is expelled from the PbTe-PbS solid solution, it is expected to either cause 

growth of the existing PbS nanoinclusions or formation of new domains. As the 

PbS nanoparticles were said to play an active role in lowering the thermal 

conductivity of the system, a growth of the PbS nanoparticles could be harmful 

for the thermoelectric performance of the system. 

The goal of the study is therefore to investigate the long-term stability of the 

PbTe-PbS composite at high temperatures using the Aarhus Thermoelectric 

Operando Setup (introduced as ATOS in Chapter 5) and link our observations 

directly to thermoelectric properties, which are measured separately. We chose 

to investigate samples with nominal composition Na0.02Pb0.98Te1-xSx with x = 

0.08, 0.12 and 0.18. Samples with a lower amount of PbS did not produce 

sufficiently intense diffraction peaks for the PbS phase and increasing the PbS 

content above 0.18 resulted in micro sized PbS inclusions (rather than nano 

sized). In this section, focus will be on the results obtained from the sample with 

x = 0.12, as the other compositions displayed very similar behaviors. More 

information can be found in the publication draft attached to the end of this 

thesis. To ensure that we could reproduce the high-performance samples 

presented by Girard et al., we first measured the thermoelectric properties, 

which reached similar (if not higher) zT values, and the presence of nanosized 

PbS domains were confirmed using TEM-EDS. The thermoelectric properties 

can be seen in Figure 6.6 and the TEM-EDS data can be found in the publication 

draft. 

The experiment using ATOS employed a set temperature of 477 °C on both 

towers, which was reached after 15 minutes. The sample was then kept 

isothermal for approximately 60 minutes before applying a potential across the 

sample of 0.5 V, as seen in Figure 6.4a. During the experiment, X-ray diffraction 

data was collected at a single position on the sample, and sequential Rietveld 

refinements were performed to extract crystallographic parameters from both 

the PbTe-PbS solid solution (using the PbTe crystal structure) and PbS 

nanoinclusions. In Figure 6.4c, the unit cell sizes of the two phases are shown 
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throughout the experiment. During the initial heating, the unit cell sizes 

increase linearly as expected. In the isothermal section, the unit cell size of the 

PbTe-PbS solid solution phase continues to increase, however with a decreasing 

slope, whereas the PbS unit cell seems to be constant or slightly decreasing 

(inset in Figure 6.4c) throughout this part of the experiment. The increase in the 

unit cell of the PbTe-PbS solid solution cannot be a temperature effect as that 

would just as much have affected the PbS unit cell. 

 

Figure 6.4. a) Experimental conditions showing the applied temperature and electrical 
potential, b) the measured electrical resistance of the sample, c) Unit cell size extracted for 

PbS and PbTe and d) weight fraction and particle size of the PbS phase. 

The extracted weight fraction of the PbS phase throughout the experiment 

reveals an increase with a strikingly similar evolution as the increase in unit cell 

size of the PbTe-PbS solid solution. This strongly suggests that PbS migrates out 

of the PbTe-PbS solid solution (simply labelled the PbTe phase in the 
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refinement), which causes the average unit cell size of the solid solution to 

increase towards that of pure PbTe. By evaluating the width of the diffraction 

peaks originating from the PbS nanoparticles, an average isotropic crystallite 

size was calculated, as explained in section 2.2.3, and the evolution in size can 

be seen in Figure 6.4d. In the isothermal section of the experiment, the particle 

size clearly increases from approximately 15 nm to just below 40 nm. These 

observations strongly suggest that the initial PbTe-PbS solid solution 

composition is meta-stable, and during heating PbS is released from the PbTe-

PbS solid solution matrix into the PbS nanoparticles, which causes them to 

grow. The thermodynamically stable state consists of a PbTe-PbS solid solution 

with a decreased PbS content and PbS nanoparticles with an increased size as 

depicted in Figure 6.5. Applying an electrical potential of 0.5 V did not result in 

any significant change in the sample. The measured electrical resistance of the 

sample is shown in Figure 6.4b. The initial increase is likely due to the increase 

in temperature, which agrees with the temperature dependency of the electrical 

resistivity shown in Figure 6.6a. During the isothermal section of the 

experiment, a slight increase is observed in the resistance, which presumably 

originates from surface oxidation. 
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Figure 6.5. Depiction of the proposed mechanism, where the initial state consists of a PbTe-
PbS solid solution and small PbS nanoparticles, and in the final state, the PbS nanoparticles 
have grown larger at the expense of the PbS initially located in the PbTe-PbS solid solution. 

To investigate the effect of an increasing PbS particle size on the thermoelectric 

performance, we measure Seebeck coefficient, electrical resistivity, and thermal 

conductivity for five consecutive thermal cycles up to 550 °C, and the results 

can be seen in Figure 6.6a-d. Despite the significant increase in the size of the 

PbS nanoparticles, only a slight decrease of the electrical resistivity and thermal 

conductivity is observed during the five cycles, which is compensated by an 

increased Seebeck coefficient ultimately resulting in a largely unchanged zT 

value. These results were somewhat surprising to us at a first glance, as the low 

thermal conductivity of the system was said to be caused partly by the presence 

of the PbS nanoparticles, and we would therefore expect the previously 

observed particle growth to cause the thermal conductivity to increase.  
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Figure 6.6. a) Electrical resistivity, b) Seebeck coefficient, c) Thermal conductivity and d) zT 
measured throughout at least five heating cycles between room temperature and 550 °C. 

Nanostructuring is a well-known approach for reducing the lattice thermal 

conductivity of materials. In silicon, a ten-fold reduction in the thermal 

conductivity was obtained in a fully nanostructured sample compared the bulk 

analogue.[114] By fully nanostructuring the material, the maximum phonon 

mean free path (λ) is effectively reduced to the distance between crystallite 

interfaces. PbTe with PbS nanoinclusions is a composite material, where the 

nanoparticles are present as a secondary phase. For them to serve as effective 

phonon scattering centers, the distance between them should likewise be less 

than the λ of the phonon. According to a molecular dynamics simulation of the 

lattice thermal conductivity reported by Qiu et al.,[115] 50 % of the contribution 

to the thermal conductivity in PbTe originate from phonons with a λ less than 

15 nm at 300 K.[115] At higher temperatures, increased phonon-phonon 

scattering will result in an even further decrease of λ, with 65 % of the 
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contributing phonons having a λ below 10 nm. As these distances are much 

shorter than the distances between nanoinclusions in the PbTe-PbS solid 

solution, we have no reason to expect a lowering of the thermal conductivity at 

high temperatures, which is supported by our observations. This study 

challenges the concept of introducing nanoinclusions in composite materials 

with the purpose of lowering the thermal conductivity of thermoelectric 

materials at high temperatures. 

The present study is an excellent example of a case where clear structural 

alternations do not deteriorate the thermoelectric properties of the material. 

While the initial atomic state of the material inarguably is unstable, being 

unstable is not necessarily catastrophic for the material, but it must be 

scrutinized. As such, this study emphasizes the importance of combining 

several characterization techniques for fully assessing the material stability 

with regards to thermoelectric application. 
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C H A P T E R 7 

What Have We Learned and How 

Do We Progress? 

In the studies presented so far, the instability of the investigated materials has 

expressed itself in different ways, ranging from a complete phase 

decomposition as observed in β-Zn4Sb3 to a slight growth of nano inclusions in 

the PbTe-PbS composite. This naturally raises the question; how should we 

define stability? When is a material unstable? From the perspective of an 

engineer, the stability of the individual thermoelectric materials is of little 

concern if the electrical power produced by the thermoelectric module is 

constant. If the electrical power output is not constant, however, it might not 

only be because of the thermoelectric legs, but it could also be due to the many 

other aspects associated with assembling a thermoelectric module, such as 

interlayer diffusion, poor electrical/thermal contacts, mechanical instability 

etc., so in this way, the stability of the entire module is investigated at once. 

While being highly useful for testing, this approach lacks the power to explain 

and predict. By studying the atomic structure and physical properties of the 

individual materials in conditions resembling a module environment, we enable 

ourselves to test, explain and predict, all at once. 
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In this Ph.D. project, the main characterization technique has been X-ray 

diffraction, but it is certainly not the only suitable characterization technique 

for testing stability. Some studies investigate stability using repeating physical 

property measurements while others examine the change in heat capacity using 

differential scanning calorimetry (DSC) or the change in sample weight using 

thermogravimetry (TG). Every characterization technique has its own strengths 

and weaknesses for studying stability, which should be addressed in order to 

advance the field of thermoelectric stability studies. In the following section, a 

brief discussion of the most widely adopted characterization techniques for 

studying the stability of thermoelectric materials is presented. Despite of the 

wide range of available characterization techniques, I will narrow myself to 

focus on measurements of the physical properties used to determine zT, X-ray 

diffraction and DSC-TG. 

7.1 Characterization Techniques 

7.1.1 Seebeck Coefficient and Electrical Conductivity 

Both the Seebeck coefficient and the electrical conductivity are sensitive probes 

of the carrier concentration, and are therefore capable of detecting subtle 

changes in the doping content of a certain phase, which are hardly detectable 

by other techniques such as diffraction.[53] The Seebeck microprobe instrument 

furthermore adds spatial information, and is an excellent tool for revealing 

spatially varying compositions, as has been demonstrated in a number of 

studies.[116,117] 

The electrical conductivity is also influenced by minute changes in the atomic 

structure properties such as defects and grain boundaries. This has been seen 

for Mg3+δSb1.49Bi0.5Te0.01, where the resistive grain boundaries were shown to 

limit the performance of the material at room temperature.[118] By annealing the 

sample in Mg-vapor, it was possible to increase the grain sizes while 

maintaining the necessary Mg-rich stoichiometry of the sample. The immediate 

effect was a significant improvement in the measured electrical conductivity at 

room temperature,[119] as shown in Figure 7.1. The average grain sizes shown 

in this study were measured using electron backscatter diffraction.  
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Figure 7.1 Electrical conductivity for samples of Mg3+δSb1.49Bi0.5Te0.01 with varying grain sizes 
reported by Wood et al. The figure is reprinted with permission of Wiley-VCH.[119] 

One drawback of testing stability through the Seebeck coefficient and electrical 

conductivity is that structural information remains inaccessible, and even 

though changes in the atomic structure is reflected in the physical properties, 

the underlying mechanisms mostly remain unexplainable from the physical 

properties alone.  

One such case is the study by Kuznetsov from 1999 on the thermoelectric 

properties of Ba8Ga16X30 with X = Si, Ge and Sn.[120] From the Seebeck coefficient 

measured in the temperature range of 100-870 K, a good agreement between 

the measured and calculated values was found for the samples containing Si and 

Sn using a single parabolic band model with acoustic phonon scattering. For 

Ba8Ge16Ge30, a significant deviation from the calculated model was observed, as 

seen in Figure 7.2a, which remained unexplored at the time. Later studies of the 

thermal stability found Ga to be expelled from the clathrate structure at 

elevated temperatures (Figure 7.2b), as observed through DSC[39] and a 

combination of PXRD and TEM-EDX.[40] This demonstrates the potential 

consequence of overlooking stability during high temperature physical 

property measurements as the measured values might not represent the 

anticipated compound. 
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Figure 7.2. a) Seebeck coefficient for Ba8Ga16X30 with X = Si, Ge and Sn, and Sr8Ga16Ge30. 
Reproduced from Kuznetsov et al. with the permission of AIP Publishing. b) A pellet of 

Ba8Ga16Ge30 after 6-days with a thermal gradient of 400-50 °C, reproduced from Reardon et al. 
with permission of The Royal Society of Chemistry.[40,120] 

Despite being highly sensitive towards minute changes in the doping content of 

the main phase, detecting small fractions of impurity phases might be 

troublesome using the bulk Seebeck coefficient and electrical conductivity. This 

depends on the spatial distribution of the impurity phase, but well-dispersed 

impurity phases in low contents normally do not change the bulk electrical 

transport properties.[88] 

7.1.2 Thermal Conductivity 

While it is crucial to characterize the thermal conductivity of a thermoelectric 

material in the expected operation temperature range, it is not an optimal probe 

for stability evaluation at high temperatures. This is because the phonon mean 

free path in a solid is significantly reduced at elevated temperatures due to 

increased phonon-phonon scattering. Contributions from compositional 

variations, order-disorder transitions and nano-structuring, which scatter 

phonons on longer length scales, will therefore often be drowned.[121] Minor 

structural changes in a material might therefore not be visible from the high 

temperature thermal conductivity, and stability claims based solely on an 

unchanged thermal conductivity through repetitive thermal cycling should thus 

be avoided. This is not to say that the thermal conductivity is unchangeable at 
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high temperatures, but that the behavior is highly dependent on the system and 

the dominating phonon modes. 

Dissolution of impurity phases and changes in sample crystallinity during high 

temperature stability tests will influence the thermal conductivity peak usually 

found in the low-temperature region from approximately 10-100 K, where 

phonon-phonon scattering is weak. Crystallite growth also affects the thermal 

conductivity through macroscopic boundary scattering at even lower 

temperatures.[52] Using low-temperature thermal conductivity measurements 

as an ex-situ characterization method in-between heating cycles can therefore 

yield extremely useful information about the sample, which is hardly obtainable 

from other techniques. 

7.1.3 Powder Diffraction 

As has been shown repeatedly throughout this thesis, powder diffraction is a 

highly suitable technique for studying the structural stability of crystalline 

components. The diffraction pattern produced by a crystalline phase can be 

thought of as a unique fingerprint, and several crystalline phases in a single 

sample can therefore be identified and monitored at once. In the thermoelectric 

community, it is mostly used to check for phase purity after synthesis, but it has 

also been used to infer the decomposition mechanism from just the resulting 

decomposition products.[92] Measuring X-ray diffraction data after any sample 

processing or high temperature property measurement is generally advised to 

ensure that the sample remains stable and unchanged. 

With the advancement of neutron, synchrotron and laboratory X-ray sources, 

both in terms of photon flux and possible sample environments, non-ambient 

time resolved diffraction experiments have become fully viable. Due to the high 

time resolution enabled by 3rd generation synchrotron sources, it is possible to 

follow decompositions while they occur with the purpose of explaining the 

underlying mechanism, as demonstrated in Chapter 4 and 5. However, as 

dicussed in Chapter 2, diffraction peaks are only produced by crystalline phases. 

Even semi-crystalline phases, such as nano-particles, are hardly detectable if 

present in low quantities.[122] The scattering from non-crystalline components 

will be diffusely distributed in the diffraction pattern, and can be analyzed 
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through the Pair Distribution Function. This analysis has some drawbacks at 

high temperatures such as severe peak broadening, but as shown in Chapter 3, 

it can be used as an ex-situ tool to study the material after thermal treatment.[64] 

As discussed in section 2.2.3, the shape of the diffraction peaks can be used to 

extract crystallite sizes, but for crystallites larger than approximately 100 nm, 

the peak shape is no longer affected.[57] For observing growth of crystallites 

significantly larger than 100 nm, which was shown to influence the electrical 

conductivity of Mg3+δSb1.49Bi0.5Te0.01 in the previous example by Wood et al.,[119] 

conventional diffraction techniques are not optimal. 

Another risk of assessing the material stability using only diffraction methods 

is that changes in the crystal structure do not necessarily affect the bulk 

physical properties. In cases where only minute structural changes are 

observed, the thermoelectric properties should also be measured as was done 

in the study of the PbTe-PbS composite. 

7.1.4 Thermogravimetry 

TG is one of NASA’s most heavily used techniques for stability testing. It is 

primarily used in the so-called Beginning of Life test, which extends for several 

days before eventually moving to more sophisticated instruments.[27] For NASA, 

it is essential to determine the sublimation rate of a material when operated at 

high temperature and in high vacuum, as severe sublimation could lead to 

porosity, excessive contact resistance, mechanical failure and an overall 

reduced conversion efficiency. 

TG is not capable of revealing phase transitions, which is why it is often 

combined with DSC, where endo- and exothermic reactions are detected. In 

these methods, data is produced with a high time resolution, which enables 

accurate determination of transition temperatures. The observed transition 

temperature in a DSC experiment is determined by the thermodynamics of the 

system, but for kinetically slow transitions, applying a high heating rate can 

shift the observed signal. By varying the applied heating rate in succeeding 

experiments, it is possible to estimate certain kinetic properties, such as the 

reaction rate constant and activation energy.[85,86,123] 
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In this regard, the combination of DSC and TG is a well-suited solution for 

probing the immediate thermal stability of a material, producing results with a 

high reproducibility due to the tightly controlled atmosphere and heating rate. 

Heating the sample uniformly, however, does not fully represent the thermal 

profile of a material in a thermoelectric module, as the additional effects from a 

thermal gradient is not considered. Also, the typical DSC-TG experiments 

presented in literature are rather short-term and often consider just a single 

thermal cycle. In such cases, slow evaporation or decomposition reactions can 

easily be overlooked.  

7.2 Experimental Parameters Affecting Stability 

When performing stability tests, we do not only observe the intrinsic stability 

of the system, but also the influence of the experimental environment on the 

sample. It is therefore important to understand the effect of external 

parameters on stability in order to make reliable comparisons between stability 

studies with different experimental conditions. This section summarizes the 

experiences I have gathered on the influence of certain external parameters on 

the observed stability, from a combination of my own studies and the available 

thermoelectric stability literature.  

7.2.1 Static vs. Dynamic Atmosphere 

For some systems, the stable temperature interval is significantly reduced in 

dynamic atmospheres compared to its static analogue. This is prominent for 

materials with a high vapor pressure, as a dynamic atmosphere will cause the 

evaporation of the material to continue in an attempt for the vapor pressure to 

reach equilibrium. An obvious example is the constant evaporation of water in 

an open container. 

This was observed for SrZn2Sb2, where the effect of a dynamic argon 

atmosphere in the DSC on the Zn evaporation was clear, as additional stability 

tests conducted in static atmospheres of argon, air and vacuum revealed 

essentially no evaporation.[85] One of the first stability tests performed on β-

Zn4Sb3 was carried out by Caillat et al. in 1997.[31] In this study, the stability was 
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partly assessed from measurements of the Seebeck coefficient, thermal 

conductivity and electrical resistivity conducted in static vaccum, where stable 

and reproducible values were obtained throughout four thermal cycles up to 

673 K. After these measurements, the sample was confirmed being β-Zn4Sb3 

using Seebeck microprobe. However, when measuring the electrical resistivity 

using the Van der Pauw method in dynamic vacuum, a steadily increasing 

electrical resistivity was observed already at 543 K, and the formation of ZnSb 

was subsequently observed in the sample, speculatively due to Sb evaporation.  

Experiments using a DSC-TG or a Van der Pauw setup are often carried out in a 

dynamic atmosphere, whereas high temperature measurements of physical 

properties such as electrical conductivity and Seebeck coefficient using a ZEM-

3 instrument are often carried out in static atmospheres. The instrumental 

environment naturally depends on the specific instrument and supplier. 

7.2.2 Reactive vs. Inert Atmospheres and Vacuum 

Exposure to an oxygen-containing atmosphere can cause formation of an oxide 

surface layer, which is particularly important to consider at high temperatures. 

In a thermoelectric module, such an oxide layer will deteriorate the electrical 

contacts leading to energy loss.  

For the CoSb3 skutterudite, antimony oxide phases were forming on the sample 

surface during high temperature stability testing in an oxygen-containing 

atmosphere for 134 hours at 873 K.[124] The thickness of the layer was observed 

to increase upon extended thermal exposure, and it was later established that 

the oxide formation started already at 653 K.[123] The oxide layer was obviously 

not observed when the sample was heated in an argon or helium atmosphere, 

but instead, the compound decomposed due to sublimation of Sb starting at 693 

K.[123,124] 

Studies on the oxidation behavior of SnSe can be traced back to a Mössbauer 

study in 1977[125] and the system has been revisited several times since 

then,[126,127] especially following the staggering zT of 2.6 at 923 K reported in 

2014 by Zhao et al.[23] When heating a sample of SnSe in a dry oxygen 

atmosphere, a SnO2 phase formed on the surface of the sample already at 473 

K, and annealing at 923 K in air for 2 hours resulted in complete surface 
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oxidation of SnSe, characterized through photoelectron spectroscopy. However, 

annealing SnSe in vacuum at 823 K for 100 hours did not result in any 

detectable oxidation or decomposition.[127] 

During most high temperature measurements of thermoelectric physical 

properties, the atmosphere is kept inert to protect the equipment and to 

prevent sample reactions. This is usually in the form of a static vacuum with a 

small backpressure of an inert gas to enhance heat transport. 

7.2.3 Sample Form - Surface to Volume Ratio 

For surface reactions and oxidation, the considerably higher surface to volume 

ratio in fine powders, compared to that of a bulk sample, can have a 

tremendously accelerating effect.  

In a stability study of β-Zn4Sb3 nano crystals by Schlecht et al., a decomposition 

event was observed at 469 K during DSC for a sample of nano particles, and this 

was not seen for the bulk equivalent.[128] The difference was ascribed to a higher 

vapor pressure of Zn in the nano particles, which upon continuous evaporation 

would lead to a transition into the Zn-deficient ZnSb phase. It was also 

speculated that the ZnSb phase could have a lower surface energy than β-Zn4Sb3 

making it thermodynamically favored above a certain surface to volume 

ratio.[128] 

In the thermal stability study of Te-doped Mg3Sb1.5Bi0.5 presented in Chapter 3, 

a major difference was also observed between fine powders and densely 

compacted samples.[64] Here, a secondary phase of elemental bismuth was 

observed to form in a powder sample already after heating to 725 K once. 

Repeating the experiment on a dense pellet did not reveal any elemental 

bismuth phase but storing the sample for a year at room temperature 

surprisingly caused the bismuth phase to appear in the X-ray diffraction data. 

After polishing the sample, the bismuth phase disappeared suggesting that 

bismuth forms on the surface of the sample. In this case, the sample form 

appeared to play a crucial role in the observed sample stability. 

In the typical characterization techniques used for stability evaluation, the 

sample form varies significantly. When measuring thermoelectric physical 
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properties, a certain sample size and geometry with a high density are required, 

whereas for diffraction experiments, the ideal sample form is ultra-fine powder. 

7.2.4 Thermal Gradient vs. Uniform Sample Temperature 

Most stability tests employ a uniform sample temperature rather than a thermal 

gradient. Besides the mechanical stress caused by a thermal gradient, the 

combined effect of a thermal gradient and the Seebeck potential can be enough 

to cause migration in materials containing mobile ions, such as mixed ionic 

electronic conductors, which can eventually results in irreversible structural 

changes.[90,91,96] In a study of Mg-doped β-Zn4Sb3, highly reproducible physical 

properties were obtained throughout 30 consecutive thermal cycles up to 718 

K indicating a high degree of thermal stability, but when exposed to a thermal 

gradient between 293 and 673 K, Zn whiskers would appear in the cold end of 

the sample due to the previously discussed migration of Zn through the 

structure.[96] 

The effects associated with a thermal gradient is different from that of a uniform 

temperature, but it is rarely considered in regular stability tests. In the ideal 

stability test, the effect of a sustained thermal gradient must be included as it is 

a prerequisite for obtaining a Seebeck potential. 

7.3 Categorization of Stability Tests 

So far, the strengths and weaknesses of the most widely applied 

characterization methods have been discussed and the influence of certain 

external parameters on the observed stability has been presented. In the 

literature, a wide range of approaches and characterization methods are 

adopted for testing stability, and the level of experimental detail reported is 

inconsistent, which means that they often cannot be compared reliably. One 

concern is that the relevant parameters to report might not only be those 

presented in the previous section, but instead some unexpected or unknown 

ones. In most of the stability tests, the experiment is not mimicking the actual 

application, and the testing time is usually inadequate to reveal slow structural 

changes or decompositions. Hence, extrapolating from the results of these tests 

to conclude on the stability in actual application settings is not trustworthy, 
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which makes it highly risky to invest in further development and 

commercialization. 

In the battery- and photovoltaics research communities, material stability 

issues pose similar challenges, and in the field of perovskite photovoltaics, 

standardized stability tests have been implemented with specific requirements 

on the experimental parameters.[129,130] In the thermoelectric community, there 

is no such consensus. As such, by inspiration from the community of perovskite 

photovoltaics, a categorization scheme for thermoelectric stability tests is here 

proposed. The categorization consists of three levels, which are mainly based 

on the reproducibility and real-world resemblance of the test. The goal is to 

bridge the gap between fundamental thermoelectric research and actual 

application by encouraging more detailed stability tests to be conducted. In 

Table 7.1, the experimental characteristics defining the three levels are listed. 

The proposed characteristics should operate as minimum requirements for the 

different tests. We realize that most of the actual stability studies are placed 

somewhere in-between these levels, and we therefore encourage future studies 

to be explicit about the experimental deviations from the proposed 

categorization.  

The first level covers the simplest experiments, which can be carried out with 

low-grade experimental instruments, such as an oven or a hot-plate, and where 

the surrounding environment, exact temperature and sample characteristics 

are largely unrestricted and uncontrolled. We note that these experiments are 

still very useful and can certainly contribute with valuable information, but the 

reproducibility of these results might be limited by the lack of parameter 

control. The second level covers more reproducible tests, which are mostly 

carried out using commercial instruments, and where the atmosphere, heating 

rate and temperature are tightly controlled. Most stability tests in the 

thermoelectric literature fall into this category. The results from these tests are 

reproducible and constitute trustworthy data in the stability research but 

claiming operational stability should not be done based on results from a level 

2 test, as the sample, heating profile and test times are not matching that of a 

module. Instead, the level 3 test requires conditions, which approach that of a 
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thermoelectric module. The results from these tests are not only highly 

reproducible and reliable but can furthermore give an indication of how well 

the material will perform in an actual application setting. This will significantly 

decrease the risk of investing in further development of the material. The 

intention with this level is to mix the reproducibility and careful parameter 

control of fundamental material science with an applicational mindset and 

might require interdisciplinary collaboration. 
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7.4 Reporting Protocol 

As an addition to the categorization of stability tests, a set of experimental 

reporting guidelines are proposed for the three levels and are listed in Table 

7.2. We anticipate these guidelines will increase consistency in the reported 

experimental details and improve the comparability between stability studies. 

The degree of detail needed to be reported increases for each level and is closely 

linked to the experimental requirements in Table 7.1. It might be that some of 

the proposed parameters are inconsequential or trivial with respect to the 

material stability, whereas parameters overlooked in this scheme could turn 

out to be crucial for some systems. For this reason, the protocol should not be 

considered final, but instead act as a guideline, which must constantly be 

updated with newly identified factors as the field of stability studies becomes 

increasingly explored. It is therefore important to go beyond the protocol when 

reporting experimental parameters. 

7.5 Final Remarks 

To make a substantial impact on society, thermoelectric modules must be 

commercialized. Procrastinating the stability aspect in fundamental material 

science will only increase the already immense risk of investing in maturing a 

technology such as thermoelectricity. In an attempt to address this issue, we 

want to unite fundamental material research with the more application 

oriented engineering in an intermediate field, where the best of both worlds are 

combined. With the proposed categorization of the stability tests, we hope to 

inspire interdisciplinary collaborations to successfully conduct level 3 stability 

tests. The impact of these studies will be immediate, as it will make it 

significantly easier to identify materials with a reliable performance and thus 

decrease the risk of investing into further development and commercialization 

of the material. The reporting protocol is proposed not only to act as a checklist, 

but also to create awareness towards some of the parameters, which might be 

influential for the material of scrutiny. In this unpredictable field of stability, we 

hope to contribute to obtaining the best prerequisites for mapping out the exact 

influence of individual parameters on the stability of different thermoelectric 

systems. 
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C H A P T E R 8 

Concluding Remarks 

Material science revolves around the relationship between synthesis, structure, 

properties, and application. Comparing the field of thermoelectrics to other 

fields of material science, the stability aspect during application lacks attention 

and a streamlined effort. 

I hope that my Ph.D. project has emphasized the importance of considering and 

understanding the stability of thermoelectric materials during application, and 

that the awareness towards it must be increased within the thermoelectric 

research community to facilitate a wider impact of the technology. The work 

presented throughout this dissertation has demonstrated how X-ray diffraction 

techniques can be used to investigate the atomic structure of thermoelectric 

materials as they break down, and how it can aid in identifying and 

understanding the root of instability. More specifically, this Ph.D. thesis has 

presented stability insights on Te-doped Mg3Sb1.5Bi0.5, β-Zn4Sb3, SrZn2Sb2 and 

PbTe-PbS, using increasingly complex test environments starting from a 

commercial heater to a custom built thermoelectric operando setup. From these 

studies, it was clear that instability comes in different shapes. Materials such as 

SrZn2Sb2 and β-Zn4Sb3 decomposes completely in the presence of a uniform 

temperature or a temperature gradient, respectively, whereas only non-

destructive structural rearrangements were observed in Mg3Sb1.5Bi0.5 and 
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PbTe-PbS. For actual thermoelectric application, the instability of the two latter 

systems might not be harmful as their physical properties are preserved despite 

of the significant alterations occurring on the atomic scale. This underlines the 

importance of combining X-ray diffraction data with physical property 

measurements, either simultaneously, as in the operando setup, or separately, 

as in the study of PbTe-PbS. 

I want to go off-topic and direct some attention to the countless work hours 

invested into experiments, beamtimes and projects, which did not lead to any 

useful result. These efforts do not appear clearly from a thesis like this, where 

the focus mostly is on presenting what actually worked out. As an example, 

most of the datasets collected on the first couple of operando beamtimes were 

essentially useless as what was seemingly brilliant ideas during the beamtime 

turned out to be horrible when doing the data analysis. In general, the projects 

presented in this thesis show only the few successful experiments, where the 

results were aligned with the hypotheses. This is rarely the case. In science, 

there are way more negative results than there are positives. The most 

important lesson I have learned during the past four years is not to be 

emotionally involved in the research results. There is simply no good or bad 

result in science. 

In general, the field of operando characterization has mostly been limited to 

neutron facilities due to the strong interaction between X-rays and condense 

matter. However, by utilizing the high photon energy offered by a selection of 

synchrotrons around the world, such experiments can now also be viably 

performed with X-rays. This vastly improves the data quality of time resolved 

diffraction experiments, which opens the door for more detailed analysis of 

atomic displacement parameters and changes in the atomic composition during 

operation. By introducing the use of operando techniques within the 

thermoelectric community, and by transparently laying out all our 

considerations and experiences regarding the setup and its limitations, we hope 

to inspire other groups to develop their own improved version of an operando 

setup for testing stability. In our own group lead by Professor Bo Brummerstedt 

Iversen, the study presented in Chapter 5 is just the beginning of the operando 

project. Further material studies using the setup are already taking place, and 
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future improvements to the setup are in the pipeline. We firmly believe that 

studying the decomposition of thermoelectric materials in their application 

habitats gives the best prerequisites for obtaining the necessary knowledge to 

ultimately design stable and reliable materials for thermoelectric energy 

harvesting.
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Appendix I 

This is the appendix for Chapter 3. 

 

Figure A1. 1 Rietveld refinement model of PXRD data collected a) before the 1st heating, b) 
before the 2nd heating. 

 

Figure A1. 2 Rietveld refinement model of PXRD data collected a) before the 3rd heating, b) 
before the 4th heating. 
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Figure A1. 3 Rietveld refinement model of PXRD data collected a) before the 5th heating, b) 
before the 6th heating. 

 

Figure A1. 4 Rietveld refinement model of PXRD data collected a) before the 7th heating, b) 
before the 8th heating. 
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Figure A1. 5 Rietveld refinement model of PXRD data collected a) before the 9th heating, b) 
before the 10th heating. 

 

  



142 

 
 

 

  



143 

 
 

 

Appendix II 

This is the appendix for Chapter 4 

 

Figure A2. 1 Thermal expansion of the unit cell a) a-axis and b) c-axis for Zn4Sb3 
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Appendix III 

This the is appendix for Chapter 5. 

 

Figure A3. 1 a) Raw diffraction patterns, b) Electrical resistance and the applied temperature, 
c) Extracted unit cell c parameter and d) unit cell a parameter and the RBragg value for the 

refinement model. Data is shown for a sample exposed to 200 °C and a current density of 1.14 
A/mm2, and data is collected in the zinc-rich end of the sample. 
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Figure A3. 2 Surface plot of the raw diffraction patterns collected on a sample with a thermal 
gradient of approximately 350 °C and 50 °C, with a current density of 1.14 A/mm2 applied in 

forward bias. The hot end of the sample is at position 3.0 
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Figure A3. 3 Surface plot of the raw diffraction patterns collected on a sample with a thermal 
gradient of approximately 350 °C and 50 °C, with a current density of 1.14 A/mm2 applied in 

reverse bias. The hot end of the sample is at position 0.0. 
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ABSTRACT: The structure and thermal stability of thermo-
electric (TE) SrZn2Sb2 have been probed by means of both in
situ and ex situ powder X-ray diffraction, differential scanning
calorimetry (DSC), thermogravimetry, and inductively
coupled plasma optical emission spectrometry. Densification
of the sample during synthesis induced evolution of an
increasing degree of impurity phases coming from the
decomposition of SrZn2Sb2. Variable-temperature synchrotron
powder X-ray diffraction experiments performed on an air-
packed sample revealed a structural breakdown occurring
between 500 and 600 K. DSC performed in an argon flow
revealed the decomposition to be an exothermic and kinetically slow transition accompanied by a weight loss of zinc, showing the
extent of decomposition to increase as a function of decreasing heating rate applied in the DSC experiments. Using the Kissinger
and Ozawa analysis methods, activation energies of ≈1.9 eV were obtained. After five days at 850 K in vacuum, argon, and air
atmospheres, cold-pressed samples showed a complete depletion of SrZn2Sb2, however, the zinc evaporation was strongly
inhibited compared to the DSC experiments, which is likely to be because of the reduced surface area. These observations
indicate that the structural decomposition is independent of both operating atmosphere and surface-to-volume ratio, making
SrZn2Sb2 unsuitable for practical TE applications in intermediate- and high-temperature environments in spite of the promising
TE properties reported previously.

■ INTRODUCTION

Thermoelectric (TE) materials offer interconversion of thermal
and electrical energy through the presence of a heat gradient
and thus constitute an attractive option for the recovery of
waste heat. Low conversion efficiency has been the major
limiting factor in the industrial success of TE materials, and,
therefore, a race toward materials with enhanced physical
properties has emerged to meet the increasing demands.1−4

The efficiency of a TE material is commonly dictated by the
dimensionless figure of merit, zT = α2T/ρκ, where ρ is the
electrical resistivity, κ is the total thermal conductivity, α is the
Seebeck coefficient, and T is the absolute temperature.5,6

Another complication in the exploration of TE materials is that
the physical properties influencing the efficiency are all
temperature-dependent,7 which results in a material-specific
temperature window for optimal performance. Because these
temperatures are often within the intermediate- to high-
temperature region, it is important, but often neglected, to
probe the structural stability at temperatures within the specific
operating temperature interval. TE modules are expected to
have reliable and continuous performance throughout a large
number of thermal cycles (or over long periods of time under a
high-temperature gradient and under the influence of a
current). Therefore, even the slightest structural degradations
observed in a laboratory experiment must be investigated
thoroughly because mid- to long-term thermal cycling can lead

to severe failure of the module. This has previously been
observed in several systems.8−11,33 For example, a record-
breaking zT value of about 2.6 was reported for SnSe at 923 K
along the crystallographic b- and c-direction.12 However, this
performance is not reachable in real operating environments,
where ambient atmosphere and high temperatures result in the
oxidation of Sn yielding the formation of SnO followed by the
appearance of an Se-rich SnSe2 phase, which was in fact shown
in a previous study.13 These additional phases affect the TE
properties negatively and entail that SnSe is not viable in
modules exposed to even small partial pressures of oxygen.
The focus of this work is on the Zintl phase compound

SrZn2Sb2, which is a CaAl2Si2-type structure. The structure was
first solved by Mewis14 in 1978, who found that the compound
crystallizes in a trigonal AB2X2 structure (space group P3 ̅m1).
These consist of alternating layers of group I or II cations on
the A position, in this case Sr2+, and an anionic grid of
transition or post-transition metals on the B and X positions
interspacing the layers, in this case [Zn2Sb2]

2− (Figure 1). This
type of structure is well-known within the TE community and
has been the subject of myriad studies.15−17
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This material has attracted interest because of its relatively
earth-abundant elemental composition, and that a considerably
high Seebeck coefficient and a low total thermal conductivity
were reported in previous studies.18,20 SrZn2Sb2 has been
reported as an intrinsic p-type semiconductor21 with a zT of
0.15 at 650 K by Zhang et al. and 0.35 at 723 K by Toberer et
al.20 Neither of these values is outstanding, which is due to the
material having a high electrical resistivity. The reason for
reinvestigating this compound is due to a recent study by
Zhang et al., who reported the detailed band structure of
SrZn2Sb2, showing a sixfold degenerate carrier pocket at the M
point in the first Brillouin zone.22 Achieving this degeneracy
could lead to a significant decrease in the electrical resistivity of
the n-type SrZn2Sb2.

23 However, several currently known TE
compounds containing Zn and Sb atoms show a tendency for
zinc to migrate at nonambient conditions.24 For this reason, it
is particularly important to investigate the structural stability at
potential operating conditions for this specific composition.
Thus, the present study seeks to probe the structure and

thermal stability of SrZn2Sb2. The temperature range of
investigation is chosen such that it corresponds to property
measurements published previously.18,20 Initially, powders
obtained by two different heating patterns are compared in
terms of purity using Rietveld refinement.25 Subsequently,
densification is attempted using spark plasma sintering (SPS).
The thermal stability of the powder samples is probed using
variable-temperature powder X-ray diffraction (PXRD), along
with combined differential scanning calorimetry (DSC) and
thermogravimetric (TG) analysis. Varying the heating rate
applied in the DSC−TG experiments enables the thermoana-
lytical methods to be applied to estimate an activation energy
associated with the structural transition. To present a broad
representation of the thermal stability, characterization of
samples was performed in both ambient, argon, and vacuum
atmospheres while also comparing powdered and pelletized
samples.

■ EXPERIMENTAL SECTION
Synthesis. Zinc shots (99.99%, Sigma-Aldrich 402583) 1−3

mm, antimony pieces (99.9999%, ChemPUR 009022), and
strontium granular (99%, Sigma-Aldrich 40332) were weighed
in the correct stoichiometric ratio inside an argon atmosphere
glovebox with O2/H2O concentrations being stable and below
0.1 ppm, which is the detection limit of the sensors. The mass
of the product was aimed to be approximately 3 g. The starting
element mixture was transferred to a homemade carbon
crucible and placed in a quartz reaction tube. The tube was
then evacuated (<5.0 × 10−4 mbar) and melt-sealed to form an
ampoule using a gas torch. The ampoule was then placed in an
alumina crucible with zirconia pearls to ensure even heat
distribution throughout the sample. The system was left to

react in a vertical oven. The two heating regimes used for the
syntheses were consistent with the previous studies

⎯ →⎯⎯⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯ ⎯→⎯

⎯ →⎯⎯⎯⎯⎯⎯ RT

(1) 1220 K 1220 K 820 K 820

K

61.7 K/h 30 min 100 K/h 8 h

100 K/h

⎯ →⎯⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯ → RT(2) 1075 K 1075 K
100 K/h 5 days

Heating regime (1) was reported by Toberer et al.20 and
heating regime (2) was reported by Zhang et al.,18 where both
papers reported that a phase-pure product was obtained. A
slightly silvery, hard, and brittle ingot containing the products
was recovered from the reaction ampoule and hand-ground to
obtain a black and air-stable powder. The products were
subsequently analyzed by PXRD. Pellets were then pressed
using SPS press-reaching temperatures of both 673 and 773 K
using a heating rate of 50 K/min and a pressure of 60 MPa.

Powder X-ray Diffraction. Room-temperature PXRD
patterns were collected using an in-house Rigaku SmartLab
diffractometer with a Cu source and a monochromator to
provide Kα1 X-rays (λ = 1.54059 Å). Parafocusing Bragg−
Brentano geometry was employed.
Variable-temperature PXRD experiments were conducted at

the SPring-8 synchrotron facility in Japan (BL44B2) using
transmission geometry with a wavelength of λ = 0.50062 Å. The
powder samples were packed in quartz capillaries (0.2 mm
outer diameter, that is, small enough to settle with simple
absorption corrections during the refinement; μRtot < 1). All
powder samples were packed in air. The heating pattern chosen
for this analysis covered the 300−800 K temperature range in
intervals of 100 K using a heating rate of 50 K/min. At each
measurement temperature, a 120 s isothermal plateau was
included to ensure thermal equilibrium prior to data collection.
Using the Rietveld refinement25 tool in the FullProf Suite of

softwares, a structural model based on the CaAl2Si2 structure
(ICSD #12152) was fitted to the variable-temperature PXRD
data.26 The background was described using a linear
interpolation function after manually selecting the background
points. Parameters describing the instrumental contribution
were integrated, given as a zero-point shift for the Rigaku data
or a systematic shift with a sin(θ) dependence for the
synchrotron data. The peak shape was described using the
Thompson−Cox−Hasting pseudo-Voigt function.27 Isotropic
atomic displacement parameters and asymmetry parameters
were also refined. All site-occupancy factors were kept fixed to
full occupancy. No significant correlation between the
parameters was observed in the correlation matrix.

Differential Scanning Calorimetry and Thermog-
ravimetry. The combination of DSC and TG offers a tool
for simultaneously analyzing phase transitions while measuring
any associated mass change. For these experiments, a
NETZSCH DSC 404 F1 Pegasus instrument was used. Six
experiments with a heating rate of 1, 2, 5, 10, 15, and 20 K/min
were conducted in an argon atmosphere. Instrumental
contributions were subtracted by measuring a correction file
on an empty, clean sample crucible using an identical heating
regime measured immediately before each sample.

Inductively Coupled Plasma Optical Emission Spec-
trometry. All samples were dissolved in 67−69% PlasmaPURE
nitric acid (HNO3) and subsequently diluted to 1% with Milli-
Q water. The measurements were carried out on a SPECTRO
ARCOS inductively coupled plasma optical emission spec-
trometer instrument equipped with a Burgener Nebulizer and a

Figure 1. Atomic structure of SrZn2Sb2 as the CaAl2Si2-type structure.
Figure is generated using VESTA software.19
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Cyclonic Spray Chamber with an ASX-520 auto sampler. For
quantification of Sb, Sr, and Zn, standard curves28 were
measured from a standard solution series consisting of the
individual elements, Sb, Sr, and Zn (0, 0.05, 0.1, 0.5, 1, 5, 10,
20, 50, and 100 ppm of each element). Sr was found to be
linear in 0−10 ppm, where Zn and Sb were linear in the range
0−50 ppm. Only the relative quantity of each element was
measured because the mass of the sample dissolved was not
measured.

■ RESULTS
Synthesis and Purification. To probe the thermal

properties of SrZn2Sb2, the sample needs to be as close to
phase-pure as possible for comfortable assignment of the
observed properties. The PXRD data measured on samples
synthesized using the two heating regimes showed SrZn2Sb2 to
be the main phase and ZnSb and Zn4Sb3 as common impurity
phases (Figure 2a).
From these Rigaku data, the estimated phase fractions (in

weight percent) of the main phase, obtained by Rietveld
refinement, are given in Table 1. One of the refinements has

been shown in Figure 2b. Consistently, large χ2-values (χ2 =
41.7 for the fit in Figure 2b) were obtained in these
refinements. This is partly because of some impurity phases
not being included in the refinement model and the peak
profiles not being fully described. It is obvious that none of the
samples obtained may be considered phase-pure. The common
impurity phases obtained in all samples are ZnSb, Zn4Sb3, and
elemental Sb. However, we can expect that the most significant
contribution to the thermal properties of these samples arise
from the main phase, SrZn2Sb2.

The hand-ground products were then SPS-pressed to
pelletize the samples. This was performed using two different
sintering temperatures, 673 and 773 K. PXRD data measured
on the two polished pellets obtained from SPS densification of
SZSb-03 (673 K) and SZSb-01 (773 K) are shown in Figure 3,

with the pattern of the as-synthesized SZSb-03 shown as a
reference. It is seen that additional peaks are present after
densification which, for the 673 K data, can be ascribed to
ZnSb. During the densification at 773 K, an elevation was
observed in the measured vacuum level (not shown) at about
723 K in the SPS system data, indicating that the pressure
increased inside the chamber, which can be ascribed to
evaporation from the sample taking place. Examining the
density of the obtained pellets, a relative density of 84.4% was
obtained for the sample pressed at 673 K, whereas a relative
density of ≥98% was obtained for the 773 K pressed sample,
indicating that 673 K is not sufficient for obtaining dense
pellets. From a composition perspective, the SPS-pressing at
773 K results in the emergence of one or several unknown
phases accompanied by a significant decrease in the SrZn2Sb2

Figure 2. (a) PXRD patterns measured on SZSb-02 and SZSb-03 synthesized using heating regimes 1 and 2, respectively. The patterns for SrZn2Sb2
and the most common impurity phases are shown in the bottom of the figure. The impurity phase data were collected from the ICSD and plots
generated using the FullProf Suite. (b) Rietveld refinement of SZSb-02 showing the observed data (black), the model (red), and their difference
(blue).

Table 1. Refined Weight Fraction of the SrZn2Sb2 Phase for
All-Synthesized Samples Using Either Heating Regime 1 or 2

sample name SrZn2Sb2 content (wt %) heating regime

SZSb-01 80.05 ± 0.43 1
SZSb-02 85.58 ± 0.65 1
SZSb-03 90.64 ± 0.76 2
SZSb-04 89.03 ± 0.44 2
SZSb-05 79.36 ± 0.50 2

Figure 3. Rigaku PXRD patterns comparing a powder sample to
pellets SPS-pressed at 673 and 773 K. The patterns for SrZn2Sb2 and
the most common impurity phases are shown in the bottom of the
figure. The impurity phase data were collected from the ICSD and
plots generated using FullProf Suite.
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and ZnSb content. This is not consistent with the results
presented by Zhang et al.18

Stability in Air. Variable-temperature synchrotron PXRD
experiments were performed on a sample packed in air (SZSb-
05), and the data obtained for the entire temperature series are
shown in Figure 4. A significant depletion of the SrZn2Sb2

phase is observed already at 500 K, where elemental antimony
peaks are shown to be evolving among other unknown phases.
Undescribed peaks are observed, which are expected to
originate from oxidic phases. These phases have not been
identified. This depletion of SrZn2Sb2 occurs at significantly
lower temperatures than what was found from SPS-pressing.
The degree of depletion observed in the in-house ex situ X-ray
diffraction experiment conducted on the SPS-pressed sample is
also significantly lower than what was observed in synchrotron
experiment. Thus, to explore this further, we embarked on a
thorough thermal analysis study of the same compound among
air, argon, and vacuum atmospheres.

Stability in Argon. Combined DSC−TG was performed
on powder scraped from the surfaces of the SPS-pressed pellet
at 673 K (SZSb-03) to describe the nature of the transition.
The reason for measuring this particular sample is due to the
presence of only the SrZn2Sb2 and ZnSb phases. The
transitions in ZnSb are known,29 enabling exclusion methods
to determine the signal from SrZn2Sb2, which is otherwise
unknown. For this batch of sample, several measurements were
conducted to determine the effect of heating rate on the
transition event observed in the synchrotron PXRD experi-
ment. The DSC curve for the sample heated at 10 K/min is
shown in Figure 5a (DSC curves for other measurements are
provided in the Supporting Information Figure S1).
Two distinct endothermic peaks are observed at temper-

atures just below a broad and exothermic peak. The two
endothermic peaks can be ascribed to a eutectic reaction
between ZnSb and Sb at 776 K and melting of ZnSb at 813 K.
These are consistent with the temperatures reported by
Okamura et al. (780 and 825 K).29 The exothermic peak may
then be attributed to the main phase. Evaluating the TG curve
(Figure 5b), a significant mass drop seems to accompany the
SrZn2Sb2 signal with onset temperatures just below 900 K. This
onset temperature associated with the mass loss seems to be
significantly higher than what was observed in the high-
temperature synchrotron PXRD experiment (ca. 500 K). This
could be because of the phase being influenced by the
environment in which it is heated, that is, argon in DSC and air
in synchrotron PXRD. Another contributing factor could be
that the decomposition reaction is also influenced by the
heating rate (10 K/min in DSC and 50 K/min in synchrotron
PXRD with 120 s isothermal plateau before each measure-
ment), thus further understanding of the decomposition
kinetics is necessary.
The broadness of the DSC feature indicates a gradual

process, highlighting that the decomposition kinetics are slow.
The TG curves are plotted in Figure 5b for the experiments of
varying heating rates. As expected, the mass loss is increasing
for samples that have been heated at a slower rate and hence
have been exposed to high temperatures for a longer duration.
This emphasizes the evaporation kinetics being slow. To know
what element is evaporating, the elemental compositions were

Figure 4. Multitemperature synchrotron PXRD patterns obtained at
SPring-8, beamline BL44B2 for sample SZSb-05. The patterns for pure
Sb and SrZn2Sb2 are shown in the bottom panel. The impurity phase
data were collected from the ICSD, and the plots were generated using
FullProf Suite.

Figure 5. (a) DSC curve for SZSb-03-SPS heated at 10 K/min. Three transition events are observed, the two endothermic peaks originate from
ZnSb, and the broad event with a maxima at 882 K is a contribution from SrZn2Sb2. (b) TG curve from the experiments performed using varying
heating rates. No significant features are observed in the 300−700 K temperature range.
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investigated using inductively coupled plasma (ICP) spectrom-
etry on all of the samples after having been exposed to the DSC
run. The resulting composition normalized with respect to the
strontium content can be seen in the Supporting Information
Table S1.
The zinc/strontium content ratio together with the

antimony/strontium content ratio is plotted as a function of
the applied heating rate in Figure 6. With the zinc/strontium

content ratio converging toward zero, it is strongly suggested
that zinc evaporation is accountable for the observed mass loss.
Subsequent PXRD measurements performed on the post-DSC
samples showed pure Sb as the main phase (shown in the
Supporting Information Figure S2).
In the DSC output, the position of the peak maxima is

affected by two main parameters: the applied heating rate and
material-specific kinetic constants.30 Thus, by varying the
heating rate in a series of measurements, it is possible to extract
parameters such as the activation energy of a specific reaction.
A number of models can be employed to study this data: here,
we will compare the Kissinger30 and Ozawa31 methods. These
are nonisothermal thermoanalytical models, which rely on
multiple measurements with linear heating. In addition, they are
the so-called isoconversional methods which imply that they
only apply for a single elementary process, that is, reactions
having only one activation energy.32 The two approaches are, in

general, quite similar in their derivations, where Arrhenius
behavior of the rate constant, k, is assumed

= · −⎜ ⎟⎛
⎝

⎞
⎠k A

E
RT

exp a

together with a constant reduced time, θ, throughout the
duration of the measurement

∫θ = −⎜ ⎟⎛
⎝

⎞
⎠

E
RT

texp da

where Ea is the activation energy, A is a kinetic constant, and R
is the gas constant. Despite similarities between the
assumptions made, they do differ in expressing θ, which result
in the two following equations32

β + =
E

RT
Ozawa: log( ) 0.4567 constanta

m

β + =
⎛
⎝⎜

⎞
⎠⎟T

E
RT

Kissinger: ln constant
m

2
a

m

where β is the applied heating rate and Tm is the temperature at
which the transition occurs.
Linear correlation between the left-hand term and the inverse

temperature for both expressions yield a slope, which is
proportional to the activation energy associated with the
reaction of investigation. In this case, it is assumed that the zinc
evaporation is the only transition taking place at this
temperature. This is justified by the ratio of strontium and
antimony in Figure 6, which does not vary significantly. The
activation energy was estimated from the gradient of the line
fitted to the data points in the Kissinger and Ozawa plots,
which are shown in Figure 7. The obtained activation energies
are comparable and are 1.89 and 1.93 eV for the Kissinger and
Ozawa method, respectively.

Stability as a Compressed Pellet. At this point, high-
temperature-stability tests in both air and argon atmospheres
have been conducted on powdered samples, revealing a
structural decomposition in both cases. With the purpose of
investigating the thermal stability in both completely inert
atmosphere and with minimization of the surface area,
annealing experiments were performed on three cold-pressed
pellets of the SZSb-02 and SZSb-03 samples in vacuum, argon,
and air atmospheres (cold-pressing rather than SPS-pressing
was employed to avoid introducing thermal history in to the
sample prior to the annealing experiment). The samples were
annealed for 5 days, and the temperature was chosen to be 850

Figure 6. Resulting zinc content divided by the strontium content as a
function of the applied heating rate in the DSC experiment.

Figure 7. Determination of the activation energy of zinc evaporation using (a) Ozawa model and (b) Kissinger model.
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K, which is above the melting point of ZnSb and below the
decomposition of SrZn2Sb2, as shown in the DSC curve in
Figure 5a. The PXRD data collected on the in-house Rigaku
diffractometer from the pellets before and after annealing can
be seen in Figure 8. Complete depletion of the SrZn2Sb2 phase

is observed in all cases, and many of the remaining peaks can be
indexed to Zn4Sb3 and ZnSb. Surprisingly, a crystalline
antimony phase is not observed, which was seen for the
samples heated in the DSC. However, it seems as if the reduced
surface area stabilizes or hinders the evaporation of zinc from
the sample. Elemental analysis of the samples after annealing is
presented in Table 2.

By comparing these ratios with the ones obtained on the
same sample prior to annealing (Table 1), it is notable that
despite the less-pronounced degree of zinc evaporation, the
SrZn2Sb2 phase is still completely decomposed, and other
thermodynamically stable phases have emerged.

■ DISCUSSION
Densification of SrZn2Sb2 using an SPS-press and subsequent
PXRD analysis showed the evolution of impurity phases
accompanied by a significant depletion of the main phase.
When lowering the pressing temperature, insufficient sample
densities were obtained. This is in disagreement with the
previous studies, where SPS-pressing was reported to yield
phase-pure densified samples. However, the diffraction patterns
presented in other studies claiming phase-pure samples do not
typically specify all of the parameters used for the diffraction
experiments, that is, measurement time, step-size, and so on.
Short exposure times yield a low signal-to-noise ratio, which
can result in impurity phases being drowned in the background.

In general, this emphasizes that the information, which is
extracted from an X-ray diffraction experiment, should
harmonize with the quality of the data. The values presented
in Table 1 are extracted from in-house diffraction experiments.
To show the impact of data quality on the refinement output, a
Rietveld refinement of synchrotron data measured on SZSb-05
has also been performed (and can be seen in the Supporting
Information Figure S3) to compare the obtained fractional
phase content to the value presented in Table 1. Here, the
SrZn2Sb2 content was found to be 70.81 ± 0.45%, which
deviates ≈10% from that presented in Table 1 for the same
compound.
In air, the decomposition was observed to start already at 400

K, and, at 500 K, the main phase was completely decomposed.
This high degree of decomposition was not observed in the ex
situ PXRD patterns measured on the pellets having been SPS-
pressed at 773 K. This evidence suggests that the rate of
decomposition is suppressed when the material is exposed to
relatively high pressure and temperature compared to the heat
treatment of powder at ambient pressure. This is expected to be
because of the grain boundaries being in close proximity and
the surface area of the sample being considerably reduced in
comparison with the powder.
DSC measurements conducted in argon and employing

several runs with different heating rates show a broad
exothermic event with maxima at temperatures well above
800 K. This feature has been ascribed to a signal coming from
the SrZn2Sb2 phase. This slightly higher transition temperature,
with respect to the observations made in the variable-
temperature PXRD experiment, together with the broadness
of the signal, strongly indicates that the decomposition reaction
possesses slow kinetics. Subsequent elemental analysis revealed
the evaporation of zinc to be the driving factor in the
decomposition mechanism. For this reaction, it is not trivial to
propose a reaction equation because of the presence of several
unidentified phases in the PXRD pattern measured after the
DSC experiment.
Annealing of a cold-pressed pellet in high vacuum, argon, and

air atmospheres for 5 days at 850 K resulted in a complete
depletion of the SrZn2Sb2 phase in all cases. In all of these
samples, a much lower degree of zinc evaporation was
observed, which is due to the reduced surface area inhibiting
the evaporation. This indicates that the thermal decomposition
of SrZn2Sb2 occurs regardless of atmosphere and surface area
and thus is unsuitable for TE application in intermediate- and
high-temperature modules.
Considering the thermal decomposition reactions encoun-

tered with SPS-pressing of SrZn2Sb2 in this work, it seems
remarkable that it has been carried out with such ease in
available literature. It could be that some impurities or other
synthesis issues were undiscovered or below the detection
range of the instrumentation used in previous articles. In
addition, ignorance toward the high-temperature exposure
during TE property measurements is a reality, meaning that the
effect of thermal history of samples is not fully examined or
understood in many TE system studies. It remains to be seen
whether synthesizing a pure, stable, and compact sample of
SrZn2Sb2 is possible, thereby allowing for a novel character-
ization of the true intrinsic properties of SrZn2Sb2.

■ CONCLUSIONS
The thermal stability has been investigated from a structural
perspective among air, argon, and vacuum atmospheres, both as

Figure 8. PXRD patterns of the preannealed and postannealed pellets
collected in-house. Patterns for phases expected to be in the mixture
are shown in the bottom panel.

Table 2. Elemental Ratios Measured on the Postannealed
SZSb-02 and -03 Samples Using ICPa

sample ID annealing atmosphere Sr/Sr Zn/Sr Sb/Sr

SZSb-02 vacuum 1 1.689 2.906
SZSb-03 argon 1 2.109 2.456
SZSb-03 air 1 2.156 2.407

aContents have been normalized to the Sr content.
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powdered and pelletized samples. For powder samples in air
and argon, a decomposition reaction was shown to be driven by
a kinetically slow evaporation of elemental zinc starting already
at 400 K for the samples being heated in air. The activation
energy associated with the zinc evaporation in argon was
estimated to be approximately 1.9 eV with the use of two
thermoanalytical models, the Kissinger and the Ozawa model.
Annealing of the cold-pressed pellets in vacuum, argon, and air
atmospheres resulted in a lower degree of zinc evaporation
compared to what was observed in powdered samples;
however, the SrZn2Sb2 phase was still completely decomposed.
This revealed that SrZn2Sb2 is intrinsically unstable in the
intermediate- to high-temperature region regardless of the
atmosphere and compaction degree, making it highly unsuitable
for TE applications.
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Figure S1. DSC curves shown for experiments using varying heating rates. No features are observed below 600 K. 

 

Table S1. Elemental composition obtained by ICP of the SPS-pressed SZSb-03 before and after DSC 

experiments conducted with varying heating rate. 

Heating rate [K/min] Sr/Sr Zn/Sr Sb/Sr 

Before DSC 1 1.97721 2.86622 
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Figure S2. PXRD data measured on an in-house Rigaku diffractometer on the sample having been exposed to DSC experiments 

using varying heating rates. 
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Figure S3. Rietveld refinement model of the SZSb-05 sample measured at SPring-8 synchrotron facility.  χ
2
 = 5.96 and RF (SrZn2Sb2) = 

3.33. 
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of Mg3Sb1.475Bi0.475Te0.05 high
performance n-type thermoelectric investigated
through powder X-ray diffraction and pair
distribution function analysis†
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Cheap and non-toxic n-type Mg3Sb2 based materials exhibit outstanding thermoelectric properties, but for

actual applications it is essential to scrutinize their behavior under high temperature conditions. Here, powder

samples of nominal composition Mg3Sb1.475Bi0.475Te0.05 have been subjected to repeated thermal cycling in

the temperature range of 300–725 K, while measuring separate synchrotron powder X-ray diffraction and X-

ray total scattering data. Approximately 11 wt% elemental bismuth crystallizes as a secondary phase after the

first thermal cycle, but the evolution stagnates at approximately 15 wt% after the 10th thermal cycle. A

significant decrease is found in the unit cell parameter of the Mg3Sb1.475Bi0.475Te0.05 phase after the first

thermal cycle, indicating that bismuth release from the crystal structure. This is corroborated by the total

scattering data, which do not detect an initial amorphous bismuth phase. In addition, STEM-EDS reveal

a homogeneous distribution of antimony and bismuth in the as-synthesized particles, while a clear growth of

pure bismuth is observed in a sample having been annealed at 725 K for one hour.
Introduction

Thermoelectric materials offer the possibility of interconverting
thermal and electrical energy, and they are considered as
a promising technology for optimizing inefficient combustion
processes through recovery of exhaust waste heat. One of themain
inhibitors in the commercialization of thermoelectric materials is
the limited conversion efficiency of the materials together with
the toxicity and scarcity of the constituting elements in current
high performance systems.1–3 This has led to immense efforts
focusing on improving the physical properties of cheaper and less
toxic thermoelectric materials.4–8 However, the strive towards
high-zT values, has resulted in less attention on other essential
requirements for real life applications such as the material
integrity during exposure to the harsh operation environments
that thermoelectric materials must withstand. An increasing
number of studies have revealed structural decomposition at high
temperatures of promising thermoelectric materials,9–12 empha-
sizing the need for adopting a broader material optimization
mindset. Thermoelectric materials for power generation are ex-
pected to operate at high temperatures throughout multiple
thermal cycles while keeping a consistent performance. To ensure
rtment of Chemistry, Aarhus University,
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that the materials are capable of complying with these require-
ments, comprehensive high-temperature stability testing has to
be conducted including careful investigation of potential slow
thermal decomposition kinetics. Typically, only a few thermal
cycles are presented in current literature, but even subtle modi-
cations observed in the laboratory during limited thermal cycles
can show to be fatal for the material during long-term industrial
operation. One prime example is the type-I germanium based
clathrates, which for long were considered to be highly stable.13

However, it was recently shown through a combination of PXRD,
DSC and microscopy,11 that the high-temperature environment
triggers a kinetically slow decomposition resulting in elemental
alpha-germanium being expelled from the clathrate structure.
This particular decomposition reaction is not apparent from
examining the physical properties, but it can readily be seen in
diffraction data, where the atomic structure changes signicantly.

In the present work, the thermal stability of high-
performance n-type Te-doped Mg3Sb1.5Bi0.5 in powder form is
investigated from a structural perspective through separate
measurements of synchrotron powder X-ray diffraction (PXRD)
along with synchrotron X-ray total scattering (TS) during
repeated thermal cycling (10 cycles). In Rietveld renement of
PXRD data, the long-range average crystal structure is analyzed
from the intensities of the Bragg peaks, while the diffuse scat-
tering is described as a background contribution.14 Thus, local
deviations in the crystal structure as well as potential amor-
phous or semi-crystalline impurity phases are not revealed. In
J. Mater. Chem. A, 2018, 6, 17171–17176 | 17171
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the TS experiments, the coherently scattered signal is measured
to high momentum transfer, Q ¼ 4p sin(q)/l, and both the
Bragg diffraction and the diffuse scattering are included in the
analysis. This is done by calculating the pair distribution
function (PDF) as the Fourier transform of the reduced struc-
ture function F(Q) ¼ Q[(I(Q)/hbi2) � 1] obtained from the
measured intensity I(Q). Here hbi is the average scattering
length of the constituent elements. In practice, the PDF is
calculated from data between Qmax and Qmin, and these limits
are dened by the experimental conditions such as the applied
photon wavelength, the sample-to-detector distance along with
the beamstop's size and distance from the sample.15

The parent structure, Mg3Sb2, is a CaAl2Si2-type structure,
which is oen perceived as a layered Zintl phase structure
consisting of alternating cationic and anionic layers of Mg2+

and [Mg2Sb2]
2�, respectively.16 Intrinsically, Mg3Sb2 is a p-type

semiconductor due to the formation of negatively charged
vacancies in the cationic layer pinning the Fermi level to the
valence band.17 However, as shown originally by Pedersen18 and
later by Tamaki et al.17 and Zhang et al.,19 n-type TE properties
can be realized through doping Te on the anion site with or
without excess Mg. State-of-the-art thermoelectric properties
have been published for this particular mixture, obtaining zT
values ranging from 0.56 to 1.65 between 300-725 K for nominal
composition Mg3Sb1.475Bi0.475Te0.05 (ref. 19) and approximately
0.2 to 1.5 between 330–716 K for Mg3.2Sb1.5Bi0.49Te0.01.17 Both of
these studies present thermally cycled physical property data
with hysteresis behavior indicating that structural rearrange-
ments could be taking place during heat treatment. In this
study, we show that thermal treatment of powder samples of
Mg3Sb1.475Bi0.475Te0.05 prepared by arc melting and subsequent
spark plasma sintering, results in appearance of approximately
11 wt% metallic bismuth as a secondary crystalline phase
already aer the rst heating cycle. Using PDF, PXRD and
STEM-EDS, it is suggested that the elemental bismuth is
expelled from the crystal structure of Mg3Sb1.475Bi0.475Te0.05
upon heating, leaving a bismuth decient crystal structure
behind.

Experimental
Synthesis

Antimony pieces (99.9999%, Chempur), bismuth pieces
(99.999%, Chempur) and tellurium pieces (99.999%, Sigma
Aldrich) were ground into powders in an agate mortar and
weighed in a stoichiometric ratio corresponding to a nominal
composition of Mg3Sb1.475Bi0.475Te0.05. The powders were
thoroughly mixed in a ball mill mixer (SpectroMill, Chemplex
Industries, Inc.) for 15 minutes. The resulting powder was cold-
pressed and homogenized by arc-melting (Edmund Bühler
GmbH MAM-1) in a glovebox with argon atmosphere. The ob-
tained ingot was ground to particle sizes < 63 mm, mixed with
magnesium powder (99.8%,#44 mm, Alfa Aesar) and once again
mixed by a ball-milling mixer for an additional 15 minutes. The
resulting powder was then loaded into a high-density graphite
die with a half-inch diameter protected by graphite paper.
Lastly, Spark Plasma Sintering (SPS Syntex Inc., Japan) was
17172 | J. Mater. Chem. A, 2018, 6, 17171–17176
employed to react the elements and simultaneously densify the
sample. The sintering was done in a vacuum atmosphere at
a pressure of 75 MPa. The temperature was ramped up to 823 K
in 11 minutes, kept isothermal for 2 minutes and subsequently
heated to 1123 K with a heating rate of 50 K min�1, where the
temperature was kept for an additional 4 minutes.

Characterization

Variable temperature PXRD data was collected at the SPring-8
synchrotron facility in Japan using beamline BL44B2. Data
were measured in transmission geometry using an image plate
detector, and the exact wavelength was rened to l ¼
0.500597(2) Å using a CeO2 NIST-standard (674b), in which the
unit cell parameters are known to a high precision. The sample
was packed in ambient atmosphere in a quartz capillary of
0.2 mm outer diameter in order to avoid signicant absorbance
of the X-rays from heavy elements such as Sb, Bi and Te. The
temperature interval was chosen to be 300–725 K, which is
consistent with the physical property measurements in previous
publications.19 The sample was thermally cycled ten times in
this temperature interval, where the rst heating ramp and the
last cooling ramp consisted of data acquisition in intervals of
100 K (although datasets were also collected at 725 K). Data
acquisition was only done at 350 K and 725 K for the thermal
cycles in between. A heating rate of 50 K min�1 was employed
and an isothermal equilibration time of 120 seconds at each
acquisition temperature prior to data collection was inserted.

Variable temperature X-ray TS experiments were conducted at
NSLS-II at Brookhaven National Laboratory at beamline 28-ID-2.
In order to cover a sufficiently large Q-range, X-rays with an
energy of 67.5 keV were used along with a rather short sample-to-
detector distance of approximately 200 mm realizing a maximum
Q-value of approximately 30 Å�1. The exact sample-to-detector
distance was calibrated from a CeO2 standard sample with
known unit cell parameters using the Dioptas soware.20 The
temperature regime used for these experiments were equal to that
employed at SPring-8 in order to achieve the highest possible
comparability between the data from the two experiments.

In-house PXRD was performed on a Rigaku Smartlab
diffractometer using Bragg–Brentano geometry and a Cu-Ka1

source (l ¼ 1.54059 Å). The sample holder employed for the
experiments was of crystalline silicon cut and positioned in
such a way, that it does not fulll the Bragg condition within the
spatial range of the detector and thus will not give a signicant
contribution to the pattern.

Visualization of the individual particles and simultaneous
elemental mapping were performed using STEM-EDS on an FEI
Talos F200x with a 200 keV FEG source.

Renement model

Rietveld renement of the diffraction data was conducted with
the JANA2006 soware.21 The starting model was taken from the
Mg3Sb2 structure (ICSD #2142) without inclusion of bismuth.16

The background was described using a Chebyshev polynomial
function, with four coefficients rened, splining manually
selected background points. The peak prole was described
This journal is © The Royal Society of Chemistry 2018
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using the pseudo-Voigt function, in which the Gaussian W
parameter was rened while keeping the remaining parameters
xed to the values obtained from the renement of the CeO2

data. The phenomenological model of anisotropic peak broad-
ening proposed by Stephens was employed.22 In the crystal
structure, the occupancies of all sites in the unit cell were kept
xed at full occupancy while the isotropic U-values were rened.
All renements were stable and converging, and the correlation
matrix was consulted to ensure the absence of heavily correlated
parameters. A bismuth structure (ICSD# 64703) was later inte-
grated into the model.23 For this phase, the peak prole was
described using the Gaussian W and the Lorentzian Y param-
eter. Both site occupancy factors and thermal motion parame-
ters were kept xed for this phase.
Results and discussion

The variable temperature diffraction patterns obtained from
PXRD during the rst thermal cycle are shown in Fig. 1a. The
sample clearly has Mg3Sb1.475Bi0.475Te0.05 as the main phase
Fig. 1 Raw synchrotron powder X-ray diffraction data from SPring-8 dur
along with (c) the refined weight fraction of elemental bismuth and (d) the
cycles.

This journal is © The Royal Society of Chemistry 2018
with a small fraction of MgO. The MgO phase is expected to
stem from surface oxidation of the ne Mg powder used in the
synthesis. The elevated background at approximately 4� < 2q <
10� originates from the amorphous quartz capillary used as
sample holder. Throughout the heating regime, the main phase
is preserved, but small fractions of elemental antimony appear
at high temperatures. No oxidation is observed despite of the
sample being exposed to air during the measurements.

Comparing the room temperature data acquired before and
aer the thermal cycling, Fig. 2 (inset), additional intense peaks
emerge, with the most intense peaks located between 8� and 9�

and just above 12�. These are ascribed to metallic bismuth with
space group Rm3H, which constitutes approximately
10.86(8) wt% of the crystalline sample aer the rst heating
ramp (Fig. 1c). From the rened unit cell parameters of the
bismuth structure, it appears that approximately 5 molar% of
antimony is dissolved into the bismuth component aer the
rst heating cycle (Fig. S2†). This content decreases slightly to
approximately 3 molar% aer the 10th thermal cycle. The
evolution in the bismuth content as a function of thermal
ing (a) heating from 300 K to 725 K and (b) cooling from 725 K to 350 K,
unit cell parameters of the Mg3Sb2-phase throughout the ten thermal

J. Mater. Chem. A, 2018, 6, 17171–17176 | 17173
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Fig. 2 Comparison of the raw synchrotron powder X-ray diffraction
data measured at room temperature during the first and second
thermal cycle.
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cycling was investigated through Rietveld renements of the
room temperature data collected between the ten thermal cycles
and results are shown in Fig. 1c. The largest increase is seen
aer the rst heating cycle, whereas a slight increase from
approximately 11 wt% to 15 wt% occurs during the subsequent
cycles. During cooling from the last high temperature point, the
bismuth peaks start to evolve in the temperature interval of 500–
600 K corresponding well with the melting point of bismuth at
approximately 544 K (Fig. 1B).

In assessing the long-term thermal stability of the main
phase, the origin of the crystalline bismuth phase must be
understood. One would expect it to have either (1) been crys-
tallized from an initially present amorphous state or (2) been
expelled directly from themain phase. To address this question,
the TS technique is useful since it can also detect local atomic
Fig. 3 (a) PDF measured at room temperature during the first and second
unit cell of bismuth with relevant bonds highlighted generated using the

17174 | J. Mater. Chem. A, 2018, 6, 17171–17176
ordering in non-crystalline components. In Fig. 3a, the PDF
from before heating is compared to that aer heating, where
crystalline bismuth is known to be present. Since amorphous
bismuth is expected to be locally ordered in a structure similar
to that of crystalline bismuth, crystallization from an amor-
phous bismuth state should not change the low-r region
signicantly in the two rst room-temperature PDFs. In Fig. 3b,
the shortest distances in the bismuth crystal structure are noted
d1 and d2, and constitute the distances, which are expected to be
the most abundant in a possible amorphous bismuth phase. It
is seen that the rst room-temperature PDF does not contain
these characteristic features of bismuth–bismuth correlations,
indicating that an initial amorphous bismuth phase is not
present. In comparison, it is clear that the second room
temperature does indeed show signs of crystalline bismuth,
seen by the emergence of the d2 peak and slight broadening of
the peak at 3 Å.

Comparing the peak proles in Fig. 2, a sharpening of the
Bragg peaks is apparent in the dataset collected aer thermal
treatment suggesting a reduction of microscopic strain in the
structure. This reduction of microscopic strain could be linked
with the release of bismuth from the structure. Rietveld
renements of the PXRD data collected at room temperature
during the thermal cycles are used to track changes in unit cell
parameter, Fig. 1d. A signicant decrease in both the a- and c-
axis is seen between the rst and second room temperature
measurement. This decrease correlates with the increase in the
crystalline bismuth content.

In order to investigate the annealing temperature required to
crystallize bismuth as a secondary phase, heating experiments
on powder samples were conducted in argon atmosphere at 450
K, 550 K for 30 minutes and 725 K for one hour. These samples
were characterized by conventional PXRD measurements both
before and aer annealing, Fig. 4. A slight increase in the
background is observed just below 27.5� already at 450 K. At 550
K, a peak is starting to appear, and at 725 K it has turned into
thermal cycle together with simulated PDFs for Mg3Sb2 and Bi. (b) The
VESTA software.25

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Comparison of ex situ raw PXRD data measured on samples
with varying annealing temperature.
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a well-dened intense peak. This peak constitutes the (012)
reection of the bismuth phase, and is seen to gradually
intensify with increasing annealing temperature. Additionally,
examining the strain evolution as a function of annealing
temperature, there is little to no differences between the room
temperature, 450 K and 550 K strain, while there is signicant
relaxation in the 725 K sample reected as a sharpening of the
peaks. This supports the hypothesis that the strain in the
sample arise from the bismuth in the crystal structure and not
from other effects as these should anneal out gradually with
increasing annealing temperature and duration.

If bismuth is initially located in the crystal structure of the
main phase (Mg3Sb1.475Bi0.475Te0.05), a homogeneous distribu-
tion of antimony and bismuth throughout grains is expected.
Using STEM-EDS, elemental maps of the annealed samples
have been obtained, Fig. 5. Only bismuth and antimony are
included due to the formation of MgO on the surface of the
particles. A homogeneous distribution of antimony and
bismuth is seen in particles before annealing and aer
Fig. 5 Ex situ STEM-EDS of particles annealed at different temperatures

This journal is © The Royal Society of Chemistry 2018
annealing at 450 K. This is consistent with the observations
from the PXRD measurements, where no crystalline bismuth is
present. For the sample annealed at 725 K, however, well-
dened Bi clusters are seen.

To recapitulate. Due to the observed correlation between the
increasing crystalline bismuth content and the decreasing unit
cell parameter of the Mg3Sb1.475Bi0.475Te0.05 phase, it is strongly
believed that bismuth is released from the structure upon
thermal treatment. This is supported by the initially homoge-
neous distribution of antimony and bismuth in the particles
observed through STEM-EDS. Examining the two diffracto-
grams in Fig. 2, a signicant reduction in the width of the Bragg
peaks can be seen between the rst and second room temper-
ature measurement. As the particle sizes in the investigated
samples all are sufficiently large to leave the Bragg peaks
unaffected by size broadening effects, this sharpening of the
peaks most likely stems from a reduction in microscopic strain.
If this is correlated to the release of bismuth from the structure,
it could imply that incorporating bismuth into the crystal
structure results in a strained phase that, upon heating, will
relax into a less strained and bismuth decient phase. This is
supported by annealing experiments at constant temperature as
there is a correlation between the emergence of the bismuth
phase and the strain relaxation. This may also explain why
Mg3Sb1.475Bi0.475Te0.05 can only be synthesized through fast and
high-energy synthesis methods such as combining ball milling
or arc melting with subsequent SPS pressing.

Hysteresis features in both the Seebeck coefficient and
electrical resistivity as a function of temperature have been
observed in a number of previous studies. This behavior
remains unexplained, but might be linked to the release of
bismuth from the crystal structure of Mg3Sb1.475Bi0.475Te0.05.
The melting point of elemental bismuth is approximately 544 K,
which is close to the opening of the hysteresis loop in the See-
beck coefficient data presented by Zhang et al.19 It should be
stated, however, that the present study only focusses on
powdered samples whereas physical properties are measured
on densied bulk samples making a direct comparison uncer-
tain. The surface area to volume ratio has been shown to affect
the structural response to high temperatures,24 and therefore
.

J. Mater. Chem. A, 2018, 6, 17171–17176 | 17175
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thermal stability testing should also be attempted on bulk
samples. The main challenge in probing the interior of bulk
samples using X-ray diffraction arises from the strong absorp-
tion of X-rays making measurements on bulk samples in
transmission geometry challenging.

The present results do not necessarily question the applica-
bility of n-type Te-doped Mg3Sb1.5Bi0.5 as a thermoelectric
material. Several studies have reported thermally cycled phys-
ical property data with a high degree of reproducibility of state-
of-the-art zT values. One potential problem could arise if
continuous release of bismuth reaches a critical point, where
the integrity of the crystal structure is lost. It is furthermore
important to carry out stability tests not only during thermal
cycling, but also during thermal and electrical gradients.

Conclusion

The thermal stability of powdered samples of Mg3Sb1.475-
Bi0.475Te0.05 has been probed by variable temperature synchro-
tron PXRD, and elemental bismuth is observed to crystallize as
a secondary phase in a quantity of 10.86(8) wt% upon cooling
from 725 K. During subsequent thermal cycling, the Bi content
increases to �15 wt% aer the 10th cycle. Despite this signi-
cant alteration of the overall sample, the main phase remains
intact. PDF analysis reveals that no initial amorphous bismuth
phase is present in the sample further corroborating that Bi is
expelled from the main phase. A signicant decrease in the unit
cell parameters of the main Mg3Sb1.475Bi0.475Te0.05 phase is
observed during the thermal cycling correlating exactly with the
appearance of the crystalline Bi impurity. Short-term annealing
experiments at 450, 550 and 725 K show that the bismuth
crystallization occurs already in a sample annealed at 550 K for
30 min. In STEM-EDS the elemental distribution of the
elements were visualized before and aer annealing showing
bismuth and antimony to be homogeneously distributed
initially, and bismuth to assemble and crystallize in small
clusters aer annealing at 725 K. The release of bismuth from
the structure leads to a reduction of microscopic strain indi-
cating Mg3Sb1.475Bi0.475Te0.05 could be a meta-stable phase that
will relax into a less-strained, bismuth-poor phase upon
thermal treatment. This could affect the thermoelectric
performance of the compound during long-term operation.
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Cycle No. Unit cell, a 
(Å) 

Unit cell, c 
(Å) 

GW Zeta S400 S202 S004 

1 4.5779(2) 7.2716(3) 3.1(2) 0.769(4) 65.4(8) 13.6(1) 2.64(8) 

2 4.5722(1) 7.2599(2) 2.9(1) 0.692(6) 18.1(3) 4.14(6) 0.77(3) 

3 4.5715(1) 7.2583(3) 2.9(1) 0.700(6) 17.1(3) 3.92(6) 0.74(3) 

4 4.5707(1) 7.2563(2) 2.8(1) 0.706(6) 16.1(3) 3.77(6) 0.69(3) 

5 4.5700(1) 7.2550(2) 2.88(9) 0.722(6) 15.2(3) 3.61(5) 0.65(3) 

6 4.5715(1) 7.2568(2) 2.83(9) 0.723(6) 14.5(2) 3.53(5) 0.62(3) 

7 4.5711(1) 7.2560(2) 2.86(9) 0.718(6) 13.8(2) 3.41(8) 0.59(2) 

8 4.5708(1) 7.2552(2) 2.77(8) 0.733(8) 13.7(2) 3.41(5) 0.59(2) 

9 4.5705(1) 7.2546(2) 2.80(9) 0.737(6) 13.5(2) 3.34(5) 0.59(3) 

10 4.5700(1) 7.2535(2) 2.71(8) 0.749(6) 13.2(2) 3.28(5) 0.58(3) 

Table S1 – Refined parameters obtained from Rietveld refinement of powder X-ray diffraction data collected at room 
temperature throughout ten thermal cycles. 
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Figure S1 – Rietveld refinements of powder X-ray diffraction data collected at room temperature throughout ten 
thermal cycles (from Figure a to Figure j). 

 



 

Figure S2 – Molar ratio of antimony in the bismuth structure determined from the refined unit cell volumes of the 
room temperature bismuth structure throughout the ten thermal cycles.  
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The application of thermoelectrics for energy harvesting depends strongly on

operational reliability and it is therefore desirable to investigate the structural

integrity of materials under operating conditions. We have developed an

operando setup capable of simultaneously measuring X-ray scattering data and

electrical resistance on pellets subjected to electrical current. Here, operando

investigations of �-Zn4Sb3 are reported at current densities of 0.5, 1.14 and

2.3 A mm�2. At 0.5 A mm�2 no sample decomposition is observed, but Rietveld

refinements reveal increased zinc occupancy from the anode to the cathode

demonstrating zinc migration under applied current. At 1.14 A mm�2 �-Zn4Sb3

decomposes into ZnSb, but pair distribution function analysis shows that Zn2Sb2

units are preserved during the decomposition. This identifies the mobile zinc in

�-Zn4Sb3 as the linkers between the Zn2Sb2 units. At 2.3 A mm�2 severe Joule

heating triggers transition into the �-Zn4Sb3 phase, which eventually decom-

poses into ZnSb, demonstrating Zn ion mobility also in �-Zn4Sb3 under

electrical current.

1. Introduction

Thermoelectric (TE) materials are capable of interconverting

thermal and electrical energy and they provide exciting

opportunities for green harvesting of the vast amounts of

waste heat released e.g. in engines or industrial processes.

Many TE materials are explored for power-generation appli-

cations, such as silicides (Sadia et al., 2016), PbTe (Pei et al.,

2011), clathrates (Johnsen et al., 2006), antimonides (Pedersen

et al., 2007) and half-Heuslers (Appel & Gelbstein, 2014).

Apart from the obvious need for high performance, low cost

and environmentally friendly materials, one of the main

obstacles of TE technology is the lack of material stability

during operation at high temperature with the material

subjected to large temperature gradients and electrical

current. Material degradation has been encountered not only

in recent high-performance materials such as SnSe, Cu2Se and

Zn4Sb3 (Li et al., 2016; Brown et al., 2014; Hung et al., 2017; Yin

et al., 2010), but even in inorganic clathrates usually consid-

ered as extremely stable compounds (Reardon et al., 2017).

TE energy harvesting relies strongly on optimizing opera-

tional reliability without compromising energy-conversion

efficiency.

Studies of the stability of TE materials typically use

experimental conditions that do not resemble an operating

module. This primarily involves powder X-ray diffraction

(PXRD) studies at elevated temperatures, or thermal cycling,

using various atmospheres (Jørgensen et al., 2018a, 2018b;

Pedersen & Iversen, 2008; Pedersen et al., 2006, 2010; Fischer

http://crossmark.crossref.org/dialog/?doi=10.1107/S205225251901580X&domain=pdf&date_stamp=2020-01-01


et al., 2018; Reardon et al., 2017; Yin et

al., 2010). Some studies have exposed

TE materials to (semi)realistic condi-

tions but they have not simultaneously

characterized the structural or TE

properties (operando) (Reardon et al.,

2017; Hung et al., 2017; Yin et al.,

2014). Operando studies are well

established e.g. for battery materials

(Senyshyn et al., 2012; Ulvestad et al.,

2015; Taminato et al., 2016) or cata-

lysts (Topsøe, 2003). Indeed, operando

characterization is invaluable to

battery research, where atomistic

understanding of ion diffusion and

structural stability during (dis)char-

ging cycles is essential for improving

battery technology (Nelson et al.,

2012; Cuisinier et al., 2013). Here we

introduce an experimental setup

capable of mimicking real-life TE

conditions. By using high-energy

synchrotron radiation (60 keV) to

penetrate samples it allows characterization of both atomic

structure and electrical resistance of densified bulk samples

exposed to direct current.

The effect of electrical current on TE materials is rarely

investigated in stability studies but it is particularly important

for mixed ionic electronic conductors such as Cu2Se and �-

Zn4Sb3. In these materials, the coexistence of a rigid anion

crystal structure and a liquid-like cation sublattice causes the

materials to possess a low thermal conductivity and a rela-

tively high electrical conductivity making them highly suitable

as TE materials (Caillat et al., 1997). Conversely, having highly

mobile ions in the structure may not be ideal for reliable long-

term operation in electric current. This has been the essential

challenge for �-Zn4Sb3, which has Zn migrating towards the

cathode end of the material, that is, in the direction of the

current during spark plasma sintering (SPS) (Yin et al., 2014,

2012). Since only ex situ characterization methods have been

employed in studying the Zn migration, the atomistic insight

into the process is limited. Here we report an operando study

of densified rod-shaped samples of �-Zn4Sb3 subjected to

electrical current, and three successful high-energy synchro-

tron X-ray data collections were achieved. For two current

settings the detector was placed to provide PXRD data, while

for the third current setting, total scattering data were

obtained at short detector distances allowing for subsequent

pair distribution function (PDF) analysis.

�-Zn4Sb3 crystallizes in space group R�33c with Zn at the 36f

site (denoted Zn1), and Sb at the 18e and 12c sites (denoted

Sb1 and Sb2, respectively), Fig. 1(a). The space- and time-

averaged crystal structure has three interstitial Zn sites in

close proximity to the main Zn1 site [not included in Fig. 1(a)]

(Snyder et al., 2004). The refined stoichiometry of Zn3.83(4)Sb3

is consistent with the observed mass density, which was not the

case for earlier models (Mayer et al., 1978). However, later

studies have revealed a certain compositional freedom in the

Zn content (Toberer et al., 2010). Here we refer to the

compound as �-Zn4Sb3 noting that this does not reflect the

true composition.

2. Experimental

The experiments were carried out at beamline P02.1 at

PETRA III, DESY, Germany. Because of the high photon

energy (60 keV), it is possible to penetrate a densified inor-

ganic sample of 1 mm thickness without extensive absorption

(�R < 1.4 for �-Zn4Sb3, assuming crystallographic density,

with � being the linear absorption coefficient and R half the

sample thickness). The samples were subjected to direct

current by each sample being spring loaded between two

electrodes, Fig. 2(a). The current was kept constant during the

X-ray experiment. Two molybdenum wires were placed in

contact with the sample surface to measure the four point

resistance between the two points of contact during the

experiment. When measuring total scattering data, a sample-

to-detector distance of �200 mm was used with the detector

placed such that the beam center was at the edge of the

detector. This resulted in a maximum Q value of�33 Å�1. For

PXRD, the sample-to-detector distance was �650 mm to

improve angular resolution and the beam center was moved to

the center of the detector to increase the detected intensity.

The sample-to-detector distances and the instrumental reso-

lution were calibrated using a LaB6 NIST sample. The

resulting scattering patterns were azimuthally integrated using

the Dioptas software (Prescher & Prakapenka, 2015) and the

TS data was Fourier transformed in PDFGetX3 to obtain the

PDF (Juhás et al., 2013). Refinement of PXRD data was

carried out using the FullProf (Rodrı́guez-Carvajal, 1993) and

JANA2006 (Petrı́cek et al., 2014) softwares, and the PDF data
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Figure 1
The atomic structure of (a) �-Zn4Sb3 and (b) ZnSb. The interstitial zinc sites in �-Zn4Sb3 are not
shown. The right side of the figures shows the rhomboid units present in both structures. The figures
were generated using the VESTA software (Momma & Izumi, 2011).



was refined using PDFgui (Farrow et al., 2007). A detailed

description of the refinement models is given in the

Supporting information.

The synthesis of �-Zn4Sb3 was carried out using the method

of Yin et al. (2014). Zinc powder (99.99%, Alfa Aesar) and

antimony powder (99.5%, ChemPur) were weighed in a stoi-

chiometric ratio (Zn4Sb3) and mixed for 15 mins in a ball mill

(SpectroMill, Chemplex Industries, Inc.). The powder was

then transferred to a graphite die with a 1 inch diameter and

compacted using SPS. To compensate for zinc migration

caused by the current in the SPS press, a zinc foil (99.95%,

Sterilin) of 0.15 mm thickness was placed at the anode of the

pellet, resulting in a compositionally homogenous sample as

verified by PXRD.

3. Results

The present experiments used 60 keV synchrotron radiation

and current densities of 0.5, 1.14 and 2.3 A mm�2. These

current densities are considerably higher than for operating

TE modules but this was necessary because of the limited

beam time, and it provides an accelerated stability test. The

current densities are similar in magnitude to typical SPS

densification processes. The first experiment used 0.5 A mm�2

and PXRD data were recorded, see Fig. S1 in the Supporting

information. During �270 mins no structural transitions were

observed. Time-resolved sequential Rietveld refinements

were carried out to track changes in unit-cell parameters and

atomic displacement parameters (ADPs), and the refined

parameters are shown in Fig. S2. Joule heating of the sample

causes a rapid increase in both unit-cell parameters and ADPs

corresponding to a temperature of �65�C immediately after

initiating the current exposure. This sample temperature was

estimated using the lattice expansion coefficient obtained

from a separate variable-temperature PXRD experiment

conducted at beamline I15-1 at the Diamond Light Source

(Fig. S3). The expansion was found to be 2.15 � 10�4 Å K�1

and 2.37 � 10�4 Å K�1 for the a axis and c axis, respectively.

Since the measured sample electrical resistance does not at

any time exceed the value measured right after initiating the

current (Fig. S1), the sample temperature must reach steady

state, and the subsequent relative development of the unit-cell

parameters and ADPs is primarily because of structural

changes (Zn migration). Similar behaviors are observed for

the ADPs of all three atomic sites (Fig. S2), with a linear

increase during the entire experiment. The absolute changes

in ADPs are largest for the Zn sites. Decreasing the Zn

content on the Zn sites, because of migration, will lead to

lower average electron density on those sites. Since the

present Rietveld model does not vary the site occupancy

factor, the effect will be reflected in an increased ADP.

The sample was expected to form a Zn concentration

gradient and this was confirmed from refinement of PXRD

data collected along the sample with a spatial resolution of

1 mm and sufficient data quality to extract the site occupancy

factor for the Zn sites. The obtained occupancy for the Zn1

site is shown in Fig. 2(b), whereas the occupancies of the

interstitial Zn sites (Zn2, Zn3, Zn4) are shown in Fig. S4(b).

The overall composition of the structure is plotted in

Fig. S4(c). Indeed, the occupancy of the Zn1 site increases

when moving from the anode towards the cathode, but this

behavior is not seen for the interstitial Zn sites, where the

occupancy is approximately constant throughout the sample.

The importance of the interstitial sites in the Zn migration

process has been suggested but never quantified (Dasgupta et

al., 2013). At first sight, the disordered low-occupancy Zn

interstitial sites may be expected to behave somewhat like a

liquid, but it appears that it is the main Zn1 that provides ion

migration during current exposure. The total Zn content

increases from the anode to the cathode, although the abso-

lute values may be inaccurate since the ADPs are fixed to

literature values (ICSD No. 159090; Pedersen et al., 2007).

Even so, the relative values are expected to be reliable.

Next, we analyze the PDF data measured with a current

density of 1.14 A mm�2, Fig. 3(b). After �55 mins, an abrupt

decomposition of �-Zn4Sb3 into ZnSb is observed. Even

though many of the characteristic distances within the struc-

ture change during the decomposition, the shortest distances

at r ’ 2.7–2.9 Å are maintained throughout the experiment,
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Figure 2
(a) The experimental setup installed at beamline P02.1, where the sample
is spring loaded between two electrodes and placed in front of the X-ray
beam. (b) Refined occupancy parameters for the Zn1 site at different
positions indicated by the colored squares in (a).



indicating that a substructure of �-Zn4Sb3 is preserved in

ZnSb. The r’ 2.7–2.9 Å correlations originate from rhomboid

Zn2Sb2 units (Fig. 1) and this motif is present in both �-Zn4Sb3

and ZnSb with the only difference being the linking of

different units by additional Zn in Zn4Sb3 (absent in ZnSb).

The rhomboid unit has been shown to be preserved through

the phase transition from the low-temperature �-Zn4Sb3

structure to the �-Zn4Sb3 structure (Nylén et al., 2007).

Observing the same unit in ZnSb indicates that the rhomboid

Zn2Sb2 substructure could be a fundamental feature of zinc

antimonide structures. To confirm that the correlations at r ’

2.7–2.9 Å originate from the rhomboid unit, PDFs have been

simulated for the Zn2Sb2 units present in �-Zn4Sb3 and ZnSb,

and compared with the full PDF of �-Zn4Sb3 and ZnSb,

Fig. S7. The rhomboid unit is clearly the main contributor to

this correlation.

The integrated intensity of the rhomboid PDF peak as a

function of time reveals three distinct regions, Fig. 3(c). Up to

�30 mins, the intensity decreases only slightly, but in the

following 20 mins there is a pronounced decrease. After

50 mins the intensity drops drastically, immediately before the

decomposition of �-Zn4Sb3 at �55 mins. A decrease in PDF

intensity indicates less correlations at this distance, as

expected because of the linking of the rhomboids in �-Zn4Sb3,

which is not present in ZnSb (see Fig. 1). This is consistent

with the refined occupancies in Fig. 2(b), where the Zn1 site

becomes depleted because of migration. The present oper-

ando data suggest that it is the linking Zn1 that leave the

�-Zn4Sb3 structure during decomposition to ZnSb. It is

presumably these Zn atoms that migrate during exposure to

electrical current leading to a change in the Zn1 occupancy.

The difference in slope in the three regions of Fig. 3(c) can be

explained by the continuously changing composition, which is

known to significantly change the diffusion constant of Zn in

�-Zn4Sb3 (Løvvik et al., 2011). The electrical resistance is

relatively constant during the first 45 mins after which it

increases drastically. This increase indicates that the decom-

position has occurred at the position of the first resistance

probe, which is mounted �1 mm from the X-ray beam posi-

tion. Thus, the decomposition commences in the end of the

sample where the current enters, and progresses along the

current direction. The ZnSb phase has a higher electrical

resistivity compared with that of �-Zn4Sb3 and will therefore

be heated more by the current (Shaver & Blair, 1966; Caillat et

al., 1997). The continuously increasing resistance reflects that

a larger portion of the sample between the two resistance

probes decomposes into ZnSb. Calculating the average

temperature of the sample between the two probes from the

change in electrical resistance would thus not be representa-

tive of the true complex temperature landscape of the sample.

Furthermore, the average temperature between the resistance

probes (a distance of 8–10 mm) is difficult to relate to the

section illuminated by the X-rays (1 � 1 mm).

Real-space PDF refinements were performed to quantify

the structural behavior leading up to the decomposition, and

the corresponding unit-cell parameters and ADPs are shown

in Fig. S5. From the sudden increase in the refined unit-cell

parameters, a temperature increase of 145�C is estimated from

Joule heating, which remains constant until the decomposi-

tion, as seen in the electrical resistance of the sample, Fig. 3(a).

The subsequent behavior of the unit-cell parameters and

ADPs correspond well to those obtained at 0.5 A mm�2 (a

linear increase after initial Joule heating). This linear region

extends to �40 mins, where electrical contact resistance in the

interface between the �-Zn4Sb3 and ZnSb phases causes

further heating in this specific region of the sample.

In the last experiment at 2.3 A mm�2, PXRD data were

collected, Fig. S6. �-Zn4Sb3 is present in the very beginning

but a significant peak shift towards lower angles indicates that

severe Joule heating increases the sample temperature rapidly.

The Joule heating is proportional to the square of the applied

current, i.e. a fourfold and 16-fold increase compared with the

first and second experiment (assuming equal absolute resis-

tivity). Within seconds, a phase transition is seen from �-

Zn4Sb3 to the high-temperature �-Zn4Sb3 phase, which is

stable above 493�C (Mozharivskyj et al., 2004). This phase is

present for two minutes before it decomposes into ZnSb

because of migration of Zn out of the structure. This means

that Zn is also mobile in �-Zn4Sb3, but additional studies are

needed to establish the migration mechanism for this transi-

tion. Nevertheless, simulation of the

PDF of �-Zn4Sb3 reveals the same

correlation at r ’ 2.7–2.9 Å as seen in

both �-Zn4Sb3 and ZnSb (Fig. S7).

This high-current experiment

emphasizes the difficulty of separating

current and temperature effects

because of the lack of independent

control. Experimental measurement of

the sample temperature is challenging

since placing a thermocouple at the

sample surface would give a cold-

finger effect, and infrared cameras are

imprecise. Independent control of

temperature and current would enable

a more detailed analysis of the origin

of decomposition and we will attempt
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Figure 3
(a) Electrical resistivity and (b) surface plot of the raw PDF data. (c) A single-peak integration of the
peak at r ’ 2.7 Å seen in (b).



to improve this aspect in the next generation of the operando

setup.

4. Conclusions

In summary, the present study introduces operando

measurements on TE materials by simultaneous collection of

high-energy X-ray scattering and electrical resistance data on

dense pellets subjected to electrical current. Three �-Zn4Sb3

samples were exposed to current densities of 0.5, 1.14 and

2.3 A mm�2, and both ion migration and decomposition

reactions were quantified directly based on analysis of PXRD

and PDF data. The operando setup also holds potential for

studies of solid-state battery electrolytes or piezo and ferro-

electric materials, for example.
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S1. Rietveld refinement model 

Two refinement models were employed and both are based on the β-Zn4Sb3 structure (ICSD #159090). 

The first model was used for sequential refinements of both PXRD and TS data, where the FullProf and 

PDFGui software were used in modeling, respectively. In this model, the site occupancy factors and 

atomic coordinates were kept fixed, and the isotropic ADPs were refined. The ADP for Sb1 and Sb2 

were refined individually, whereas the ADP for all the zinc sites were constrained to be equal in an 

attempt to limit the number of free parameters. The reason for keeping the occupancy fixed is due to its 

severe correlation with the ADPs. Keeping the ADPs constant is undesirable since the current running 

through the material will cause significant Joule heating. Instead, the expected decrease in zinc 

occupancy from diffusion will be reflected in increasing ADPs, which will be decoupled from the effect 

of temperature by consulting the measured electrical resistance of the sample. The second refinement 

model is used in refinements of data acquired when the current was turned off and the temperature was 

constant, and for this reason, all ADPs are expected to be constant between the data sets and are 

therefore fixed. Instead, the site occupancy for the different zinc-sites was allowed to refine individually 

along with all possible atomic coordinates. These refinements were carried out in the JANA2006 

software. 

 

 

Figure S1 Surface plot of the PXRD patterns acquired during the experiment plotted alongside the 

electrical resistance. The applied current density is J = 0.5 A/mm2. 
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Figure S2 Extracted refinement parameters from a sequential Rietveld refinement. a)-c) shows 

ADPs from Zn1, Sb1 and Sb2. d)-e) shows the unit cell a and c parameters. 

 

 

Figure S3 Thermal unit cell expansion coefficient of β-Zn4Sb3 for the a) a-axis and b) c-axis. 
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Figure S4 The extracted occupancy of the a) Zn1 site and b) Zn2, Zn3 and Zn4 sites as a function of 

sample position. C) Shows the final composition. 

 

 

Figure S5 Extracted refinement parameters from a sequential Rietveld refinement. a)-c) shows 

ADPs from Zn1, Sb1 and Sb2. d)-e) shows the unit cell a and c parameters. 

 

Figure S6 Surface plot of PXRD patterns obtained during the experiment plotted alongside the 

electrical resistance. A current density of J = 2.3 A/mm2 was applied at t = 0. 
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Figure S7 Simulated Pair Distribution Functions for the rhomboid unit Zn2Sb2 found in β-Zn4Sb3 

(bottom), β-Zn4Sb3, ZnSb, γ-Zn4Sb3 and the rhomboid unit Zn2Sb2 found in ZnSb (top). 
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Synopsis X-ray scattering study of thermoelectric materials in operando conditions. 

Abstract Operando characterization provides direct insight into material response under application 

conditions and it is essential to understand the stability limits of thermoelectric materials and their 

decomposition mechanisms. We have developed an operando setup capable of maintaining a thermal 

gradient while running DC current through a bar shaped sample. At operating conditions, X-ray 

scattering data can be measured along the sample to obtain spatially resolved structural knowledge in 

concert with measurement of electrical resistance and Seebeck coefficient. Here we study 

thermoelectric β-Zn4Sb3, which is a mixed ion electron conductor and directly observe a significant 

temperature dependence of the Zn migration. Measurements with the thermal gradient applied either 

along or opposite to the DC current establish that the ion migration is an electrochemical effect rather 

than a thermodiffusion. Consideration of only the applied critical voltage or current density is 

insufficient for deducing the stability limits and structural integrity of materials with temperature 

dependent ion mobility. We note that the present operando setup is not limited to studies of 

thermoelectric materials, and it also lends itself e.g. for studies of ion diffusion in solid state electrolytes 

or structural transformations in solid state reactions. 

 

Keywords: Thermoelectric; mixed ionic electronic conductors; ion conduction; operando; x-
ray scattering. 

 

1. Introduction 

Despite the high focus on optimal energy utilization, there is still a widespread need for improving 

recovery technologies for the vast amount of waste heat released e.g. in combustion processes. 

Thermoelectric materials (TE) represent a potential solution due to their direct thermal to electrical 

energy conversion capability. To be commercially viable on a large scale, the TE materials must have 

a high conversion efficiency while being non-toxic and consisting of earth-abundant elements. The 
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conversion efficiency is governed by the TE figure of merit, zT = (S2σ/κ)T (Ioffe et al., 1959) and the 

ideal TE materials should possess a high Seebeck coefficient, S, and electrical conductivity, σ, like 

those of a crystal, and a low thermal conductivity, κ, like in a glass. This has given rise to the concept 

of phonon-glass-electron-crystal to describe the ideal thermoelectric properties (Slack, 1995; Snyder & 

Toberer, 2008; Sales et al., 1996; Nolas et al., 1998). In addition to the commercial demands, the harsh 

application environments pose further requirements on the thermodynamic properties of the material, 

i.e. it has to be stable during long-term operation under high electrical current and thermal gradients. 

This has been one of the most significant obstacles in maturing TE technology to meet the commercial 

demands. 

Operando characterization, in general, provides direct insight into the material response to true 

application conditions and is a useful tool for optimizing the operational reliability of any functional 

material. Overcoming harsh operating conditions is also an issue e.g. for heterogeneous catalysis, where 

thermodynamics occasionally favor exposure of certain crystallite facets, which might be catalytically 

suboptimal. The scientific advances that form the basis of many commercial catalysts has been 

significantly aided by the implementation of operando characterization techniques (Topsøe, 2003). The 

same holds true for battery technology, where operando techniques have brought basic knowledge on 

the charge/discharge structural mechanisms ultimately improving the reliability of rechargeable 

batteries (Cuisinier et al., 2013; Taminato et al., 2016; Senyshyn et al., 2012). The future of TE 

materials for energy harvesting relies on optimizing the operational stability without compromising 

performance, and thus, the implementation of operando methods in this field is very ripe. 

During the last decade, increased focus on operational stability has resulted in an increasing amount of 

stability studies, where powdered materials are exposed to elevated temperatures for a few thermal 

cycles (Pedersen & Iversen, 2008; Pedersen et al., 2007; Jørgensen et al., 2018; Leszczynski et al., 

2011; Song et al., 2018). However, uniform heating of powders is not adequate to mimic the operational 

environment in a TE module for energy harvesting, which has a thermal gradient across a bulk sample 

and an accompanying potential gradient due to the Seebeck effect. In general, the individual legs in a 

thermoelectric module must have a density of more than ~95 % of the crystallographic density to exhibit 

the intrinsic physical properties of the material (Borup et al., 2015). Reducing the surface-to-volume 

ratio when pressing finely powdered samples into a dense material has also been shown to influence 

material stability (Jørgensen et al., 2018). Proper stability tests should be performed on samples that 

resemble what would be used in a working module. Some studies have considered the effect of current 

and Seebeck potential on bulk samples (Reardon et al., 2017; Yin et al., 2012; Qiu et al., 2018), which 

is particularly important in high performance materials containing mobile ions such as Cu2Se, Cu2S, 

and Zn4Sb3 (Qiu et al., 2018; Liu et al., 2012; Roth & Iversen, 2019; Jørgensen et al., 2020; Brown et 

al., 2013; He et al., 2014). In these systems, irreversible compositional changes have been observed 
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through ex-situ characterization methods; however, although ex-situ characterization provides valuable 

information, insights into the reaction dynamics and mechanisms are inherently inaccessible.  

We recently introduced the first version of a TE operando setup (Jørgensen et al., 2020). In that setup, 

densified bar-shaped samples could be exposed to direct current while the electrical resistance and X-

ray diffraction data were measured. A major weakness of the setup was the lack of an active heating 

source, making the decoupling of current and temperature effects difficult, and preventing real-world 

operating conditions to be obtained. In addition, a low reproducibility of the sample positioning led to 

variations in the refined unit cell size from the diffraction data. In the present study, we introduce a 

completely new setup, coined the Aarhus Thermoelectric Operando Setup (ATOS), which solves the 

main drawbacks of the initial operando system, and which is fully capable of realizing realistic module 

conditions. As far as we know, it is the only thermoelectric operando setup, which combines 

measurements of physical properties with structural insight during realistic conditions. The setup 

furthermore enables X-ray diffraction to be collected at several positions along the sample during 

operation, which provides unique spatial structure information of the entire sample. Since operando 

structure and property measurements on thermoelectric materials represent a new scientific field, we 

first discuss the new design concepts and measurement details. A deeper discussion of the choice of 

materials used to build the instrument and the considerations behind sample preparation is included in 

supporting information. We then apply the operando setup in a study of the mixed ionic electronic 

conductor β-Zn4Sb3, which is a high performance thermoelectric materials. Using the unique 

capabilities of ATOS we determine the compositional changes occurring through-out the entire sample 

during realistic operating conditions. We find that the Zn migration in Zn4Sb3 is highly temperature 

dependent, and that a certain sample temperature is a prerequisite for ion migration to occur. This 

implies that considering only the applied voltage or current density is not sufficient when studying 

mixed ionic electronic conductors with a temperature dependent ion mobility, as the sample temperature 

is highly affected by Joule heating, which depends on the square of the absolute current. 

 

2. Aarhus Thermoelectric Operando Setup (ATOS)  

This section contains a brief introduction to ATOS together with some considerations behind the design. 

For further discussion of the material choices, sample considerations and experimental procedure, 

please see the supporting information.  

Figure 1 shows a design render of ATOS. A bar-shaped sample (8) is held by two brass blocks (9), as 

can be seen on the right pane in Figure 1. Each brass block can act as an independent heat source due 

to the cartridge heater inserted in the block (1). A temperature of up to 700 K reliably can be reached 

in each tower, making it possible to establish both an approximately uniform temperature and a 

temperature gradient along the sample. Thermocouples are inserted into the brass blocks from below 
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approximately 5 mm from the sample. The sample is fixed by two stainless steel clips (7) pressing 

lightly on top of the sample to obtain a good thermal and electrical contact between the sample and the 

brass blocks. A ledge with a sharp edge is milled in the top of the brass block to give a reproducible and 

stable sample position. The brass blocks are each supported by a stainless-steel tower (2) fixed with a 

polyethylene (PE) block (3) to a high-precision optical rail system. Due to the PE blocks, the two towers 

are electrically isolated, thus enabling electrical measurements on the sample. Electrical wires are 

attached to the bottom of the towers, avoiding any risk of thermal damage on the contacts caused by the 

hot brass blocks. The actual sample temperature is not measured since placing a thermocouple in direct 

contact with the sample will actively cool the sample resulting in the cold-finger effect. Instead, the 

temperature sensitivity of the crystallographic unit cell can be used as a proxy for the sample 

temperature exactly at the position of investigation. This temperature estimate becomes uncertain if 

other factors are also influencing the unit cell parameter, such as compositional changes. For 

experiments where the brass elements are set to the same temperature, the sample temperature will be 

lower in the middle of the sample due to convection cooling. An estimate of the temperature landscape 

for β-Zn4Sb3 with both brass elements set to 250 °C has been shown in Figure S14, and is based on the 

fluctuation of the unit cell parameters. The exact temperature landscape, however, will differ between 

experiments, as it is dependent on the thermal contact with the towers and the length, thermal 

conductivity and cross-section of the sample, along with the dynamic nature of the air surrounding the 

sample. We envision that the convection cooling can be minimized by placing the sample in a closed 

container, which will reduce the airflow around the sample. In the current version of the setup, it is not 

possible to control the sample atmosphere, and samples that are particularly prone to oxidation in air 

should therefore be avoided. 

2.1. Measurement details  

The setup can repeatedly measure the sample resistivity and Seebeck coefficient while independently 

heating the two ends of the samples. It is additionally capable of passing a DC current through the 

sample or applying a constant DC voltage bias across the sample. During each experiment, the DC 

current and voltage, sample resistance, and Seebeck (open circuit) voltage are measured as needed. 

The current or voltage is applied to the sample via wires connected to the base of the two towers. Two 

or three current sources are connected in parallel: Two Keithley 2450 Source Measure Units (SMU, a 

maximum current of 1 A each) are used for resistance measurements and low (<2 A) constant DC 

current. An Agilent E3640A Power Supply is also connected when more than 2 A is needed, providing 

an additional 3 A. The maximum bias voltage is always 20 V, well above the range for solid-state 

electrochemistry and still in line with the safety policies at most synchrotron beamlines. The 

measurement terminals of one Keithley 2450 are connected to the two Ni probes, used for the 4-point 

resistance measurements, while the measurement terminals of the other Keithley 2450 are connected 
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directly to the brass blocks via a copper wire. The latter provides both 2-point resistance measurements, 

to monitor contact resistances, and measures or controls the DC bias voltage across the sample (no 

current flows through this wire). Resistance measurements are done by slightly modulating (10 – 50 

mA) the constant DC current or voltage for approximately 0.5 s. In constant voltage mode, the bias 

voltage is modulated to produce a change in current corresponding to the setting. If needed, the 

resistance measurement can be skipped for a predetermined amount of time (typically 4 s to several 

minutes) to avoid changing the effective current density or bias voltage excessively. 

The open-circuit voltage (OCV) is measured with a Keithley 2182A Nanovoltmeter connected to the 

brass blocks through the same copper wires used for 2-point resistance measurements. A dedicated 

voltmeter is used to both obtain more accurate measurements and avoid repeated, time-consuming 

reconfiguration of the Keithley 2450 SMUs. When the OCV is measured, the DC current/voltage is 

momentarily switched off and the OCV is typically measured 1 to 10 times to reduce measurement 

noise while keeping the measurement duration short, as required for the specific experiment. The DC 

current/voltage is typically switched off for 0.5-1 s, and the measurements can be skipped for a 

predefined duration afterward similarly to the resistance measurements. 

From the measured 4-point resistance and OCV, the sample resistivity and Seebeck coefficient are 

determined. The resistivity is determined by comparing the resistance measurement to a calibration 

measurement of the resistivity. The resistivity and resistance differ by a geometric factor, which is 

constant throughout the experiment, and can simply be determined by comparing the first resistance 

measurement in an experiment (before heating and applying a DC current or voltage) to the calibration 

measurement. An estimate of the Seebeck coefficient is obtained by dividing the OCV by the 

temperature difference between the two brass heaters, giving a 2-point Seebeck measurement (Borup 

et al., 2015; Martin et al., 2010). The measured Seebeck coefficient is an average of the Seebeck 

coefficient across the applied temperature difference and may be affected by offset volt-ages and 

temperature drops across the sample-brass heater interface. The Seebeck coefficient thus obtained is 

susceptible to changes in thermal contact resistance; however, in our experience, the Seebeck 

coefficient rarely correlates with the 2-point electrical resistance (which is used to estimate contact 

quality) and is observed to be stable over time for samples not degrading or undergoing any chemical 

changes. 

 

3. Zn-migration in β-Zn4Sb3 

To demonstrate the capabilities of the ATOS on a real thermoelectric system, we picked β-Zn4Sb3, 

which is a well-known thermoelectric material due to its appreciable zT in the intermediate temperature 

range (400-700 K) (Mozharivskyj et al., 2004; Nylén et al., 2004). The system is a mixed ionic 

electronic conductor, and has a complex atomic structure composed of an ordered Zn and Sb lattice and 
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a partly disordered subcomponent of Zn cations. The main lattice has a considerable number of Zn 

vacancies. The average structure of the disordered subcomponent has successfully been described as 

three distinct interstitial Zn-sites placed in close proximity of the main Zn-site (Snyder et al., 2004; 

Cargnoni et al., 2004). This structural complexity is believed to be the main origin of the low lattice 

thermal conductivity found in this system, which is highly desirable for thermoelectric applications 

(Nylén et al., 2004). When placed in a potential gradient, the Zn-ions have been shown to migrate along 

the current direction, which ultimately results in an irreversible decomposition of β-Zn4Sb3 into ZnSb 

in the Zn-deficient region and elemental Zn is observed in the Zn-rich region of the sample (Yin et al., 

2012; Jørgensen et al., 2020; Yin et al., 2014; Hung et al., 2017). It was generally assumed that the 

migrating Zn-ions were positioned on the interstitial sites, but PDF and PXRD data measured using our 

initial operando setup suggested Zn atoms on the main lattice site, Zn1, as the migrating species 

(Jørgensen et al., 2020). Here, we utilize the unique capabilities of ATOS to investigate the atomic 

structure throughout the entire sample in realistic conditions. This enables for a deeper understanding 

of the Zn-migration mechanism and its dependency on temperature and applied current. For 

experiments where a thermal gradient and an electrical current are applied, we use the term forward 

bias for experiments where the applied current is in the direction dictated by the Seebeck effect, and 

reverse bias for the opposite case, to avoid confusion. We first examine β-Zn4Sb3 with an isothermal 

sample temperature and with a fixed beam position to obtain high time-resolution data. Afterwards we 

investigate the sample in both forward and reverse bias settings, using spatially resolved PXRD to 

follow the compositional changes occurring in the sample. 

 

3.1. Uniform sample temperature 

For the experiments presented in this section, a fixed beam position was chosen to maximize the time 

resolution with the expense of spatially resolved information. The investigated point of the sample is 

chosen to be the end where the current exits the sample, and where Zn is expected to accumulate in case 

of Zn-migration. This is because Zn whiskers can be seen in this end of the sample much before the 

decomposition event unfolds in the Zn-deficient end. Interestingly, no Zn-diffusion is observed in a 

sample exposed to an unrealistically high current density of 1.14 A/mm2 with no active heating, as seen 

in Figure 2a. Although relatively small sample dimensions are the main cause of the high current density 

in these samples (absolute current of ≈ 2 A), our observations are in line with the onset temperature of 

superionic conduction at around 425 K suggested by Lin et al. (2014) Conversely, in the previous 

operando setup, extensive Zn-migration was observed at these conditions, which was due to the lack of 

heat sinks resulting in a significantly increased sample temperature from Joule heating exceeding the 

proposed onset temperature of 425 K. These sample conditions can be replicated in the new setup simply 

by actively heating both brass blocks to 200 °C while applying the same current density of 1.14 A/mm2. 
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The obtained diffraction patterns are shown in Figure 2b, where diffraction peaks originating from 

metallic zinc appear after only approximately 10 minutes, clearly indicating the migration of Zn along 

the direction of the current into the illuminated sample volume. This experimentally confirms the 

presence of an onset temperature of somewhere between room temperature and 200 °C for Zn-migration 

and shows that application of current is not sufficient for obtaining Zn migration at room temperature. 

The 4-point electrical resistance measured between the two probes during the experiment is shown in 

Figure 3. Here, three distinct regions are observed; an increasing resistance up to the 10-minute mark, 

where metallic Zn appears in the Zn-rich end of the sample, a flat region until approximately 28 minutes 

after which the composition boundary of the β-Zn4Sb3 phase is reached at the Zn-deficient end of the 

sample, and then a decomposition into the ZnSb phase is observed. The ZnSb phase has a higher 

electrical resistivity than β-Zn4Sb3, and this causes the average sample resistance to rise as an 

increasingly larger portion of the sample decomposes into the ZnSb phase. This is seen in the linearly 

increasing resistance after the 28-minute mark. This particular experiment was reproduced with the 

beam position at the opposite end of the sample. These data agree with the interpretation described 

above, and the diffraction patterns and electrical resistance data are given in the supporting information, 

Figure S5a-b. 

 

3.2. Thermal gradient 

To obtain a complete understanding of the reactions occurring during operation, we must inspect more 

than just a single point of the sample. For the experiments presented in this section, the illuminated 

section of the sample is varied in order to add spatial information to the PXRD data. This is realized by 

translating the setup perpendicular to the incoming beam in a cyclical manner. The spatial information, 

however, comes at the cost of reduced time resolution at each point of investigation. In these 

experiments, the samples are exposed to a thermal gradient of 350 °C – 30 °C and a current density of 

1.14 A/mm2. In the first experiment, the current is applied in forward bias, that is, in the direction 

dictated by the Seebeck potential gradient, and for the second experiment, the current will be applied in 

reverse bias, i.e. opposing the Seebeck potential. 

 

3.2.1. Forward bias 

Seven points along the sample spaced by 0.5 mm were chosen, and the X-ray diffraction data collected 

at each point can be seen in Figure S6. Sequential Rietveld refinements were performed to extract the 

weight fraction of each crystalline phase at every position and results are shown in Figure 4a together 

with a depiction of the experimental conditions. Initially, the entire sample consist of the β-Zn4Sb3 

phase, but after approximately 6 minutes, a secondary Zn phase is observed in the cold end of the 
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sample. This is because the β-Zn4Sb3 phase becomes saturated with respect to Zn leading metallic Zn 

to deposit with an increasing content throughout the experiment. The value of the refined Zn phase 

weight fraction seems to fluctuate, presumably due to the Zn phase growing as needle-shaped single 

crystals on the surface of the sample (see Figure S7) yielding a poor powder X-ray diffraction signal. 

After approximately 20 minutes, the hot end of the sample decomposes from β-Zn4Sb3 to ZnSb due to 

the Zn deficiency. This clearly reveals that the excess amount of Zn in the cold end of the sample 

originates from the hot end, which is expected since the Zn migrates along the current direction. The 

time delay between the two events is likely due to the phase width of the β-Zn4Sb3 phase as the one-

step synthesis method employed to make these samples leads to a Zn-rich composition. As the 

experiment progresses, the Zn rich and Zn poor regions of the sample approach each other. The 

electrical resistance of the sample is shown in Figure S8 and shares many common features with that 

of Figure 3, where the continuous increase after approximately 10 minutes indicates the point in time 

where the decomposition into ZnSb occurs at the first nickel probe, and the subsequent increase again 

reflects that a larger part of the sample decomposes into ZnSb. The electrical resistance makes a large 

jump after 8 minutes, which can be explained by the formation of an oxide layer in the interface between 

the sample and the nickel probe tip increasing the contact resistance. 

To obtain a complete picture of the compositional changes in the β-Zn4Sb3 phase leading up to the 

decomposition event, the site occupancy factors (SOFs) of Zn were extracted from the Rietveld 

refinements. These parameters correlate strongly with the atomic displacement parameters (ADPs), and 

co-refining both parameters will therefore be challenging. Instead, we assume the sample temperature 

at each position of the sample to be constant after the thermal gradient is stabilized and the current has 

been turned on. This will enable us to co-refine the ADPs and SOFs simultaneously for the first dataset 

at each point, and then lock the ADPs to the refined value, while refining only the SOFs for the rest of 

the datasets. This will presumably yield somewhat erroneous absolute values for both the ADPs and the 

SOFs, but the subsequent evolution in Zn occupancy will be trustworthy if the temperature remains 

constant. Figure S9 shows the change in Zn content at each position of the sample during the 

experiment. Here, positions close to the hot tower become Zn deficient, and after reaching a critical 

composition corresponding to the lower phase boundary with respect to the Zn content, β-Zn4Sb3 

decomposes into ZnSb. At the opposite end of the sample, the sample becomes Zn rich, with Zn partly 

entering the β-Zn4Sb3 phase and partly forming a secondary Zn phase, which increases in amount over 

time. 

The rate with which the composition of the β-Zn4Sb3 phase changes before the decomposition event is 

significantly different along the sample. We primarily ascribe this to the varying sample temperature, 

as the diffusion constant of Zn in β-Zn4Sb3 has been shown to be highly temperature dependent.34 The 

sample temperature at the different points along the sample can be approximated from the initial 

increase in unit cell size, as described in Jørgensen et al. (2020), and it is shown together with the 
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compositional change in Figure 4b. Here, the compositional change appears to increase with the sample 

temperature, and changes from a negative to a positive value close to the cold end of the sample. 

Between these two areas, the compositional change is zero, but that does not imply that Zn diffusion is 

absent at this point. It merely marks the interception between the Zn-rich and Zn-deficient regions of 

the sample, where the Zn-flux in and out of the beam is equal. 

The unit cell parameters of β-Zn4Sb3 are shown in Figure S10 for each position of investigation. These 

parameters might be affected by several effects during the experiment, such as external heating, change 

in atomic composition and Joule heating from the external current. As is discussed in the supporting 

information and shown in Figure S4, the contact resistance between the sample and the brass towers 

can be quite significant. This will lead to local Joule heating, which will decrease over time as the 

electrical contact is improved by annealing. This will mostly heat the sample close to the brass towers, 

and might explain the initial increase in the unit cell parameters of β-Zn4Sb3 at these positions, as seen 

in Figure S10a-c. The point of decomposition into the ZnSb phase is shown with a vertical line in Figure 

S10c-g. The unit cell parameters of β-Zn4Sb3 seem to increase rapidly leading up to the decomposition 

at every position, which is consistent with previous experiments conducted with our old operando setup 

(Jørgensen et al., 2020). This possibly is be due to the ZnSb phase having a higher electrical resistivity 

compared to the β-Zn4Sb3 phase, and thus it will experience larger Joule heating by the external current. 

The boundary between the ZnSb and β-Zn4Sb3 phases will furthermore contribute to an increased local 

electrical resistance, which will effectively be heated by the current. The combination of these two 

effects imply that when the ZnSb front approaches the illuminated part of the β-Zn4Sb3 phase, the unit 

cell parameters will increase due to a local heating effect caused by the nearby ZnSb phase front (Figure 

S10c-g). Due to the different dependencies of the unit cell parameters, it is difficult to infer the structural 

response to the compositional changes occurring in the β-Zn4Sb3 phase. This is a challenge in any kind 

of operando setup with an external current source and might be solved using a temperature probe with 

sufficiently high accuracy and spatial resolution. 

 

3.2.2. Reverse bias 

In this experiment, the external electrical field is opposing the Seebeck potential. Here, nine points of 

investigation were chosen spaced by 1 mm. The raw diffraction data are shown in Figure S12, and 

sequential Rietveld refinements were performed on the data sets collected at each position, similar to 

the previous section. Figure 5 shows the weight fractions extracted for each crystalline phase. Despite 

reversing the thermal gradient, Zn migrates in the direction of the DC current and now deposits on the 

surface of the sample in the hot end at position 0.0 mm, that is, the end where the current exits the 

sample. This might have been expected since the external electric potential by far exceeds the internal 

Seebeck potential, but it explicitly underlines that the Zn migration is indeed an electrochemically 
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driven event rather than thermodiffusion. Interestingly, the decomposition from β-Zn4Sb3 into ZnSb is 

not seen at the cold end of the sample in this case. Instead, it unfolds at position 1.0 mm right next to 

the position with secondary metallic Zn phase. This might be due to the insufficient thermal energy in 

the cold end of the sample for migration to occur. This is consistent with the data shown in Figure 2a-

b, where active heating was needed to observe migration. As the experiment carries on, the β-Zn4Sb3 to 

ZnSb decomposition front moves towards the cold end of the sample. 

The electrical resistance (Figure S11) drops during the first few of minutes and then stabilizes until 5-

6 minutes into the experiment, where it begins to rise similarly to the former experiment, which again 

is correlated with the appearance of the ZnSb phase, now observed at position 1.0 mm. A similar 

analysis of the compositional changes and unit cell parameters as in the forward bias experiment could 

not be done as the phase decomposition occurs already at the first data point at position 1.0 mm and 2.0 

mm leaving no room for analyzing β-Zn4Sb3 before the decomposition occurs. 

 

4. Discussion 

The forward bias test reveals that Zn migrates from the hot end of the sample to the cold end, and in the 

direction of the applied current, with the hot end being 350 °C. This observation is in line with previous 

investigations of β-Zn4Sb3 under applied current (Yin et al., 2012; Jørgensen et al., 2020; Hung et al., 

2017). Despite some studies suggesting β-Zn4Sb3 to be thermodynamically stable above approximately 

290 °C (Lin et al., 2014), Zn ions are in fact mobile in the structure at these temperatures, and under an 

applied electric field the ion migration will cause the material to degrade. 

The effect of Joule heating is crucial for mixed ionic electronic conductors with a temperature dependent 

ion mobility. For β-Zn4Sb3, critical current densities (i.e. current densities causing degradation) have 

been reported recently at room temperature by Jakob et al. (2020), which conflicts with the observations 

presented here. Their experiments employed samples with much larger cross-sectional area than used 

here, meaning that correspondingly higher external currents are needed to reach similar current 

densities. Doubling the applied current results in a 4-fold increase in the Joule heating of the sample, 

and it appears that the samples studied by Jakob et al. (2020) could have reached quite high (but 

unknown) temperatures. The Joule heating effect severely complicates the decoupling of thermal and 

electrical contributions to the observed operational stability of a material, and as shown above it is vital 

to acknowledge their interdependence in stability tests. Evaluating only the applied current density or 

voltage when assessing the critical current density and the stability of β-Zn4Sb3 is not adequate since it 

is a mixed ionic electronic conductor with temperature dependent ion mobility.  

From the reverse bias test, we observe that Zn migrates in the direction of the current, rather than in the 

direction of the thermal gradient. This proves that Zn migration is an electrochemical effect more than 

a thermodiffusion, and furthermore suggests that Zn preserves its cationic charge during its migration 
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through the structure. In this experiment, Zn crystallizes in the hot end of the sample rather than the 

cold end, as was observed in forward bias case. Interestingly, this was also observed by Jakob et al. 

(2020), and it appears that the applied current might have been reversed with respect to the Seebeck 

effect in those experiments. This emphasizes the need for clearly establishing experimental conditions, 

and we therefore encourage the use of terms such as forward and reverse bias to avoid confusion. 

 

 

 

5. Conclusion 

A novel setup for conducting X-ray diffraction experiments in thermoelectric operando conditions has 

been developed with the possibility of simultaneously measuring the sample average electrical 

resistance and Seebeck coefficient during X-ray exposure. The setup allows for running DC current 

through a rod-shaped sample and either applying a thermal gradient or isothermally heating the sample, 

which enables realistic device conditions to be obtained. The applicability of the setup was 

demonstrated on the mixed ionic electronic conductor, β-Zn4Sb3. When applying a large current density 

of 1.14 A/mm2 without external heating, no ion migration was observed. When the same current was 

applied together with active heating to 200 °C, significant ion migration was observed demonstrating 

that the ion migration process requires not only a high current density but also sufficient thermal energy. 

This contrasts with previous studies on β-Zn4Sb3 reporting critical current without external heating. 

When β-Zn4Sb3 is subjected to a thermal gradient with the DC current applied in forward bias, ion 

migration is observed in the direction of the current, starting from the warm end of the sample and 

resulting in Zn whiskers growing out of the cold side of the sample. The changes in Zn content 

throughout the entire sample leading up to the decomposition were closely monitored and shown to 

correlate with the temperature of the sample. Applying the DC current in reverse bias likewise resulted 

in ion migration in the direction of the DC current starting from positions of sufficiently high 

temperatures. This proves Zn migration to be an electrochemical effect rather than a thermodiffusion, 

and furthermore emphasizes the temperature dependency of the Zn migration mechanism. In the 

literature it has been claimed that β-Zn4Sb3 is thermodynamically stable above 290 °C, but the present 

experiments show that Zn ions are still mobile in the structure at these temperatures. The ion migration 

will cause irreversible degradation of the material in an electric field as experienced e.g. during 

thermoelectric energy conversion.  

The present study illustrates the power of operando X-ray scattering analysis. For complex disordered 

materials having mixed ion electron conduction such as β-Zn4Sb3, Cu2S or Cu2Se, decoupling of 

electrical and thermal effects is particularly important for establishing the true structural integrity during 
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thermoelectric operation. Since the exact composition and atomic substitution considerably alters the 

properties of materials (Xie et al., 2012), it appears fruitful to conduct systematic operando studies of 

such material systems. One of the key directions of thermoelectric science is development of materials 

with low thermal conductivity (Jana & Biswas, 2018)l, and such materials often have defect crystals 

structures. Low κ materials may have static (Roth et al., 2020) or dynamic point defects (Bozin et al., 

2010), or rattler atoms in oversized cages (Gatti et al., 2003), or they may have complex extended 

defects e.g. due to nano-inclusion (Girard et al., 2011). Clearly, it is of fundamental interest for the 

advancement of thermoelectric science, to study such defect structures under operating conditions. 

Finally, we note that the developed operando setup is not limited to studies of thermoelectric materials, 

and we expect that it can be applied broadly to studies e.g. of solid state electrolytes, or that it can be 

used to structurally follow solid state synthesis reactions under well controlled conditions. This will 

open new scientific possibilities for structure-based materials science. 

 

6. Experimental Section/Methods 

The samples employed for the operando experiments were prepared through a one-step syn-thesis 

identical to that of Yin et al. (2014) Zinc powder (99.99 %, Alfa Aesar) was mixed with antimony 

powder (99.5 %, ChemPur) in the stoichiometric ratio of Zn4Sb3. The powder was then transferred to a 

graphite die of 1-inch inner diameter and pressed in a spark plasma sintering press. As suggested by 

Yin et al., a zinc foil (99.95 % Sterilin) of 0.15 mm thickness was inserted between the powder and the 

punch in the anode end, i.e. the end where the current enters the sample, to compensate for the Zn-

migration caused by the spark plasma sintering press. The amount of powder mixed in the die was 

calculated to result in a 1.5 mm thick pellet assuming crystallographic density. Any excess Zn foil was 

polished off using 180 grit sandpaper on a Knuth rotor. The density was verified to be >95 % using the 

Archimedes method. The rods for the experiment were cut using an abrasive precision wire saw with a 

SiC slurry. In-house X-ray diffraction and Seebeck microprobe experiments were employed to ensure 

compositional homogeneity in the obtained pellets. 

The experiments were performed at PETRA III, DESY in Germany at beamline P02.1. Diffraction data 

were collected in transmission geometry, which is feasible due to the high X-ray energy of 60 keV. The 

exact sample-to-detector distance and the instrumental resolution were calibrated using a LaB6 standard 

sample. The beam center was placed in the center of the detector to increase the integrated intensity and 

the beam size was chosen to be 1 mm x 1 mm. The resulting diffraction patterns were azimuthally 

integrated using the Dioptas software (Prescher & Prakapenka, 2015), and sequential Rietveld 

refinements were performed in the FullProf Suite (Rodríguez-Carvajal, 1993). 
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Figure 1 Design sketch of the Aarhus Thermoelectric Operando Setup (ATOS). 

 

 

Figure 2 Raw diffraction patterns measured on a sample a) without active heating and b) with a 

uniform temperature of 200 °C. 
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Figure 3 Measured electrical resistance along with the temperature of the two towers. The data point 

of Tower 1 and Tower 2 coinsides as their temperature is equal. 

 

 

Figure 4 a) Spatially resolved weight fractions as a function of experiment duration for β-Zn4Sb3 with 

the external current applied in forward bias (see upper panel). b) The change in x in ZnxSb30 with time 

plotted together the temperature of the sample as estimated from the change in unit cell parameters. 
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Figure 5 Spatially resolved weight fractions as a function of experimental duration for β-Zn4Sb3 with 

the external current applied in reverse bias. 
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Supporting information  

S1. Sample displacement 

Figure S2 represents a geometrical depiction of the experimental setup. Position 1 (Pos 1) and 2 (Pos 

2) indicates two arbitrary points on the sample, D is the distance from the Pos 2 to the detector and 

∆D+D is the distance from Pos 1 to the detector. We subjectively chose to evaluate the peak shift of the 

diffraction peak present at 2θ ≈ 31.4 ° since this is a non-overlapping high angle peak with appreciable 

intensity (the peak seen to the furthest right in the inset on Figure S1). This point on the detector 

corresponds to a real-space distance from the beam center of approximately 305 mm. The scattering 

angle of the two positions can be stated as follows: 

 

The difference in scattering angle as a function of sample displacement is then: 

 

This function is visualized in Figure S2b. No apparent peak shift is observed from Figure S1 within the 

angular resolution of the instrument. The dotted line in Figure S2b indicates the angular resolution along 

with the corresponding sample displacement, which is less than 0.2 mm.  

 

S2. Design considerations and material choices 

S2.1. Materials 

Successfully mimicking the conditions found in a TE module requires elevated temperatures and direct 

current. In ATOS, heat is supplied via the temperature-controlled brass blocks and current is delivered 

through the stainless steel tower, brass element, and across the sample. Apart from being stable at these 

conditions, the brass blocks also have a high thermal and electrical conductivity, which are necessary 

to efficiently transfer heat and current to the sample. We designed the brass blocks to have a high 

thermal mass while still being able to dissipate heat to the surroundings quickly. This combination 

makes the brass blocks act as both good heat reservoirs for the hot end and heat sinks for the cold end, 

which makes the temperature easily controllable and stable. In addition, brass is very inexpensive and 

easy to machine, making it an ideal material for this purpose. However, one should be aware of 

compounds reacting with the brass elements, such as Cu2-xSe. In these cases, an electron-conducting 

layer (e.g. graphite paper) is inserted between the sample and the brass block. For very high temperature 

applications, brass is not ideal since it is readily oxidized above 700 K. 

2𝜃2 = tan−1 (
𝑥

𝐷
) 2𝜃1 = tan−1 (

𝑥

𝐷 + Δ𝐷
) 

2𝜃2 − 2𝜃1 = Δ2𝜃(Δ𝐷) = tan−1 (
305 𝑚𝑚

500 𝑚𝑚
) − tan−1 (

305 𝑚𝑚

500 𝑚𝑚 + Δ𝐷
) 
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S2.2. Nickel probes 

Two nickel probes are placed in contact with the top surface of the sample. Here, good electrical contact 

between the sample and the probes is important, as a poor contact will result in increased contact 

resistance and increased measurement noise. A range of metals such as Ni, Mo, Nb, W and some alloys 

are suitable, but due to the high inertness, appropriate flexibility and availability, Ni was chosen despite 

having a high Seebeck coefficient of approximately -20 μV/K. To avoid signals from the Ni probes 

appearing in the diffraction data and avoid excessively perturbing the temperature gradient along the 

sample, the probes are contacting the sample either above or close to the brass blocks. 

 

S2.3. Sample preparation 

To obtain high-quality powder X-ray diffraction patterns, the orientation of the crystallites in the 

illuminated sample must be random. A tendency for the crystallites to favor certain orientations will 

result in grainy Debye-Scherrer cones on the detector leading to erroneous peak intensities and profiles. 

In regular PXRD experiments performed on finely powdered samples in capillaries, this is avoided to a 

large extent by continuously spinning the sample. The ATOS does not allow for sample rotation, and 

samples have to be compacted using sintering pressing tools to obtain a sufficient density of at least 95 

% of the crystallographic density. Some crystallite alignment is expected in samples, which have been 

densified using a hot press or spark plasma sintering press, and extensive sintering furthermore tends to 

promote crystal-lite growth. As such, it is important to 1) reduce the crystallite size of the starting 

materials before the sintering, 2) reduce the sintering temperature as much as possible while still 

obtaining sufficiently dense samples, and 3) reduce the sintering time as much as possible. These 

obstacles can be largely mitigated by milling and sieving the synthesized materials prior to pressing and 

by careful optimization of the sintering conditions. 

The interaction between X-rays and condensed inorganic matter is relatively strong and for X-ray 

diffraction experiments in transmission geometry, absorption of the X-rays by the sample is an 

important consideration as this will reduce the intensity of the scattered beam and possibly introduce 

complications in the data analysis. The absorption of X-rays is calculated from the absorption 

coefficient, μ, which depends on X-ray energy-specific absorption cross-section for the material as well 

as the sample density (Als‐Nielsen & McMorrow, 2011). The samples possess higher density than 

normal powder samples and often consist of heavy elements such as Sb, Bi and Te, which pose severe 

re-strictions on the sample thickness. As a rule of thumb, the thickness of the sample, t, should be chosen 

such that μt < 4.0 (McCusker et al., 1999). On the other hand, reducing the sample thickness too much 

will reduce the effective thermal conductance of the sample resulting in a steeper and more uncertain 



Journal of Applied Crystallography    research papers 

20 

 

thermal gradient across the sample. The samples included in this study are cut into bars of 1 mm x 1 

mm x 10 mm, which is the upper thickness limit for the applied X-ray energy of 60 keV. The maximum 

sample length is about 25 mm, which is the maximum separation of the two towers. The minimum 

sample length depends on 1) the desired overlap between the sample and the tower, where a larger 

overlap yields a better thermal contact. 2) The desired thermal gradient, where a longer distance between 

the towers will give a larger thermal gradient. 3) The number of points of investigation on the sample. 

 

S2.4. Picking the right system 

The kinetics of the reaction of interest obviously have to be resolvable with the time resolution of the 

measure-ment in order to be observed. Depending on the data acquisition mode, ATOS has a lower time 

resolution boundary of approximately 1 second, which might be decreased by increasing the photon 

flux of the X-ray source. Therefore, it is currently not possible to observe reactions occurring on the 

sub-second time scale. On the other hand, slow reaction kinetics can also be a disadvantage as the 

experimental time has to fit within the period of a synchrotron beamtime, which is usually a few days. 

However, for longer experiments, the setup can be installed in-house without the structural probing by 

X-rays, and then only electrical resistance and Seebeck coefficient are obtained during the experiment. 

The ATOS initially was built for testing thermoelectric materials, but it should be stressed that it can 

also be used for solving challenges in other fields of materials science, where the materials are exposed 

to a high temperature, temperature gradient or an electric field. 

 

S2.5. Operation 

A typical experiment would commence by locating the outer boundaries of the sample by translating 

the setup perpendicular to the beam. The sample is then centered in the beam by translating the setup 

vertically. For data acquisition, two different modes are employed based on the scientific case. In the 

first mode, the sample can be cyclically translated perpendicular to the direct beam to specific positions. 

This gives spatial information with the expense of a decreased time resolution at each position. 

Alternatively, data is acquired at a fixed position with a time-resolution of approximately 1 second, 

compared to minutes for cyclic translation. The data acquisition method should therefore be chosen 

based on the kinetics of the reaction of interest. Before initializing external parameters, diffraction data 

is collected at different points along the sample to ensure structural homogeneity. 

 

S3. Testing ATOS 

S3.1. Perpendicularity 
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Since a varying sample-to-detector distance will be reflected in the refined unit cell parameters, a 

certified NIST standard sample can be used to quantify the sample displacement. In practice, this is 

done by loading LaB6 (NIST 660b) powder into a 1.0 mm outer diameter kapton capillary, mounting 

the capillary in the ATOS and collecting X-ray diffraction data at various positions along the sample 

by translating the setup perpendicular to the beam. The refined unit cell parameters can be seen in Figure 

S3. The variation in the refined unit cell parameter is on the order of 10-4 Å, which defines the 

uncertainty with which unit cell parameters can be compared between different points in the ATOS. 

From geometrical considerations, the shift in diffraction peak position as a function of sample 

displacement along the beam path is most pronounced at higher angles. In the present case, a 

comparison of the high-angle region of the raw diffraction patterns collected at each end of the sample 

shows no visible peak shift within the angular resolution of the experiment (Figure S1). Thus, if the 

diffraction peak at 2θ ≈ 31.4° (Q ≈ 16.4 Å-1), comprised of the (10 3 3) and (9 6 1) reflections, is shifted 

less than the angular resolution of 0.01° between the two data sets, an estimated sample displacement 

of less than 0.2 mm from end to end is obtained, as shown earlier. For the actual samples, a thickness 

deviating from 1.0 mm will increase the uncertainty of the absolute value of the refined unit cell 

parameter since the sample-to-detector distance is calibrated using a 1.0 mm thick LaB6 sample. The 

sample perpendicularity is further ensured through a high-precision camera mounted directly above the 

sample during operation, as is shown in Figure S13. 

 

S3.2. Separating heat and current 

Our initial operando setup had no active heating source. Instead, due to the applied high currents and 

the limited possibility for the system to discard heat, severe Joule heating was observed, thereby 

irrevocably linking the current and temperature effects, making any separation difficult. In ATOS, the 

brass elements, on which the sample is mounted, are designed to act as heat sinks, effectively receiving 

much of the thermal energy released in the sample during resistive heating. Exposing β-Zn4Sb3 to a 

current density of 1.14 A/mm2 in the first operando setup resulted in severe migration of Zn-ions along 

the direction of the current, which eventually resulted in decomposition of β-Zn4Sb3 into ZnSb in the 

Zn-deficient end of the sample after approximately 55 minutes. In order to compare the new setup to 

the old one, the experiment was repeated using ATOS, and the raw diffraction patterns are shown in 

Figure 2a. During this experiment, diffraction data is measured at the end where Zn-ions accumulate. 

After approximately 120 minutes of exposure to the DC current, no secondary Zn phase is observed 

and the β-Zn4Sb3 phase appears unchanged. Figure S4 shows the refined unit cell parameter for β-

Zn4Sb3 along with the temperature of the brass element. The unit cell parameter increases immediately 

due to the rapid Joule heating caused by the DC current. The unit cell parameter then slowly falls while 

the temperature of the brass block correspondingly increases. This clearly demonstrates the ability of 
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the brass block to accept heat from the sample. The spike in unit cell size observed immediately after 

the current is turned on is expected to originate from the con-tact resistance between the sample and the 

tower. This resistance can be a factor of 10-100 larger than the electrical resistance of the sample 

causing excessive Joule heating in the contact region. This local annealing seems to improve the contact 

resistance over time, which is reflected in the subsequently decreasing unit cell size. 

 

Figure S1 X-ray diffraction patterns collected on a LaB6 standard sample packed in a 1.0 mm 

diameter capillary. The two patterns are collected at each end of the capillary spaced 19 mm apart. The 

inset shows a high angle region, where the peak positions in the two patterns are equal. 

 

 

Figure S2 a) Geometrical depiction of the experimental setting. b) The difference in scattering angle 

as a function of sample displacement. 
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Figure S3 Refined unit cell parameter for LaB6 NIST standard collected at several positions along 

the length of the sample. 

 

 

Figure S4 Refined unit cell parameter for β-Zn4Sb3 along with the temperature of the brass block. 
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Figure S5 a) Raw diffraction patterns collected on at the end where the current enters the sample. b) 

Experimental temperature along with the measured electrical resistance. 

 

Figure S6 Raw X-ray diffraction patterns collected at different positions along the sample throughout 

the experiment. 
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Figure S7 Picture of a Zn4Sb3 sample taken after experiment. 

 

 

Figure S8 Experimental temperature of the two towers along with the measured electrical resistance. 
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Figure S9 Atomic composition of the β-Zn4Sb3 phase as a function of time plotted together with the 

weight fraction of the secondary phase. A linear regression is fitted to the composition as a function of 

time (red dashed line) up until a secondary phase appears. The investigated positions of the sample 

ranges from 0.0 mm (a) to 3.0 mm (g) in steps of 0.5 mm. The hot side of the sample is at 3.0 mm. 
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Figure S10  Refined unit cell parameters for β-Zn4Sb3 exposed to a thermal gradient and external 

current in the forward bias. The vertical black line indicates the point of decomposition. The 

investigated positions of the sample ranges from 0.0 mm (a) to 3.0 mm (g) in steps of 0.5 mm. The hot 

side of the sample is at 3.0 mm. 
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Figure S11  Experimental temperature of the two towers along with the measured electrical resistance. 

 

Figure S12  Raw X-ray diffraction patterns collected at different positions along the sample 

throughout the experiment. 
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Figure S13  Pictures of the a) cold side and b) hot side of the sample seen from above. 

 

Figure S14  The temperature landscape along the sample displayed through the unit cell parameters 

of β-Zn4Sb3. Three scans along the sample has been included with separate scatter symbols. The 

temperature of each tower is set to 250 °C. 
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Stability of Thermoelectric Materials 
Lasse Rabøl Jørgensen and Bo Brummerstedt Iversen 

Abstract 
The limited stability of thermoelectric materials under operation condition is a major inhibiting factor towards 

commercialization and with increasing awareness of the stability issue, numerous stability studies have seen 

the light during the last decade. Here, the main findings of these studies are condensed into a set of 

experimental aspects to consider in stability investigations. We furthermore discuss the benefits and 

shortcomings of the main characterization methods employed for stability assessments in the thermoelectric 

literature. Based on the parameter control and comparability to real-world conditions, we propose a division 

of stability tests into three overall levels. The main purpose is to categorize results based on their industrial 

relevance and their reproducibility. For each level, we propose a reporting protocol to streamline the 

experimental information in stability studies, which will make comparison of stability results much more 

reliable. We believe that these steps will help bridge the gap between fundamental materials science and 

application and are necessary in maturing the thermoelectric technology towards commercialization. 

Introduction 
Thermoelectric materials display thermal and electrical energy interconversion to a large extent and holds 

promise for waste heat harvesting in the intermediate temperature range.1 Where the main inhibiting factor 

preventing commercialization once was the large cost pr. watt, due to low conversion efficiency and expensive 

elements in the best performing systems, discovery of both cheaper and better performing systems have 

significantly improved the economic viability of the thermoelectric technology.2–6 With that in mind, it is 

puzzling that there is still no commercially widespread thermoelectric module available on the market for 

intermediate-to-high temperature applications. 

From a company’s perspective, investing in thermoelectric generators is highly uncertain due to the unknown 

lifetime of the modules, making a return-of-investment impossible to estimate. A combination of many effects 

determines the lifetime of a module, but one of the most influential and fundamental parameters is the stability 

of the materials composing the individual module legs. In the battery- and photovoltaics research communities, 

material stability issues pose similar challenges, and in the field of perovskite photovoltaics, standardized 

stability tests have been implemented with specific requirements on the experimental parameters.7,8 In the 

thermoelectric community, there are no such consensus. Instead, the stability aspect is either completely 

ignored or only included as a side note in high-impact publications on high performance thermoelectric 

materials. Even though high-temperature measurements of physical properties are used directly in calculating 

the zT values, there is surprisingly little focus on guaranteeing that the intrinsic physical properties are retained 

by the material throughout these measurements. In case a decomposition event goes by unnoticed, extrinsic 

and inconsistent data might be published. 

Recently, the number of studies specifically dedicated to testing material stability has increased, but the lack 

of a common testing procedures means that a wide range of approaches have been adopted, and that the level 

of experimental detail reported in these studies is inconsistent, which makes comparisons between studies 

unreliable. One concern is that the relevant parameters to report might not only be the temperature, testing time 

or atmosphere, but could also include initially unexpected factors such as the dynamic nature of the 

atmosphere, macroscopic sample characteristics (single crystal, powder, densified pellet, etc.), air humidity, 

thermal gradients, micro structure etc.. In most of these stability studies, the test environment is not 

representative for the conditions found in a thermoelectric module, and the testing time is usually inadequate 

to reveal slow structural changes or decompositions. Hence, extrapolating from the results of these tests to 



conclude on the stability in actual application settings is highly uncertain. There is furthermore a broad range 

of characterization techniques used to evaluate the material stability. Some studies focus on stable and 

reproducible physical properties during thermal cycles and pay less attention to the atomic structure of the 

material,9,10 whereas other studies consider mostly the atomic structure.11–13 The different approaches 

presumably originate from different perceptions of stability. Ultimately, the produced electrical power of a 

thermoelectric module must be constant. If the materials physical properties are degraded, surely the produced 

electrical power will be influenced, but this is also true in case of structural changes as the physical properties 

of a material are heavily determined by its atomic structure. Furthermore, structural changes might result in 

other issues such as mechanical instability and deteriorated electrical contacts. 

Since industrial applications for thermoelectric materials cover a wide range of environments, from 

extraterrestrial high temperature applications in vacuum to low power battery free heat sensors, defining one 

standard test for all purposes would be an oversimplification. Instead, the sample stability should be verified 

in a temperature window determined by the intended application of the material, and the atmosphere should 

similarly be based on the expected atmosphere during application. Even with these varying parameters, some 

settings do remain constant in essentially any applications, that is, the sample must have a density of more than 

95 %14 and must be able to endure the desired thermal gradient during long-term operations. These conditions, 

which are essential for application, are often what differentiates the environment applied in most stability 

studies from real-world conditions, where heating powder samples to a certain temperature for one or few 

cycles stands as one of the most widely adopted test experiment in the literature. 

In the present paper, we will discuss the strengths and weaknesses of common characterization methods used 

in stability tests. We then turn our focus onto both experimental and sample related parameters that can 

influence the stability of thermoelectric materials and propose a categorization of stability experiments with 

an increasing degree of real-world resemblance and reproducibility. The categorization will be associated with 

a protocol for reporting experimental parameters depending on the level of stability test, which will allow for 

a more reliable comparison between studies. We firmly believe that these actions constitute necessary steps in 

streamlining the stability research of thermoelectric materials across hundreds of laboratories. 

Characterization techniques 
A wide range of characterization methods are employed in studying the stability of materials. Here, we discuss 

the strengths and weaknesses of the methods. Despite the wide range of available characterization methods, 

we will narrow our focus to cover measurements of physical properties used to determine zT along with X-ray 

diffraction and thermogravimetry. 

Seebeck coefficient and electrical conductivity 

Ensuring the stability of a material through the Seebeck coefficient and the electrical conductivity is obviously 

very useful as it is crucial to ensure a consistent electrical performance of the material through repetitive 

thermal cycling. If the electrical properties of the material degrade during operation, the material should be 

deemed unsuitable for long-term applications. Both the Seebeck coefficient and the electrical conductivity are 

sensitive probes of the carrier concentration, and are therefore capable of detecting subtle changes in the doping 

content of a certain phase, which are hardly detectable by other techniques such as diffraction.15 For this reason, 

the Seebeck microprobe instrument is an excellent tool for revealing spatially varying compositions, as has 

been demonstrated in a number of studies.16,17  

The electrical conductivity is also influenced by minuscule changes in the atomic structure properties such as 

defects and grain boundaries. This is especially prominent for Mg3+δSb1.49Bi0.5Te0.01, where the resistive effect 

of grain boundaries was shown to limit the zT of the material at room temperature.18 By annealing the sample 

in Mg-vapor, it was possible to increase the grain sizes while maintaining the necessary Mg-rich stoichiometry 



of the sample. The immediate effect was a significant improvement in the measured electrical conductivity at 

room temperature,19 as shown in Figure 1. The average grain sizes shown in this study was measured using 

electron backscatter diffraction.  

  

 

Figure 1. Electrical conductivity for samples of Mg3+δSb1.49Bi0.5Te0.01 with varying grain sizes reported by Wood et al. The figure is 

reprinted with permission from XX. 

One drawback of testing stability through the Seebeck coefficient and electrical conductivity is that structural 

information remains inaccessible, and even though changes in the atomic structure influences the physical 

properties, the underlying mechanisms mostly remain unexplainable from the measured values alone.  

One such case is the study by Kuznetsov from 1999 on the thermoelectric properties of Ba8Ga16X30 with X = 

Si, Ge and Sn.20 From the Seebeck coefficient measured in the temperature range of 100-870 K, a good 

agreement between the measured and calculated values, using a single parabolic band model with acoustic 

phonon scattering, was found for the samples containing Si and Sn. For Ba8Ge16Ge30, a significant deviation 

from the calculated model was observed, as seen in Figure 2a, which remained unexplored at the time. As the 

Ba8Ge16Ge30 clathrate later gained popularity in the thermoelectric community, studies of the thermal stability 

found Ga to be expelled from the clathrate structure at elevated temperatures (Figure 2b), as observed through 

DSC10 and a combination of PXRD and TEM-EDX.21 This demonstrates that ignoring the stability of the 

material during high temperature physical property measurements might yield values that are not intrinsic or 

representative for the compound of investigation. 



 

Figure 2. a) Seebeck coefficient for Ba8Ga16X30 with X = Si, Ge and Sn, and Sr8Ga16Ge30, reported by Kuznetsov in 1999. b) Pictures 

of a pellet of Ba8Ga16Ge30 after a 6-days thermal gradient of 400-50 °C, reprinted with permission from XX. 

Despite being highly sensitive towards minute changes in the doping content of the main phase, detecting small 

fractions of impurity phases might be troublesome using the bulk Seebeck coefficient and electrical 

conductivity. This naturally depends on the spatial distribution of the impurity phase, but well-dispersed 

impurity phases in low contents normally do not change the bulk electrical transport properties.22 

Thermal conductivity 

While it is crucial to characterize the thermal conductivity of a material in the expected operation temperature 

range, it is not an optimal parameter for stability evaluation at high temperatures. This is because the phonon 

mean free path in a solid is significantly reduced at elevated temperatures due to increased phonon-phonon 

scattering, and contributions from other effects, which scatter phonons on longer length scales, will effectively 

be drowned. These effects include compositional variations, order-disorder transitions and nano-structuring.23 

Minor structural changes in a material might therefore not be visible from the high temperature thermal 

conductivity, and stability claims based solely on an unchanged thermal conductivity through repetitive 

thermal cycling should therefore be avoided. This is not to say that the thermal conductivity is unchangeable 

at high temperatures, but that the behavior is highly dependent on the system and the dominating phonon 

modes. 

Dissolution of impurity phases and changes in sample crystallinity during high-temperature stability tests will 

influence the thermal conductivity peak usually found in the low-temperature range from approximately 10-

100 K, where phonon-phonon scattering is weak. Crystallite growth also affects the thermal conductivity 

through macroscopic boundary scattering at even lower temperatures.24 Using low-temperature thermal 

conductivity measurements as an ex-situ characterization method in-between heating cycles can therefore yield 

extremely useful information about the sample, which is hardly obtainable from other techniques. 

Powder diffraction 

For observing the structural stability of crystalline components, powder diffraction is a highly suitable 

technique. The diffraction pattern produced by a crystalline phase can be thought of as a unique fingerprint, 

and several crystalline phases in a single sample can therefore be identified all at once. This is often utilized 

in the thermoelectric community to check for phase purity after synthesis, and has also been used to infer the 

decomposition mechanism from just the resulting decomposition products.25 Measuring X-ray diffraction data 



after any sample processing or high-temperature property is generally advised to ensure that the sample 

remains stable and unchanged.  

With the advancement of neutron, synchrotron and laboratory X-ray sources, both in terms of photon flux and 

possible sample environment, non-ambient time-resolved diffraction experiments have become fully viable. 

Due to the high time-resolution enabled by 3rd generation synchrotron sources, it is possible to follow 

decompositions while they occur with the purpose of explaining the underlying mechanism. These types of 

experiments are widely used in other fields of materials science, such as for battery operando experiments26,27 

and hydrothermal-nucleation28,29 and have also been applied in thermoelectric operando experiments by our 

group.30 

Most X-ray diffraction experiments in transmission geometry are performed on powdered samples rather than 

compacted bulk samples to limit X-ray absorption. This is particularly important for thermoelectric materials 

containing heavy atoms, as the absorption of X-rays roughly scales with Z4.31  This can be counteracted by 

using high energy X-rays, which limits the possible X-ray sources to only a few synchrotrons. This is not a 

problem in neutron scattering, as the interaction between neutrons and solid matter is much weaker. 

One weakness of conventional diffraction is that diffraction peaks are only produced by crystalline phases. 

Even semi-crystalline phases, such as nano-particles, are hardly detectable if present in low quantities.32 The 

scattering from non-crystalline components will be diffusely distributed in the diffraction pattern and can be 

analyzed through the Pair Distribution Function. This analysis has some drawbacks at high temperatures such 

as severe peak broadening, but has successfully been used to rule out the presence of amorphous components 

at room temperature in a thermoelectric stability study.33 

From the shape of the diffraction peaks it is possible to extract microstructural parameters such as the 

distribution of unit cell sizes and the average crystallite size, but for grains larger than approximately 100 nm, 

the peak shape is no longer affected.34 For observing growth of grains significantly larger than 100 nm, which 

was shown to influence the electrical conductivity in the previous example by Wood et al., conventional 

diffraction techniques are not optimal. 

Thermogravimetry 
One of NASA’s most heavily used techniques for stability testing is thermogravimetry (TG). This method is 

used in the so-called Beginning of Life tests, which extends for several days before eventually moving to 

instruments that are more sophisticated.35 For NASA, it is essential to estimate the sublimation rate of the 

material when operated at high temperature and in high vacuum, as severe sublimation could lead to porosity, 

contact resistance, mechanical failure and an overall reduced conversion efficiency. 

TG is not capable of revealing phase transitions, which is why it is often combined with Differential Scanning 

Calorimetry (DSC), where endo- and exothermic reactions are detected. In these methods, data is produced 

with high time resolution, which enables accurate determination of transition temperatures. The observed 

transition temperature in a DSC experiment is mostly determined by the thermodynamics of the system but 

can also be influenced by experimental parameters such as the applied heating rate. This is especially true for 

kinetically slow transitions, where a high heating rate will shift the observed signal. By varying the applied 

heating rate in succeeding experiments, it is possible to estimate certain kinetic properties, such as the reaction 

rate constant and the activation energy of the reaction.36–38 

In this regard, the combination of DSC and TG is a well-suited solution for probing the thermal stability of a 

material, producing results with a high reproducibility due to the tightly controlled atmosphere and heating 

rate. Heating the sample uniformly, however, does not fully represent the thermal profile of a material in a 

thermoelectric module, as the additional effects from a thermal gradient is not considered. 



Atmosphere 

Static vs. dynamic atmosphere 
For some materials, the stable temperature interval is significantly reduced in dynamic atmospheres compared 

to its static analogue. This is especially prominent for materials with a high vapor pressure. 

The vapor pressure of a solid is defined as the equilibrium pressure exerted by the gaseous species sublimated 

from the solid in an empty container at a fixed temperature. By simply increasing the volume of the container, 

a larger absolute number of species will have to evaporate from the solid for the system to reach equilibrium. 

Likewise, having an open container will cause sublimation to continue in an attempt to reach the equilibrium 

state. Here, it should be noted that even in a closed container, any sample reaction with the container would 

simulate the conditions of an open container.  

The vapor pressure is a property, which is highly dependent on the chemical bonds on the surface of the solid, 

and for this reason, tabulated vapor pressures of individual monoatomic solids cannot be projected onto atoms 

in a heteroatomic solid, as the chemical environment of the two are disparate. If certain atoms are 

thermodynamically expelled from the heteroatomic crystal structure upon thermal treatment, they are able to 

recombine at the sample surface or in the grain boundaries to reobtain their intrinsic monoatomic properties. 

Such recombination rates are often limited by diffusion.  

This was observed in SrZn2Sb2, which is a CaAl2Si2-type thermoelectric material with p-type conduction. From 

TG-DSC with a dynamic argon atmosphere, the compound showed an increasing weight loss in experiments 

with a lower heating rate. Applying a lower heating rate implies that the material was exposed to elevated 

temperatures for longer durations, making diffusion-limited processes more pronounced. Through subsequent 

elemental analysis of the post-DSC products, Zn were identified as the evaporating specie. The effect of the 

dynamic atmosphere on the Zn evaporation was obvious, as additional stability tests conducted in static 

atmospheres of argon, air and vacuum revealed essentially no evaporation.39 Similar stability differences have 

been observed for other well-known thermoelectric materials.40 

Stability tests carried out using a DSC-TG are often done with a dynamic atmosphere, whereas high-

temperature measurements of physical properties such as electrical conductivity, Seebeck coefficient (ZEM-

3) and thermal conductivity (LFA) are often carried out in static atmospheres. 

 

Reactive vs. inert atmospheres and vacuum 

For certain materials, exposure to an oxygen-containing atmosphere causes formation of an oxide surface layer, 

and often with an increasing formation rate at elevated temperatures. In a thermoelectric module, such an oxide 

layer will deteriorate the electrical contacts leading to energy loss. For the CoSb3 skutterudite, antimony oxides 

phases form on the sample surface during high temperature aging in an oxygen-containing atmosphere for 134 

hours at 873 K. The thickness of the layer was observed to increase upon extended thermal exposure,41 and it 

was later established that the oxide formation started already at 653 K. The oxide layer was not observed when 

the sample was heated in an argon or helium atmosphere, but instead, the compound decomposed due to 

sublimation of Sb starting at 693 K. 

Studies on the oxidation behavior of SnSe can be traced back to a Mössbauer study in 197742 and has been 

revisited a few times since then,12,43 especially following the staggering zT of 2.6 at 923 K reported in 2014 by 

Zhao et al..5 When heated in a dry oxygen atmosphere, a secondary SnO2 phase was formed on the surface of 

the SnSe sample already at 473 K, and annealing at 923 K in air for 2 hours resulted in complete surface 

oxidation of SnSe, characterized through photoelectron spectroscopy. Conversely, annealing SnSe in vacuum 

at 823 K for 100 hours did not result in any detectable oxidation or decomposition.  



In this regard, excluding the influence of a reactive atmosphere yields an intrinsic picture of the material 

stability while including a reactive atmosphere represents an external destabilizing factor. Nevertheless, 

creating and maintaining a vacuum or inert atmosphere inside a module is cumbersome and costly, and oxide 

layer formation thus constitutes a significant challenge for many terrestrial applications. 

During most high temperature measurements of thermoelectrically relevant physical properties, the 

atmosphere is deliberately kept inert to protect the equipment and to prevent sample reactions. This is usually 

in the form of a static vacuum with a small backpressure of an inert gas to enhance heat transport. 

Sample form 
Surface to volume ratio 

Nano structuring of thermoelectric materials has been employed as an effective mean to reduce the lattice 

thermal conductivity.44,45 For surface reactions such as oxidation and diffusion limited sublimation, the 

considerably higher surface to volume ratio in fine powders, compared to that of a bulk sample, has a 

tremendous accelerating effect, and might also thermodynamically favor phases with lower surface energy.  

From a study dedicated to the stability of β-Zn4Sb3 nano crystals, a decomposition event was observed at 469 

K in a DSC experiment for the nano crystals, which was not seen for the bulk equivalent. This inconsistency 

was ascribed to an increasing vapor pressure for Zn in the nano-sized crystals, which upon continuous 

evaporation will lead to a transition into the Zn-deficient ZnSb phase. It was also speculated that the ZnSb 

phase could have a lower surface energy than the β-Zn4Sb3 making it the thermodynamically favored phase 

above a certain surface to volume ratio.46 

In regular stability tests, the sample form varies significantly. When measuring physical properties such as the 

electrical resistivity and thermal conductivity, a high sample density is necessary to obtain a homogenous flow 

of electrons or phonons through the sample, whereas for diffraction experiments, the ideal sample is an ultra-

fine powder. 

Thermal gradient vs. uniform sample temperature 
In most stability tests, a uniform sample temperature is applied rather than a thermal gradient. Besides the 

mechanical stress induced by a thermal gradient, the Seebeck effect can be detrimental for systems containing 

mobile ions. For mixed ionic electronic conductors, such as Zn4Sb3, Cu2S and Cu2Se, the Seebeck potential, 

induced by a thermal gradient, can be enough to cause migration, which eventually results in irreversible 

structural changes.47 For β-Zn4Sb3 slightly doped with Mg, highly reproducible physical properties are 

obtained throughout 30 consecutive thermal cycles up to 718 K, but when exposed to a thermal gradient 

between 293 and 673 K, a large concentration of Zn whiskers is observed in the cold end of the sample due to 

migration of Zn through the sample.48 

This aspect of degradation by thermal treatment is a separate effect from the usual issue of thermal instability 

observed in numerous TE materials, but it is rarely considered in regular stability tests. In the ideal stability 

test, the effect of a sustained thermal gradient must be included as it is a prerequisite for the Seebeck effect to 

occur. 

Categorization of stability test 
So far, the importance of controlling the test environment and sample related parameters have been laid out. 

When reviewing the thermoelectric literature, a significant inconsistency is found between stability tests, both 

in terms of the applied test parameters and in the degree of experimental detail reported. Some studies are rich 

in details,49,50 which readily enables other groups to reproduce the results, whereas other studies are less aware 

of their test environment, making the results hard to proceed upon.  



In addition, most stability studies on thermoelectric materials are carried out in environments that are far from 

adequate in representing a thermoelectric module. This makes it particularly risky for companies to invest in 

the material. For these reasons, and with a heavy inspiration from the community of perovskite photovoltaics, 

we propose a categorization scheme for thermoelectric stability tests. The categorization consists of three 

levels, which is based on the reproducibility and real-world resemblance of the test.7,8 The goal is to bridge the 

gap between fundamental materials research and application by clearly marking the most promising materials 

to further develop into a commercial product. In Table 1, the experimental characteristics defining the three 

levels are listed. The proposed characteristics should operate as minimum requirements for the different tests, 

and most of the actual stability studies are probably placed somewhere in-between these levels. For this reason, 

we encourage future studies to be explicitly state the experimental deviations from the proposed categorization.  

The first level covers the uncontrolled experiments, which can be carried out with low-grade experimental 

instruments, such as an oven or a hot-plate, and where the surrounding environment, exact temperature and 

sample characteristics are largely unrestricted. We note that these experiments are still very useful and can 

certainly contribute with valuable information, but the reproducibility of these results might be limited by the 

lack of parameter control. The second level covers more reproducible tests, which are mostly carried out using 

commercial instruments, and where the atmosphere, heating rate and temperature are tightly controlled. Most 

stability tests in the thermoelectric literature fall into this category. The results from these tests are reproducible 

and constitute trustworthy data in the stability research but claiming operational stability should not be done 

based on results from a level 2 test, as the sample, heating profile and test times are not matching that of a 

module. Instead, the level 3 test requires conditions, which approach that of a thermoelectric module. The 

results from these tests are not only highly reproducible but can furthermore be used in estimating the lifetime 

of the material, which can be used by companies to assess the material. The intention with this level is to 

connect the reproducibility and careful parameter control of fundamental science with the application aspects 

of engineering. 

 

Table 1. Categorization of stability tests. The requirements on the atmosphere, sample, temperature, characterization and 

duration are listed for all three levels.  

 

 

Reporting protocol 
As an addition to the categorization of stability tests, we propose some experimental reporting guidelines 

belonging to the three levels of stability tests and are listed in Table 2. We anticipate these guidelines will 



bring consistency in the reported parameters between stability studies, which will improve the reliability of 

comparisons between studies and the reproducibility of the results. The degree of detail needed to be reported 

is naturally increasing for the three levels and is closely linked to the experimental requirements in Table 1. It 

might be that some of the proposed parameters are redundant with respect to the material stability, whereas 

parameters overlooked in this scheme could turn out to be crucial for some systems. For this reason, the 

protocol should not be considered as a final checklist, but instead be constantly updated with newly identified 

factors as the field of stability studies becomes increasingly explored. We therefore advise researchers to go 

beyond the protocol when reporting experimental parameters.  

By streamlining the parameters reported in stability studies, we create the optimal prerequisites for mapping 

out the exact influence of individual parameters on the stability of the different thermoelectric systems. 

 

Table 2. A reporting protocol for the three levels of stability tests. The parameters needed to be reported for the atmosphere, 

sample, temperature and other test parameters are listed for all three levels. 

 

 



Final remarks 

The operational stability is rarely considered in high-impact publications of thermoelectric materials despite it 

constituting a fundamental requirement for the materials to ever be placed in a thermoelectric module. We 

have shown that the material stability seems influenced by a wide range of both experimental and sample 

related parameters and is furthermore highly system dependent. It is therefore problematic that these 

parameters are inconsistently considered in most stability studies found in the literature. We furthermore 

identify significant discrepancies between the most common test experiments in literature and the actual 

application environment of a thermoelectric module, which makes it difficult for companies to identify 

promising stability results. We propose a categorization of thermoelectric stability tests into three levels with 

increasing experimental reproducibility and comparability to the actual application environments. We 

anticipate this division will help bridge the gap between fundamental materials research and application. To 

accommodate the categorization of thermoelectric stability tests, we propose an experimental reporting 

protocol for the different levels. This will increase the reproducibility of stability tests and make comparisons 

between studies much more reliable. With these actions, we formulate material stability as a fundamental 

scientific problem, which needs to be solved before commercial success of the thermoelectric technology for 

energy conversion can be realized. 
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Abstract 

In recent years nanostructured thermoelectric materials have been engineered to reach record breaking figures-

of-merit (zT) making them attractive in green transition energy conversion applications. However, for 

widespread use of such materials, their stability is equally important to the thermoelectric performance. Here, 

we show by operando X-ray diffraction and physical property measurements that the much discussed PbS 

nanostructures in thermoelectric PbTe are not stable at operating conditions. The PbS nanoinclusions grow in 

size, but surprisingly this does not lead to diminished overall thermoelectric performance. Comparison with 

samples without nanostructures reveals that the PbS inclusion primarily affect the electrical properties at 

elevated temperatures, and to a much lesser degree the lattice thermal conductivity in direct contradiction with 

frequent claims in the field. Nanostructured hierarchical materials have significantly moved thermoelectric 

performance limits, but it is important that the effect and stability of the nanostructure inclusions is understood, 

if we are to move beyond trial-and-error and eventually design even better hybrid materials. 

 

Introduction 

Thermoelectric materials can interconvert heat and electricity, and since large amounts of energy are wasted 

as heat, thermoelectric energy conversion is a promising sustainable energy source to mitigate climate effects. 

Efficient thermoelectric energy conversion relies on decoupling of the electrical and thermal transport as 

readily appreciated in the thermoelectric figure of merit, 𝑧𝑇 =  
𝛼2𝜎

𝜅
𝑇, where 𝛼 is the Seebeck coefficient, 𝜎 is 

the electrical conductivity, 𝑇 is the absolute temperature and 𝜅 is the thermal conductivity, which has both 

lattice, 𝜅𝐿, and charge carrier, 𝜅𝑒, contributions. Nanostructuring is a widely adopted method for decoupling 

 and , since nanoinclusions are expected to scatter heat carrying phonons thereby decreasing L, while 

leaving the electrical transport unperturbed[2]. The PbTe-PbS system is considered the archetypical example of 

this performance optimization strategy, and when adequately electron doped with alkali metals very high zT 

values exceeding two have been reached.[3,4] The pristine PbTe system has a low zT and the immense increase 

in the thermoelectric performance has been ascribed to a range of effects. Optimized Na doping results in p-

type conduction with a carrier concentration of 1019-1020 cm-3 and above ~1.0 molar% small Na-rich nano-

precipitates appear, which can favorably affect performance.[5–7] Recent research suggests that the optimum 

doping level is as high as 4 molar%.[8] The PbTe-PbS pseudo-binary phase diagram has a large immiscibility 

region between the two end-phases below 800 ̊C, only allowing approximately 3% PbS to be dissolved in PbTe 

at 400 ̊C, and the solubility is expected to be negligible at room temperature.[9] For PbS contents above 4%, 

the system shows clear phase separation leading to formation of separate PbS nanoinclusions.[10,11] These 

nanoinclusions vary in shape according to the amount of alkali dopant and initial composition of the synthesis 

melt, but they are mostly reported to be cube-like.[3,4,12] The presence of nanoinclusions has been argued to 

reduce 𝜅𝐿 without impairing the electrical properties,[11] and they are believed to be a major contributor to the 

outstanding 𝑧𝑇 values observed in these systems[13,14]. 



At temperatures below the Debye temperature, Θ𝐷, the effect of multi-phonon processes 

(anharmonicity) is reduced, and phonon scattering becomes dominated by grain boundaries, impurities, 

dislocations and phonon-electric field coupling.[15] Nanostructures are expected to mostly influence the low 

temperature L since at elevated temperatures over 60% of the phonons have a mean free path below 10 nm, 

which is well below the distance between the nanoinclusions and thereby the effect is largely reduced[16]. It is 

therefore somewhat peculiar that nanoinclusions have been widely argued to lower L at high temperature in 

PbTe-PbS materials. 

Sulfur has ~4% solubility in PbTe and above this limit nanoinclusions are formed due to the immiscibility 

gap.[3,11] The anion (i.e. sulfur and tellurium) disorder will by itself constitute a significant phonon scattering 

process at low temperature apart from the potential effect of nanoinclusions. In the pioneering study by 

Androulakis et al., a series of (Pb0.95Sn0.05Te)1-x(Pb0.95Sn0.05S)1-x samples were characterized.[11] At 300 K, L 

is about 2.1 W/km for both pristine PbTe and Pb0.95Sn0.05, and it drops to 0.8 W/km for x = 0.04, and to 0.4 

W/km for x = 0.08 and 0.16 (all values are nearly temperature independent up to 700 K). This suggest that the 

primary tellurium-sulfur disorder is a stronger factor for L reduction than the nanoinclusions emerging for x 

> 0.04. For (Pb0.98Na0.02Te)1-x(Pb0.98Na0.05S)1-x samples, L only drops from 2.1 (x = 0) to 1.8 (x = 0.04) and 1.5 

(x= 0.08 and 0.12) at room temperature.[3] At 700 K, L is 0.9 W/km for both x = 0.04 (no nanoinclusions) and 

x = 0.08 and 0.16 (nanoinclusions), in fact suggesting that the effect of nanoinclusions on L is limited at high 

temperature. As is evident from these pioneering studies as well as newer literature[7,8,17] cation substitution 

has rather limited effect on L and it is largely used to manipulate the power factor (S2) and thereby achieve 

outstanding zT values. The exact electronic structure of the cation substituent may be important for the 

properties due to the effect of stereoactive lone pairs[18], and one notes that Sn has a lone pair, whereas Na does 

not. However, here we are concerned with the effect of the anion substitution and the resulting nanoinclusions, 

and we attempt to critically assess their presence, effect and thermal stability in the PbTe-PbS nanostructured 

thermoelectric system. 

Nanostructured thermoelectric materials have achieved high zT values, but to be viable for commercial 

modules they also must be reliable under operating conditions. If nanostructures are essential for the 

performance of a material, they must be stable over an extended period at elevated temperatures. Even though 

much focus is still on increasing zT,[17,19–21] material stability is now also recognized as a key enabler of 

thermoelectric technology. Many high performance thermoelectric materials have shown major stability 

issues, and examples include Cu1.97Se1+x,[22] CoSb3,[23] Ba8Ga16Ge30,[24] SrZn2Sb2,[25] Mg3Sb1.475Bi0.475Te0.05
[26] 

and Zn4Sb3.[27] Here we investigate the effect and stability of nanoinclusions in high performance 

Pb0.98Na0.02Te1-xSxsamples with x = 0, 0.08, 0.12, 0.18 and 0.30 using our recently developed Aarhus 

Thermoelectric Operando Setup (ATOS).[28] ATOS is capable of mimicking realistic device conditions while 

simultaneously measuring X-ray diffraction data suitable for Rietveld refinement as well as electrical 

properties. We furthermore characterize the samples by ex situ physical property measurements during 

extensive thermal cycling. 

 

ATOS measurements on Pb0.98Na0.02Te0.88S0.12 

To observe the effect and potential growth of the PbS nanostructures, a bulk sample (1 x 1 x 10 mm) was 

subjected to various temperatures and currents while measuring time-resolved X-ray scattering and physical 

properties using ATOS, Figure 1f. The diffraction data were refined by the Rietveld method, and an example 

can be seen in Figure 1e. The experimental parameters are summarized in Figure 1a, and the operando 

experiment contains three distinct regions labeled I, II and III. In region I, the sample is heated uniformly to 

475 ̊C over a period of 15 minutes. This temperature was held for ~1 hour (region II) before applying an 

electrical potential difference of 0.5 V across the sample (region III) for the remainder of the experiment. 



Below we discuss the results from each section separately. Samples with x = 0.08 and 0.16 were exposed to 

similar tests and both compositions show the similar behavior as the x = 0.12 sample (see Supplementary 

Information Figure SI 3). The raw diffraction data can be seen in the supplementary information (Figure SI 1 

and 5-7). The solubility of S in the PbTe phase closely follows the deviation from Vegards Law seen by Girard 

et al.[3] (See supplementary Information Figure SI 2). 

 

Figure 1: Pb0.98Te0.88S0.12Na0.02 measurements using ATOS. a)-d) Each figure is segmented into 3 regions: 

Heating (I), Isothermal (II), Isothermal and voltage (III). a) External parameters applied to the sample from 

the ATOS. The temperature is measured inside the brass blocks and therefore the sample temperature might 

be slightly lower. b) 4-point resistance across the sample during the measurement. c) and d) are selected 

parameters from sequential Rietveld refinement of X-ray scattering data. c) Unit cell parameters of the PbS 

(black) and PbTe (green) phases. The insert shows a zoom of the unit cell of PbS in region II. d) Rietveld 

refinement results for the PbS nanostructured phase, weight % (black) and particle size (green). The size is 



calculated from a modified Scherrer equation (See experimental and Supplementary Information). e) Select 

Rietveld refinement of the sample at approx. 55 minutes. Black dots are data, red line is model, blue line is the 

difference (Iobs-Icalc). The two phases are also marked. f) Picture of the ATOS setup at the beamline. More 

information about the ATOS setup can be found in Jørgensen et al.[28] 

 

(I) Heating 

During heating (I) the unit cell parameters of both the PbTe and the PbS phases increase linearly, Figure 1c, 

matching the linear heating profile. The weight fraction of the secondary PbS phase is constant, Figure 1d, 

indicating the absence of interphase diffusion. The apparent PbS crystallite size decreases during heating, 

which we expect to be an experimental artifact arising from the changing temperature of the sample within 

each frame of 5 s duration. This will result in falsely broadened peaks due to the expanding unit cell, which is 

being modelled by the size-broadening parameter, and can therefore not reliably be ascribed to any physical 

meaning. The electrical resistivity, Figure 1b, increases continuously, in agreement with ex situ measurements 

(Figure 2a).  

 

(II) Isothermal 

In this region the refined parameters are no longer influenced by a change in the sample temperature, and 

changes must arise from structural or chemical alteration. A constant sample temperature is quickly obtained, 

corroborated by the constant (even slightly decreasing) unit cell parameters of the secondary PbS phase (see 

insert of Figure 1c). The unit cell parameter of the PbTe phase increases continuously despite the sample 

temperature being constant (Figure 1c). At room temperature, the unit cell parameter of the present PbTe phase 

is 6.41633(4) Å, which is well below the expected value for pure PbTe of 6.454 Å[29] and closer to a solid 

solution value of 6.400 Å (using Vegards law for a 88:12 Te:S solution[30]). A rough estimate of the amount of 

S in the PbTe phase using Vegard’s Law is 4.4 at%, which is above the expected solid solubility of S in PbTe 

at room temperature.[31] This additional S in the PbTe phase is thermodynamically unstable, and upon extended 

thermal treatment this leads to dissolution. The sulfur leaving the PbTe phase will have to either create separate 

pure Pb and S phases or additional PbS phase. From Figure 1d, an increase in the PbS weight fraction is 

observed suggesting that additional PbS phase is formed. A strikingly similar behavior is seen in the increasing 

unit cell parameter of PbTe (Figure 1c) which indicates that sulfur inside the PbTe matrix is ejected into the 

new PbS phase. The weight fractions may be affected by evaporating species, but the Rietveld refinement scale 

factors depend on the scattering volume of the two phases independent of the presence of other phases (Figure 

SI 4), and they have identical behavior to the weight fractions. This additional PbS phase can either crystallize 

new grains or make preexisting grains grow. 

The refined crystallite size shows a clear increase for the PbS phase (Figure 1d), indicating significant growth, 

confirming that the expelled sulphur diffuses into the existing PbS nanoinclusions. Note that absolute values 

are uncertain, and only the relative evolution is reliable (see discussion in Supplementary Information). This 

phase separation and growth seems to begin before region II is entered (See Figure 1d at the left side of the I-

II boundary) suggesting that the process of separation and growth is activated at lower temperature than 475 

°C. Due to the offset in temperature between the brass blocks and the sample, (especially during the heating 

region I) it is not possible to determine the exact temperature of separation and growth, but it must be below 

360 °C as this is the temperature of the brass blocks when the weight fraction of PbS starts to increase. The 

resistance (Figure 1b) is uniform and only slightly increasing. This is contrary to ex situ measurements (shown 

below), and the difference is most likely due to oxidation of the sample surface in the ATOS setup, as it is not 

in an inert atmosphere.   



 

(III) Voltage and Isothermal 

In region III, a constant voltage of 0.5 V (variable current between 1.3-1.0 A, depending on resistance) is 

applied across the sample at constant temperature. When initiating the current, both the PbTe and PbS unit cell 

sizes increase slightly due to resistive heating caused by the external current. Subsequently, the unit cell sizes 

seem to continue the behavior observed in region II. There is almost no change in the PbS weight fraction, 

indicating that the external current is not influencing the separation of PbS from the PbTe matrix. The particle 

size is also unchanged by the external current, and the only persistent change is a small increase in the PbS 

weight fraction, which is most likely a consequence of the slightly increased sample temperature from Joule 

heating. We therefore observe no apparent structural effect from applying a constant voltage across and DC 

current in the sample. The electrical resistance is slightly higher in this region with a slight negative slope 

presumably due to an annealing effect. After removing the external voltage, the electrical resistance returns to 

the value observed before applying the current (data not shown). 

The overall conclusion from the time-resolved ATOS experiments is that a thermodynamically unstable excess 

sulfur is present in the PbTe matrix and during an extended heating this sulfur leaves the matrix. The sulfur 

forms additional PbS phase primarily around the preexisting nanoinclusions causing grain growth. This means 

that the nanostructures present in the structure after synthesis are not thermodynamically stable. The grain 

growth might affect the physical properties, but due to oxidation the results from the combined X-ray scattering 

and physical properties experiment are inconclusive. The effect of the PbS grain growth on the physical 

properties is therefore examined using ex situ measurements on the Pb0.98Te0.88S0.12Na0.02 sample.  

 

Ex situ physical Properties 

The sample was thermally cycled multiple times to 550 C̊ to expose the material to sufficient thermal treatment 

for phase separation and nanoinclusion growth to occur. The initial heating clearly differs from the subsequent 

cycles (see supporting information SI 8). The effect presumably originates from release of strain induced by 

the SPS pressing. Only cooling data are shown, as there is a small reversible hysteresis between heating and 

cooling. Both of these effects previously have been observed in lead chalcogenide systems.[7,17,32] 

Electric properties: Following repeated thermal cycling the Seebeck coefficient shows a slight decrease at 

maximum temperature and a slight increase at room temperature (Figure 2b). This suggests the electronic band 

structure is largely unchanged when cycling the samples. The resistivity changes continuously to lower values 

both at high and low temperatures (Figure 2a) resulting in a slightly higher power factor after eight cycles (see 

supporting information Figure SI 9).  



 

Figure 2. Physical properties of Pb0.98Te0.88S0.12Na0.02 during multiple heating cycles. The data labeled 

“Manual” is a manual mixture of 88 mole% Pb0.98TeNa0.02 and 12 mole% Pb0.98SNa0.02 A) Electrical resistivity, 

B) Seebeck coefficient, C) Total thermal conductivity (solid, labeled as 𝜅𝐿 + 𝜅𝑒) and calculated lattice thermal 

conductivity (as described in the text, dashed, labeled as 𝜅𝐿) and D) zT. The inserts show the high temperature 

regimes. 

 

Thermal conductivity: The thermal conductivity is almost identical between thermal cycles (Figure 2c solid 

line). The lattice thermal conductivity, 𝜅𝐿, has been estimated by subtracting the electronic contribution (𝜅𝑒 =

𝐿𝜎𝑇) from the total thermal conductivity using the degenerate value of 2.44 × 10−8 𝑊Ω𝐾−2 for the Lorentz 

number, L, (Figure 2c dashed line). At high temperatures 𝜅𝐿 is unchanged between the first and subsequent 

cycles. At room temperature 𝜅𝐿 decreases by 15 % during thermal cycling, which is somewhat surprising as 

the increasing size of the nanostructures should be an essential part of the scattering mechanism. However, 

Kuo et al. observed that a high density of resistive grain boundaries can lead to an overestimation of the lattice 

thermal conductivity.[33] This overestimation will naturally disappear as the density of nanostructures decrease. 

All the different physical properties change slightly throughout all heating cycles. This suggests that there is a 

continuous change in the sample in agreement with the ATOS experiment with S expulsion from the matrix 

and subsequent PbS grain growth. An alternative explanation could be growth of Na-nanostructures as 

identified in Na-doped PbTe by Wang et al.,[7] but this annealing is not expected here as they see an increase 

(decrease) for the electrical resistivity (thermal conductivity), whereas the opposite is observed here (Further 

discussion in SI). Therefore, structural and chemical changes in the sample represent the most likely 

mechanism. 

To further explore the effect of nanostructuring, the physical properties of a sample made by manual mixture 

of Pb0.98TeNa0.02 and Pb0.98SNa0.02 in the ratio 88:12 was measured (Figure 2, purple stars). The total thermal 



conductivity of the manually mixed sample falls completely on top of the nanostructured samples, but the 

lattice thermal conductivity is higher over the entire range, suggesting that the lattice thermal conductivity 

reduction is not achieved in the manually mixed sample (Figure 2c dashed line). The electrical properties are 

significantly worse for the manually mixed sample, resulting in a significant lowering of power factor and zT. 

Both Chen et al.[34] and Riley et al.[35] brings into question the actual effect of the nanostructures as boundary 

scatters, and instead suggests that dislocation and point defect scattering will make more effective phonon 

scattering sites. The paper by Zhu et al.[36] on nanostructured Si is frequently cited when referring to the effects 

of nanostructures in materials, but care should be taken when comparing to systems containing nanoinclusions, 

as well as systems with a vastly different phonon mean free path, as is the case with PbTe. At room temperature, 

more than half of the phonons in PbTe have a mean free path (MFP) below 20 nm, while for Si half have a 

MFP above 1 µm[16], meaning that for nanostructures to scatter phonons through boundary scattering, they 

must be closer spaced than in the PbTe/PbS system. Instead, the likely mechanism is lattice softening through 

dislocations and strain[35]. It is not necessary for nanostructures to exist for these features to be present in a 

material, which is the explanation for the missing effect of grain growth on the physical properties.  

Figure-of-merit: The present material exhibits a high zT (Figure 2d) with a maximum of 2.05 at 550 °C 

confirming that our samples are representative and comparable to other studies.[37] During cycling the zT value 

is surprisingly stable at lower temperatures, while at high temperature zT drops slightly to 1.96 after 6 cycles 

(see insert in Figure 2d). The fact that zT at room temperature is essentially unchanged during thermal cycling 

questions how nanoinclusions contribute to the large zT observed in these systems, as the 𝜅𝐿 reduction should 

be most substantial at low temperatures. Indeed samples without nanoinclusions also have excellent zT 

values[34,35,38], and from the manually mixed sample in this study, manipulation of the power factor appears to 

be the most important aspect of the PbTe-PbS composition. The fact that the performance is not severely 

affected by grain growth corroborates this point, as the size of PbS grains should not perturb the power factor. 

The present results suggest that s change in paradigm with respect to nanostructuring of materials is needed. 

Focus should be on inducing stable point defects, dislocations and strain, while simultaneously improving the 

electrical properties. Introducing nanostructures to scatter phonons via grain boundaries seems to be an inferior 

approach. 

 

Low temperature thermal conductivity 

At high temperatures, it is difficult to assess the influence of the varying sizes of nanostructures as the 

temperature behavior of phonon scattering is dominated by multi-phonon processes. Thus, low temperature 

data were measured on two Pb0.98Te0.88S0.12Na0.02 samples, one without any thermal treatment, and one that has 

been cycled five times to 550 °C prior to the low temperature measurement, Figure 3. To evaluate the overall 

effect of adding PbS, a pure sample of Pb0.98Na0.02Te and the manual mixed sample were used as references. 

Below 20 K all samples have a simple power law dependency on the thermal conductivity (Figure 3b), Tα, 

where α is 1-1.5 attributed to phonon-electron scattering. Nanostructures are not expected to result in a changed 

temperature dependency, as boundary scattering only shifts the absolute value. 



 

Figure 3: Low temperature thermal conductivity of Pb0.98Te0.88S0.12Na0.02. a) log-log scale and b) linear 

scale. A trendline has been added for the x = 0.00 sample, as a gap exist in the data due to measurement errors.  

 

When comparing the x = 0 and x = 0.12 samples, the thermal conductivity is significantly reduced for the 

nanostructured sample at low temperature, presumably due to an increased boundary, point defect and 

dislocation scattering. The cycled sample has a thermal conductivity in between the two other samples but well 

above that of the as-synthesized sample. The data corroborate that significant growth of the PbS nanoinclusions 

has occurred during the thermal cycling as revealed by the ATOS measurements. The manually mixed sample 

lies in between the uncycled and the cycled sample. This suggests that the nanostructures are only a part of the 

effect and that other effects such as strain fields, dislocations and point defects have a significant influence on 

the physical properties. 

Interestingly, the x = 0.12 sample does not exhibit a “crystalline peak” in L and it behaves similar to what is 

observed in amorphous and highly disordered materials such as clathrates.[39,40] While many exotic effects have 

been discussed regarding the physical interpretation of this behavior, a simple model with increased Rayleigh 

(point) and disorder scattering was sufficient in describing the transition from peak to plateau[41]. The lack of 

a crystalline peak in 𝜅 has already been observed in natural Galena (PbS) samples with high impurity 

concentrations by Grieg in 1960.[42] Similarly to clathrates, some PbS samples have the crystalline peak and 

some do not. Only the naturally occurring samples have the missing peak, and they coincidently also have a 

high number of point defects. This could suggest that Rayleigh scattering is a large effect in this PbTe/PbS 

system, and that point defect scattering is very important to achieve the very low thermal conductivity.  

 

Discussion 

The high temperature ex situ and operando measurements suggest that the Pb0.98Te0.88S0.12Na0.02 samples 

undergo continuous structural change. The operando measurements reveal growth of the PbS nanoinclusions 

and expulsion of sulfur from the PbTe matrix. The separation of PbS from the PbTe matrix is observed through 

the increasing PbTe unit cell, and a strikingly similar increase in the PbS weight fraction. The diffraction peaks 

from the PbS nanoinclusions narrow due to an increased domain size. Figure 4 depicts the overall process. 

Figure 4a shows the system immediately after synthesis, where the PbTe matrix contains a higher amount of 

sulfur than is thermodynamically allowed. Upon extended heating (Figure 4b), the excess sulfur is expelled 

from the PbTe matrix as it approaches thermodynamic equilibrium. After sufficient heating, the material 



reaches thermodynamic equilibrium (Figure 4c), where the expelled sulfur has caused an increase in the PbS 

phase fraction and crystallite size.  

 

 

Figure 4. Schematic of the proposed structural and chemical evolution. a) As-synthesized. Upper part of 

the figure shows the structural changes, while the lower part is a section of the phase diagram. The arrows 

suggest the synthesis path resulting in a metastable composition. b) Long-term annealing resulting in a shift in 

the composition of the PbTe matrix. c) Post-annealing. Upper part shows the structure where less S is dissolved 

in the PbTe matrix and the nanostructures have grown. Lower part shows the progression of the structure until 

equilibrium is reached. The phase diagrams are excerpts of the full pseudo-binary PbTe-PbS phase diagram 

by Talakin et al.[43] (Reproduced with permission of ASM International. All rights reserved.) 

 

Summary 

We have demonstrated that PbS nanostructures in a Na-doped PbTe-PbS material are unstable during extended 

cycling at operation temperatures. The nanostructures grow in size fed by additional materials being available 

from an oversaturation of S in the PbTe matrix. The effect was observed for three different stoichiometries, 

Pb0.98Te1-xSxNa0.02, x=0.08, 0.12 and 0.16 through operando X-ray diffraction and physical property 

measurements. The continuous change in the samples is confirmed by a gradual change in the physical 

properties during extended cycling. However, the overall impact on zT is minute with only a 4.4% reduction 

at 550 °C after six thermal cycles. 

The present data bring into question, the actual effect of nanostructures in the PbTe-PbS system since they are 

often assumed to significantly lower the lattice thermal conductivity. A manually mixed sample of 88% PbTe 

and 12% PbS has equivalent thermal conductivity as the nanostructured samples, and the PbS nanostructures 

mostly affect the power factor. On the other hand, the effect of nanostructures is clearly significant for the low 

temperature thermal conductivity.  



We have documented that nanostructures do not significantly lower the lattice thermal conductivity, but mostly 

affects the electrical conductivity. Composite samples still provide an excellent method for improving 

thermoelectric material performance, but the physical mechanism is complex. PbS nanostructures in PbTe are 

not as stable and they experience grain growth from extended periods of time at elevated temperatures. 

 

Methods 

Synthesis  

Pb0.98Te1-xSxNa0.02 (x = 0.00, 0.08, 0.12, 0.16) was synthesized by mechanically mixing stoichiometric amounts 

of Pb, Te and S in an agate mortar, where the purity was assessed with PXRD (Figure SI 1). Pure Na was 

subsequently added inside a glove box under Ar atmosphere. The samples were then placed in fused silica 

tubes, evacuated to <5x10-4 mbar and flame sealed. The ampoules were slowly heated (1 K/min) to 1323 K, 

held for 5 hours, and then free cooled to room temperature. The resulting ingots were ground, sieved to a size 

below 53 µm, and then compressed in a 1-inch diameter graphite die using spark plasma sintering at 60 MPa 

and 823 K for 10 min using a heating rate of 50 K/min. The density of the pellets was measured by the 

Archimedes method to be above 95% of the theoretical density (by linear interpolation between pure PbTe and 

PbS). All samples were cut with an abrasive wire saw, into appropriately shaped pieces for all measurements 

(ATOS, physical properties and electron microscope (EM) images). EM images can be found in supporting 

information (Figure SI 10).  

 

Physical property measurement 

The electronic conductivity (𝜎) and Seebeck coefficient (𝑆) were measured simultaneously using a commercial 

ZEM-3 instrument (ULVAC-RIKO). The thermal diffusivity (D) was measured using a Netzsch LFA-457, 

Laser Flash Apparatus. The thermal diffusivity was used to calculate the thermal conductivity by 𝜅 = 𝐷𝑡𝐶𝑝, 

where 𝑡 is the thickness of the sample and 𝐶𝑝 is the heat capacity under constant pressure, here estimated using 

the Dulong-Petit value. The lattice thermal conductivity was estimated using κ𝐿 = 𝜅𝑡𝑜𝑡𝑎𝑙 − 𝜅𝑒, where 𝜅𝑒 =

𝐿𝜎𝑇, 𝐿 is the Lorentz number (Estimated to be the degenerate value of 2.44 × 10−8 𝑊ΩK−2), and 𝑇 is the 

absolute temperature. The Hall carrier concentration was measured using a home-built Hall setup employing 

the Van der Pauw geometry as described by Borup et. al.[44] 

The low temperature physical properties were measured on a Quantum Design Physical Properties 

Measurement System (PPMS) using the Thermal Transport Option (TTO). Copper wire was used for the four 

probes and was mounted using silver epoxy to ensure good thermal and electrical contact.  

 

ATOS measurements  

Samples cut to approximately 1 mm x 1 mm x 10 mm were placed in the ATHOS as described by Jørgensen 

et al.[45] The data was measured at beamline P02.1 at PETRA-III, DESY, where a 60 keV beam was used to 

penetrate the sample. The high photon energy was necessary to minimize absorption effects from the sample 

and a 𝜇𝑅 ≈ 2 was calculated using 98% crystallographic density, where 𝜇 is the linear absorption coefficient 

and 𝑅 is the radius of the sample. The sample was subjected to a uniform temperature of 475 ̊C while a varying 

voltage difference was introduced across the sample. The electrical resistance was continuously measured in 

a 4-point geometry realized by two probes placed in contact with the upper sample surface. The exposure time 



per dataset was 5 seconds. The diffraction data was measured on a Perkin Elmer XRD1621 area detector and 

integrated using the DIOPTAS software[46] and the sequential powder profile refinement was done in FullProf 

Suite[47].  

 

Rietveld refinement parameters 

The instrumental broadening effects were modelled using data measured on a LaB6 standard sample (NIST 

660b) by a Thompson-Cox-Hasting function. The model used for the sample refinements included the PbTe 

(ICSD #63098) and PbS (ICSD #38293) crystalline phases. Here, the sample related peak broadening was 

described using Thompson-Cox-Hasting function, using the Lorentzian strain broadening parameter, X, for 

the PbTe phase and the Lorentzian size broadening parameter, Y, for the PbS phase. The isotropic atomic 

displacement parameters (Uiso) were refined for PbTe but kept fixed for PbS since the reflection intensities for 

this phase were weak. The occupancy for all atomic sites was assumed full, and the background was described 

using linearly interpolated and manually selected background points. The particle size was calculated using a 

modified Scherrer equation (see Supplementary Information for discussion). The correlation matrix was 

consulted for every sequential refinement to ensure the absence of heavily correlated parameters.  
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Particle size calculation 

The crystallite size, 𝐷, can be calculated using the Scherrer equation, 𝐷 =
𝐾𝜆

𝛽𝑠𝑖𝑧𝑒cos(𝜃)
, where K is a shape 

factor (Set to 1), 𝜆 is the wavelength of the incoming x-rays, 𝛽𝑠𝑖𝑧𝑒  is the profile broadening due to size effects 

and 𝜃 is the peak position. Any instrumental broadening is subtracted by refining a LaB6 standard and using 

an IRF file in FullProf. 

The following deduction follows both Thompson et al.1 and the FullProf manual closely. In this study, the 

Thompson-Cox-Hastings function is used to represent the profile parameters and the Full-width-at-half-

maximum (FWHM) of the k’th reflection (Hk) can be calculated using 

𝐻𝑘 = (𝐻𝑔
5 + 𝐴𝐻𝑔

4𝐻𝐿 + 𝐵𝐻𝑔
3𝐻𝐿

2 + 𝐶𝐻𝑔
2𝐻𝐿

3 + 𝐷𝐻𝑔𝐻𝐿
4 +𝐻𝐿

5)
1/5

, 

where 𝐴, 𝐵, 𝐶 and 𝐷 are constants, which can be found in the original article, 𝐻𝑔 (𝐻𝐿) is the FWHM of the 

Gaussian (Lorentzian) component given as  

𝐻𝐺 = (𝑈 tan2 𝜃 + 𝑉 tan𝜃 +𝑊 + 𝑍 cos−2 𝜃)1/2 and 

𝐻𝐿 = 𝑋 tan 𝜃 + 𝑌 cos−1 𝜃.1 

The size of particles is known to broaden peak with a cos−1 𝜃 dependency and therefore the broadening due 

to size effects can be determined as 

𝐻𝑆,𝑘 = (𝑍5 + 𝐴𝑍4𝑌 + 𝐵𝑍3𝑌2 + 𝐶𝑍2𝑌3 + 𝐷𝑍𝑌4 + 𝑌5)1/5. 

In this experiment, it was not necessary to use the Gaussian profile to obtain a satisfactory fit and therefore 

this reduces to 

𝐻𝑆,𝑘 = 𝑌. 

The profile broadening, 𝛽𝑝𝑉, is then calculated from the pseudo-Voigt function, where Y is transformed to 

radians (as FullProf uses degrees) 

𝛽𝑝𝑉(𝑠𝑖𝑧𝑒) =
𝜋𝑌

2
(

𝜋

180
) cos−1 𝜃. 

This broadening must be the same as the broadening, 𝛽𝑠𝑖𝑧𝑒, from the Scherrer equation, so  

𝐾𝜆

cos𝜃 𝐷
=

𝑌𝜋2

360 cos 𝜃
 

And 

𝐷 =
𝐾360𝜆

𝑌𝜋2
. 



In this study, the most important part is not the absolute values of the crystallite size, but instead the 

evolution of the size. Therefore 𝐾 is set to unity, whereas it truly is dependent on the shape of the crystallites. 

Additionally, as the PbS phase peaks are quite weak in the beginning of the experiment, the absolute size 

should not be trusted during this period. Using only the Lorentzian contribution should not be a large issue, 

as size effects are known to be mostly (or entirely) Lorentzian. Strain in the sample should in theory be 

completely separate from size effects, but in reality they can be correlated to a certain degree. This also 

introduces uncertainty as to the absolute size of the crystallite. In contrast, the relative evolution of the 

crystallite size is more certain, as 𝐾 and instrumental variables should be constant throughout the 

experiment and therefore not affect the evolution, only the absolute sizes.  

 

 

Figure SI 1: Diffractograms of all samples, with x signifying the amount of PbS, investigated by ATHOS before 

exposure to heat or current. Lines showing expected peak positions can be seen in the area below the 

diffractograms. It is clear that the PbS peaks are becoming increasingly pronounced with increasing x and 

that they are barely visible in x=0.08. The intensity is shown on the log-scale to enhance the contrast between 

the PbS (ICSD #38293) and PbTe (ICSD #63098) phases. 

 

 



 

 

Figure SI 2: Unit cell parameter of PbTe matrix for samples with varying x. The dashed line is value from 

Vegard’s law calculated using ICSD data for pure PbTe and PbS. The samples show similar behavior as seen 

by Girard et. al.2 

 

 

 

 



 

 

Figure SI 3: Time-resolved Rietveld refinement parameters of samples Pb0.98Te0.92S0.08Na0.02 (Top) containing 

only one isotherm region (II) and Pb0.98Te0.84S0.16Na0.02 (Bottom) containing heating (I), isotherm + current 

(III) and cooling (V). a) & c) Unit cell parameter of PbTe matrix (black) and PbS (green). b) & d) Lorentzian 

size parameter (Black) and weight % of PbS (Green).   

 

 

 

 

 

 

 

 

 



 

Figure SI 4: Scale factor from Rietveld refinement of Pb0.98Te0.88S0.12Na0.02 of both the PbTe matrix 

phase and the PbS nanostructured phase. The data shows that the scale factor of PbS is increasing, while 

the scale factor of PbTe is uniform suggesting that there are no evaporating species. The initial increase in 

scale factor for the PbTe phase is likely due to thermal expansion of the ATOS setup, moving more PbTe 

into the beam. 

 

 

 

 

Figure SI 5: Waterfall plot of the diffraction data from the ATOS measurement for Pb0.98Te0.92S0.08Na0.02. The 

data only shows the isotherm region, labeled as II. 

 



 

 

Figure SI 6: Waterfall plot of the diffraction data from the ATOS measurement for Pb0.98Te0.88S0.12Na0.02. The 

data shows the heating (I), isotherm (II) and isotherm + voltage (III) regions, after the isotherm region, the 

voltage is disconnected, resulting in a slight cooling due to the absence of Joule heating.  

 

 

Figure SI 7: Waterfall plot of the diffraction data from the ATOS measurement for Pb0.98Te0.88S0.12Na0.02. The 

data shows the heating (I), isotherm + voltage (III) and cooling (V) regions. 

 



Pb0.98Te1-xSx – 2 at% Na (x = 0.08 and 0.16)  
In both cases, the PbS phase could be refined but both has limitations. In x=0.08, the PbS peaks are weak 

which results in large uncertainties on the parameters, especially the peak shape parameters which 

quantifies the size broadening. The unit cell parameters should be correct, as the position of the peak is still 

easily refinable, even though the peaks are weak. In the x=0.16 case, the peak are much stronger, but also 

quite narrow. This means that the crystallites are larger, and therefore the analysis regarding size is harder 

to make, as the size broadening is lower. As such, it is difficult to analyze these cases separately, but they can 

be used to confirm or refute some of the observations made in the x=0.12 sample. The PbTe phase has a unit 

cell at room temperature of 6.43024(3) Å and 6.42113(4) Å for the 0.08 and 0.16 sample respectively. 

Comparing with the 0.12 sample, which is 6.41633(4) Å, this is a clear minima, in accordance with what Girard 

et. al. observed3. The absolute values are not quite comparable. A plot showing this behavior can be seen in 

supplementary information Figure SI 2.  

The heating and isotherm plateau (Regions I and II in Figure 1) have been applied to both x=0.08 and 0.16, in 

a similar fashion as 0.12, see Figure SI 3. Both show quite similar behavior to x=0.12. In region (I) the weight 

fraction of PbS clearly increases prior to reaching the isotherm temperature, confirming that the separation 

and growth does begin at a lower temperature, at a maximum of 440 °C in 0.16 which is higher than in the 

0.12 sample. After the isotherm plateau is reached (Section II), in both samples, the unit cell of the PbS phase 

stagnates, while the PbTe unit cell continues to increase in a similar fashion as the 0.12 sample. The flattening 

of the rate seen in 0.12 is not seen in either of these samples, which is likely due to differences in the amount 

of S incorporated in the PbTe phase and differences in size of the PbS domains. The PbS phase unit cell does 

not decrease in the x=0.16 phase, whereas it seems to decrease in both the 0.12 and 0.08 phase. Previously, 

we speculated that the small decrease was either from an excess of Te leaving the PbS phase, or from growth 

of the crystallites. These results support the latter, as there is no decrease in the 0.16 sample which inherently 

has larger grains (as seen from Lorentzian size parameters which suggests that 𝑆𝑖𝑧𝑒0.16 > 𝑆𝑖𝑧𝑒0.12 ≈

𝑆𝑖𝑧𝑒0.08) whereas the PbS phase is expected to contain the same amount of Te in all samples. The Lorentzian 

size parameter has very high uncertainty in both cases, as discussed earlier, but does show a decreasing trend 

in the isotherm region (B), again similar to the 0.12 sample.   

 

Figure SI 8: First three heating (red) and cooling (Blue) cycles for the Pb0.98Te0.88S0.12Na0.02 sample. The shape 

of the points indicates the cycle number. The first heating is clearly different from the other cycles, suggesting 

an annealing effect. Additionally, a hysteresis is observed between all heating and cooling cycles. This has 

not been identified, but is briefly discussed in the main text. 



Hysteresis and Na nanostructures in Pb0.98Te0.88S0.12Na0.02 

The first heating curve is excluded from the main article data, as it shows a clear difference from the 

subsequent cycles (figure SI 4). This is often seen in samples prepared by pressing and is most likely due to 

annealing of grain boundary, strain, and other effects induced by the pressing procedure. Additionally, a 

slight hysteresis between subsequent heating and cooling cycles is observed, especially in the resistivity data, 

which is very similar to what was previously found in other lead chalcogenide samples. The hysteresis is seen 

at high temperatures right around the expected temperature for onset of bipolar transport behavior which 

might suggest that the hysteresis might be coupled to the minority carrier transport properties. This is only 

conjecture and will require additional exploration. Consequently, only cooling data is shown in the main 

article.  

Wang et al.4 reported change in physical properties of sodium doped PbTe during thermal cycling which was 

attributed to change in the local sodium environment. This should not affect the conclusions made in the 

main article for the following reasons. The change reported by Wang et al. was primarily seen in samples 

with low sodium doping levels (<1.0 at%) where the local sodium environment is expected to be found in the 

(𝑁𝑎𝑃𝑏𝑉𝑇𝑒𝑁𝑎𝑃𝑏)′-structure as described by Crocker5. 

Additionally, the change seem by Wang et al. was an increase in electrical resistivity and at decrease in 

thermal conductivity, whereas in this case, the resistivity slightly decreases and the thermal conductivity 

increases. Therefore, any sodium restructuring should not be the origin of the changes seen in the main text 

of this article.   

 

 

Figure SI 9: High temperature power factor of Pb0.98Te0.88S0.12Na0.02 calculated as α2σ. 

 

Imaging 
Following the nano-/microstructure evolution with PXRD suggested that the PbS nanostructures grows 

during continuous heating above a certain temperature. To visually confirm the nano-/microstructure of the 

sample, STEM-EDS was measured on powdered sample prior to SPS pressing the final samples. The result can 

be seen in Figure SI 10. By examining the STEM images, the x=0.12 shows mostly nanosized domains with a 

few microsized domains, while the x=0.16 has mostly microsized domains with a few nanosized domains in 



between. All samples show that even though the sulfur is inhomogeneously distributed throughout the 

sample, there is a significant amount of sulphur in the PbTe matrix.  

 

 

Figure SI 10: STEM-EDX images of Pb0.98Te0.88S0.12Na0.02 with elemental resolution. A) HAADF image B) Pb 

signal C) S signal D) Te signal E) Na signal F) Overlay between S, Te and Pb. It is clear that areas not containing 

Te exists, which are the PbS nanostructures.  
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ABSTRACT: β-Zn4Sb3 is a cheap non-toxic high performance thermoelectric material, but it 

suffers from stability issues due to zinc migration in thermal or electrical gradients. Here, the 

thermoelectric properties and thermal stability of β-Zn4Sb3 mixed with varying sizes and weight 

percentages of TiO2 nanoparticles are investigated. Furthermore, the stability of the pressed β-

Zn4Sb3-TiO2 nanocomposite pellets is investigated by measuring high energy synchrotron powder 

X-ray diffraction data during operating conditions using the Aarhus Thermoelectric Operando 

Setup (ATOS). Through these studies it is determined that TiO2 nanoparticle addition in pressed 

pellets of β-Zn4Sb3 does not prevent Zn-migration, and even though effects are seen in the thermal 

conductivity and electrical resistivity, the overall zT remains unchanged regardless of TiO2 

nanoinclusions. For the present samples the Seebeck coefficients are unaffected by addition of 

nanoparticles, and thus there is no observed energy filtering effect. The operando X-ray diffraction 

data reveal that the TiO2 nanoinclusions lower the degradation rate by up 75%, but all samples 
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eventually decompose. This is corroborated by long-term stability tests done using a thermal 

gradient. In conclusion, TiO2 nanoinclusions do not degrade the excellent thermoelectric properties 

of β-Zn4Sb3, but the stabilizing effect is not sufficient for establishing long term operating stability. 

Introduction 

Improving energy efficiency and developing fossil-free energy sources are of great current 

interest to combat climate change. One promising approach is to better utilize the produced energy 

by harvesting waste heat using thermoelectric materials capable of interconverting thermal and 

electrical energy. Thermoelectric generators have been proposed e.g. for solid-state energy 

conversion for vehicles and isolated power supplies. β-Zn4Sb3 is an example of a cheap, non-toxic 

material with excellent thermoelectric properties and with optimal performance in the temperature 

range 473-673 K.1-5 This temperature range covers a lot of waste heat generated e.g. in the 

transportation and industrial sectors.6, 7 The performance of thermoelectric materials depends on 

different physical properties, which are concisely summarized in the thermoelectric figure of merit 

𝑧𝑇 = 𝑆2𝑇 𝜌𝜅⁄ , where 𝑆 is the Seebeck coefficient, 𝜌 the electrical resistivity, 𝑇 the absolute 

temperature and 𝜅 the thermal conductivity, where the latter can be separated into contributions 

from the charge carriers and from the lattice.8 β-Zn4Sb3 has an excellent 𝑧𝑇 mainly due to its low 

thermal conductivity, which can be ascribed to the scattering of phonons by the interstitial Zn 

atoms in the structure resulting in a small lattice contribution.9-12 A standing challenge with 

deploying Zn4Sb3 in applications is the decomposition into ZnSb, Sb, Zn and at times ZnO, when 

exposed to the expected temperatures and thermal gradients used in applications.2, 3, 13 This has led 

to a range of studies exploring ways to understand and combat this decomposition.9, 14-28 One of 

these studies investigated the effect of including TiO2 or ZnO nanocomposites in the β-Zn4Sb3 

matrix, and significant improvements were observed in the thermal stability of powders containing 
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TiO2 nanoparticles, where 98 wt% of the β-Zn4Sb3 was intact after heating to 625 K in air 

compared with ~30 wt% for pure β-Zn4Sb3.
29, 30 The choice of nanoparticles was based on their 

easy, cheap and scalable synthesis with well-controlled size distribution.31, 32 

In the present study, the potential stabilizing effect of incorporating TiO2 nanoparticles into a 

sample of β-Zn4Sb3 is scrutinized and the effect of varying the TiO2 content and particle size 

evaluated. The stability is evaluated by means of X-ray diffraction experiments performed on 

pressed pellets, and by exposing samples to a thermal gradient for several days. Additionally, the 

influence of the size and the amount of TiO2 on the thermoelectric properties is evaluated. Only 

minor changes are observed in the electrical resistivity and the thermal conductivity, but these 

changes cancel out when calculating 𝑧𝑇. To get a microscopic understanding of the effect of nano-

inclusions on the stability of β-Zn4Sb3, a range of bulk rod-shaped samples were exposed to 

simulated operating conditions in the Aarhus Thermoelectric Operando Setup (ATOS), while 

measuring high energy synchrotron X-ray diffraction data.33, 34 

Experimental methods 

Synthesis 

Zn (99.9 %, Sigma Aldrich) and Sb (99.9 %, Sigma Aldrich) powders were mixed in the 

stoichiometric ratio of Zn4Sb3 together with varying content and size of TiO2 nanoparticles (21 nm 

from Sigma Aldrich (99.5 %) (anatase/rutile), as well as 10 nm (anatase) and 100 nm (anatase) 

synthesized in house35). The samples are labelled according to the TiO2 content as follows S(TiO2-

size)-(TiO2-wt%), and a list is shown in Table 1. These powders were then compacted using spark 

plasma sintering (SPS) (DR.SINTER SPS-515S) using a one-step synthesis similar to the one 

described by Yin et al.2 with the key difference being the omission of the zinc foil during pressing, 

as the presence of TiO2 particles is expected to hinder the degradation. Phase characterization was 
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performed on both sides of each pellet using X-ray diffraction (XRD), after which they were cut 

into a bar and a disk (see Figure S4) appropriate for the different physical property measurements. 

Use of separate pieces from the same sample for each property measurement ensures no thermal 

history between measurements. 

Additionally, six pellets were prepared with zinc foil, as suggested by Yin et al.,2 and with 0.0, 

0.5, 1.0, 2.0, 5.0 and 10.0 wt% of 21 nm TiO2 particles, to examine the stability in working 

conditions for thermoelectric application. Here the zinc foil was specifically included to ensure 

that the samples were homogeneous, as they would be in any industrial application. These pellets 

were cut into approximately 1 x 1 x 10 mm3 rods and tested in operando conditions in ATOS,33, 34 

which has been designed and built to be compatible with high energy synchrotron beamlines such 

that structural changes in the sample can be monitored using powder X-ray diffraction and X-ray 

total scattering. All pellets were measured to have a relative density above 95%. 

Table 1. Sample name and TiO2 content 

Sample name TiO2 size (nm) TiO2 wt% 

S10-005 7-10 0.05 

S10-05 7-10 0.5 

S10-2 7-10 2 

S21-005 21 0.05 

S21-05 21 0.5 

S21-2 21 2 

S100-005 ~100 0.05 

S100-05 ~100 0.5 

S100-2 ~100 2 

S0-0 N/A 0 
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Composition of pellets regarding TiO2 particle size and weight percentage (wt%). S0-0 is the 

reference pellet with no TiO2 particles 

Characterization 

Phase characterization. Powder X-ray diffraction (PXRD) experiments were used to get the 

weight fractions of the crystalline phases present after synthesis and to track the evolution of the 

phases during simulated working conditions. The experiments tracking the phase evolution in the 

ATOS were performed at a synchrotron, while the data from the as prepared pellets were acquired 

in-house. 

Two different Rigaku Smartlab diffractometers were used for the in-house PXRD experiments; 

one with a Cu Kα1 source and another with a Co Kα source. A list of which source was used for 

each diffraction experiment can be found in Table S1. The diffraction patterns from both sides of 

the pellets were recorded, and they are referred to as the top and the bottom in accordance with 

their orientation during SPS pressing, where the current enters through the bottom and exits it 

through the top. 

PXRD data were recorded during simulated working conditions in the ATOS at the P02.1 

beamline at PETRA III. The choice of beamline is essential as the 60 keV photon energy is 

necessary to penetrate the bulk samples without severe absorption. Working conditions were 

simulated with a temperature difference across the cut bars and an electrical current through. The 

temperature difference between the heating blocks was 300 K, where the hot side was set to 623 

K, the cold side was set to 323 K, and the heating rate was 50 K/min. A current density of 1 A/mm2 

was used for all samples and the current was applied once the desired temperatures had stabilized. 

The applied current density is an order of magnitude higher than what is expected in a 

thermoelectric module and the experiments therefore represent accelerated stability tests. The X-

ray beam was aimed at the warm end of the sample and approximately 1 mm from the anode, i.e 
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the end of the sample where the current enters. This is where the sample will be depleted of Zn 

and the decomposition into the ZnSb phase will appear first.34 The distance to the anode ensures 

that no scattering from the setup is observed. 

All diffraction data were analyzed using Rietveld36 refinements. In-house data was refined using 

Jana2006,37 while FullProf Suite (version July 2017)38 was used for the sequential refinements of 

the data measured in operando settings at PETRA III. 

Sample homogeneity. The distribution of TiO2 particles in the prepared pellets was examined 

in high vacuum using a scanning electron microscope (SEM) by measuring the energy-dispersive 

X-rays (EDX) emitted by the sample. An electron energy of 20 keV was used for these elemental 

distribution analyses. Each of the samples used in the ATOS experiments were examined at five 

distinct points on the cross section of the pellets. Three of the points were in the center of the 

pellets, one at the top, one in the middle, and one at the bottom, while the last two points were 

opposite ends on the perimeter of the pellets. These experiments were performed using a FEI Nova 

600 Nano SEM with an EDAX Genesis detector and the elemental composition at each point was 

evaluated by the instrument software, which performs a numeric fit of the recorded data. 

Physical property measurements. The electrical resistivity and Seebeck coefficient were 

measured between 300 and 700 K in steps of 50 K using an Ulvac ZEM-3, while the thermal 

diffusivity 𝛼 was measured using Laser Flash Analysis (LFA) in between 330 and 730 K in steps 

of 50 K using a Netzsch LFA 457. The thermal conductivity was calculated from the measured 

diffusivity using 𝜅 = 𝛼𝐷𝐶𝑝, where 𝐷 is the sample density and 𝐶𝑝 is the heat capacity, for which 

the Dulong-Petit value is used. 
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Bulk thermal stability was tested by sandwiching a piece of each pellet between a heating and a 

cooling plate (with the bottom side facing the cooling plate), where the heating plate was set to 

623 K while the cooling plate was kept at room temperature for 192 hours (8 days). 

Results and discussion 

In-house X-ray diffraction 

The X-ray diffraction patterns collected from the tops and bottoms of the pellets show that the 

inclusion of TiO2 nanoparticles did not prevent Zn migration during SPS pressing; in fact, these 

results suggest that the inclusions aid the migration of Zn during SPS pressing, with the samples 

containing 100 nm particles being most comparable to the reference. This can be seen in the 

diffractograms plotted and shown in Figure S1. 

In order to further quantify this observation Rietveld refinements were performed on all data 

sets, but the large peak overlap between β-Zn4Sb3 and ZnSb makes it somewhat challenging to get 

an accurate description of the data in these refinements (see Figure 1). From these refinements the 

normalized weight fractions of β-Zn4Sb3 and ZnSb were extracted and they are shown in Table 2. 

Note that the reported estimated standard deviations (ESDs) are smaller than the actual 

uncertainties, especially for phases with very small weight fractions. It is generally known that the 

ESDs from Rietveld refinements are underestimated, and occasionally to such an extent that the 

actual value is not contained within a single esd.39 Furthermore, small weight fractions are 

inherently difficult to quantify due a low signal to noise ratio, which is here further exacerbated 

due to the large peak overlap between the phases being refined. Here the actual uncertainties of 

the reported weight fractions are expected to be around 0.5%. 

The extracted weight fractions show that the Zn-diffusion along the current direction (bottom to 

top) observed by Yin et al.2, 3 during SPS pressing is not blocked by the presence of TiO2 
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nanoparticles. On the contrary, the sample without TiO2 seems to be the least affected by the SPS 

current, suggesting that incorporating TiO2 particles into the structure might have the opposite 

effect on Zn-migration during SPS pressing. However, there is no clear correlation between the 

amount of added TiO2 particles and the extracted weight fractions of β-Zn4Sb3 and ZnSb. 

The observed zinc depleted regions were removed by polishing prior to any property 

measurements, such that there is no contribution from ZnSb in the measured properties. 

The diffraction peaks originating from the TiO2 nanoparticles were not observable in the 

diffraction data measured in-house, which is likely due to the small amount present in the samples 

and the small particles sizes producing broad diffraction peaks. 

 

Figure 1. Refined data of S21-2 for both bottom (left) and top (right) of the pellet 

Table 2. Weight fractions of β-Zn4Sb3 and ZnSb from Rietveld refinements 

Top Bottom 

Zn4Sb3 (wt%) ZnSb (wt%) Zn4Sb3 (wt%) ZnSb (wt%) 

S10-005 99.90(1) 0.10(1) 35.0(2) 65.0(3) 

S10-05 99.90(1) 0.10(1) 52.7(3) 47.3(3) 

S10-2 99.43(3) 0.57(3) 19.7(2) 80.3(2) 



 9 

S21-005 97.6(1) 2.4(1) 36.2(2) 63.8(2) 

S21-05 96.8(1) 3.2(2) 11.2(2) 88.8(2) 

S21-2 93.6(1) 6.4(2) 16.6(2) 83.4(2) 

S100-005 99.82(2) 0.18(1) 82.8(2) 17.2(2) 

S100-05 99.89(1) 0.11(1) 80.6(2) 19.4(2) 

S100-2 99.65(2) 0.35(1) 83.3(2) 16.7(2) 

S0-0 98.3(1) 1.7(1) 87.9(2) 12.1(2) 

Weight fractions of β-Zn4Sb3 and ZnSb extracted from Rietveld refinements of diffraction data 

from the top and bottom of each pellet. The real uncertainties are larger than the ESDs reported in 

the refinement especially for very low weight fractions (see text). The actual uncertainty is 

estimated to be around 0.5% 

Operando X-ray diffraction study 

Figure 2 shows the diffraction patterns collected for the samples Zn4Sb3 + x TiO2 (x = 0.0, 0.5, 

1.0, 2.0, 5.0 and 10.0 wt%) during the operando experiments. For all samples, the β-Zn4Sb3 phase 

at some point decomposes into the ZnSb phase when exposed to a thermal gradient and an 

electrical current. It is important to note that the varying time before observing the decomposition 

seen in Figure 2 cannot be used as proxy for stability since this time is dependent on the distance 

between the point of illumination and the end of the sample. This is because Zn-ions migrate with 

the electrical current, and thus the decomposition of β-Zn4Sb3 into the ZnSb commences in the Zn-

depleted end of the sample and progresses through it, as it gets progressively more Zn deficient.31 

One could estimate the degradation rate as the time span of the transitional period between pure 

β-Zn4Sb3 and ZnSb where the diffraction patterns of both phases are clearly visible. However, a 

more rigorous approach is to estimate the decomposition rate of β-Zn4Sb3 from the evolution of 

weight fractions of the two phases during the decomposition. Using sequential Rietveld 

refinements the weight fractions of the two phases were extracted as a function of time for each 

sample, which can be seen in Figure S2. The rate of decomposition for each sample is then 
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estimated as the slope of the linear region of the weight fraction curves, which is shown in Figure 

3. Interestingly, a significant decrease in the decomposition rate is observed when introducing 

TiO2 nanoparticles and the largest reduction in decomposition rate is observed for the sample 

containing 5.0 wt% TiO2, where the decomposition rate is reduced by nearly 75 %. Increasing the 

TiO2 content further does not seem to decrease the decomposition rate as shown for the sample 

containing 10.0 wt% TiO2. The data therefore suggests that the composition with the highest 

stability is to be found in the proximity of 5.0 wt%. 

An example of what the samples looks like after the ATOS experiments is shown in figure 4, 

which is a photograph of the sample with 5.0 wt% TiO2 after roughly 4.5 hours of applied heat 

gradient and current. It can be seen that the Zn migrates from the hot to the cold side of the sample 

for it to be expelled from the structure as Zn whiskers. 

Comparing these results with the results from the as prepared pellets shows that there is a clear 

difference in stability and zinc migration during synthesis and operating conditions. Whether this 

difference is a result of the differences in temperature gradient, current density, or a combination 

of these factors cannot be determined from the present data. 

The high data quality available at PETRA III meant that scattering from the TiO2 nanoparticles 

could be observed, which identified it to consist of a mixture of the rutile and the anatase phases, 

as seen in Figure S3. Moreover, the trend in the intensities from the TiO2 phases is consistent with 

the weight percentage of added nanoparticles, which shows the TiO2 is present and well-dispersed 

in the samples, as was also confirmed using SEM-EDX. 
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Figure 2. Diffraction patterns for samples Zn4Sb3 + x TiO2 (x = 0.0, 0.5, 1.0, 2.0, 5.0 and 10.0) 

collected during the operando experiments. Note the variable timescale on the y-axes. 

 

Figure 3. Decomposition rate (wt%/min) as a function of wt% of TiO2 particles 
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Figure 4. A picture taken after the ATOS experiment on the sample with 5 wt% TiO2. Cold side 

is to the left while the hot side is to the right. 

Sample homogeneity 

SEM-EDX analysis of the cross section of the pellets prepared for the operando experiments did 

not exhibit any clear variation in elemental composition or TiO2 content for any of the pellets, 

which are therefore concluded to be homogeneous. A full table of all the measured atomic 

percentages at the measured points is shown in the supplementary information Table S2. 

Common for all the measurements is that the content of Sb is underestimated, while Ti is 

overestimated and the Zn content is close to the expected value. This observation can be explained 

by comparing the energies of the characteristic emissions of the different elements. There is some 

overlap between the Lγ energy of Sb and the Kα energy of Ti in the spectrum, while there are no 

characteristic energies of Zn that are close to overlapping with emission energies of the other 

elements present. This also explains the relatively high variation in the measured Ti contents; 

however, no systematic pattern between any points or samples could be found suggesting that the 

samples are indeed homogeneous, which is in agreement with what was observed in the XRD data 

from PETRA III. 

Physical property measurements 

Resistivity 
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The resistivities measured during cooling follows the same trend for all samples and have 

comparable values, while the annealing during the first heating, which depends on random residual 

strain from pressing, does not. The resistivity increases with temperature and reaches a peak 

around 550 K for all samples. The resistivity increases, as expected, with the wt% of included TiO2 

particles as seen in Figure 4, while no clear trend is observed when comparing particle sizes. The 

statistical error in the measurement is very low, but the systematic error, which mainly comes from 

the geometry factor, is expected to be around 5 % for resistivity measurements with 4-point 

geometry, hence the 5 % error bars in the plots.40-42 Interestingly, it seems that the commercial 

TiO2 nanoparticles (21 nm) result in a higher resistivity than the nanoparticles synthesized in 

house; however, this difference is generally within the error bars of the measurement. Further 

comparisons of the measured resistivities can be found Figures S5 and S6. The measured resistivity 

for the pure sample agrees with literature values; but the observed increase in resistivity from 

adding TiO2 is not as pronounced as observed by Yin et al.,29 where the room temperature 

resistivity for 0.5 wt% of TiO2 was measured to be 5.8 mΩ⋅cm. The origin of this difference is 

unknown but is likely related to the difference in sample preparation, which may influence the 

interaction with the TiO2. Here the material is synthesized directly in the SPS press, whereas Yin 

et al. formed the sample with TiO2 particles prior to SPS pressing. 
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Figure 5. a) Resistivity of pellets with varying wt% of 21 nm TiO2 particles. b) Resistivity of 

pellets with 2 wt% inclusion of TiO2 particles with different sizes. Upwards pointing triangles 

indicate values obtained during heating and downwards pointing triangles indicate values obtained 

during cooling. Shaded areas show the 5 % error margin. Lines (both dashed and solid) are linear 

interpolations 

Thermal conductivity 
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The thermal conductivity was calculated using the sample density, measured thermal diffusivity 

and the Dulong-Petit value for the heat capacity, which is expected to be within 5 % of the actual 

value hence the associated error bars.40 The resulting thermal conductivity can be seen in Figure 5 

as a function of temperature for the samples with the 21 nm TiO2 inclusions. Data for the other 

sizes and wt% can be found in the supplementary material (Figure S7 and S8). The effects from 

annealing are less pronounced in the thermal diffusivity measurements (and by extension the 

calculated thermal conductivity) compared to the electrical resistivity measurement, but all follow 

the same trend. The inclusion of TiO2 particles lowers the thermal conductivity compared to the 

reference, but there are no clear trend related to the wt% or size of the particles, except that the 

2wt% samples consistently have the lowest κ at higher temperatures. Interestingly Yin et al.17 

observed that the addition of nanoparticles increased the thermal conductivity rather than 

decreasing it, as is observed here. 
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Figure 6. a) Thermal conductivity of pellets varying wt% of 21 nm TiO2 particles. b) Thermal 

conductivity of pellets with 2 wt% inclusion of TiO2 particles with different sizes Upwards 

pointing triangles indicate values obtained during heating and downwards pointing triangles 

indicate values obtained during cooling. Shaded areas show the 5 % error margin. Lines (both 

dashed and solid) are linear interpolations 

Seebeck coefficient 
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While some annealing occurs in all samples there does not seem to be significant changes in the 

measured Seebeck coefficients from adding TiO2 particles when comparing the data measured 

during cooling, Figure 6 (see also Figures S9 and S10). The absence of any change in the Seebeck 

coefficient from adding the TiO2 particles shows that there is no energy filtering effect from the 

addition of nanoparticles. 
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Figure 7. a) Seebeck coefficient of pellets varying wt% of 21 nm TiO2 particles. b) Seebeck 

coefficient of pellets with 2 wt% inclusion of TiO2 particles with different sizes. Upwards pointing 

triangles indicate values obtained during heating and downwards pointing triangles indicate values 

obtained during cooling. Shaded areas show the 5 % error margin. Lines (both dashed and solid) 

are linear interpolations 

Figure of merit 

The addition of a few wt% of TiO2 nanoparticles to the β-Zn4Sb3 samples does not affect the 

figure of merit, as the increase in the electrical resistivity is cancelled out by the decrease in the 

thermal conductivity, Figure 7 (see also Figures S11 and S12). On the other hand, the nanoparticle 

inclusion also does not degrade the overall thermoelectric properties, and if an improved operating 

stability would have been achieved then the approach still could have been attractive. 
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Figure 8. a) zT of pellets with varying wt% of 21 nm TiO2 particles. b) zT of pellets with 2 wt% 

inclusion of TiO2 particles with different sizes. Upwards pointing triangles indicate values 

obtained during heating and downwards pointing triangles indicate values obtained during cooling. 

Shaded areas show the 5 % error margin. Lines (both dashed and solid) are linear interpolations 

Thermal stability 

The long-term thermal stability of the pellets was investigated by placing a piece of each sample 

in a thermal gradient of 623 K – 323 K, similar to the operando experiments, but for 192 hours, 

during which all of them mechanically cracked due to inter-granular zinc deposition and 

subsequent growth (see Figure S13). Independent of the amount or size of the TiO2 all samples 

cracked in a similar fashion, which shows that the inclusion of TiO2 particles does not block the 

degradation, but only lowers the decomposition rate. 

Conclusions 

Incorporating TiO2 nanoparticles into pressed pellets of Zn4Sb3 does not prevent Zn-diffusion 

during spark plasma sintering as shown by subsequent X-ray diffraction on the pressed pellets. 

This result applies for all samples regardless of the TiO2 content and particle size. Increasing the 
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TiO2 weight fraction resulted in an unchanged Seebeck coefficient, an increased electrical 

resistivity and a decreased thermal conductivity, which results in a figure of merit that is 

independent of the TiO2 inclusions. The unchanged Seebeck coefficient shows that there is no 

energy filtering effect from including TiO2 nanoparticles into pellets of Zn4Sb3. Accelerated 

stability test on bulk homogenous samples were performed using the Aarhus Thermoelectric 

Operando Setup, where TiO2 inclusions are observed to slow the degradation rate by up to 75 %. 

However, all the samples eventually decompose into ZnSb and elemental Zn during the accelerated 

application test. Long-term stability tests in a thermal gradient resulted in a mechanical failure of 

all samples as zinc is expelled from the structure. Thus, TiO2 nanoparticle inclusions in β-Zn4Sb3 

do not provide a satisfactory stability for long-term industrial energy harvesting applications. 
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XRD data obtained in-house 

Table S1. List of which x-ray sources was used from each experiment. 

 

 

 

Figure S1. a) Comparison of the data obtained from the bottom side of each pellet b) Comparison of the data obtained from the top 

side of each pellet.  

  

Sample 
Name 

XRD Source 
(top side) 

XRD source 
(bottom side) 

S10-005 Cu Kα1  Co Kα 

S10-05 Cu Kα1  Co Kα 

S10-2 Cu Kα1  Co Kα 

S21-005 Cu Kα1  Co Kα 

S21-05 Cu Kα1  Co Kα 

S21-2 Cu Kα1  Co Kα 

S100-005 Co Kα  Co Kα 

S100-05 Co Kα Co Kα 

S100-2 Co Kα Co Kα 

S0-0 Co Kα Co Kα 



XRD data obtained using ATOS (operando conditions) 

 

Figure S2. wt% of Zn4Sb3 found through Rietveld refinements of ATOS data plotted as a function of time. 

 

Figure S3. Rutile and anatase peaks observed in all samples from the operando experiment.  



SEM-EDX data 

Table S2. Measured atomic percentages of Zn, Sb and Ti, where the atomic ratio between Zn and Sb has been calculated and normalized 

to a content of 4 Zn. 

    Top Center Bottom Left Right Average 

P
0

5
 

Zn 58.39 58.69 58.03 57.95 59.24 58.46 

Sb 41.26 40.13 41.35 40.91 39.6 40.65 

Zn:Sb 4:2.83 4:2.74 4:2.85 4:2.82 4:2.67 4:2.78 

Ti 0.35 1.18 0.63 1.14 1.17 0.894 

P
1 

Zn 61.79 60.08 65.79 61.56 61.54 62.152 

Sb 36.26 38.04 33.34 36.3 36.76 36.14 

Zn:Sb 4:2.35 4:2.53 4:2.03 4:2.36 4:2.39 4:2.33 

Ti 1.95 1.88 0.86 2.15 1.7 1.708 

P
2

 

Zn 58.41 58.13 58.45 56.85 58.59 58.086 

Sb 38.81 39.27 39.12 40 38.63 39.166 

Zn:Sb 4:2.66 4:2.70 4:2.68 4:2.81 4:2.64 4:2.70 

Ti 2.79 2.6 2.44 3.15 2.78 2.752 

P
5

 

Zn 56.36 56.34 56.67 54.47 57.08 56.184 

Sb 37.29 38.28 37.33 39.38 37.78 38.012 

Zn:Sb 4:2.65 4:2.72 4:2.63 4:2.89 4:2.65 4:2.71 

Ti 6.35 5.38 6 6.15 5.15 5.806 

P
1

0
 

Zn 50.3 52.76 55.48 51.11 52.97 52.524 

Sb 35.87 34.75 33.38 35.29 33.86 34.63 

Zn:Sb 4:2.85 4:2.63 4:2.41 4:2.76 4:2.56 4:2.64 

Ti 13.83 12.49 11.14 13.6 13.17 12.846 
 

  



Physical property measurements 

 

Figure S4. Sketch of how the pellets were cut into pieces for the physical measurements. Area 1 was used for the thermal gradient stability test, area 2 

was used for the Seebeck and resistivity measurement, and area 3 was used for thermal diffusivity measurements. The samples used for the operando 

measurements had a shape similar to area 2. 

 

Electrical resistivity 

 

Figure S5. Comparison of resistivity on the basis of wt% of TiO2. 

 

Figure S6. Comparison of resistivity on the basis of size of TiO2 particles. 

  



Thermal conductivity 

 

Figure S7. Thermal conductivity comparison based on wt% of TiO2 particles. 

 

Figure S8. Thermal conductivity comparison based on size of TiO2 particles 

  



Seebeck coefficient 

 

Figure S9. Seebeck coefficient comparison based on wt% of TiO2 particles 

 

Figure S10. Seebeck coefficient comparison based on size of TiO2 particles 

  



Figure-of-merit zT 

 

Figure S11. zT comparison based on wt% of TiO2 particles. 

 

Figure S12. zT comparison based on size of TiO2 particles. 

  



Thermal gradient stability test 

 

Figure S13. Comparison of pellets after having been subjected to the same thermal gradient. 

a) S10-005 b) S10-2 c) S21-005 d) S21-2

e) S100-005 f) S100-05 g) S100-2 h) S0-0
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