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Abstract The mixed ionic-electronic conductor (MIEC) Zn13-δSb10 is a thermoelectric material 

with high performance at intermediate temperatures and contains only abundant elements. This 

work evaluates its suitability for thermoelectric applications with respect to thermal instability 

and decomposition by electromigration of Zn under current flow. In addtion to the formation of 

Zn whiskers, this migration often leads to cracks. Thermoelectric measurements of bulk Zn13-

δSb10 (δ ~ 0.2) prepared by a slow cooling method show zT values of 0.7 at 200 °C. A series of 

tests under flowing currents with different voltages and current densities on bar-shaped samples 

was followed by the space-resolved investigation of their composition and its systematical 
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correlation with the Seebeck coefficient. The latter increases upon Zn depletion, especially when 

ZnSb is formed. At RT, Zn migration starts a voltage of ~0.01 V, which is much lower than for 

other MIECs like copper chalcogenides. At higher electrical fields, which may be enhanced by 

the Seebeck voltage, the amount of deposited Zn at the negative pole increases with the current 

density even if the transported charge is kept constant. 

 

1. Introduction 

Lowering the thermal conductivity κ of bulk materials is a key objective in thermoelectrics.1-3 

Since the electronic contribution to κ is coupled with electrical conductivity σ according to the 

Wiedemann-Franz relationship, this approach is mainly limited to suppressing the phononic part 

of thermal conductivity κph in order to enhance the efficiency of energy conversion. To this end, 

different strategies have been developed in the past years. The phonon-glass electron-crystal 

(PGEC)4 concept aims at lowering κph close to the value of glasses by introducing a plethora of 

real-structure effects into crystal structures. This includes disorder on the atomic scale, both 

static as well as dynamic, i.e. by rattling atoms in large voids that may enhance phonon 

scattering. Highlights of this concept include, for instance, filled skutterudites 5 or designed grain 

boundaries in half-Heusler alloys,6 where charge carrier transport remains almost unaffected by 

these features. Nanostructured composite materials often show a decrease in κ through effective 

phonon scattering. In germanium antimony tellurides (GST materials) with cobalt germanide 

precipitates, for example, nanostructuring of the GST phase enables zT up to 1.8 at 500 °C.7,8 

Furthermore, mixed ionic-electronic conductors (MIECs) and superionic phases represent 

promising thermoelectric materials according to the phonon-liquid electron-crystal (PLEC) 

concept, which was first described for Cu2Se,9 where the entropy change at the phase transition 
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from an ordered to a superionic structure (17 J K-1 mol-1) is in the range melting entropies. As 

this high increase in entropy is caused by the disorder and mobility of Cu atoms in the crystal 

structure, this phenomenon has been called “liquid-like behavior”.9 However, atom hopping time 

scales determined by neutron scattering indicate that scattering at mobile Cu atoms affects a 

rather small number of phonon modes.10 Further typical examples for this class of materials 

include Zn13-δSb10,11 Cu12+xSb4S13,12 Cu7PSe6,13 Ag8SnSe6,14 and AgCrSe2.15 

The determination of the transport properties that are necessary to calculate the thermoelectric 

figure of merit zT = S2σT/κ (where S is the Seebeck coefficient and T the temperature) is usually 

carried out under conditions different from actual ones under application. In a working Peltier 

cooler, the flowing DC current and thus the applied voltage are much higher than in typical 

measurement devices. For the determination of S of bulk materials, a small but stable 

temperature gradient is usually applied and the generated voltage is measured directly. In 

thermoelectric generator modules and Peltier coolers, the maximum thermal gradient is much 

greater than during thermoelectric measurements where it is approximately 50 K in typical 

setups. Therefore, it is possible that materials show promising properties under measurement 

conditions but fail in application. Concerning MIECs, electromigration is a huge problem. 

Simple tests on Cu2Se, in which a constant current of 10 A was applied to the material, revealed 

the formation of Cu whiskers and cracks near the negative pole.16 Similar behavior was observed 

for Cu2S.17 Recent reports discuss that metal deposition can be avoided if a critical voltage 

characteristic for a specific material is not exceeded.18 For example, segmented legs have been 

suggested. Dividing a whole leg into three parts separated by carbon paste lowers the potential at 

each segment, which impedes decomposition 18 but introduces the drawback of an increased 

dissipation at the contact zones, which effectively lowers the application performance. However, 
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it remains an open question why the potential difference itself seems more important than the 

electrical field. 

Zn13-δSb10 is another prominent representative of PLEC materials.11 Much work has been 

devoted to the determination of the exact composition of this phase and showed that the non-

stoichiometric description Zn13-δSbx (δ = 0.28 – 0.38) is more realistic than the classical formula 

Zn4Sb3.19,20,21 At room temperature (RT), β-Zn13-δSb10 crystallizes in space group R3c with two 

different atom positions for Sb-III and dumbbells with Sb-II as shown in Fig. S1 (S denotes 

Figures and Tables in the Supporting Information). The Sb-III site forms hexagonal layers that are 

stacked in a way that voids form channels in the crystal structure, which are filled with Sb-II 

dimers. Zn atoms occupy four Wyckoff sites that are close to each other, three with occupancies 

of only 4-6%.11 Zn13-δSb10 exhibits a remarkably high zT value of ~1.3 at 400 °C,22 which can be 

explained by a combination of Zn mobility between interstitial sites as investigated by tracer 

experiments 23 and associated local distortions in the crystal structure, all of which apparently 

lead to low κph.24 Several notations for the low-temperature phases have been published;25 

however, α’ – α – β are most frequently used in literature.24 A phase transition from 

rhombohedral β-Zn13-δSb10 to triclinic α-Zn13-δSb10 occurs at ca. –20 °C, whose Sb substructure is 

similar to that of the β phase. However, it features 26 independent Zn positions, 21 of which 

correspond to those of the β-phase that exhibit high site occupancies. The five remaining ones 

describe ordered “clusters” that form pairs around centers of inversion. Below –38 °C, the 

modulated structure of α’-Zn13-δSb10 coexists with α-Zn13-δSb10.24 

Zn13-δSb10 was investigated operando under temperature gradients of several hundred K by 

transmission electron microscopy,26 where Zn is formed at the cold side, leaving ZnSb and 

Zn13-δSb10 in the remaining sample. The Seebeck voltage may cause electromigration in such 
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small samples. The application of currents > 1 A to bar-shaped samples also leads to formation 

of Zn and ZnSb,27 associated with lower σ compared to Zn13-δSb10 and Zn deposition at the 

negative pole. Increased Seebeck coefficients can be explained by the formation of ZnSb, which 

features a higher Seebeck coefficient than Zn13-δSb10.28 Further investigations showed that 

Zn13-δSb10 is not stable against current-assisted sintering.29,30 Measurements of thermoelectric 

properties have proved difficult as Zn13-δSb10 decomposes during thermal cycling and as a 

consequence of the current used for the measurement of electrical conductivity. Without 

temperature gradients and electrical currents, Zn13-δSb10 is thermally stable up to ~350 °C and 

then decomposes into Zn and ZnSb.24  

Remaining questions concerning the behavior of Zn13-δSb10 are: (i) At which current densities 

and/or voltages and/or electrical fields does Zn migration start and how does it affect the local 

composition? (ii) Can Zn migration be prevented by choosing low voltages or current densities 

and how is it affected by thermal gradients? (iii) Does a concentration gradient develop along the 

sample as it can be seen in Cu1.97S,18 and how does this affect thermoelectric properties? (iv) 

Which factors determine the quantity of deposited elemental Zn? 

 

2. Experimental 

2.1 Synthesis. Samples were synthesized from the elements (Zn pearls, 99.999 %, and Sb pieces, 

99.9999 %, both VEB Spurenelemente, Freiberg, Germany). Stoichiometric mixtures were 

heated to 900 °C at a rate of 120 K h-1 in a vertical tube furnace. To prevent oxidation, the 

synthesis was carried out in silica glass ampules sealed after evacuating to ~ 5 x 10-3 mbar and 

flushing with Ar. After one day at 900 °C, samples were slowly cooled at 50 K h-1 in order to 

prevent thermal diffusion of Zn due to a thermal gradient in the sample. Different Zn:Sb ratios 
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were explored; a molar 4:3 ratio led to samples with Zn whiskers on the samples surface but not 

inside the ingots. This excess Zn could be easily separated by polishing the ingot with SiC 

abrasive paper (particle size 20 µm). The obtained polycrystalline samples show metallic luster 

and can be cut and polished without breaking. 

2.2 Powder X-Ray Diffraction (PXRD). PXRD at RT was carried out using a Huber G670 

diffractometer (Gunier geometry, image-plate detector with integrated read-out system) with 

Cu-Kα1 radiation (Ge(111) monochromator, λ = 1.54051 Å). A representative part of the ingot 

was finely crushed in an agate mortar. Powder samples were placed on Mylar foils and fixed 

with hair-fixing spray. The software package TOPAS 5.0 was used for Rietveld refinements.31 A 

fundamental parameter approach was used to describe peak profiles, including second-order 

spherical harmonics for preferred orientation. 

2.3 Electron microscopy and energy-dispersive X-ray (EDX) spectroscopy. A LEO 1530 

(Gemini, Zeiss, Germany) scanning electron microscope (SEM) was used to generate images 

from secondary (SE) and backscattered (BSE) electrons. Chemical analysis was carried out by 

EDX (INCA system, Oxford Instruments, U.K., with associated Software package).32 The 

composition of the samples after applying temperature gradients and currents was determined in 

a space-resolved manner by determining the composition of areas of ~200 x 400 μm. Artifacts 

caused by surface roughness were avoided by polishing the samples (VibroMet2 polishing 

device, ITW Test & Measurement GmbH, Germany) with a polishing emulsion of 1 μm Al2O3 

grains in deionized water.  

2.4 Measurement of electronic and thermal transport properties. Seebeck coefficients S and 

electrical conductivities σ were measured simultaneously with a LSR-3 instrument (Linseis, 

Germany) under static He atmosphere (0.05 bar relative pressure at RT) with a temperature 
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gradient of 25 K and a current of 100 mA. A four-point measurement is realized by two Ni 

electrodes and two Ni/Cr-Ni thermocouples in a bipolar setup (continuous reversal of the 

electrical polarity). Measurements were carried out on bar-shaped samples, which were cut out 

of the ingots with a diamond wire saw (model 3242; Well, Germany). The sample surface was 

polished with SiC powder (grain size 5 µm). The uncertainty of both S and σ are about 10% of 

the measured value. Measurements of thermal diffusivity were done with a Linseis LFA 1000 

laser flash apparatus equipped with an InSb detector under a static He atmosphere (0.05 bar 

relative pressure at RT). Heat loss and finite pulse corrections were performed applying Dusza’s 

model.33 Five measurements were averaged for each temperature. Thermal conductivity κ was 

calculated by multiplying thermal diffusivity with the Dulong-Petit heat capacity, which is 

consistent with experimental values,22 and the densities of the sample, which were determined by 

the Archimedes method using deionized water as reference liquid. The uncertainty of κ is ~5% 

so that the absolute uncertainty of the given zT values amounts up to 20%. 

2.5 Stress tests with currents applied under different thermal gradients. In order to 

investigate the stability under thermal gradients and current flow, a setup was developed (Fig. 

S2), which consists of a resistivity heater (Bach Resistor Ceramics, Germany) and a water cooler 

at opposite sides. Both are attached to copper plates for electrical and thermal contact and 

graphite electrodes between the copper and the sample. One can apply different voltages and 

temperatures on the hot side while keeping the temperature at the cooled side constant. The setup 

is placed in an acrylic glass chamber that can be filled with N2. Since Zn13-xSb10 is a p-type 

conductor,11 the negative pole was connected to the hot side of the sample, where the highest 

positive potential of a running thermoelectric module is located. Larger amounts of Zn deposited 

at the negative pole were detached and their mass was determined with a precision scale 
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(Satorius, Germany). The resistance of the setup requires approximately 10 times the voltage for 

a constant current flow compared to a hypothetical setup where the sample is the only resistor. 

The voltages Ustart at the start of the experiments were calculated from the shape of the samples 

and the measured electrical conductivities. In case of samples with a temperature gradient, an 

average value of the electrical conductivity was used. Details of selected stress tests are given in 

Table S3. 

2.6 Seebeck microprobe. Local scanning of S was frequently used for characterizing the 

functional homogeneity of different thin-film and bulk thermoelectric materials.34-37 A hot probe 

method for local thermopower scanning indicated an anisotropic Seebeck effect polycrystalline 

samples of Zn13Sb10 that exhibit preferred crystallite orientations owing to synthesis by a 

gradient-freeze technique.38 In the present study, S was measured in a spatially resovled manner 

on bar-shaped samples of Zn13Sb10 using a Potential-Seebeck Microprobe (PSM). Basically, the 

PSM consists of a heated tungsten-carbide tip, a three-axes positioning system (Linos, Germany) 

and a data acquisition system (Keithley, USA). The sharp apex of the scanning tip ensures a 

small contact radius of 3 µm. The tip is positioned onto the sample surface and creates a local 

temperature gradient so that a thermovoltage is generated according to the temperature field, 

which corresponds to a local resolution of ~50 µm.39 S is determined through a thermovoltage 

measurement by two thermoelectric circuits with the use of thermocouples (Labfacility, UK) 

attached to the scanning tip and the sample holder, respectively. The uncertainty of S on 

homogeneous samples areas depends on κ and equals 10-25%. However, relative changes of S 

can be detected with a much lower uncertainty of 1-3%. The samples were clamped within the 

vise-like PSM sample holder, which simultaneously acts as a heat sink. The scanning step width 

was set to 100 µm, while the temperature difference to RT was 7 K. 
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3. Results and discussion 

3.1 Chemical and structural analysis 

Rietveld refinements for samples prepared by melting and slow cooling of stoichiometric 

mixture with the nominal composition Zn4Sb3 and removing all elemental Zn at the surface show 

that this synthesis affords phase-pure samples. The structure model for Zn13-xSb10 (x ~ 0.23) with 

four Zn atom positions was taken as starting model.11 The refinement of lattice parameters and 

isotropic atomic displacement parameters yielded convincing agreement between the measured 

diffraction pattern and published models. Plots and further details of the Rietveld refinements are 

shown in Fig. S3 and Tables S2 and S3. 

SEM-EDX measurements for a typical sample yielded 56.4(4) at.-% Zn and 43.6(4) at.-% Sb 

(averaged from 15 measured points), which corresponds to Zn12.8(3)Sb10. Measurements on 

further samples showed insignificant variations of the composition that lie in the stability range 

of Zn13-δSb10 with δ = 0.22-0.38.21 For the sake of simplicity, the composition of our samples is 

given as Zn~12.8Sb10. SEM images of typical samples (Fig. S4) do not show impurity phases. 

3.2 Thermoelectric characterization. Measurements of thermoelectric properties underline the 

stability problems of Zn~12.8Sb10 upon thermal cycling (Fig. S5). The peak zT value of ~0.7 at 

200 °C matches with published values.40 The evolution of S and σ over six heating and cooling 

cycles up to 200 °C shows that both quantities decrease during thermal cycling. These trends 

correspond to those reported for decomposed Zn4Sb3 with elemental Zn as a side phase resulting 

from current-assisted sintering.30 Thermal conductivity does not vary significantly between the 

different heating and cooling cycles and differs between 0.6 and 0.7 Wm-1K-1 as function of 

temperature which also matches published values.40 
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3.3 Stability of Zn~12.8Sb10 under current flow at RT 

Tentative stress tests of Zn~12.8Sb10 at RT employing a current density J of 180 A/cm2, which 

corresponds to currents I of 10 A in typical samples (~ 8 x 2 x 2 mm) lead to the formation of 

cracks after a few seconds; samples disintegrate, resulting in small pieces. Current densities J = 

72.2 A/cm2, corresponding to Ustart = 0.1495 V and an electrical field of 17.2 V/m lead to the 

formation of cracks after ~15 min. Zn whiskers grow at the negative pole as well as in the cracks. 

Near the positive pole, EDX yields Zn concentrations of 50 – 52 at.-%, which indicate ZnSb as 

the main phase. As ZnSb exhibits S = 370-400 µV K-1 at RT,41 this is consistent with local 

Seebeck coefficients that are about 4 times higher than in areas with the original composition of 

Zn~12.8Sb10 (Fig. 1). Along the whole sample, lower Zn concentrations correlate with higher 

Seebeck coefficients. Toward the negative pole, there is a part of the sample where the initial 

composition of ~Zn12.8Sb10 is not significantly changed, followed by a crack. At the crack and at 

the negative pole, elemental Zn with S close to 0 µV/K is deposited. The part from the positive 

pole to the crack was cut into three pieces. Rietveld refinements based on the respective powder 

patterns (Fig. S6, Tables S4-S6) show ZnSb and ~Zn12.8Sb10 in a ratio of 80 : 20 in the part near 

the positive pole and in a ratio of 44 : 55 in the middle part, where weak reflections of elemental 

Zn were also detected (~ 1%). Near the crack, there is exclusively ~Zn12.8Sb10 and traces of 

elemental Zn.  

ZnSb as a main component of decomposed parts of Zn13-δSb10 samples has only been reported for 

currents I > 1.5 A (J ≈ 50 A/cm2) under a temperature gradient of at least 200 K.27 Reasonable 

current densities must be significantly lower. Fig. S7 displays Zn concentration profiles for 

various current densities. In fact, samples exposed to current densities of J = 2.82 A/cm2 (I = 

0.10 A, Ustart = ~0.006 V) and J = 7.57 A/cm2 (I = 0.20 A, Ustart = ~0.006 V) for 10 and 5 hours, 
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respectively, show no visible change. However, only for the lowest current density of 2.82 

A/cm2, the Zn concentration along the sample does not vary significantly from the negative to 

the positive pole. At 7.57 A/cm2, the Zn concentration near the negative pole is increased to 60 

at.-% compared to 56 at.-% in Zn~12.8Sb10, but elemental Zn is not deposited under these 

conditions. Space-resolved measurements of S (Fig. 2) again correlate with the varying Zn 

concentration. S drops by ~6% in in the region of elevated Zn concentration. Since transported 

charge Q = I · t was kept constant for these tests, it becomes clear that higher voltages and thus 

current densities and electrical fields favor Zn migration. 

This trend is confirmed by samples exposed current densities of 7.7 - 33.3 A/cm2; which involve 

voltages of 0.016 - 0.049 V (Fig. S7). All of them show shiny Zn deposits in the form of 

whiskers at the negative pole and the Zn content drops to ~50 at.-% at the positive pole, i.e. ZnSb 

is formed like in samples treated with the higher current densities of 72.2 A/cm3 mentioned 

above. As expected, in this part of the samples S increases drastically compared to the areas with 

compositions close to Zn~12.8Sb10 that are present toward the negative pole. Typically, the Zn 

concentration increases continuously along the sample. Despite constant Q, higher current 

densities lead to more pronounced Zn migration in this series of experiments, too. 

 

3.4 Stability of Zn~12.8Sb10 under current flow in temperature gradients 

Testing ~Zn12.8Sb10 under a temperature gradient with Thot = 200 °C and currents of 0.1 – 0.2 A 

(J = 1.7 - 3.6 A/cm2, Ustart = 0.004 - 0.007 V, cf. Fig. S8) results in the formation of Zn whiskers 

at the negative pole (Fig. 3d - 3f and S9) in contrast to tests under comparable conditions at RT. 

The Zn concentration and the Seebeck coefficient vary only slightly along the remaining sample 

(Fig. 2e, 2f).  
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Further tests (Fig. S8 shows all Zn concentration profiles for Thot = 200 °C) performed with 

constant currents I = 1 - 3 A (J = 25.0 – 68.8 A/cm2) result in the formation of big bundles of Zn 

whiskers (Fig. 3a, 3b, 3c and S9). At J = 68.8 A/cm2, which correspnds to Ustart = 0.147 V 

multiple cracks with Zn whiskers are observed (Fig 4a, 4b). EDX analyses confirm that the 

whiskers contain only Zn and that Zn is depleted near the positive pole. Although the transported 

charge Q is the same in this series of experiments, the masses of deposited Zn (Table S7) differ 

significantly. The fact that higher current densities afford much larger Zn deposits indicates that 

there is no single critical voltage or current density that has to be overcome to cause Zn 

migration. Most likely, there are different potentials for different intersitial sites, and in addition, 

these may increase for lower Zn contents. As a consequence more harsh conditions are required 

to achieve Zn mobility in Zn-depleted material. 

Current flows have a more pronounced influence when Thot = 375 °C is applied. Here, constant 

currents of 0.10 - 0.20 A (J = 2.7 - 3.8 A/cm2, Ustart ≈ 0.009; note different sample lengths) 

already result in cracks with Zn whiskers and correspondingly high Zn concentration (Fig. S10). 

At the negative pole, the sample treated with 3.8 A/cm2 exhibits a Zn lawn rather than whiskers. 

Higher currents of 2.0 A (J = 51.0 A/cm2) and more were not feasible since the samples show 

cracks (Fig. 4c) and break, which stops the current flow after a few minutes.  

 

4. Conclusion 

Even at RT, Zn~12.8Sb10 decomposes under the influence of electrical currents. Significant 

electromigration at RT starts at a current density of J = 7.6 A/cm2, corresponding to an electrical 

field of 1.8 V/m. In this study, these values correspond to applied voltages of ~0.01 V and 

currents of 0.2 A. The formation of Zn whiskers becomes prominent at somewhat higher current 
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densities and voltages. In such experiments, the decrease of Zn concentration results in S 

increasing by up to 10%. When ZnSb is formed, S is even quadruplicated. However, Zn-rich 

areas also show lower values of S once in Zn13-δSb10 the value of δ becomes negative. If 

elemental Zn is deposited, a Zn concentration gradient evolves along the direction of current 

flow. This is similar to concentration gradients observed upon exposition of copper chalcogenide 

MIECs to electrical fields.18 Very high current densities of J ≥ 70 A/cm2 result in cracks in which 

Zn whiskers are formed.  

Typical voltages of 0.01 V necessary to produce the critical current densities for Zn migration in 

Zn~2.8Sb10 are much smaller than estimated critical voltages of 0.09 V for Cu1.97S.18 Segmented 

legs, which proved successful for the latter material, would be more demanding for Zn13-δSb10. A 

sample would have to be divided in many more segments. Futhermore, the formation of cracks 

needs to be suppressed to render Zn13-xSb10 applicable for thermoelectric power generation or 

cooling. 

Decomposition phenomena become more pronounced if temperature gradients are present. The 

observation of Zn deposition at the negative pole indicates that the voltage needed for Zn 

deposition is lower at higher temperatures. However, the electrical field may be enhanced by the 

Seebeck voltage, which is in the same range as applied external voltages if the temperature 

gradients correspond to > 200 K. Features observed at RT such as concentration gradients, 

variations of S and the formation of Zn whiskers are enhanced in temperature gradients. At Thot = 

375 °C, the formation of cracks is observed at current densities as small as 2.7 A/cm2.  

Experiments where the transported charge Q is kept constant in a thermal gradient, e.g. with Thot 

= 200 °C, show that the mass of deposited Zn depends on the current densities, which contradicts 

the assumption that at a certain voltage all Zn atoms start to migrate. The fact that Zn deposition 
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becomes more pronounced at higher voltages and current densities is indicative for a consecutive 

“activation” of Zn atoms in the structure of Zn13-δSb10. In line with investigations on Cu1.97S,18 it 

remains an open question whether the total potential difference or the electrical field is the 

decisive quantity. 

 

 

 

 

 

 

 

FIGURES  

 

 
 
Figure 1. Zn concentration and Seebeck coefficient along a sample with visible cracks and Zn 
whiskers at the negative pole and in cracks; after 40 min at RT with J = 72.2 A/cm2 (I = 4.0 A, 
Ustart = 0.150 V). The magnification of the photograph correponds to the abscissa of the graph. 
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Figure 2. Zn concentration and Seebeck coefficient along the samples after current-flow 
experiments at RT or with a temperature gradient from RT to 200 °C: a) J = 7.57 A/cm2, Q = 
3.6·103 C (Ustart = 0.012 V, I = 0.20 A, t = 5 h) at RT; b) J = 7.71 A/cm2, Q = 21.6·103 C (Ustart = 
0.016 V, I = 0.25 A, t = 24 h) at RT; c) J = 15.39 A/cm2, Q = 21.6·103 C (Ustart = 0.029 V, I = 
0.50 A, t = 12 h) at RT; d) J = 33.3 A/cm2, Q = 21.6·103 C (Ustart = 0.049 V, I = 1.00 A, t = 6 h) 
at RT e) J = 1.730 A/cm2, Q = 1.8·103 C (Ustart = 0.004 V, I = 0.10 A, t = 5 h) with Thot = 200 °C; 
f) J = 3.60 A/cm2, Q = 3.6·103 C (Ustart = 0.007 V, I = 0.20 A, t = 5 h) Thot = 200 °C. The 
horizontal lines correspond to the chemical composition of Zn13Sb10.  
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Figure 3. Photographs of Zn~12.8Sb10 samples after current-flow experiments: a) b) c) 2.00 A for 
40 min, Thot = 200 °C. d) e) f) 0.2 A for 5 h, Thot = 200 °C. a) d): after the experiment in testing 
setup; b) e): top view on contact plane of the negative pole/hot side; c) f): whole sample. 

 

 
 

Figure 4. SEM-SE images of Zn deposits at Zn~12.8Sb10 samples after current-flow experiments 
with J = 68.8 A/cm2 (I = 3.00 A) for 26 min with Thot = 200 °C at the hot end (a, negative pole,) 
and around a crack (b), respectively and (c) with J = 51.0 A/cm2 (I = 2.00 A) for 5 min with Thot 
= 375 °C (near a crack).   
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