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Abstract 

Here we report that the thermoelectric properties of bulk β-Zn4Sb3 at 300 - 575 K can be 

improved by doping Ag at the Zn sites. Proper Ag doping leads to decreased electrical resistivity 

and increased Seebeck coefficient, thus resulting in a large improvement in power factor. The 

figure of merit, zT, has an obvious enhancement due to Ag doping although the thermal 

conductivity is slightly increased. (Zn0.9925Ag0.0075)4Sb3 exhibits a promising zT of ~1.2 at 575 K, 

which is superior to most previously reported p-type doped Zn4Sb3 materials. Furthermore, the 

high-temperature thermal stability is studied in details. The (Zn0.9925Ag0.0075)4Sb3 bulk sample does 

not decompose even when the temperature is elevated to 793 K in vacuum. When the bulk 

sample is heated to 573 K in air, (Zn0.9925Ag0.0075)4Sb3 is also stable, but Zn whiskers come out of 

the surface for undoped Zn4Sb3. In-house in situ powder X-ray diffraction (PXRD) and 

multi-temperature synchrotron PXRD (up to 793 K) reveal that the undoped Zn4Sb3 powder 

sample starts decomposing into ZnSb at 473 K if exposed to the air and it is fully decomposed 

into ZnSb, ZnO, and Sb after cooling down from 793 to 300 K. However, there is ~24 wt% Zn4Sb3 

preserved in the (Zn0.995Ag0.005)4Sb3 powder sample after the same heat treatment, while only ~6 

wt% Zn4Sb3 remains in (Zn0.99Ag0.01)4Sb3. The above result indicates that proper Ag doping leads 

to enhanced high-temperature thermal stability in β-Zn4Sb3. This work thereby demonstrates 

Ag-doped Zn4Sb3 bulk material as a promising candidate for thermoelectric material in terms of 

enhanced performance as well as improved high-temperature thermal stability. 

 

1. Introduction 

In recent decades, enormous attentions have been paid to thermoelectric materials because of 

their potential applications in waste-heat recovery, power generation, and refrigeration through 

solid state devices without moving parts. The performance of thermoelectric materials is 

evaluated via the dimensionless figure of merit, zT = S2σT/κ, where S is the Seebeck coefficient, σ 

the electrical resistivity, T the absolute temperature and κ the thermal conductivity. β-Zn4Sb3 is an 

intriguing thermoelectric material in the intermediate temperature range (400 - 700 K) and a 

promising candidate to substitute Pb-Te alloys, due to its excellent TE performance as well as 

nontoxic, earth-abundant and cheap chemical elements [1]. Four crystallographic phases of 

Zn4Sb3 have been reported so far, which are the α´-phase (below 230 K), α-phase (230 - 263 K), 



β-phase (263 - 765 K) and γ-phase (from 765 K to the melting point 837 K) [2, 3]. Among these 

phases, only the β-phase exhibits high thermoelectric properties with the largest reported zT 

value of 1.3 at 673 K [1], originating from its remarkable “phonon-glass” nature. The glass-like 

low thermal conductivity in β-Zn4Sb3 is mainly attributed to the complex crystal structure, 

including the Zn disorder and the interstitial Zn sites [4, 5]. It also has been found that the very 

low thermal conductivity of Zn4Sb3 is intrinsic to the structure and can be due to the anharmonic 

motion of the Sb1 atoms coordinated only by Zn atoms [6]. 

Although β-Zn4Sb3 is known as a good thermoelectric material, the thermoelectric 

performance needs to be further improved for the final industrial application. Up to date, the zT 

value of β-Zn4Sb3 has been enhanced through many approaches, such as developing new 

synthesis methods [7], elemental doping and nano-structuring [8]. The traditional strategy of 

doping has been widely explored to improve the TE properties by tuning the carrier 

concentration to optimize the power factor (S2σ). Dopants, such as Cd [9], Al [10], Ga [10], In [10, 

11], Hg [12], Nb [13], Te [14, 15], Mg [16, 17], Ag [18, 19], Cu [18], I [20], Se [21], Fe [22], Bi [23], 

and Pb [24], have been investigated in β-Zn4Sb3 so far. However, most of the above investigations 

(including Ag doping) were done below room temperature. Since β-Zn4Sb3 displays good TE 

performance above 473 K, it is vital to explore the doping effects at high temperatures as well. To 

our best knowledge, a systematic study of Ag doping effects on the thermoelectric performance 

above room-temperature of β-Zn4Sb3 has not yet been reported. 

In spite of the superior thermoelectric performance at intermediate temperatures in 

β-Zn4Sb3, thermal stability has been problematic in its commercial application [3, 25-29]. The 

decomposition could even happen at a temperature much lower than the β-γ phase transition 

point (765 K). Here it is imperative to study the thermal stability of β-Zn4Sb3 phase. Therefore, in 

this work we focus on the effects of Ag doping on thermoelectric properties of β-Zn4Sb3 as well as 

the high-temperature thermal stability by X-ray diffraction measurements (In-house in situ and 

multi-temperature synchrotron PXRD) and differential thermal analysis (DTA). 

 

2. Experimental section 

2.1 Synthesis 

(Zn1-xAgx)4Sb3 (x = 0, 0.005, 0.0075, 0.01 and 0.015) compounds were synthesized by the fast and 

effective spark plasma sintering (SPS) method. The high-purity elements zinc (powder, 99.99%, 

Merck KGaA), antimony (powder, 99.5%, Sigma-Aldrich Chemie GmbH), and silver (powder, 

99.99%, Sigma-Aldrich Chemie GmbH) were weighed according to the stoichiometric ratio and 

mixed in a ball mill mixer (SpectroMill, CHEMPLEX INDUSTRIES, INC) for 15 min. Then the mixed 

powders were loaded into a 12.7 mm diameter graphite die protected by BN spray at both the 

top and bottom side of the punches. Meanwhile, a Zn round foil (thickness of 0.15 mm; purity 

99.95+%) with the same diameter as the die was placed at the bottom side between powders 

and BN spray so as to compensate the loss of Zn composition during the synthesis [29]. The 

powders were compacted and sintered by spark plasma sintering (SPS) under a pressure of 100 

MPa by an SPS-515 instrument (SPS SYNTEX INC, Japan). SPS sintering was performed in vacuum 

by heating to 673 K in 10 min and staying for 5 min. Thereafter the power was turned off and the 

pressure was released slowly. PXRD patterns of all as-pressed pellets were characterized before 

property measurements up to 573 K. After all the property measurements each of the five pellets 

was characterized by XRD again and then cut into two halves for Potential Seebeck Microprobe 



(PSM) scanning. According to the same experimental synthesis method described above, we 

made three more pellets (x = 0, 0.005, and 0.01), which were ground into powders for the 

measurements of in-house in situ PXRD, DTA and multi-temperature synchrotron PXRD. 

 

2.2 In-house X-ray diffraction and synchrotron powder X-ray diffraction 

Both the top and bottom sides of the as-prepared (Zn1-xAgx)4Sb3 pellets were characterized by 

X-ray diffraction measurements with a Cu Kα1 radiation source (wavelength: 1.54056 Å) and 

Bragg-Brentano beam optic on the Rigaku Smartlab diffractometer. The X-ray diffraction 

measurements were also carried out on the top sides of the pellets after all the high-temperature 

property measurements. 

In-house in situ PXRD measurements (the wavelength: 1.78892 Å) were done for the Zn4Sb3 

powders which were obtained from the as-pressed Zn4Sb3 pellet. The powders were packed 

densely in the sample holder and then carefully placed on the Anton Paar DHS 1100 domed 

heating stage. The measurements were performed in air. The temperature program was heating 

the sample from room temperature to 698 K at a rate of 10 K/min, continuing heating up to 773 K 

at a slower rate of 1 K/min and staying at this temperature for 1 h. Later the temperature was 

lowered to 698 K at the rate of 1 K/min and continued cooling down to 313 K at the rate of 10 

K/min. The diffraction patterns were collected in a narrow scattering angle (2θ) range of 20 - 60°. 

Each scan takes approximately 3 min, thus the temperature actually changes ~ 3 K from the start 

til the end of each scan when the heating/cooling rate is 1 K/min. ~ 1 min is needed for coming 

back to the start of a new scan. 

In-house in situ XRD measurements were also performed for the pellet (Zn1-xAgx)4Sb3 (x = 

0.0075) after the property measurements, where the top side was put upwards on the heating 

stage. One half of the pellet (Zn0.9925Ag0.0075)4Sb3 was heated in vacuum from room temperature 

to 573 K and cooled down to 301 K at the rate of 2 K/min in the first cycle, and heated up to 573 

K at the rate of 20 K/min and cooled down to 301 K in the second cycle. In the third cycle, the 

sample was heated to 793 K and cooled to 308 K at the rate of 30 K/min. The XRD data were 

collected at 301, 573 and 301 K in the first cycle, at 573 and 301 K in the second cycle, and at 773, 

793 and 308 K in the last cycle. Each XRD pattern takes approximately 47 min in the 2θ range of 

20 - 110°. The other half of the pellet (Zn0.9925Ag0.0075)4Sb3 and one half of the pellet Zn4Sb3 were 

both heated in air from room temperature to 573 K and then cooled down in the rate of 2 K/min. 

XRD data were collected at 300 K before heating, 573 K and 300 K after cooling. It takes 104 min 

for each XRD pattern. 

Multi-temperature synchrotron PXRD data were collected at the SPring-8 BL02B2 [30] and 

BL44B2 beamline [31] for the three samples (Zn1-xAgx)4Sb3 (x = 0, 0.005 and 0.01). The powders 

were floated and packed in air in 0.2 mm quartz capillaries which were sealed in air. The heating 

rate is 50 K/min between each fixed temperature with an exposure time of 15 min. The 

wavelength was calibrated to λ = 0.49814(1) Å (BL02B2) and λ = 0.500456(2) Å (BL44B2) using a 

CeO2 standard. The data were collected at 300, 773 and 793 K on heating as well as at 773 and 

300 K on cooling. 

The Synchrotron PXRD data at 300 K were analyzed by Rietveld refinement using the FullProf 

program [32] using the peak shape function of Thompson-Cox-Hastings Pseudo Voigt convoluted 

with axial divergence asymmetry and a linear interpolated background. Due to the small amount 

of Ag dopants in (Zn1-xAgx)4Sb3, the Ag atom was not introduced at each Zn site in the structural 



refinement. From the refinement results, the values of the lattice parameters, weight fractions of 

crystallographic phases existing in the samples, and atomic displacement parameters (ADPs) were 

obtained. The refinement details are shown in Table S1 in the Supporting Information (SI). 

 

2.3 Potential Seebeck Microprobe scanning 

The (Zn1-xAgx)4Sb3 pellets were cut into two halves along the direction perpendicular to the pellet 

surface after all the high-temperature property measurements, and then the cross section of one 

half was scanned by a Potential Seebeck Microprobe (PSM II) from PANCO [33]. Each sample was 

sandwiched by two nickel pieces in order for the microprobe tip to scan the cross-section along 

the whole width of the sample. 

 

2.4 Thermoelectric properties 

The measurements of high-temperature electrical resistivities and Hall coefficients (from room 

temperature to 575 K in the heating rate of 100 K/h) were carried out under a magnetic field of 

1.25 T in a dynamic vacuum on an in-house system [34] using the van der Pauw method. The 

temperature dependent Seebeck coefficients were measured from room temperature to 575 K in 

the heating rate of 100 K/h on an in-house uniaxial setup which is similar to the one reported by 

Iwanaga et al. [35]. Due to the bad thermal contact below 373 K, the data of Seebeck coefficient 

measured in vacuum below 373 K are not reliable for Zn4Sb3 samples, we use the cooling data 

from 575 K to 375 K for analysis. The heating data of Seebeck coefficient measured in vacuum as 

well as the heating and cooling data of Seebeck coefficient measured in air are shown in Figure 

S1 in the SI. The densities (d) of the pellets were measured by the Archimedes method with the 

estimated uncertainty of 2% (shown in Table 1). A Netzsch LFA 457 apparatus was used to 

measure the thermal diffusivity (D). The results are shown in Figure S2. The heat capacity (CP) 

was determined using a reference sample (Pyroceram 9606) in the temperature range 300 – 575 

K with steps of 25 K. Then the thermal conductivity was calculated according to the equation κ = 

DdCP. The estimated measurement uncertainties in the values of the electrical resistivity, Seebeck 

coefficient, and thermal diffusivity are 5%, 5%, and 7%, respectively, and the combined 

uncertainty for zT is around 20% [36, 37]. 

 

2.5 Electron microscopy analysis 

A scanning electron microscope (FEI Nova NanoSEM 600) equipped with an energy dispersive 

spectrometer (EDS) was used to observe the morphology and analyze the elemental distribution 

by EDS mapping. 

 

2.6 Thermal analysis 

Differential Thermal Analysis (DTA) and Thermogravimetry (TG) were conducted in a Netzch STA 

449 Jupiter equipped with a TASC414/4 controller. The instrument was calibrated by a standard 

list. The powders from (Zn1-xAgx)4Sb3 (x = 0, 0.005 and 0.01) samples were loaded into an open 

alumina crucible. The measurements were performed under the conditions of heating up to 923 

K and then cooling down to 303 K with the heating/cooling rate of 10 K/min in Ar atmosphere. 

 

3. Results and discussion 

3.1 Crystal structure and XRD characterization 



β-Zn4Sb3 shows the rhombohedral crystal structure (space group R3c, as shown in Figure 1) with 

a = 12.231 Å and c = 12.428 Å. The core structure of β-Zn4Sb3 contains three distinct atom sites 

36f Zn1, 18e Sb1, and 12c Sb2. 18 Sb3- and 6 Sb2
4- dimers fully occupy 18e Sb1 and 12c Sb2, 

respectively. However, the 36f Zn1 site is only partially occupied (90%). According to the 

three-interstitial model, the Zn atoms may randomly occur at the interstitial sites besides the 36f 

Zn1 site (only around 6% occupancy) [38]. The nominal composition of β-Zn4Sb3 is Zn13Sb10 (or 

Zn3.9Sb3), and the actual composition of Zn~3.85Sb3 indicating that β-Zn4Sb3 is a p-type 

semiconductor. 

 

 

Figure 1. Crystal structure of β-Zn4Sb3 with all atomic sites fully occupied. 

 

As seen in Figure 2 (a) and (b), both the top and bottom sides of all the as-synthesized 

pellets show the main phase of β-Zn4Sb3. The additional small reflection Ag5Zn8 appear in the 

Ag-doped samples, and the weak peak reflection from Zn can be seen in the undoped and 

Ag-doped samples. There is no obvious difference between the top and bottom side, indicating 

that placing a Zn foil between powders and the bottom punch can compensate the loss of Zn 

which might migrate along the applied electric current direction, i.e. from the bottom side to the 

top side [29]. 

 

 

Figure 2. XRD patterns of (a) the top side and (b) the bottom side for the as-pressed (Zn1-xAgx)4Sb3 

pellets at room temperature. 

 

3.2 Thermoelectric performance 



The as-pressed (Zn1-xAgx)4Sb3 pellets were annealed by running the resistivity measurements 

from room temperature to 575 K for 3 cycles (Figure S3). For all the samples, after the first cycle 

the electrical resistivity data show the same temperature dependence trend in the following two 

cycles due to the annealing effect. The cooling curve of the temperature dependent electrical 

resistivity in the third cycle for (Zn1-xAgx)4Sb3 samples is shown in Figure 3(a). The electrical 

resistivity of all the samples increases with increasing the temperature, showing a metallic 

behavior in the entire temperature range measured. With the increasing Ag content, the 

resistivity decreases continually from 2.28 to 1.40 mΩ∙cm at 300 K as the Ag content x increases 

from 0 to 0.015. This phenomenon is mainly attributed to the increase of the Hall carrier 

concentration (as seen in Table 1), owing to the fact that Ag+ has fewer valence electrons than 

Zn2+. But Ag doping has no obvious effects on the Hall mobility. The Seebeck coefficient of 

(Zn1-xAgx)4Sb3 samples obtained in the cooling procedure from 575 K to 375 K is shown in Figure 

3(b). The positive values of Seebeck coefficient in all the samples indicate that the major carriers 

are holes, i.e. p-type conduction. As the Ag doping content x increases from 0 to 0.0075, the 

Seebeck coefficient increases from 131.8 to 162.2 µV/K at 375 K. But when the silver doping level 

x is higher than 0.0075, the Seebeck coefficient starts to decrease. 

 

Figure 3. Temperature dependence of (a) electrical resistivity for the cooling segment of the third 

cycle and (b) Seebeck coefficient for (Zn1-xAgx)4Sb3 pellets for the cooling segment. 

 

Table 1. Room temperature Hall carrier concentration, Hall mobility and the density of 

(Zn1-xAgx)4Sb3 (x=0, 0.005, 0.0075, 0.010, 0.015). The relative density is calculated using the 

theoretical density of 6.37 g cm-3 [4]. 

Composition pH (1019 cm-3) µH (cm2V-1s-1) Density (g cm-3) Relative density (%) 

Zn4Sb3 6.61 40.49 6.23 97.8 

(Zn0.995Ag0.005)4Sb3 9.49 37.62 6.25 98.1 

(Zn0.9925Ag0.0075)4Sb3 11.60 36.18 6.29 98.7 

(Zn0.99Ag0.01)4Sb3 14.23 34.06 6.22 97.6 

(Zn0.985Ag0.015)4Sb3 11.33 41.15 6.15 96.5 

 

The calculated power factor (PF = S2σ) as a function of temperature for (Zn1-xAgx)4Sb3 

samples is shown in Figure 4(a). The magnitude of PF obviously increases from 7.31 to 13.85 

µW∙cm-1∙K-2 at 375 K as the Ag content increases from 0 to 0.0075, but decreases slightly as x is 



above 0.0075. From Figure 4(b), it can be seen that the total thermal conductivity of all the 

samples show a decreasing trend as the temperature increases. The Ag-doped samples exhibit 

slightly higher total thermal conductivity than the undoped sample and the total thermal 

conductivity increases slightly when x increases. Owing to the large enhancement of the power 

factor in the Ag-doped samples, the zT values of the Ag-doped samples are obviously higher than 

that of the undoped sample (shown in Figure 4(c)). The zT value increases as x increases from 0 

to 0.0075 and then decreases as x is larger than 0.0075. The highest zT value obtained at 575 K is 

1.19 for (Zn0.9925Ag0.0075)4Sb3, which is about 28% higher than that of the undoped Zn4Sb3 (0.93 at 

575 K). As can be seen in Figure 4(d), Ag0.02Zn4Sb3 reported in reference [39] shows relatively poor 

thermoelectric performance. For the other state-of-art doped Zn4Sb3 samples reported before, 

most dopants chosen are either toxic (Cd [9], Pb [24]) or expensive rare-earth elements (Pr [40], 

Sm [41], Gd [42]) to enhance the thermopower through resonant distortion of electronic density 

of states (DOS). Due to Ge [43] and Nb [13] dopants are sensitive to oxygen the experimental 

operation should be done in the glove box. Thus, these elements are not ideal chemical dopants 

for the industrial scaling application. Moreover, these doped Zn4Sb3 samples reported do not 

show better thermoelectric performance than the Ag-doped sample (Zn0.9925Ag0.0075)4Sb3 in our 

work. The thermoelectric figure of merit zT for the best-performing Ag-doped sample 

(Zn0.9925Ag0.0075)4Sb3 is obviously higher than other state-of-art doped Zn4Sb3 materials in the 

temperature range of 375 - 575 K. 

 

 

Figure 4. Temperature dependence of the (a) power factor, (b) total thermal conductivity, (c) zT 

value for (Zn1-xAgx)4Sb3 pellets and (d) The temperature dependent zT for the best-performing 

sample (Zn0.9925Ag0.0075)4Sb3. The data of high-temperature zT values of other Zn4Sb3-based 

compounds [1, 9, 13, 23, 24, 39-43] are plotted for comparison. 

 



3.3 Thermal stability 

3.3.1 Thermal stability of the bulk samples (Zn1-xAgx)4Sb3 

After the high-temperature measurements of thermoelectric properties in vacuum, XRD patterns 

of the top sides of the (Zn1-xAgx)4Sb3 (x = 0, 0.005, 0.0075, 0.01 and 0.015) pellets were measured 

and shown in Figure 5(a). As can be seen in Figure 5(a), the (Zn1-xAgx)4Sb3 (x = 0, 0.005 and 0.0075) 

samples still possess Zn4Sb3 as the main phase, but there is ZnSb phase appearing on the top 

surface of the two Ag-doped samples with higher Ag doping levels (x = 0.01 and 0.015), 

suggesting that Zn can evaporate from the surface of the samples [44] and the decomposition of 

Zn4Sb3 takes place after several temperature dependent measurements cycles (up to 575 K) 

measurements. However, after polishing the top sides of these two pellets, it is found that Zn4Sb3 

is still the main phase as seen in Figure 5(b). Moreover, from the PSM scanning images of the 

cross sections of these two samples (see Figure S4), we can see there is no ZnSb phase which has 

a Seebeck coefficient distribution around 200 µV/K in the main body. Therefore, it suggests that 

(Zn1-xAgx)4Sb3 bulk samples show the decomposition of Zn4Sb3 only on the surface, and the inner 

part is stable. Thus, the overall thermoelectric performance would be maintained. 

 

Figure 5. (a) Room temperature XRD (the wavelength: 1.54056 Å) patterns of the top sides of 

(Zn1-xAgx)4Sb3 (x = 0, 0.005, 0.0075, 0.01 and 0.015) pellets after the property measurements. (b) 

Room temperature XRD (the wavelength: 1.78892 Å) patterns of the top sides after being 

polished more for (Zn1-xAgx)4Sb3 (x = 0.01 and 0.015) pellets. 

 

Figure 6 shows the multi-temperature XRD patterns of the top side of the best-performing pellet 

(Zn0.9925Ag0.0075)4Sb3 in vacuum. Zn4Sb3 continues to exist as the main phase apart from a small 

fraction of the impurity Ag5Zn8 as shown in Figure 6(a). The weak diffraction peak of ZnSb 

appears when the sample was cooled to 301 K in the second cycle, but it disappears as the 

temperature increases to 793 K in the third cycle, which can be seen more clearly from Figure 

6(b). All in all, there is no serious decomposition of Zn4Sb3 for the bulk sample in vacuum.  

 



 

Figure 6. Muti-temperature XRD patterns (Wavelength: 1.78892 Å) of the top side of 

(Zn0.9925Ag0.0075)4Sb3 pellet between the 2θ range: (a) 25 - 65° and (b) 33 - 40°. 

 

In order to investigate the thermal stability of the bulk samples in air, undoped Zn4Sb3 and 

(Zn0.9925Ag0.0075)4Sb3 samples were both characterized by insitu XRD measurements. The results 

shown in Figure 7 reveal that there are Zn whiskers coming out of the surface on the two edges 

for the undoped Zn4Sb3 bulk sample, which is in agreement with the observation reported by 

Hung et al. [45]. However, no Zn whisker is observed for the (Zn0.9925Ag0.0075)4Sb3 bulk sample. 

Figure 8(a) shows the morphology of Zn whiskers which are confirmed by the SEM-EDS elemental 

mapping images in Figure 8(b). Therefore, the undoped Zn4Sb3 bulk sample is unstable in air but 

the Ag-doped bulk sample is stable in air when the maximum temperature is 573 K. 

 

 

Figure 7. Multi-temperature XRD patterns of the top side of (Zn1-xAgx)4Sb3 pellets in air: (a) x = 0 

and (b) x = 0.0075. The insets show the top side of the pellets after multi-temperature XRD 

measurements in air. 

 



 

Figure 8. SEM image of Zn whiskers and (b) SEM-EDS elemental mapping images of Zn whiskers 

on carbon paste. 

 

3.3.2 Thermal stability of the powder samples (Zn1-xAgx)4Sb3 

In situ PXRD of pure β-Zn4Sb3 is characterized and shown in Figure 9. The powder sample 

shows pure β-Zn4Sb3 phase at room temperature, and ZnSb phase appears at around 473 K. As 

the temperature increases, the amount of ZnSb phase gradually increases. After the temperature 

goes up to 773 K and stays at this temperature for 1 h, ZnSb emerges as the main phase and only 

a small amount of β-Zn4Sb3 phase remains in the powder sample. In view of the above results, we 

can see that β-Zn4Sb3 phase in the powder sample could only be stable below 473 K in air, and it 

starts to decompose into ZnSb and Zn which is oxidized by O2 to ZnO. This phenomenon is 

consistent with the instability reported by Iversen et al. [26] and Mozharivskyj et al. [3]. 

 

 

Figure 9. In situ powder XRD patterns of Zn4Sb3 powder sample: (a) temperature vs. 2θ and (b) 

peak intensity vs. 2θ at certain temperatures. 

 

Thermal stability of (Zn1-xAgx)4Sb3 (x = 0, 0.005 and 0.01) powder samples was further 

investigated by DTA, as shown in Figure 10. In the heating process, the second strongest 

endothermic peak (x = 0: at 767 K; x = 0.005: at 764 K; x = 0.01: at 769 K) corresponds to the 

peritectoid reaction from β-Zn4Sb3 to γ-Zn4Sb3 + ζ-Zn3Sb2 phases, the weak peak (x = 0: at 798 K; x 

= 0.005: at 799 K; x = 0.01: at 804 K) corresponds to the phase transition from γ-Zn4Sb3 to 

γ'-Zn4Sb3, and the strongest peak (x = 0 & 0.005: at 839 K; x = 0.01: at 847 K) corresponds to the 



melting point of γ'-Zn4Sb3 [46]. The two phases (γ- and γ'-Zn4Sb3) could be α- and β-Zn9−δSb7, 

respectively [47]. The other two weak peaks at 745 K and 783 K are also present in the sample 

with x = 0.01, which could be due to the impurity of Ag-Zn compound. When cooling down from 

923 K, the first exothermic peak (x = 0: at 823 K; x = 0.005: at 827 K; x = 0.01: at 828 K) 

corresponds to the crystallization of ZnSb phase because Zn4Sb3 has decomposed into ZnSb and 

Zn. The two peaks (at 790 K and 748 K for sample x = 0.005; at 792 K and 752 K for sample x = 0) 

only exist in two samples with x = 0 & 0.005, corresponding to the crystallization of Sb and Zn, 

respectively, which indicates that some of ZnSb decompose into Zn and Sb. The peak at around 

780 K forming in the two Ag-doped samples corresponds to the eutectic reaction transition from 

liquid to a mixture of two solid phases ZnSb and Sb. The peak at 719 K for the sample x = 0.01 

may be identified as the crystallization of ζ-Zn3Sb2 phase. The results of DTA in Ar suggest that 

further decomposition of ZnSb can be inhibited by Ag doping. 

Additionally, for the undoped sample, there is no endothermic peak in the heating curve of 

DTA and no mass loss step in the heating curve of TG (Figure S5) before the peritectoid reaction 

at 767 K, indicating no decomposition of β-Zn4Sb3 below 767 K. However, as the results of in-situ 

PXRD in air using the same heating/cooling rate show the appearance of ZnSb below 767 K due to 

the decomposition of β-Zn4Sb3 into ZnSb and Zn. Zn can react with the oxygen in air and the 

decrease in the amount of Zn will speed up the decomposition process [26]. Therefore, we can 

infer that different ambient atmospheres have different influences on the thermal phase stability 

of β-Zn4Sb3, which agrees with the previous report by Yin et al. [27]. 

 

 

Figure 10. DTA curves of the (a) heating and (b) cooling process for (Zn1-xAgx)4Sb3 (x = 0, 0.005, 

0.01) powder samples. 

 

High resolution synchrotron XRD data were also collected for structural analysis of the 

(Zn1-xAgx)4Sb3 powder samples. The multi-temperature XRD patterns for the undoped Zn4Sb3 

sample are shown in Figure 11(a). At 300 K before heating, the main phase is Zn4Sb3 and there is 

a small amount of impurities of ZnO and Sb. As seen in Figure 11(b), the observed profile is well 

described by the calculated profile after the refinement with three phases: Zn4Sb3, ZnO and Sb. 

The detailed refinement results for the XRD data at 300 K from all the three samples are shown in 

Table S2. As is the case with the undoped sample, the two Ag-doped samples also exhibit the 

main phase Zn4Sb3 which occupies a weight fraction of above 90%. 

As depicted in Figure 11(a), when the undoped Zn4Sb3 sample was heated up to 773 K, 



Zn4Sb3 decomposes into ZnSb and Zn, and Zn is then oxidized to ZnO due to the existence of 

oxygen in the capillary. When the temperature is increased to 793 K, most of ZnSb decompose. 

After cooling back to 300 K, only around 10% of ZnSb remain in the sample, and the weight 

fractions of Sb and ZnO phases are 45.03(20)% and 44.88(15)%, respectively. 

 

 

Figure 11. (a) Multi-temperature synchrotron X-ray diffraction patterns for undoped Zn4Sb3, (b) 

the calculated and observed diffraction patterns at 300 K before heating. 

 

Figure 12(a) and 12(b) show the multi-temperature synchrotron XRD patterns for the two 

Ag-doped samples. The decomposition of Zn4Sb3 phase into ZnSb also takes place for both 

Ag-doped samples when the temperature is increased to 773 K. However, after the two Ag-doped 

powder samples were cooled down from 793 K to 300 K, there is still Zn4Sb3 remaining (23.89(16)% 

for x = 0.005 and 6.29(7)% for x = 0.01. ZnSb phase is the main phase after cooling down to 300 K. 

There are 67.61(24)% and 76.92(18)% of ZnSb for x = 0.005 & 0.01, respectively. It is worth 

mentioning that ZnSb shows good thermoelectric performance which can be further improved by 

Ag doping [48], thus the thermoelectric performance of Ag doped Zn4Sb3 material at high 

temperatures up to 793 K can stay at a good level. The results clearly indicate Ag doping can 

improve the high-temperature thermal stability of Zn4Sb3 material and also inhibit the further 

phase decomposition of ZnSb. 

 

 

Figure 12. Multi-temperature synchrotron X-ray diffraction patterns for (Zn1-xAgx)4Sb3: (a) x = 

0.005 and (b) x = 0.01. 



 

4. Conclusion 

The thermoelectric properties at 300 - 575 K and high-temperature thermal stability of 

(Zn1-xAgx)4Sb3, which were synthesized by the direct spark plasma sintering method, were 

investigated in this work. Ag doping at the Zn sites can enhance the thermoelectric performance 

with the highest zT value of ~1.2 at 575 K for the (Zn0.9925Ag0.0075)4Sb3 bulk sample, and 

importantly the (Zn0.9925Ag0.0075)4Sb3 bulk sample is stable when it was heated up to 793 K under 

vacuum and also stable when the temperature is elevated to 573 K in air. Combining In-house in 

situ powder X-ray diffraction (PXRD) and multi-temperature synchrotron PXRD (up to 793 K), we 

found that Ag doping stabilizes Zn4Sb3 to avoid the decomposition into ZnSb and the further 

decomposition of ZnSb into Sb is also inhibited when the temperature goes up to 793 K and down 

to 300 K. In conclusion, Ag-doped Zn4Sb3 bulk materials still could be a promising thermoelectric 

material for intermediate temperature range applications. 
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Supporting Information 

Table S1. Rietveld refinement details of the synchrotron XRD data at 300 K. 

(The R factors and χ2 shown here are the data from the main phase whose weight fraction value 

was filled in grey color below) 

Parameters Zn4Sb3 (Zn0.995Ag0.005)4Sb3 (Zn0.99Ag0.01)4Sb3 

T(K) 300-1 300-2 300-1 300-2 300-1 300-2 

texp.(min) 15 15 15 15 15 15 

No. of points 7930 7931 7931 7933 7935 7934 

No. of reflections 3241 452 3268 3470 3230 3463 

No. of parameters 51 56 56 56 61 63 

RF (%) 1.68 2.37   1.85 2.77 2.90 2.08 

RBragg (%) 3.12 3.51 3.70 5.26 3.20 3.14 

Rp (%) 7.70 11.0 7.48 11.6 8.47 8.17 

Rwp (%) 8.42 12.0 8.07 14.4 9.05 9.19 

χ2 16.5 56.2 16.0 61.3 16.9 25.0 

Wt.% Zn4Sb3 94.34(0.19) - 93.09(0.19) 23.89(0.16) 90.81(0.21) 6.29(0.07) 

Wt.% ZnO 4.42(0.06) 45.03(0.20) 5.58(0.08) 8.50(0.12) 5.32(0.10) 12.22(0.08) 

Wt.% Sb 1.24(0.03) 44.88(0.15) 1.33(0.03) - 1.02(0.04) 4.56(0.04) 

Wt.% ZnSb - 10.10(0.09) - 67.61(0.24) 2.85(0.06) 76.92(0.18) 

Zn4Sb3 

a=b(Å) 12.21951(15) - 12.21970(12) 12.23696(20) 12.20993(17) 12.22394(34) 

c(Å) 12.40562(16) - 12.40552(13) 12.43208(25) 12.39731(18) 12.41722(47) 

Biso Sb1 0.762(0) - 0.771(0) 0.625(0) 0.981(0) 0.477(0) 

Biso Sb2 0.792(0) - 0.752(0) 1.150(0) 0.954(0) 1.050(0) 

Biso Zn1 1.431(0) - 1.326(0) 1.790(0) 1.324(0) 1.251(0) 

Volume 

(Å3) 
1604.1941 - 1604.2468 1612.2084 1600.5718 1606.8555 

ZnSb 

a(Å) - 6.20376(15) - 6.20334(7) 6.20180(68) 6.19815(5) 

b(Å) - 7.74261(19) - 7.74292(9) 7.73406(91) 7.73611(6) 

c(Å) - 8.09745(19) - 8.09937(10) 8.09277(114) 8.09145(6) 



Biso Zn1 - 0.455(0) - 0.957(0) 1.500(0) 1.000(0) 

Biso Sb1 - 0.462(0) - 0.426(0) 1.280(0) 0.412(0) 

Volume 

(Å3) 
- 388.9665 - 389.0283 388.1897 387.9815 

 

 

 

Figure S1. Temperature dependence of Seebeck coefficient for the (Zn1-xAgx)4Sb3 pellets: (a) 

heating data measured in vacuum and (b) heating & cooling data measured in air. 

 

 

 
Figure S2. Temperature dependence of thermal diffusivity measured by LFA for the (Zn1-xAgx)4Sb3 

pellets. 

 

 



 
Figure S3. Temperature dependence of the electrical resistivity for the as-pressed (Zn1-xAgx)4Sb3 

pellets in three cycles: (a) x = 0, (b) x = 0.005, (c) x = 0.0075, (d) x = 0.01 and (e) x = 0.015. 

 

Figure S3 shows that as the Ag content increases, the hysteresis loop between the heating and 

cooling curves becomes smaller and even disappears for the sample with x = 0.015, indicating 

that Ag doing has an influence on the microstructure change of Zn4Sb3 while undergoing the heat 

treatment. 

 

 

 
Figure S4. Room temperature PSM scanning images of the cross sections for (Zn1-xAgx)4Sb3 pellets 

after the property measurements: (a) x = 0, (b) x = 0.005, (c) x = 0.0075, (d) x = 0.01 and (e) x = 

0.015. 

 

 



 
Figure S5. TG curves of the (a) heating and (b) cooling process for (Zn1-xAgx)4Sb3 (x = 0, 0.005, 0.01) 

powder samples. 

 

 

 


