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Abstract 

 

The n-type Mg3(Sb, Bi)2 alloys show great potential for wasted heat energy harvesting due to their 

promising thermoelectric properties. In this work, we discover that doping transition element Ag 

into the n-type Mg3(Sb, Bi)2 alloy can effectively optimize the power factor and suppress the lattice 

thermal conductivity simultaneously. Interestingly, the Ag doping has different effects compared to 

the isoelectronic and same group element Cu addition studied previously. A high power factor of 

19.6 μWcm−1K−2 is obtained at 673 K owing to the increased electrical conductivity. At the same 

time, the lattice thermal conductivity is reduced to ~0.5 Wm-1K-1 because of enhanced phonon 

scattering induced by Ag atoms. These improvements lead to a peak figure of merit (ZT) of 1.64 at 

673 K as well as a high average ZT of 1.27 is obtained from 323 K to 673 K. Furthermore, a 

thermoelectric single leg with a competitive conversion efficiency of ~11% under a hot-side 

temperature of 673 K is fabricated successfully. In addition, a 2-pair module composed of n-type 

Mg3(Sb, Bi)2 alloy and p-type MgAgSb-based compound demonstrates the high conversion 

efficiency of ~7.9% at a temperature difference of 277 K, which will significantly upgrade the 

sustainable energy recycling technology.  



      

1. Introduction 

 

Thermoelectric (TE) materials offer great prospects for energy harvesting as they can directly 

convert thermal energy into electric energy and offer a promising solution for powering Internet of 

Things (IoT)[1–3]. It is crucial to develop high-performance TE materials to fully harness their 

capabilities. The efficiency of TE materials can be evaluated by the dimensionless figure of merit, 

given by the equation, ZT = S2σT/(κL+κe). Here, S is the Seebeck coefficient, σ is the electrical 

conductivity, κL is the lattice thermal conductivity, κe is the electronic thermal conductivity, and T is 

the absolute temperature[4]. A higher ZT value normally means a more efficient TE material. 

However, optimizing the ZT value is challenging because the various parameters are interdependent. 

Simply adjusting one parameter without considering the others may not yield the desired outcome, 

therefore, achieving optimal ZT values requires a comprehensive approach that takes into account 

the interplay relationship among these parameters. Many strategies have been adopted to enhance 

ZT, such as band engineering[5–7], point defect engineering[8,9], microstructure modification[10,11] and 

carrier concentration optimization[12,13]. 

 

So far, the most mature TE material is Bi2Te3-based alloys, which have already realized 

commercialization in salient cooling applications and heat recycling[14]. However, the scarcity of Te 

restrains its further development. Many novel TE systems have already been explored aiming to 

challenge or even replace the supremacy of Bi2Te3-based materials in this field, such as 

AgSbTe2[15,16], GeTe[17,18], CoSb3[19], Zintl compounds, etc. Among those novel TE material systems, 

Zintl compounds, with complex structures and rich crystal chemistry are close to the concept of 

‘PGEC’, which is ‘phonon glass-electron crystal’[20]. Mg3Sb2, owing to low raw material price, and 

less toxicity, is a promising Zintl compound and shows high potential in future TE module 

applications[21,22]. Due to the high volatility of Mg, Mg3Sb2 has been acknowledged as a p-type TE 

material with a mediocre performance at first, which strongly limits its further development[23–25]. 

 

In 2016, Tamaki et al.[26] demonstrated the n-type transport of Mg3Sb2-based TE material by adding 

excess Mg to suppress its evaporation during sintering. The highest ZT ~1.5 is obtained at 723 K in 



sample Mg3.2Sb1.5Bi0.49Te0.01, realizing a great leap forward in the enhancement of n-type Mg3Sb2-

based material. Motivated by this, many transition elements have already been proven as suitable 

dopants for n-type Mg3Sb2. For example, Chen et al.[27] adopted Mn as a dopant into the Mg site to 

change the low-temperature carrier scattering mechanism and enhance carrier mobility. Liu et al.[10] 

demonstrated that introducing minor Cu into interstitial sites is an applicable strategy for optimizing 

power factor (PF = S2σ) and κL together. Despite these significant reports, transition element-doped 

Mg3Sb2-based TE materials are less investigated and need more exploration. For example, Ag, 

which is in the same group as Cu in the periodic table of elements (ⅠB), has been proven as an 

effective dopant for the p-type Mg3Sb2 system[24,28]. Despite its potential, Ag doping in n-type 

systems remains unexplored, which motivates our interest in investigating its effects. 

 

In this work, the effect of Ag doping on the TE performance of n-type Mg3.2Sb1.5Bi0.49Te0.01 was 

studied. High-density n-type Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02) disks were 

prepared by the one-step ball milling and spark plasma sintering method. We found that Ag doping 

can effectively increase σ by the improvement of mobility. Also, thanks to the almost unchanged 

Seebeck coefficient after Ag doping, PF was improved from 16.7 to 19.6 μW cm−1 K−2 at 673 K. At 

the same time, Ag partially goes into the Mg sites to enhance the phonon scattering, realizing a 

decrease in lattice thermal conductivity. Consequently, the highest ZT ~1.64 was achieved at 673 K, 

and ZT also reached 0.72 at 323 K, showing a high TE performance over the whole measuring range. 

Furthermore, a 2-pair TE module using the corresponding material as n-type legs and MgAgSb as 

p-type legs was fabricated and the maximum conversion efficiency reached ~7.9% at a heat source 

of 573 K, which is comparable to the published results and also competitive in other module systems.  

 

2. Results and discussion 



 

Figure 1. (a) X-ray diffraction pattern of Mg3.2Sb1.5Bi0.49Te0.01 with 5 minutes and 10 minutes 
sintering. (b-d) Temperature-dependent (b) σ, (c) PF, (d) ZT of Mg3.2Sb1.5Bi0.49Te0.01 with 5-minute 
sintering and 10-minute sintering. 
 

Mg3Sb2-based TE material system usually has a low TE performance at low-temperature range. To 

solve this problem, one common strategy is to shift the Mg3(Sb, Bi)2 from Sb-rich to Bi-rich[29]. 

However, the low thermal and chemical stability of Mg3Bi2-based materials is a serious concern 

[30,31]. In this work, we studied the influence of spark plasma sintering (SPS) time on the TE 

performance of Sb-rich Mg3Sb2 samples. By optimizing the sintering time from 5 minutes to 10 

minutes at 973 K, electron scattering was significantly suppressed by eliminating thermal grain-

boundary resistance, and therefore electrical performance near room temperature was improved[32]. 

Figure 1a shows the XRD patterns of Mg3.2Sb1.5Bi0.49Te0.01 samples sintered for 5 and 10 minutes. 

The 10-minute sample has a relatively sharp peak, hinting that sample crystallinity is different[33]. 

To elucidate this, the scanning electron microscopy (SEM) analysis of fresh fracture surfaces was 

conducted to check the grain size variation between 5-minute and 10-minute sintered samples 

(Figure S1). The 10-minute sample exhibits a bigger grain size than the sample sintered at 5 minutes. 

(a) (b)

(c) (d)



In Figure 1b, the σ of the 10-minute sample is elevated to 4.9 × 104 S m-1 at 323 K, showing a 57% 

improvement compared with the 5-minute sample. The almost unchanged S in Figure S2 suggests 

that the Fermi level of the sample is unchanged, and the raising of σ can be attributed to the reduction 

of detrimental grain boundary scattering[34]. Consequently, the PF increased from 11.6 μW cm−1 K−2 

to 16.3 μW cm−1 K−2 at 323 K (Figure 1c). Also, a slightly reduced lattice thermal conductivity κL 

at low temperatures compensates for the increase of elevated electronic thermal conductivity κe,, 

contributing to the slightly increased total thermal conductivity κ and the remarkable enhancement 

of ZT at low temperatures (Figure S2). Interestingly, reducing the κL of material through nano-

structuring to create smaller grain sizes is one of the most common strategies to improve TE 

materials, which should have led the 10-minute sample to show a higher κL. While our 10-minute 

sample shows a lower κL although the grain size enlarged, this unphysical grain size dependence of 

κL can be ascribed to the segregation of heavier Bi atoms will increase the lattice thermal resistance 

at grain boundaries with the increasing sintering time, thus contributing to the degree of 

inhomogeneity. This unphysical phonon-grain boundary scattering mechanism especially happened 

on the Sb = 1.5, Bi = 0.49 system[35]. As a result, the ZT increased from 0.35 to 0.45 at 323 K, almost 

realizing a 30% improvement (Figure 1d). However, no significant improvement in the TE 

performance was realized for both samples at high temperatures. This is due to the negligible 

influence of grain size on TE performance at temperatures over 500 K. To improve the TE 

performance at higher temperatures, Ag was doped into the pristine sample as a strategy. 



 
Figure 2. (a) X-ray diffraction pattern, (b) The calculated lattice parameters a and c of the 
Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02), (c)-(f) SEM image of the fresh cross-section 
of Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02), respectively. (g-l) EDS element mapping 
results of Mg3.2Ag0.01Sb1.5Bi0.49Te0.01. 

 

The crystal structure of Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02) is the inverse α-

La2O3 structure (space group P-3m1). Figure 2a shows the powder x-ray diffraction (XRD) of 

Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02) bulk pellets after Spark Plasma Sintering. 

No secondary phases are found within the detection limits of powder XRD. The lattice parameters 

a and c are obtained from the Rietveld refinement of powder XRD of Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 

0, 0.005, 0.01, and 0.02) (Figure S3). The minor addition of Ag increases the lattice parameters 

slightly as shown in Figure 2b. The reason for the slight increase in both a and c might be attributed 

to the partial substitution of Ag on the Mg sites and/or interstitial sites. 

 



Figure 2c-f shows the scanning electron microscopy (SEM) images of fractured surfaces of the 

Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02) samples. No significant variation in the 

microstructure is found in all the samples. However, nanopores reduction which is left by the Mg 

evaporation during the sintering process is observed in all the Ag-added samples, which indicates 

the suppression of Mg evaporation. Further, an elemental mapping for all the samples is performed 

by energy dispersive spectroscopy (EDS) as shown in Figure 2g-l. The elemental composition 

analysis revealed that the Mg content is relatively increased for the Ag-added samples as compared 

to the pristine compound (Table S1). This result further proves that Ag can restrain the evaporation 

of Mg during the sintering process [10]. Also, the status of the die and graphite paper was recorded 

after the sintering process. As shown in Figure S4, the circular graphite paper of the pristine sample 

looks dirty and the squeezed melting phase is observed simultaneously, which should be ascribed to 

the Mg evaporation during the sintering[36]. However, the graphite paper of 

Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 looks cleaner than that of the pristine sample, which indicates that Mg 

evaporation during sintering is well-suppressed by Ag doping. For sample 

Mg3.2Ag0.07Sb1.5Bi0.49Te0.01, completely clean graphite paper proves that more Ag doping can 

guarantee almost no evaporation of Mg during sintering (As the TE performance of 

Mg3.2Ag0.07Sb1.5Bi0.49Te0.01 is too low which will not be further discussed in this work). This should 

be attributed to the reaction of Mg and Ag occurring during the sintering at 973 K according to the 

Ag-Mg binary phase diagram[37]. 



 

Figure 3. (a-d) Temperature-dependent (a) σ, (b) S, (c) μw, (d) PF of Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 
0, 0.005, 0.01, and 0.02). 

 

Temperature dependence of σ for Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 0.01, and 0.02) samples 

are shown in Figure 3a. The σ of all the samples decreases with the increase of temperature from 

323 K to 673 K, which indicates a degenerate semiconducting behavior. This temperature-dependent 

σ is derived from the acoustic phonon scattering that increases with temperature[33]. Moreover, 

thermally activated σ is eliminated successfully in the low-temperature range (~323 K) by extending 

the sintering time[33,34,38], leading all samples to show excellent electrical performance at the low-

temperature range. All the doped samples exhibit a higher σ than the pristine sample which proves 

that Ag doping can effectively optimize the carrier concentration or mobility. The σ at 323 K lifts 

from 4.7 × 104 S m-1 to 6.1 × 104 S m-1 by 0.01 Ag doped into the matrix. At 673 K, it reaches 2.45 

× 104 S m-1 compared with 2.09 × 104 S m-1 for the pristine sample. Figure 3b shows the temperature-

dependent S and the negative value of the S indicates this compound is an n-type TE material. It is 

confirmed that the formation of Mg vacancies can be well suppressed by adding the excess Mg 

grains during the experiment. The value of S displays a noteworthy rise throughout the whole 

(b)

(d)



measured temperature range. However, the S of doped samples does not show obvious variation 

with the pristine sample. An improvement of PF is realized due to the enhanced σ and moderate S. 

As shown in Figure 3c, for Mg3.2Ag0.01Sb1.5Bi0.49Te0.01, the highest PF reaches 25.4 μW cm−1 K−2 at 

423K and even at 673 K, the PF also displays 19.6 μW cm−1 K−2 in contrast with pristine sample, 

which is 20.8 μW cm−1 K−2 at 423 K and 16.8 μW cm−1 K−2 at 673 K.  

 

Room-temperature Hall measurement was conducted to further clarify the transport mechanism of 

the carrier. Figure S5 shows that the carrier concentration (nH) decreases from 1.9 × 1019 cm-3 to 1.3 

× 1019 cm-3 with increased doping content. It indicates that Ag atoms may become substitutional 

solutes on the Mg site, resulting in the reduction of nH. This is interesting, since it is quite different 

compared to the isoelectronic and same group element Cu addition which did not have such an effect 

on the carrier concentration, rather showing a slight increase due to interstitial doping[10,29]. Due to 

the reduced nH, a large increase in Hall mobility (μH) according to the equation 𝜎𝜎 = 𝑛𝑛𝑛𝑛𝑛𝑛 (Figure 

S5). Weighted mobility (μw) is also calculated from the model proposed by Synder[39,40]. The formula 

is shown below:  

𝜇𝜇𝑤𝑤 =
3ℎ3𝜎𝜎

8𝜋𝜋𝜋𝜋(2𝑚𝑚𝑒𝑒𝑘𝑘𝐵𝐵𝑇𝑇)
3
2
�

exp � |𝑆𝑆|
𝑘𝑘𝐵𝐵/𝑒𝑒 − 2�

1 + exp �−5( |𝑆𝑆|
𝑘𝑘𝐵𝐵/𝑒𝑒 − 1)�

+
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In this equation, h is the Plank’s constant, e is the electron charge, me is the electron mass and kB is 

the Boltzmann’s constant. The μw is calculated from the measured S and σ, which is shown in Figure 

3d. With the temperature increasing, μw shows a monotonic decrease owing to the acoustic phonon 

scattering (~T-3/2) with additional contribution from excited optical phonons[34]. After Ag doping, 

the sample (x = 0.01) shows a noteworthy enhancement compared with the pristine sample. At 323 

K, μw raises from 120 cm2 V-1 s-1 to 150 cm2 V-1 s-1. As we mentioned before, part of Ag may react 

with Mg, which leading the suppression of Mg evaporation, and the in-situ located at the grain 

boundary, which is most likely attributed to the higher mobility in the Ag-doped samples.  Mostly, 

the decreased nH will lead to a higher value of S. However, in this work, the trend of the S is not 

consistent with nH for samples with Ag doping. The S as a function of nH at room temperature based 

on the single parabolic band model (SPB) is shown in Figure S5. The density of state effective mass 

(m*) of the Ag-free sample is approximately 1.0 me. As the Ag content increases, the m* of doped 



samples deviates from this value, resulting in minimal changes in the S despite significant changes 

in the nH. Also, the decrease on m* will lead to the fall of μw on the x = 0.02 sample since the 

weighted mobility μw is related to the drift mobility μ by μw = μ (m*/me)3/2[39]. The reduced m* will 

lead to the value of μw reduced even if μ monotonously increases (Figure S5). 

 

Figure 4. Temperature-dependent (a) κ, (b) κL, (cc) ZT of Mg3.2AgxSb1.5Bi0.49Te0.01 (x = 0, 0.005, 
0.01, and 0.02), (d) Comparison of maximum ZT value and average ZT with the state-of-the-art n-
type Mg3Sb2-based thermoelectrical materials, including Mg3.2Sb1.5Bi0.49Te0.01[33],  
Mg3.2Sb1.5Bi0.49Te0.01Cu0.01[10], Mg3.16Y0.01Sb1.5Bi0.48[41], Mg3.19La0.01Sb1.5Bi0.5[42], 
Mg3.175Mn0.025Sb1.5Bi0.49Te0.01[27], Mg3.16Mo0.04Sb1.3Bi0.69Te0.01[43], Mg3.082Y0.018SbBi[44], 
Mg3.18Mn0.02Sb1.5Bi0.49Se0.01[45]. 

 

The total thermal conductivity κ was calculated by κ = DdCp. Before we intended to apply the 

Dulong-Petit heat capacity (Cv) as the heat capacity (Cp) of materials while calculating the value of 

κ. Nevertheless, this estimation may lead to a 10% fluctuation in ZT at high temperatures[46]. In this 

work, we adapted a single polynomial equation proposed by Agne et al[46]. As shown in Figure S6, 

the fitting curve is well corresponded with the LFA results at a high temperature range (over 500 K) 

compared with the Dulong-Petit method. The results of κ given in Figure 4a, with Ag doping, κ was 

(b)

(d)



decreased from 0.9 W m-1 K-1 (x = 0) to 0.8 W m-1 K-1 (x = 0.01) at 673 K. The decreased κ reveals 

that Ag doping may not only influence the carrier transport but also affect phonons. Therefore, the 

κL and the κe were calculated to better understand the phonon transport. In Figure 4b, all doped 

samples realized a drop in κL compared with the pristine sample. One reasonable explanation is that 

part of Ag occupied the Mg sites leading to an enhancement in phonon scattering, therefore, 

resulting in a decrease in mean free path and a decrease in κL [10,47]. Eventually, we realized a 

reduction of κL from 0.65 W m-1 K-1 (x = 0) to 0.54 W m-1 K-1 (x = 0.01) at 673 K. Based on the 

Wiedemann-Franz law, which is κe = LσT, indicating a positive co-relationship between the κe and 

σ. The merit of κe increased naturally from 0.22 W m-1 K-1 (x = 0.01) to 0.26 W m-1 K-1 (x = 0) owing 

to the optimized σ (Figure S7). However, the value of the increase in κe is less than the decrease in 

κL, making the total thermal conductivity realized reduced eventually.  

 

The figure of merit ZT was significantly increased during the whole measured temperature range 

owing to PF and κ optimized simultaneously by Ag doping, as shown in Figure 4c. At 673 K, the 

Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 sample exhibits the highest ZT value, 1.64, realizing great progress on 

the TE property of Mg3Sb2-based in the high-temperature range compared with the 1.29 ZT value 

of Ag-free doped sample. Furthermore, (ZT)avg is also calculated to compare all the sample TE 

performance more accurately using the following formula: 

(𝑍𝑍𝑍𝑍)𝑎𝑎𝑎𝑎𝑎𝑎 =
1

𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐
� 𝑍𝑍𝑍𝑍(𝑇𝑇)𝑑𝑑𝑑𝑑
𝑇𝑇ℎ

𝑇𝑇𝑇𝑇
 

From 323K to 673K, the Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 shows (ZT)avg value of 1.27 in comparison with 

1.00 for the pristine sample (Figure S8). In Figure 4d, compared to some state-of-the-art Mg3Sb2-

based TE materials, Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 shows high potential for power generation 

considering the high (ZT)avg. 



 
Figure 5. Measured (a) V, (b) P, (c) Qc, and (d) η of the Mg3.2Ag0.01Sb1.5Bi0.49Te0.01-based single 
thermoelectric element as a function of electrical current (I). The cold-side temperature Tc was 
maintained at 293 K and the hot-side temperature Th was set as 373 K, 473 K, 573 K, 673 K, 
respectively. (e) calculated and practical ηmax of Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 single leg as a function 
of the temperature difference between hot side and cold side, (f) comparison of ηmax value of single-
leg with Mg3.2Sb1.5Bi0.49Te0.01/304 stainless steel[48], (Ge0.98Cu0.04Te)0.88(PbSe)0.12[17], MgAg0.97Sb[49], 
Mg3.1Co0.1Sb1.5Bi0.49Te0.01[50], Ge0.93Bi0.06In0.01Te[18], (AgCu)0.995Te0.9Se0.1[51], 
AgSbTe1.85Se0.01S0.05[15], Bi2Te3[41] and PbSnS2-Cl[52]. 

 

To check the actual TE performance of the Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 sample, we fabricated an 

actual TE single leg based on this material (Figure S9) and tested the conversion efficiency by mini-

PEM (Figure S10). The 304 stainless steel (304SS) powder was chosen as the interface material for 

suppressing interface reaction and contact resistivity[48]. The SEM-EDS measurement was carried 

out to check the composition and interface of the module. In Figure S11, the interface of 304SS/ 

Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS can be observed clearly, and only a few elements of diffusion 

across the interfacial layer can be observed, which shows good thermal stability of this single TE 

element. The contact resistivity is about 16.58 μΩ cm2, as shown in Figure S12. The power 

generation characteristics of TE single leg are measured by mini-PEM. Figure 5a-d exhibits the 

terminal voltage (V), output power (P), output heat flow from the cold side (Qc), and conversion 

efficiency (η) of the Mg3.2Ag0.01Sb1.5Bi0.49Te0.01-based single thermoelectric element as a function 

of electrical current (I), respectively. The internal resistance (Rin) was obtained according to the 

slopes of the V-I plots. The value of internal resistance increased from 11.64 mΩ to 18.24 mΩ with 

(e) (f)



hot-side temperature increasing (Figure 5a). Also, the open-circuit voltage (Voc), which is the y-

intercept of the V-I plot, increases from 15.6 mV at Th of 373 K to 91.2 mV at Th of 673 K. Figure 

5b shows the P as a function of I. The maximum value of P (= VI) increases from 5.23 mW at Th of 

373 K to 113.54 mW at Th of 673 K under the matched impedance. Qc increases with the current 

because of Peltier heating and Joule heating (Figure 5c). Finally, the η was obtained using the 

following equation: 𝜂𝜂 = 𝑃𝑃 (𝑃𝑃 + 𝑄𝑄𝑐𝑐)⁄ , as shown in Figure 5d. At 373 K on the hot side, the ηmax is 

about 2.58% and reaches 10.67% at 673 K. The theoretical efficiency was also calculated to compare 

the efficiency gap between the calculation and the measurement result according to the following 

equation[53]:  

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜂𝜂𝑐𝑐
�1 + (𝑍𝑍𝑍𝑍)𝑒𝑒𝑒𝑒𝑒𝑒(𝛼𝛼� 𝜂𝜂𝑐𝑐⁄ − 1/2) − 1

𝛼𝛼�(�1 + (𝑍𝑍𝑍𝑍)𝑒𝑒𝑒𝑒𝑒𝑒(𝛼𝛼� 𝜂𝜂𝑐𝑐⁄ − 1 2⁄ ) + 1) − 𝜂𝜂𝑐𝑐
 

In the above equations, ηc is the Carnot efficiency, and 𝛼𝛼� is a dmensionless intensity factor of the 

Thomson effect defined as 𝛼𝛼� = 𝑆𝑆(𝑇𝑇ℎ)∆𝑇𝑇/ ∫ 𝑆𝑆(𝑇𝑇)𝑇𝑇ℎ
𝑇𝑇𝑐𝑐

𝑑𝑑𝑑𝑑 . (ZT)eng is the engineering dimensionless 

figure of merit and can be derived by[53]: 
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𝑇𝑇𝑐𝑐
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(PF)eng is the engineering power factor, Th and Tc hot-side, and cold-side temperature, respectively. 

The result of the efficiency calculated and measured is shown in Figure 5e, the maximum calculated 

efficiency reaches 12.35% at 673 K. Therefore, it can be concluded that the practical conversion 

efficiency is close to the calculation result. The single leg using 304SS as the contact layer exhibits 

a high conversion efficiency, owing to the lower contact resistivity and closer coefficient of thermal 

expansion with TE material[48]. Also, compared with other former works listed in Figure 5f, the 

fundamental role of Ag in TE performance enhancement can be further confirmed. As a result, 

304SS/Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS single leg shows a competitive performance, in contrast 

with other reported single-leg efficiency in different TE material systems. Especially in the low-

temperature range (323K), it even has a comparable efficiency with Bi2Te3.  



 
Figure 6. Measured (a) V, (b) P, (c) Qc, and (d) η of the two-pair 304SS/ 
Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS (n-type) and Ag/Mg0.99Cu0.01Ag0.97Sb0.99/Ag (p-type) module as 
a function of electrical current (I). The cold-side temperature Tc was maintained between 294 K – 
297 K, whereas the hot-side (Th) temperature varied from 323 K to 573 K. (e) calculated and 
practical ηmax of two-pair module as a function of the temperature difference between hot side and 
cold side. (f) comparison of ηmax value of former reported works with our work. 

To evaluate the thermoelectric power generation in a further step, we also fabricated the 2-pair TE 

device comprising an n-type 304SS/Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS developed in this work, and 

the counterpart p-type Ag/Mg0.99Cu0.01Ag0.97Sb0.99/Ag [10]. The reason we chose the MgAgSb-

based material as p-type material for the module is that Mg0.99Cu0.01Ag0.97Sb0.99 can possess a high 

ZT and ZTavg over 300 K to 600 K (Figure S13). Figure 6a-d shows the measured V, P, Qc, and the 

η of the two-pair 304SS/Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS (n-type) and 

Ag/Mg0.99Cu0.01Ag0.97Sb0.99/Ag as a (p-type) module as a function of electrical current (I). The cold-

side temperature Tc was maintained between 294 K – 297 K, whereas the Th varied from 323 K to 

573 K. The Voc value increases from 21 mV at ΔT of 29 K to 221 mV at ΔT of 277 K, which is in 

good agreement with simulated values (Figure S14c). The maximum output power (Pmax) value 

increases from 2.8 mW at ΔT of 29 K to 253 mW at ΔT of 277 K. The measured Pmax values are 

lower than the simulated Pmax (Figure S14d), mainly attributed to the larger internal resistance 

(Rin) compared to the measured Rin. For example, The Rin ~ 48 mΩ is larger than the simulated Rin 

~ 34 mΩ at ΔT of 277 K (Figure S14e). The difference in the Rin between the measured and 

simulated values is due to the larger contact resistance at the materials interfaces of both n-type and 

(f)



p-type TE legs. The Qc value increases from 0.29 W at ΔT of 29 K to 2.43 W at ΔT of 277 K, which 

is matching with the simulated values (Figure S14f). A ηmax of ~7.9% is obtained at ΔT of 277 K for 

the 2-pair module (Figure 6e), which is comparable to the best reported Mg-Sb-based TE modules[54]. 

Also, it shows a comparable performance and potential with other Mg-based modules and Bi2Te3-

based units (Figure 6f)[36,55–59] However, the measured ηmax of ~7.9% is lower than the simulated 

ηmax of ~10.2% (Figure 6e). The lower ηmax is mainly caused by the low Pmax, which can be further 

improved by the optimization of the module's interfacial contact resistances.  

 

3. Conclusion 

 

In summary, a promising n-type Mg3Sb2-based TE material with a high ZT was successfully 

synthesized by the one-step ball milling and spark plasma sintering method. Ag was found to be an 

effective dopant for the Mg3.2Sb1.5Bi0.49Te0.01 system, with different doping effects compared to the 

isoelectronic and same group element Cu addition. Whereas, Cu was previously indicated to mainly 

enter interstitial sites and grain boundaries, in our work we observe that part of Ag atoms may 

become substitutional solutes on the Mg site. A peak ZT value of 1.64 at 673K was achieved for 

Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 which is attributed to the high power factor and low lattice thermal 

conductivity. With these two effects working simultaneously via Ag doping, we obtained a high TE 

performance based on the Mg3.2Sb1.5Bi0.49Te0.01 system.  Moreover, the sandwich-structure TE single 

leg was also fabricated and exhibited a high conversion efficiency of ~ 10.7% with a hot-side 

temperature of 673K, which is close to the theoretical result, exhibiting a high potential for medium-

temperature thermal energy recycling. Moreover, a 2-pair module fabricated from n-type 304SS/ 

Mg3.2Ag0.01Sb1.5Bi0.49Te0.01/304SS and the p-type Ag/ Mg0.99Cu0.01Ag0.97Sb0.99/Ag resulted in high a 

ηmax of ~7.9% at ΔT of 277 K.    

    

4. Experimental Section 

 

4.1. Materials preparation 

 



High purity of Mg turnings (99.95%, Sigma Aldrich), Sb grains (99.999%, 5N plus), Bi grains 

(99.95%, Sigma Aldrich), Te grains (99.95%, Sigma Aldrich), and Ag beads (≥99.99%, Sigma 

Aldrich) were weighed according to nominal composition (Mg3.2AgxSb1.5Bi0.49Te0.01, x=0, 0.005, 

0.01, and 0.02) in a glovebox with both oxygen and water level less than 1 ppm. Then all the raw 

materials were loaded into a stainless-steel jar that contained two big balls (diameter is 12.5 mm) in 

the glove box and ball milled by a high-energy ball mill machine for 5 hours. Then the well-blended 

powder (2 grams each time) from the ball milling was transferred into a graphite die with an inner 

diameter of 10 millimeters and immediately sintered by spark plasma sintering (SPS, SPS-1080 

System, SPS SYNTEX INC) at sintering temperature 973 K with pressure of 60 MPa for 10 minutes 

to get the high-density disk samples. 

 

4.2. Phase and microstructure characterizations 

  

The phase structure characterization of sintered disk samples was carried out by X-ray diffraction 

(XRD, SmartLab3, Rigaku), using Cu Kα radiation with wavelength λ ≈ 1.5406 Å and rotating 

powder 2θ diffractometer ranging from 10 to 80 degrees. Microstructure and composition analysis 

of the productions after SPS were tested by field emission scanning electron microscopy (FESEM, 

Hitachi S-4800 & SU8000) and energy dispersive spectroscopy (EDS) attached to the FESEM 

equipment.  

 

4.3. Material property characterizations 

 

Bar samples cut from the pressed disks were used for electrical resistivity (ρ) and Seebeck 

coefficient (S) measurement via a commercial system (ULVAC ZEM-2). The PF (Power Factor) 

was calculated based on the formula PF=S2/ρ. Total thermal conductivity κ was obtained according 

to κ=DdCp, where D is thermal diffusivity, d is the sample density and Cp is the heat capacity at 

constant pressure. The density d of samples was confirmed by the Archimedes method, the value of 

density can be checked in Table S2 and the relative densities of all samples reach ~ 96%. Thermal 

diffusivity D and heat capacity Cp of the disk sample were measured simultaneously by a laser flash 

system (Netzsch LFA 467, Germany). Heat capacity Cp was also revised by the polynomial equation 



proposed by Agne et al.[46] Electronic thermal conductivity κe was calculated by Wiedemann-Franz 

law: κe = LσT, where L is Lorenz number, which can be expressed by the equation: L = 1.5 + exp [-

|S|/116][60]. Lattice thermal conductivity κL was obtained by subtracting electronic thermal 

conductivity from the total thermal conductivity. The measurement uncertainties of commercial 

instruments for the individual physical properties are 7% for electrical conductivity, 8.5% for power 

factor, 6% for thermal conductivity, and 11% for zT. The Hall carrier concentration (nH) was 

obtained using equation nH = 1/eRH, where e is the electronic charge and RH is the Hall coefficient. 

The room temperature Hall coefficient RH was measured using PPMS (Physical Properties 

Measurement System, Quantum Design) with the AC transport option. 

  

4.4. Single-leg and 2-pair module fabrication and characterization 

 

The Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 single-leg with 304 stainless-steel contact layers at both ends was 

prepared by SPS: The ball-milled Mg3.2Ag0.01Sb1.5Bi0.49Te0.01 powder was loaded between the 

stainless-steel powder each side in the graphite die and sintered by SPS using the condition as of 

the bulk material sintering described before[61]. For the fabrication of a 2-pair module, the 

Mg0.99Cu0.01Ag0.97Sb0.99 TE was used as a counterpart p-type leg. The p-type powder was 

sandwiched between the Ag powder on each side and sintered by using the same conditions as 

reported[61]. The obtained sandwich-structure joints were ground, polished, and then cut into bulk 

with dimensions of ~ 3 × ~3 × ~5.1 mm.  The 2-pair module fabrication was similar to the previous 

report. It was fabricated by positioning the p- and n-type TE lags on the Cu substrate with 

dimensions of 10 mm A × 10 mm × 0.5 mm, where 0.21 mm thick Cu patterns were printed onto 

the 0.08 mm thick heat-conducting polymer film. The legs were 7 mm × 3 mm × 1 mm. Liquid In-

Ga eutectic alloy was smeared between legs and Cu interconnecting electrodes to reduce the 

electrical and thermal contact resistances. The conversion efficiency of the single-leg and 2-pair 

module was measured with hot-side temperatures of 50 °C, 100 °C, 200 °C, 300 °C, 400 °C utilizing 

a commercial testing apparatus (Mini-PEM, ADVANCE RIKO, Japan)[60]. The cold-side 

temperature was maintained at 20–25 °C. 
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