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Abstract

Mg3Sb2-based thermoelectric materials have attracted much interest since the discovery of their

excellent n-type thermoelectric performance with excess Mg content and proper dopant. Herein, we

proposed a doping diagram for Mg3Sb2-based material in a binary parameters space of

electronegativity difference and atomic radius difference of extrinsic elements with Mg atom. Based

on this doping diagram, we designed a multiple interstitial doped TMx:Mg3Sb1.5Bi0.5 (TM =

Cr1/5Mn1/5Fe1/5Co1/5Cu1/5) material, and achieved a high dimensionless figure of merit value of 0.76

at room temperature and 1.83 at 500 ℃, respectively. The multiple interstitial dopants significantly

suppress the formation of Mg vacancy, which is of great importance in protecting the electrical

transport channel and improving the thermal stability. Besides, the mechanical properties are also

enhanced due to the random distribution of elements in the matrix, impeding the migration of

dislocations. Our work verifies the benefits of maximized sub-lattice disordering through the multi-

elements doping strategy in the Mg3Sb1.5Bi0.5 material.
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1. Introduction

The thermoelectric device has attracted considerable interest for its ability to generate electricity

from a temperature gradient (TEG) and to realize active cooling with an external electrical current

(TEC) [1]. The efficiency of a TEG or TEC device is strongly relative to the performance of

thermoelectric materials, which is expressed by the dimensionless figure of merit, ZT = S2σT/κ,

where S, σ, κ and T, are the Seebeck coefficient, the electrical conductivity, the thermal conductivity,

and the absolute temperature, respectively [2]. However, these transport parameters are strongly

coupled, resulting in a challenge in raising the ZT value [3, 4]. External doping is necessary to

optimize the carrier concentration or adjust the R-space microstructure and K-space band-edge

structure for a high ZT [5-7].

Recently, maximizing the disordering of sub-lattice has been considered to be important in

manipulating the transport of electrons and phonons through multiple dopants. The progress from

single fillers to double fillers and triple fillers manifested one of the benefits, scattering broad-

frequency phonons [8]. Such a multiple filler strategy was widely investigated in both n-type and

p-type filled-Skutterudites [9, 10]. Similar multiple dopants at a sub-lattice scattering phonon was

also reported in the (Ti/Zr/Hf)CoSb [11], Mg2(Si/Ge/Sn) [12], Cu2(Te/Se/S) [13], (Sn/Mn/Ge/Pb)Te

[14, 15], Co(Sb/Te/Sn)3 [16]. Furthermore, the disordering sub-lattice with multiple elements has a

high configurational entropy, providing a thermodynamic drive force to push the materials transition

from the low symmetry structure into high symmetry one, which is favored to have a high power

factor [13, 17]. Besides, it is believed that the construction of high entropy at the cation-site of

Bi2Se3 stabilize the compound and suppressed the Se vacancy, and then reaches a p-type

thermoelectric material Bi0.8Sb0.8In0.4Se3 [18]. The increased entropy is also a fruitful dimension to

guide the design of new thermoelectric materials [19]. However, the selection of multiple elements

for a given sub-lattice is still mainly limited by the congener elements.

Mg3Sb2-based materials have attracted much interest due to their excellent n-type

thermoelectric performance [20, 21], especially near room temperatures [22, 23]. The past few years

have witnessed extensive doping investigations, including elements Te, Se, and S in the Sb sublattice

[21, 24, 25]; Sc, Y, and Gd in the Mg-sublattice [26-28]; Mn, and Mg in the interstitial site [22, 29,

30] respectively. Nevertheless, to the best of our knowledge, the effect of multiple dopants on the



Mg3Sb2-based materials is still lack in investigation. We want to construct a doping diagram for the

Mg3Sb2-based materials in this work.

Herein, we aim to investigate the effect of multiple dopants at the interstitial site on the

properties of Mg3Sb1.5Bi0.5 system since the interstitial site doping has less limit in the valence

charge as compared with cation-sublattice and anion-sublattice. Firstly, we calculate the formation

energy to search for the possible dopant at the interstitial site from the family of transition metals.

Secondly, a doping diagram is constructed with electronegativity difference and atomic radius

difference between transition metals and Mg atom. Thirdly, we choose the multiple interstitial

dopant combination, i.e. Cr, Mn, Fe, Co, and Cu, and investigate the thermoelectric transport

properties, the thermal stability, and mechanical properties of Mg3Sb1.5Bi0.5. Our work provides an

intuitive insight into selecting proper dopants on the Mg3Sb2-based materials, verifying the strategy

to achieve high thermoelectric performance through multiple interstitial doping approaches.

2. Methods

2.1 Sample preparation

Raw materials Mg (turnings, 99.9%), Sb (shots, 99.99%), Bi (shots, 99.99%), Te (shots,

99.999%), and transition metals with high purity (>99.8%) were weighed according to the nominal

composition of TMxMg3.2Sb1.5Bi0.49Te0.01 (TM = Cr1/5Mn1/5Fe1/5Co1/5Cu1/5, x = 0, 0.002, 0.01, 0.02)

in a glove box with both oxygen and water level less than 1 ppm. Hereafter, we refer to the as-

fabricated samples as TMx:Mg3Sb1.5Bi0.5. The starting materials were ball milled for 8 h with a

SPEX 8000D and then sintered at 825 ℃ for 5 min with a pressure of 50 MPa in a spark plasma

sintering machine (SPS, 211LTX; Fuji, Co, Ltd.). The as-fabricated polycrystal bulks have a

diameter of 12.7 mm and a height of ~7 mm, which is large enough for measuring the electrical and

thermal properties in the direction perpendicular to the pressure direction. The thermal stability of

pristine and TM0.01Mg3Sb1.5Bi0.5 material was performed by the annealing treatment at 400 ℃ for

different annealing days under a high vacuum level of less than 1×10-2 Pa in quartz tubes.

2.2 Characterizations

The crystalline structures of the as-fabricated TMx:Mg3Sb1.5Bi0.5 bulks were characterized by

X-ray diffraction (XRD, Rigaku SmartLab) using Cu Kα radiation (λ =1.54Å) operating at 45 kV,

200 mA. The elemental compositions for different doped Mg3Sb1.5Bi0.5 materials after annealing

treatment are analyzed through the energy-dispersive X-ray spectroscopy (EDS) mapping

performed on field-emission scanning electron microscopy (FESEM). For each sample, we



measured three different areas to calculate the average composition. Then we further analyze four

local regions in each area. Thus, an average value of 12 EDS mapping results is adapted for each

sample.

2.3 Thermoelectric transport properties measurement

Electrical resistivity and Seebeck coefficient of the as-fabricated TMx:Mg3Sb1.5Bi0.5 bulks were

measured simultaneously with a ZEM-3 (ZEM3; ULVAC Riko) in a helium atmosphere from room

temperature to 500 ℃. Thermal conductivity was determined by the equation κ = Cp×D×d, where

the specific heat capacity Cp was measured by differential scanning calorimeter (DSC, Netzsch),

thermal diffusivity D was measured by the laser flash method (LFA 467; Netzsch), and density d

was calculated by the Archimedean method. The Hall coefficients (RH) for the as-fabricated

TMx:Mg3Sb1.5Bi0.5 bulks were measured using Physical Property Measurement Systems (PPMS-

14L, Quantum Design) under a reversible magnetic field of 2 T. The Hall carrier concentration and

the carrier mobility are calculated by ு݌ = 1/|ܴு|݁, and ுߤ = |ܴு|/ߩ, receptivity, where e is the

electron charge and ρ is the measured electrical resistivity from ZEM-3.

2.4 Mechanical properties measurement

Nanoindentation tests were performed on the Nano Indenter G200 (KLA-Tencor, America)

with a maximum load of 200 mN. Young’s modulus and hardness can be obtained through the

commercial software calculation based on the measured curves. Compression tests were carried out

on a universal testing machine (INSTRON) with a displacement speed of 0.25 mm min-1 at room

temperature and 200 ℃. The testing samples are cut into a cylinder with a diameter of 4.00 mm and

a height of ~6.50 mm from an ingot obtained in SPS.

2.5 Defect formation energy calculations

First-principle calculations were carried out on the basis of density functional theory using the

projector augmented wave method, as implemented in the Vienna ab-initio Simulation Package

(VASP) [31], and the Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA)

was applied with a plane wave cutoff energy of 550 eV [32]. The defect formation energies of the

periodic table element doped Mg3Sb2 were carried out on a supercell (3 × 3 × 2 primitive cell)

with an external dopant on the five potential doping sites, i.e. Mg1 site (0, 0, 0), Mg2 site (1/3, 2/3,

0.368), Sb site (2/3, 1/3, 0.225), the interstitial site (1/3, 2/3, 0.072), and the cage site (0, 0, 0.5). A

3 × 3 × 3  Monkhorst-Pack k-point mesh [33] was used for supercell energy calculations. The

atomic positions were fully relaxed until the forces on each atom were less than 0.01 eV/Å, and total

energy differences between two consecutive steps were less than 10-6 eV. We used 3s2, 5s25p3, and



6s26p3 for the valence electronic configurations of Mg, Sb, and Bi in the pseudopotentials,

respectively.

The preferred doping site for periodic table elements in the Mg3Sb2-based materials was

determined by the calculation of defect formation energy, according to the Eq. 1 [34, 35]:

௙ܧ = ௧௢௧ܧ − ௣௥௜ܧ − ௥ܧ + ௫ܧ (1)

where Etot and Epri represent the energies of a defect-contain and perfect supercell, respectively. Er

and Ex are the elemental energy of the substituted atom and doping atom in their pure substance,

respectively. In this work, we mainly focus on the defect formation energies in the neutral state, and

the effect of the charge state resulting from doping atom may be concerned for precise calculations

in the future work.

3. Results and discussions

3.1 Doping diagram of Mg3Sb2-based thermoelectrics

Fig. 1 (a) shows the defect formation energies of different 20 dopants, including, Ca, Sc, Y, Ti,

Hf, Nb, Mo, Cr, Mn, Fe, Co, Ni, Cu, Ag, Zn, Al, Ga, Ge, Bi, and Te in their five potential doped

sites of Mg3Sb2, i.e. Mg1 site (0, 0, 0), Mg2 site (1/3, 2/3, 0.368), Sb site (2/3, 1/3, 0.225), the

interstitial site (i1) (1/3, 2/3, 0.072), and the cage site (i2) (0, 0, 0.5) (Fig. 1(b)). Mg3Sb2 crystalizes

in an inverse α-La2O3 structure-type (Space group P3ത m1) with an Mg2+ layer and [Mg2Sb2]2-

skeleton stacked in the ABAB sequence along the c axis direction [36, 37]. Based on the defect

formation energy, the cage site was firstly excluded for all the investigated dopants showing the

highest formation energy as compared with other sub-lattice sites. In the following part, we will

discuss the favorable dopants in the sublattice site in the sequence of Mg1 site, the interstitial site,

Mg2 site, and Sb site for elemental occupation.

Firstly, Ca, Sc, Y, Ti, Hf and Nb prefer to occupy the Mg1 as shown in the green region of Fig.

1 (a). Ca belongs to alkali element, which is consistent with the definition of A site for an AB2X2-

type Zintl compound [38]. Besides, Sc and Y were reported as effective electron providers for

Mg3Sb2-based materials both in theoretical calculations [39, 40] and experiments [23, 26, 41]. While

for Hf and Nb, Ren et al. have suggested these two elements could tune the scattering mechanism

as they substitute the Mg1 atom [42, 43]. Secondly, the cyan region of Fig. 1 (a) indicates that the

lowest formation energy site for transition metals Mo, Cr, Mn, Fe, Co, Ni, Cu, and Ag is the

interstitial site. Mn and Cu have been reported to occupy the interstitial site and have made great



advances in thermoelectric performance [22, 44]. While for Fe, Co, Ni, and Ag, Ren et al. suggested

that they might prefer the Mg1 site according to their experimental work [43, 45]. However, our

calculations sugget the interstitial site is more energetically favorable for these transition metals.

Thirdly, Zn, Ga, and Al prefer to replace Mg2 atom according to our calculations, the yellow region

of Fig. 1 (a). Zn has d10 electron orbits and prefers to occupy Mg2 site [46]. Besides, Al has the

lowest defect formation energy of the Mg2 site, which is consistent with reported experiment results

[47]. Finally, Ge, Bi, and Te tend to occupy the Sb site in the pink region of Fig. 1 (a). Bi has been

applied to tune the band structure of Mg3Sb2 and reduce the thermal conductivity [48, 49], while Te

is an effective dopant that provides extra electrons in the system. Beside, Recently reported Ge

dopant can significantly decrease the thermal conductivity when occupied at Sb site [50]. Among

those elements, Ti, Mo, Cr, and Ga have not yet been investigated.

Based on the above analyses, we suggest that there is a general rule to intuitively present the

preferred doping site of Mg3Sb2 for the periodic table elements instead of the defect formation

energy calculations. Generally, the electronegativity and atomic radius of constituted elements are

key parameters to affect the crystal structure, the hardness, and the carrier concentration of host

materials [51-53]. Therefore, we try to construct a doping diagram based on the electronegativity

difference and atomic radius difference between the doping element and Mg element as shown in

Fig. 1 (c). To be addressed, the Allred-Rochow electronegativity [54] and atomic radius [55] of

periodic table elements are utilized in this work and detailed data are presented in the supporting

information (Table S1). Four regions were clearly separated. Our theoretical calculations (Blue

circles) exhibit high consistency with reported defect formation energies (Brown triangles) [40, 56,

57]. In addition, we also summarized various reported Mg3Sb2-based thermoelectrics with different

dopants in this doping diagram (Red stars) [22, 25, 26, 28, 42, 43, 58-69]. It is shown that the located

regions for reported doped elements are coincided with their occupied sites in experiments,

indicating the high effectiveness of this doping diagram in guiding the preferred doping sites of

extrinsic dopants on Mg3Sb2-based materials.

In our previous work, we have suggested that the interstitial site doping has a less detrimental

impact on the band edge of Mg3Sb2 material [70], and could significantly suppress the formation of

Mg vacancy [22, 71]. Herein, we would like to further investigate the effect of multiple interstitial

dopants on the thermoelectric properties of Mg3Sb2-based materials. The X-ray diffraction (XRD)

patterns of TMxMg3.2Sb1.5Bi0.49Te0.01 (TM = CrMnFeCoCu, x = 0, 0.002, 0.01, 0.02) are presented

in Fig. S1. All the diffraction peaks are well indexed with reported inverse α-La2O3 structure-type

(Mg3Sb2, PDF#65-3458) and no obvious impurity peaks are observed, indicating the substantial

solubility of these transition metals in Mg3Sb1.5Bi0.5 system. Additionally, EDS mapping results



shown in Fig. S2 reveal the uniform doping in the as-fabricated TM0.01Mg3.2Sb1.5Bi0.5.

3.2 Multiple-elements Doped Mg3Sb2

Fig. 2 shows the electrical transport properties of as-fabricated TMx:Mg3Sb1.5Bi0.5 (x = 0, 0.002,

0.01, 0.02) materials. The room temperature electrical resistivity of TMx:Mg3Sb1.5Bi0.5 bulks

continuously decrease from 18.3 to 15.0, 13.8, and 13.2 μΩm as TM content increases from x = 0

to 0.002, 0.01, and 0.02, respectively (Fig. 2 (a)). The Seebeck coefficients of all as-fabricated

TMx:Mg3Sb1.5Bi0.5 bulks exhibit a degenerate behavior, showing a near-linear variation with

temperature from -200 μV K-1 to -300μV K-1 and a weak correction with TM doping content (Fig.

2 (b)). Owing to significant decrease in electrical resistivity from x = 0 to x = 0.2, the power factor

therefore increases 17% at room temperature from 2386 μW m-1 K-2 (x = 0) to 2799 μW m-1 K-2 (x

= 0.02), and 20% at 500 ℃ from 1572 μW m-1 K-2 (x = 0) to 1821 μW m-1 K-2 (x = 0.01) (Fig. 2

(c)). The high power factor is critical for the power generation application [72]. According to the

relationship of 1 ⁄ߩ = ݊ு݁ߤு , the decreased electrical resistivity could be resulted from both the

carrier concentration (nH) and carrier mobility (μH). The Hall measurement shows that the carrier

concentration increases by 7% from 2.8×1019 to 3.0×1019 cm-3 while carrier mobility increases by

29% from 124 to 160 cm2 V-1 s-1 as TM doping content increases from x = 0 to x = 0.02 (Table 1).

The slightly increased carrier concentration suggests the interstitial dopants behave as weak donors.

Similar donor behavior has been widely verified in the filled Skutterudites [8, 73] and Cu interstitial-

doped Bi2Te2.7Se0.3 [74]. Furthermore, the increased carrier mobility might be related to the

decreased scattering from the defects. In our previous work, we have suggested that the interstitial

Mn dopant could significantly suppress the formation of Mg vacancy [22, 71], which is consistent

with the increased Mg content per formula with the multiple TM interstitial dopants (Fig. S7).

Additionally, Mao et al. suggested that carriers were subject less to scattering by Mg vacancy [75].

Moreover, the grain size of TM0.01Mg3Sb1.5Bi0.5 sample is comparable with that of the undoped

sample (Fig. S3). Therefore, the electrical transport channel can be well protected by the further

suppression of Mg vacancy through multiple TM dopants, leading to a further increase of carrier

mobility. Fig. 2 (d) compares the weighted mobility ܷ = ଷ/ଶ (where(଴݉/∗݉)ߤ μ is the Hall carrier

mobility and m* is the effective mass) of the as-fabricated TMx:Mg3Sb1.5Bi0.5 bulks with previous

reported transition-metal doped Mg3Sb1.5Bi0.5 [43, 44, 60, 61] as well as Mg3Sb2-xBix materials [26,

27, 71]. The effective mass of the as-fabricated TMx:Mg3Sb1.5Bi0.5 bulks is 1.5 m0 (Fig. S4), which

is comparable with previously reported Mg3Sb1.5Bi0.5 bulks with co-dopants of Mn and Te [60], and

Fe and Te [43]. Therefore, the increased carrier mobility of the as-fabricated TM0.01Mg3Sb1.5Bi0.5

sample contributes much to the higher U value of 293.9 cm2 V-1 s-1 among the reported Mg3Sb2-xBix

family. The high weighted mobility is consistent with the observed high power factor.



Fig. 3 shows the thermal transport properties and dimensionless figure of merit for the as-

fabricated TMx:Mg3Sb1.5Bi0.5 (x = 0, 0.002, 0.01, 0.02). As shown in Fig. 3 (a), all the samples show

a continuous decrease in the whole temperature range of room temperature to 500 ℃, indicating no

obvious bipolar effect. The total thermal conductivity near room temperatures of the as-fabricated

TMxMg3Sb1.5Bi0.5 bulks is slightly higher than the TM-free sample due to the increased electrical

thermal conductivity. Based on the Wiedemann-Franz law, we further estimated the lattice thermal

conductivity (Fig. 3 (b)), which is subtracted by electrical thermal conductivity from total thermal

conductivity, i.e. κlat = κtot – LT/ρ, where ρ is the measured electrical resistivity, L is Lorenz number

calculated based on the single parabolic model with acoustic phonons scattering. The relationship

between Lorenz number, Seebeck coefficient, and Fermi level is expressed as follows [74]:

ܵ = ± ௞ಳ
௘
൤(௥ାହ/ଶ)ிೝశయ/మ(ఎ)
(௥ାଷ/ଶ)ிೝశభ/మ(ఎ)

− ൨ߟ 1)

ܮ = ௞ಳ
మ

௘మ
ቈ(௥ା଻/ଶ)ிೝశఱ/మ(ఎ)
(௥ାଷ/ଶ)ிೝశభ/మ(ఎ)

− ൤(௥ାହ/ଶ)ிೝశయ/మ(ఎ)
(௥ାଷ/ଶ)ிೝశభ/మ(ఎ)

൨
ଶ
቉ 2)

(ߟ)௡ܨ = ∫ క೙

ୣ୶୮(కିఎ)ାଵ
ஶ
଴ ߦ݀ 3)

where kB, e, r, η, Fn, and ξ are the Boltzmann constant, electron charge, scattering parameter, reduced

Fermi level, nth Fermi-Dirac integral, and reduced energy, respectively. As shown in Fig. 3 (b), the

κL firstly decreases as x increases from 0 to 0.01 and then increases as x = 0.02. Specifically, the κL

of as-fabricated TMx:Mg3Sb1.5Bi0.5 decreases 5% at room temperature from 0.78 W m-1 K-1 (x = 0)

to 0.74 W m-1 K-1 (x = 0.01), and 9% at 500 ℃ 0.57 W m-1 K-1 (x = 0) to 0.52 W m-1 K-1 (x = 0.01).

While, considering the lattice thermal conductivity, the interstitial TM elements are weak phonon

scattering in the as-fabricated TMx:Mg3Sb1.5Bi0.5. The phonon scattering by the interstitial dopants

could be counteracted by the reduction of Mg-vacancy defects to the phonon scattering as compared

with other reported interstitial dopants, such as Cu in Bi2Te2.7Se0.3 [74], and Mn in Mg3Sb1.5Bi0.5

[22, 76], which were also reported the obvious phonon scattering. Fig. 3 (c) shows the temperature-

dependent ZT values of the as-fabricated TMx:Mg3Sb1.5Bi0.5. Owing to the optimized power factor

and the decreased lattice thermal conductivity, the ZT values increases by 12% at room temperature

from 0.68 (x = 0) to 0.76 (x = 0.01), and 18% at 500 ℃ from 1.55 (x = 0) to 1.83 (x = 0.01). Fig. 3

(d) compares the room temperature ZT and ZTavg in the range of 50 – 250 ℃ of the as-fabricated

TM0.01Mg3Sb1.5Bi0.5 sample with other reported Mg3Sb1.5Bi0.5 materials [26, 43, 44, 60, 71] and a

classic n-type nano-Bi2Te3 material [74]. It shows that the as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample

has a higher room temperature ZT value of 0.76 among Mg3Sb1.5Bi0.5 family, and is comparable to



0.90 for the classic Bi2Te3 materials. Besides, the as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample

possesses a high ZTavg of 1.17 in the temperature range from 50 ℃ to 250 ℃, which is higher than

that of previous reported transition-doped Mg3Sb2-based materials and reported Bi2Te3 materials,

suggesting that multiple TM dopants can effectively improve the overall TE performance and enable

the Mg3Sb2 as a candidate in practical application at room and mid-temperature.

3.3 Thermal stability

Thermal stability is a crucial indicator to justify the reliability of the long-term services of

thermoelectric materials at high temperatures [74, 77]. Therefore, annealing treatment at 400 ℃ for

0 day, 3 days, 7 days and 10 days were conducted. Fig. 4 compares the electrical properties of the

as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample with the TM-free Mg3Sb1.5Bi0.5 sample after annealing.

Firstly, the electrical resistivity of all the samples slightly increased after annealing treatment (Fig.

4 (a,b)), which is due to the strong deterioration of carrier mobility (Fig. S5). Secondly, for the

Seebeck coefficients, the TM-free TM0.01Mg3Sb1.5Bi0.5 sample shows an obvious decrease from -

208 to -199, -194, and -189 μV K-1, as the annealing time increases from 0 to 3, 7, and 10 days,

respectively (Fig. 4 (d)). While the Seebeck coefficients of the as-fabricated TM0.01Mg3Sb1.5Bi0.5

sample are less impacted by annealing treatment (Fig. 4 (e,f)). The comparison of thermoelectric

transport properties between TM doped and TM-free Mg3Sb1.5Bi0.5 clearly suggests that the TM

doping significantly increases thermal stability. The thermally unstable issue in Mg3Sb1.5Bi0.5

thermoelectric materials was known for the Mg evaporation at high temperatures. Some efforts to

prevent the Mg loss have been verified as an effective approach, including Mg-vaporing treatment

[78] and BN-coating [79]. In our case, the increased thermal stability has resulted from two facts.

First, the local bonding between the interstitial dopants and Mg atom could raise the formation

energy of Mg vacancy. Second, the multiple dopants of Cr1/5Mn1/5Fe1/5Co1/5Cu1/5 increase the

entropy of the materials, providing another thermodynamic reason for the improved thermal stability.

Additionally, the results of crystal structure, EDS mapping and Hall measurements of

TM0.01Mg3Sb1.5Bi0.5 and TM-free Mg3Sb1.5Bi0.5 sample (Fig. S5 – S7) further demonstrate the

improved thermal stability through multiple interstitial dopants. Consequently, the room

temperature power factor of the as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample decreases by 12.6% after

annealing treatment for 10 days, which is much less than that (31.3%) of the TM-free Mg3Sb1.5Bi0.5

sample (Fig. 4 (i)). The apparent difference in power factor manifests the benefits of multiple

interstitial dopants.

Furthermore, Fig. 5 compares the long-term in-situ electrical properties measurement of the

as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample with reported pristine and BN-coated Mg3.2Sb1.5Bi0.5 at



400 ℃ [79]. The electrical conductivity of the as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample shows a

slight derivation within 3% at 400 ℃ in 65 h, which is much lower than the reported

Mg3.2Sb1.5Bi0.49Te0.01 sample (20%) and comparable to the BN-coated samples (4%) (Fig. 5 (a)).

Besides, both Seebeck coefficients and power factor of as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample

show less fluctuation than that of reported pristine and BN-coated Mg3Sb1.5Bi0.5 (Fig. 5 (b,c)). The

well maintained electrical properties of the as-fabricated TM0.01Mg3Sb1.5Bi0.5 sample may be

contributed by the stabilization of crystal structure (Fig. S6) and significant suppression of Mg

vacancy (Fig. S7), thus protecting the electrical transport channel (less deterioration to carrier

mobility, Fig. S5). Besides, we also compared the temperature-dependent thermoelectric properties

of initial TM0.01Mg3Sb1.5Bi0.5 sample with the rest sample that was stored in a sample sack at

ambient environment after 10 months (Fig. S9 (a)). The electrical transport properties near 500 ℃

get about 8 % deterioration after 10 months (Fig. S9), indicating excellent chemical stability of

TM0.01Mg3Sb1.5Bi0.5 sample. These results reveal that as-fabricated TM0.01Mg3Sb1.5Bi0.5 material

exhibits promising thermal stability, which is owing to the suppression of Mg vacancy, similar to

BN coated [79], thus securing the reliability for the operation in TE devices.

3.4 Mechanical properties

Fig. 6 (a) shows the measured nano-indentation curves of as-fabricated pristine,

TM0.01Mg3Sb1.5Bi0.5 materials under a maximum load of 200 mN. The Young’s modulus estimated

through the nano-indentation tests gets an increase from 36.58 GPa for pristine Mg3Sb1.5Bi0.5 to 42.2

GPa for TM0.01Mg3Sb1.5Bi0.5, close to that of our previous reported value [22]. Additionally, the

hardness shows the same trend as Young’s modulus (Fig. 6 (c)). The hardness of as-fabricated

TM0.01Mg3Sb1.5Bi0.5 sample is 1.29 GPa, which is better than that of promising thermoelectric

materials, such as Bi2Te3 (1.14 GPa) [80], Cu1.8S-Ru0.01 (1.01 GPa) [81], and Nd-doped

Mg3Sb1.5Bi0.5 (1.11 GPa) [82]. The multiple dopants at the interstitial site may strengthen the

chemical bonding between adjacent layers (Fig. 6 (b)), a similar strengthening effect was also

observed in MgB2 doped in GeTe matrix [83].

Fig. 6 (c) shows the compressive stress-strain tests for pristine and TM0.01Mg3Sb1.5Bi0.5 at room

temperature and 200 ℃. All the Mg3Sb1.5Bi0.5 samples exhibit promising plasticity as the strain can

reach above 30%. The compressive strength increases by 20% at room temperature from 298 MPa

pristine Mg3Sb1.5Bi0.5 to 359 MPa for TM0.01Mg3Sb1.5Bi0.5, and 16% at 200 ℃ from 232 MPa for

pristine Mg3Sb1.5Bi0.5 to 269 MPa for TM0.01Mg3Sb1.5Bi0.5 (Fig. 6 (c)). The room temperature

compressive strength of the as-fabricated TM0.01Mg3Sb1.5Bi0.5 is much higher than other state-of-

the-art thermoelectrics Ge0.9Sb0.1Te [83], Bi2Te3 [84], Cu2Se [85], SnSe [86], Cu1.9Ag0.1Te0.6Se0.2S0.2



[13], RE-doped Mg3Sb1.5Bi0.5 [68], and comparable with α-MgAgSb (390 MPa) [87] (Fig. 6 (d)).

The improved mechanical properties are owing to the multiple dopants randomly distributed into

the interstitial site in the Mg3Sb1.5Bi0.5 matrix. These interstitial dopants can significantly suppress

the Mg vacancy and strengthen the chemical bonding between adjacent layers. Besides, the lattice

distortion induced by multiple interstitial dopants impedes the dislocation migration, thereby

increasing the hardness and compressive strength [13, 88].

4. Conclusions

In summary, we have systematically investigated the dopants for the Mg3Sb2-based

thermoelectric materials, and constructed a doping diagram for the preferred doping site. We have

shown that the transition metals prefer to occupy the interstitial tetrahedron site. Furthermore, we

investigated the thermoelectric, thermal stability, and mechanical properties of the multiple

transition metals (TM = Cr1/5Mn1/5Fe1/5Co1/5Cu1/5) co-doped Mg3Sb1.5Bi0.5. The multiple interstitial

dopants are critical in suppressing the formation of Mg vacancy, leading to high weighted mobility

and thermal stability. Specifically, an ultrahigh power factor of 2799 μW m-1 K-2 and a high ZT

value of 0.76 was achieved in the as-fabricated TM0.01Mg3Sb1.5Bi0.5. Moreover, Young’s modulus,

the hardness, and the compressive strength of TM0.01Mg3Sb1.5Bi0.5 sample were significantly

enhanced as compared with TM-free Mg3Sb1.5Bi0.5 sample. Our work verified the effectiveness of

the multiple doping at the interstitial site in the Mg3Sb1.5Bi0.5 thermoelectric materials to have a

synergistically enhancement in both thermoelectric performance and mechanical properties.
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Figures:

Fig. 1. (a) Defect formation energies of different doping sites of Mg3Sb2 material with extrinsic 
doped elements in their neutral state. (b) Crystal structure of Mg3Sb2 and their schematic doping site: 
Mg1, Mg2, Sb, interstitial (i1), and cage (i2). (c) Doping diagram for Mg3Sb2-based thermoelectric 
materials based on the difference of relative electronegativity and atomic radius of extrinsic dopants 
with Mg element. The blue circles represents for the elements has been theoretically calculated in 
this work. Red stars indicates the elements have been doped in Mg3Sb2-based materials. The circles 
in half blue and half red stands for the elements have been studied both in our work and in reported 
experiments. The elements in brown triangles are reported by theorectical calculations. Elements 
Cd and Pd are added for the verification of our doping diagram.



Fig. 2. Temperature independent electrical properties of the as-fabricated TMx:Mg3Sb1.5Bi0.5 bulks (x = 
0, 0.002, 0.01, 0.02): (a) Electrical resistivity, (b) Seebeck coefficient, (c) power factor. (d) Weighted 
mobility of the as-fabricated TM0.01Mg3.2Sb1.5Bi0.5 sample and compared with other reported doped 
Mg3Sb2-xBix materials [26, 27, 43, 44, 60, 61, 71].



Fig. 3. Temperature dependent thermal properties of TMxMg3.2Sb1.5Bi0.49Te0.01 (x = 0, 0.002, 0.01, 0.02): 
(a) Total thermal conductivity, (b) lattice thermal conductivity, and (c) dimensionless figure of merit ZT. 
(d) The comparison of ZT @RT and ZTavg (50℃ - 250℃) with other n-type Mg3Sb2-based 
thermoelectrics [26, 43, 44, 60, 71, 74].



Fig. 4. Temperature independent electrical properties of pristine and TM0.01Mg3Sb1.5Bi0.5 system annealed 
at 400 ℃ for 0 day, 3 days, 7 days and 10 days and their comparison at room temperature: (a-c) electrical 
resistivity, (d-f) Seebeck coefficient, and (g-i) power factor.



Fig. 5. Long-term in-situ measurement of electrical properties of the as-fabricated TM0.01Mg3Sb1.5Bi0.5 

sample and compared with reported pristine and BN-coated Mg3Sb1.5Bi0.5 [79] at 400 ℃: (a) Electrical 
conductivity, (b) Seebeck coefficient, and (c) power factor.



Fig. 6. Mechanical properties of pristine and TM0.01Mg3Sb1.5Bi0.5 materials. (a) Nanoindentation curves; 
(b) Young’s modulus and Hardness as compared with reported thermoelectric materials [80-82]. (c) 
Compressive curves at room temperature and 200 ℃. (d) Room temperature compressive strength of 
pristine and TM0.01Mg3Sb1.5Bi0.5 as compared with other start-of-the-art thermoelectric materials [13, 68, 
83-87].



Tables:

Table 1 Room temperature Hall carrier concentration and carrier mobility of the as-fabricated
TMx:Mg3Sb1.5Bi0.5 sample.

Sample n (1019 cm-3) μ (cm2 V-1 s-1)

Mg3.2Sb1.5Bi0.49Te0.01 2.75 124.00

TM0.002Mg3.2Sb1.5Bi0.49Te0.01 2.79 148.88

TM0.01Mg3.2Sb1.5Bi0.49Te0.01 2.83 159.76

TM0.02Mg3.2Sb1.5Bi0.49Te0.01 3.34 141.36


