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Abstract
Mg2X (X = Si, Ge or Sn) based alloys are considered as promising candidates in the middle to high temperature range ther-
moelectric applications due to their low cost, nontoxicity and abundance of constituent elements. However, they exhibit 
relatively higher thermal conductivity compared to other thermoelectric materials. In this study, we present a simple synthetic 
method for a  Mg2 + xSi0.5Sn0.5Sb0.075 material with a heterogeneous microstructure that reduces thermal conductivity. By 
controlling the amount of excess Mg during synthesis, a heterogeneous microstructure due to the formation of secondary 
phases was obtained. This heterogeneous microstructure reduced the thermal conductivity through phonon scattering, lead-
ing to an improved thermoelectric efficiency, particularly at high temperatures.

Keywords Thermoelectric · Lattice thermal conductivity · Magnesium silicide · Heterogeneous microstructure · Phonon 
scattering

Introduction

The increasing energy consumption and environmental pol-
lution caused by fossil fuels have encouraged research on 
energy harvesting technologies [1], including thermoelectric 
generation. As only 30–40% of fossil fuels are utilized as 
useful energy in heat engines and the rest is wasted as heat, 
thermoelectric materials, which can directly convert waste 
heat into electrical energy, have been attracting consider-
able interest [2–4]. However, environmental issues related 
to heavy metals and the high cost of key elements in high-
performance thermoelectric materials such as Bi–Te and 
Pb–Te render their practical use difficult [5].

On the other hand, among thermoelectric materials, 
 Mg2X (X = Si, Ge, or Sn)-based alloys are considered 
promising candidates for moderate-to-high-temperature 

applications owing to their low cost, their nontoxicity, and 
abundance of their constituent elements [6–11]. Cost-effec-
tive and environmentally friendly  Mg2X materials have the 
potential for use in large-scale commercial thermoelectric 
power generators. Furthermore, they have a high-power out-
put per unit mass compared to other thermoelectric materi-
als, which could lead to future applications in mobility.

A material’s thermoelectric efficiency can be estimated 
from the figure of merit ZT (= S2σT/κ, where S is the See-
beck coefficient, σ is the electrical conductivity, T is the 
absolute temperature, and κ is the thermal conductivity). 
Thus, to have a high thermoelectric efficiency, a thermo-
electric material should have a low thermal conductivity 
and a high electrical conductivity [12, 13]. In particular, 
 Mg2X-based alloys (6–8 W/mK) have relatively higher ther-
mal conductivity than other thermoelectric materials [14, 
15]. Hence, strategies for reducing the thermal conductivity 
have been intensively researched. For example, forming a 
solid solution of  Mg2Si and  Mg2Sn can significantly reduce 
the thermal conductivity owing to enhanced point defect 
phonon scattering [15]. Furthermore, dopants such as Sb, 
Bi, and Al, which induce n-type conductivity, and Ga, Li, 
and Ag, which induce p-type conductivity, enhance phonon 
scattering and thereby reduce the lattice thermal conductiv-
ity [16–22].
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Here we report a straightforward synthesis of 
 Mg2 + xSi0.5Sn0.5Sb0.075 (x = 0.05, 0.10, 0.15, and 0.20) mate-
rials with a heterogeneous microstructure resulting from for-
mation of secondary phase, and investigate the effect of this 
heterogeneous microstructure on the thermoelectric proper-
ties of the material. In the typical synthesis of  Mg2X materi-
als using the solid-state reaction method, an excess amount 
of Mg, approximately 10% above the stoichiometric ratio, is 
added to compensate for its high vapor pressure and poten-
tial loss during synthesis [10, 22, 23]. However, in this study, 
unlike the conventional approach,  Mg2 + xSi0.5Sn0.5Sb0.075 
was synthesized with a reduced amount of excess Mg, result-
ing in the formation of Sn-rich secondary phases within the 
solid solution. By simply reducing the excess Mg content, a 
heterogeneous microstructure can be obtained, leading to a 
decrease in thermal conductivity due to phonon scattering 
and an enhancement in thermoelectric efficiency, particu-
larly at high temperatures. This result demonstrates that the 
microstructure can be controlled by adjusting the excess Mg 
content during synthesis, and shows that this microstructure 
affects the thermoelectric performance.

Experimental Procedures

Mg2 + xSi0.5Sn0.5Sb0.075 (x = 0.05, 0.10, 0.15, and 0.20) com-
pounds were prepared through a solid-state reaction. Com-
mercial high-purity powders of Mg (99.6%), Si (99.9985%), 
Sn (99.995%), and Sb (99.999%) were used in stoichiomet-
ric quantities. The raw materials were mixed homogene-
ously, and they were then cold-pressed under a pressure of 
300 MPa to form pellets. The pellets were sealed in quartz 
tubes in an Ar atmosphere, and the tube was heated to a 
temperature of 923 K and maintained at the temperature 
for 24 h. The synthesized compounds were ground into 
powders. Fine powders were obtained through sieving and 
spark plasma sintering in a cylindrical graphite mold with 
an internal diameter of 12.7 mm at 1003 K under a pres-
sure of 50 MPa for 15 min in an Ar atmosphere. The fine 
powders were heat-treated at 823 K for 24 h to stabilize the 
phase. The densities of the sample were determined using 
the Archimedes method, and they were found to be above 
98%. The crystalline phases were analyzed using X-ray dif-
fraction (X’Pert PRO, PANalytical) with Cu Kα radiation. 
The spark plasma sintered samples were cut to a rectangu-
lar shape with dimensions of 3 mm × 3 mm × 12 mm for 
electrical resistivity and Seebeck coefficient measurements, 
and to a disc shape with dimensions of 12.7 mm (diameter) 
× 2 mm (thickness) for thermal diffusivity measurements. 
The Seebeck coefficient and electrical resistivity were meas-
ured from RT to 823 K at intervals of 50 K by using ZEM-3 
(ULVAC-RIKO), the thermal diffusivity was measured using 
a thermal analyzer (LFA 457, Netzsch), and the thermal 

conductivity was calculated using the formula κ = αγCp, 
where α is the thermal diffusivity, γ is the density, and Cp is 
the specific heat of the material. Previously reported Cp data 
for  Mg2Si were used [24].

Results and Discussion

X-ray diffraction patterns of  Mg2 + xSi0.5Sn0.5Sb0.075 samples 
prepared with different Mg content (x = 0.05, 0.10, 0.15 and 
0.20) are shown in Fig. 1. All major diffraction peaks are 
located between those of pure  Mg2Si and  Mg2Sn and can 
be indexed to the face-centered cubic antifluorite structure 
with the Fm3m space group, indicating the formation of a 
solid solution without unreacted free Mg, Si, or Sn. The 
diffraction peaks around 2θ = 23°, 38°, 45°, and 56°, which 
correspond to the (1 1 1), (2 2 0), (3 1 1), and (4 0 0) planes, 
appear as a single peak for the x = 0.2 sample with suffi-
ciently excess Mg. However, for other samples with low Mg 
content, secondary peaks appear at lower 2θ values, and the 
intensities of the peaks increase as the Mg content decreases. 
These secondary peaks indicate the existence of another 
composition, and on the basis of the atom sizes of Sn and Si 
(radii of 145 pm for Sn and 118 pm for Si), they appear to 
correspond to an Sn-rich secondary phase.

Microstructural images of the  Mg2.2Si0.5Sn0.5Sb0.075 and 
 Mg2.05Si0.5Sn0.5Sb0.075 samples are shown in Fig. 2. A back-
scattered electron (BSE) image of the  Mg2.2Si0.5Sn0.5Sb0.075 
sample in Fig. 2a shows grey grains that have a mosaic-
like structure and that are several microns in size. Electron 

Fig. 1  XRD patterns of  Mg2 + xSi0.5Sn0.5Sb0.075 (x = 0.05, 0.10, 0.15, 
and 0.20) samples with different Mg contents
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probe micro-analyzer (EPMA) elemental mapping images 
(Fig. 3b–e) showed that Mg, Sn, Si, and Sb were relatively 
evenly distributed and that the grains had homogeneous 
composition. On the other hand, for  Mg2.05Si0.5Sn0.5Sb0.075, 
whose Mg content was lower, a BSE image (Fig.  2b) 
showed that its microstructure differed from that of the 
 Mg2.2Si0.5Sn0.5Sb0.075 sample (with sufficiently excessive 
Mg content). In Fig. 2b, many light and dark spots are 
apparent between the grey grains, indicating the presence 
of other phases with different compositions. The elemen-
tal mapping images of  Mg2.05Si0.5Sn0.5Sb0.075 in Fig. 3g–j 
shows that the distribution of elements was not uniform and 
that the dark spots in the BSE image of Fig. 2b had high 
Mg content and lacked Sn while the bright areas had high 
Sn content. Considering the XRD plot of Fig. 1, we can 
see that the Sn-rich phase of the bright part in elemental 
mapping images is consistent with the secondary peaks at 
low 2θ values. Both the element mapping images and XRD 
plot show that the uniformity of composition decreased and 
phase separation occurred when a lower amount of Mg was 
used. These results demonstrate that the phase of materials 
can be controlled by simple tuning of elemental composition 
[25]. In the case of  Mg2X-based alloys, phase stability can 
be changed and phase separation can be induced by dop-
ing elements such as Sb or Bi or changing the composi-
tion of the constituent elements [8, 26–29]. EDS elemental 
analysis for a wide area (Table 1) allows us to estimate the 

overall composition of the  Mg2 + xSi0.5Sn0.5Sb0.075 samples, 
revealing magnesium deficiency below stoichiometric levels, 
except in the case of x = 0.2. This observation aligns with a 
recent report that a deficiency in magnesium leads to phase 
separation [28]. Furthermore, our experimental outcomes 
demonstrate that a slight adjustment in elemental composi-
tion, specifically the magnesium content, influences not only 
phase separation but also microstructural changes.

To investigate the effect of the heterogeneous microstruc-
ture on the thermoelectric performance, we determined the 
temperature dependence of the thermoelectric properties of 
the samples. The electrical conductivities in Fig. 4a show that 
samples with sufficient amounts of Mg had low electrical con-
ductivities over the entire temperature range. The difference in 
electrical conductivity was not significant, but the lower the 
amount of Mg, the higher the electrical conductivity. Figure 4b 

Fig. 2  BSE images of a 
 Mg2.2Si0.5Sn0.5Sb0.075 and b 
 Mg2.05Si0.5Sn0.5Sb0.075

Fig. 3  a, f BSE and b–e, g–j EPMA elemental mapping images of a–e  Mg2.2Si0.5Sn0.5Sb0.075 and f–j  Mg2.05Si0.5Sn0.5Sb0.075

Table 1  EDS elemental analysis for a wide area of the 
 Mg2 + xSi0.5Sn0.5Sb0.075 samples (the Sb composition ratio is repre-
sented as 0.0075 due to the small amount that is difficult to detect)

Nominal composition
(Mg2 + xSi0.5Sn0.5Sb0.075)

EDS composition

x = 0.05 Mg1.956Si0.605Sn0.439Sb0.075

x = 0.10 Mg1.961Si0.552Sn0.488Sb0.075

x = 0.15 Mg1.978Si0.523Sn0.499Sb0.075

x = 0.20 Mg2.015Si0.500Sn0.485Sb0.075
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shows the Seebeck coefficient as a function of the temperature 
for all the samples. All the samples exhibited negative See-
beck coefficients because of the n-type doping effect of Sb. 

In contrast to the electrical conductivity, the absolute value of 
the Seebeck coefficient increased with the amount of Mg for 
temperatures below 773 K. Consequently, the power factor, 

Fig. 4  Thermoelectric properties of  Mg2 + xSi0.5Sn0.5Sb0.075 materials. a Electrical conductivity, b Seebeck coefficient, c power factor, d thermal 
conductivity, e electronic thermal conductivity (κE) and lattice thermal conductivity (κL) and f ZT value as functions of temperature
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which was calculated using the equation PF = S2σ and which 
is shown in Fig. 4c, was similar for all samples over the entire 
temperature range. Although samples with a sufficient amount 
of Mg had slightly higher values in the low-temperature region 
and samples with a small amount of Mg had slightly higher 
values in the high-temperature region, the difference was not 
significant.

However, unlike the electrical properties of the sam-
ples, which did not differ significantly between samples 
with different Mg content, the thermal properties showed 
a pronounced difference. Figure 4d shows that the thermal 
conductivity of a sample with a small amount of Mg was 
lower than that of a sample with a sufficiently large amount 
of Mg. The figure also shows that below 623 K, the thermal 
conductivity of all samples decreased with an increase in the 
temperature, and that above this temperature, the thermal 
conductivity increased with the temperature.

Thermal conductivity comprises two components: elec-
tronic thermal conductivity κE, and lattice thermal conduc-
tivity κL. These two components are associated with charge 
carriers and phonons, respectively. The electronic thermal 
conductivity can be estimated in terms of the electrical con-
ductivity σ by using the Wiedemann–Franz law: κE = LTσ, 
where L is the Lorenz number and T is the temperature 
in kelvin [30, 31]. The lattice thermal conductivity κL is 
obtained by subtracting the electronic thermal conductivity 
κE from the thermal conductivity. Figure 4e, which depicts 
the calculated κE and κL, shows that the decrease in the ther-
mal conductivity of the sample with a small amount of Mg 
resulted from a decrease in the lattice thermal conductivity. 
This decrease in the lattice thermal conductivity is consid-
ered to have been caused by the nonuniform microstructure 
associated with the Sn-rich phase. Heterogeneous micro-
structures such as those of nano inclusions and nanoparti-
cles are known to reduce the lattice thermal conductivity 
[32–34], and they can form many interfaces. In thermoelec-
tric materials, phonons that transfer heat are scattered by 
these interfaces, and hence, the materials have a low thermal 
conductivity and a high thermoelectric conversion efficiency. 
The decrease in the thermal conductivity due to phonon 
scattering and the resulting improvement in thermoelectric 
properties are consistent with our result [23, 35]. In fact, it 
is apparent in Fig. 4f that the sample with a small amount of 
Mg and an Sn-rich heterogeneous microstructure showed a 
reduced lattice thermal conductivity and hence an improved 
ZT value, especially at high temperatures.

Conclusions

In summary, this study reveals that the internal micro-
structure of  Mg2 + xSi0.5Sn0.5Sb0.075 material is influenced 
by the amount of excess Mg used during synthesis. When 

the sample was synthesized with a sufficient excess of Mg 
(x = 0.2), a homogeneous microstructure was observed. 
However, as the amount of Mg decreases, a Sn-rich phase 
appears, leading to a heterogeneous microstructure. The 
presence of heterostructures reduces lattice thermal con-
ductivity through phonon scattering at phase boundaries, 
leading to an increase in the ZT value at higher tempera-
tures. These findings not only contribute to the develop-
ment of a simple method for synthesizing heterogeneous 
 Mg2 + xSi0.5Sn0.5Sb0.075 material but also underscore the 
importance of controlling the microstructure to optimize 
the thermoelectric properties of the material.
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