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Abstract 
We fabricated  Mg2Si-based thermoelectric nanocomposites with reduced graphene oxide using ultrasonic-based wet chemi-
cal pulverizing-mixing and spark plasma sintering to improve the trade-off relationship between thermoelectric properties 
and mechanical reliability. The dependence of thermoelectric properties and mechanical reliability on the nanophase mor-
phologies has been systemically investigated, demonstrating the fracture toughness of the nanocomposite with thin reduced 
graphene oxide significantly increased. Moreover, the introduction of the few-layered reduced graphene oxide with high 
interface density was more effective in improving the trade-off relationship. This result suggests that an in-depth research 
on the dependence of the thermoelectric properties and mechanical reliability on the intrinsic properties of the nanophases 
is required to prepare efficient thermoelectric nanocomposites.

Graphic Abstract
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1 Introduction

Thermoelectric power generators (TEGs) have attracted 
worldwide attention as new energy conversion technologies 
that can help reducing carbon emissions (causing serious 
environmental problems by using fossil fuels). In particular, 
magnesium silicide  (Mg2Si)-based compounds are prom-
ising candidates for automotive thermoelectric generators 
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(ATEGs) owing to their relatively high thermoelectric (TE) 
figure of merit (ZT = σ S2 T/κtot, where σ is the electrical 
conductivity, S is the Seebeck coefficient, T is absolute tem-
perature, and κtot is the total thermal conductivity) for mid-
dle–high ranges of temperature.  Mg2Si-based compounds 
have further advantages for ATEGs such as non-toxicity, 
low density, and low cost. Hence, several investigations have 
focused on the improvement in the ZT of  Mg2Si by doping 
the Si-sites (with Bi or Sb) and Mg-sites (with Al), using 
 Mg2Sn and  Mg2Ge solid solutions, and introducing nano-
phases [1–7]. As a result, the maximum ZT of the  Mg2Si was 
determined to be ~ 1.2 at 770 K on a lab scale [8].

Despite the high ZT value, the low mechanical reliability 
(fracture toughness, KIc ~ 0.82) of  Mg2Si limits its applica-
tion to silicide-based TE modules [9]. The large tempera-
ture difference between the two electrodes of the TE mod-
ule under the ATEG operating conditions generally induces 
thermal and mechanical stress in the TE materials, leading to 
a breakdown of the TE module electric circuit. The relation 
between the TE and mechanical properties of  Mg2Si should 
be verified to ensure the reliability of the TE module. How-
ever, few systematic researches have addressed this issue 
so far. In our previous reports, the ZT and the KIc of nano-
composites incorporating various nanophases (e.g., metal 
nanoparticles, reduced graphene oxides (rGOs), and dual 
nanoinclusions) were introduced [9–12]. We demonstrated 
the occurrence of a strong trade-off relationship between the 
ZT and the KIc of  Mg2Si-based TE nanocomposites, strongly 
dependent on the interface density.

Herein, we characterized the TE properties and the KIc 
of  Mg1.96Al0.04Si0.97Bi0.03 bulk nanocomposites. These were 
prepared by introducing commercialized two-dimensional 
rGOs, having different thicknesses and surface areas, by 
ultrasonic-based wet chemical pulverizing-mixing process. 
Furthermore, we systemically investigated TE and mechani-
cal properties and microstructure of the nanocomposites, 
revealing a strong intercorrelation between their TE or 
mechanical properties and the rGOs’ morphologies.

2  Experiment

We fabricated bulk nanocomposites of  Mg1.96Al0.04Si0.97Bi0.03 
by introducing three types of commercialized few-layered 
rGOs having different thicknesses and surface areas, with the 
aim of investigating their TE and mechanical properties in 
relation to the rGOs’ morphologies.  Mg1.96Al0.04Si0.97Bi0.03 
powders were prepared using the up-scaled solid-state reac-
tion technique [13]. The commercialized rGOs used in this 
study are shown in Table 1. Subsequently, we prepared hybrid 
powders of  Mg1.96Al0.04Si0.97Bi0.03 and rGOs by ultrasonic-
based wet chemical pulverizing-mixing process at a large 
scale (10 g/batch), as described in our previous study [11].

The polycrystalline bulks (25 mm in diameter and 3 mm 
in thickness) were compacted by spark plasma sintering 
(SPS) at 1023 K for 5 min under 70 MPa in a vacuum. The 
microstructure of hybrid powders was observed using a 
scanning electron microscope (SEM, JEOL-7800F, JEOL 
Ltd., Japan). The electrical conductivity (σ) and the See-
beck coefficient (S) at 300–873 K were measured using a 
Seebeck coefficient and electric resistance measuring sys-
tem (Ulvac ZEM-3, Japan) in He atmosphere. The Hall 
measurement of the nanocomposites was performed using 
a home-made system under a 1 T magnetic field in the van 
der Pauw configuration. The carrier concentration (nc) and 
mobility (μHall) were estimated using the one-band model. 
The total thermal conductivity (κtot) was calculated based 
on the equation κtot = ρs Cp λ, where ρs is the density, Cp is 
the specific heat capacity, and λ is the thermal diffusivity. 
The thermal diffusivity (λ) at 373–873 K was measured by 
the laser flash method (Netszch LFA-457, Germany) under 
a vacuum. The specific heat capacity (Cp) was measured by 
differential scanning calorimetry (DSC 8000, Perkin Elmer, 
USA).

The fracture toughness (KIc) was obtained by the follow-
ing equation:

where P is the applied load, E is the Young’s modulus, H is 
the Vickers hardness, a is the radial crack length measured 
from the center of the indent, and χ is a calibration constant 
taken to be 0.016 ± 0.004 [14]. The Vickers hardness and 
the radial crack length were measured by a Vickers hardness 
tester (Mitutoyo_HM-101, Mitutoyo, Japan), with a load of 
2.942 N and a dwell time of 10 s.

3  Results and Discussion

The introduction of low-dimensional carbon-based nano-
materials [e.g., graphene, rGOs, and carbon nanotubes 
(CNTs)] is a promising strategy to improve TE properties: 
the intensified phonon scattering at their interfaces effec-
tively reduces the lattice thermal conductivity [15–18]. Due 
to their characteristics (e.g., large surface area, high aspect 
ratio, and high mechanical properties) these carbon-based 
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Table 1  Thicknesses and surface areas of the commercialized rGOs

Thickness (nm) Surface area  (m2/g)

rGO #1 < 1 400–800
rGO #2 10–20 < 21
rGO #3 1–20 50–80
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nanomaterials have also been widely used as nanofillers to 
enhance the mechanical reliability of composite materials 
[19]. In this regard, we fabricated  Mg2Si-based TE nano-
composites with rGOs having different surface areas, aspect 
ratios, and thicknesses in order to simultaneously increase 
their TE and mechanical properties. The SEM images in 
Fig. 1 show the  Mg1.96Al0.04Si0.97Bi0.03 powders mixed with 
various types of rGOs. It is observed that well-controlled 
and dispersed rGOs are present in the form of wrapped or 
decorated onto the  Mg1.96Al0.04Si0.97Bi0.03 powders. After 
mixing, the thickness of the rGOs was similar to their origi-
nal thickness. Figure 1a shows that rGO #1 was thinner, 
had a larger surface area, and was evenly monodispersed on 
the  Mg1.96Al0.04Si0.97Bi0.03 powders (see the black arrows 
in Fig. 1a). On the contrary, Fig. 1b, c show rGOs having 
their original thickness, suggesting no chemical or physical 
changes during the wet chemical mixing process.

Figure 2a, b show the temperature dependences of σ and 
S in the sintered samples for various types of rGOs. The σ 
values of the nanocomposites mixed with all the rGO types 
were lower compared to that of the pristine sample, within 
the whole measured temperature range. It should be noted 
that the nanocomposites dispersed with rGO #1 had the 
lowest σ among all samples. This result is inconsistent with 
the fact that the presence of rGOs at the grain boundaries 
generally improves the electronic transport properties of TE 
materials. However, in our experiments, the introduction of 
the rGOs has the effect of lowering the electrical transport 
properties. To clarify why the dispersed rGOs negatively 
affected the electrical transport in  Mg1.96Al0.04Si0.97Bi0.03, 
we calculated the nc and μHall values based on the one-band 
model. The corresponding results are presented in Table 2. 
For all the nanocomposites with rGOs, the nc value (nc = 8.2
4 × 1018–7.83 × 1019 cm−3) decreased significantly, due to the 
charge compensation induced by the introduction of rGOs. 
The μHall values changed differently: the nanocomposites 
with rGOs #2 and #3 showed reduced μHall values, due to 
the intensified electron scattering at the interface between 
the matrix and the rGOs, whereas the nanocomposite with 
rGO #1 showed increased μHall values. The enhanced μHall 
of the nanocomposite with rGO #1 can be attributed to a 
negligible schottky barrier by the introduction of the rGO at 
the grain boundaries, or to a dominant conduction through 
the rGO path despite the similar mean free paths (~ 20 nm) 
of the electrons and phonons [20, 21].

The absolute values of S in the nanocomposites showed 
the trade-off relationship with the nc values. The nanocom-
posites with rGO #1 had a higher S values, accompanied by a 
significant decrease in nc. However, the increase in S was not 
significant compared to the decrease in nc: in  Mg2Si-based 
TE materials, the trade-off relationship between S and 
nc is unfavorable, due to the narrow optimized nc range 
with a high power factor [11]. This explains why all the 

nanocomposites had lower power factors compared to the 
pristine sample. Overall, these results demonstrate that the 
electronic transport parameter of the basic matrix and the 
intrinsic properties of the nanophase should be considered 
simultaneously for improving the TE properties.

The temperature dependences of κtot for each rGO type 
are shown in Fig. 3a. The κtot values (3.82–4.89 W m−1 K−1 

Fig. 1  SEM images of the hybrid powders of  Mg1.96Al0.04Si0.97Bi0.03 
and 3 vol% rGOs
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at 373 K; 2.30–2.85 W m−1 K−1 at 873 K) of the nanocom-
posites with rGO were lower than those of the pristine sam-
ple (5.06 W m−1 K−1 at 373 K; 2.89 W m−1 K−1 at 873 K) for 
the whole measured temperature range. The nanocomposite 
with rGO #1 presented a significantly lower κtot value than 
the other nanocomposites. To clarify the scattering mecha-
nism, we calculated the lattice thermal conductivity (ĸlat), as 
shown in the inset of Fig. 3b. The ĸlat value was estimated by 
subtracting the electronic contribution ĸele (= LσT, where L 

is the Lorenz number) from κtot. The L values was calculated 
using the following equation [22]:

 where η is the Fermi energy, Fn(η) is the nth order Fermi 
integral, and r is the scattering parameter. L was equal to 
~ 2.44 × 10–8 V2 K–2. The ĸlat values of the samples were not 
significantly different among each other, suggesting that the 
offset effect between the intensified phonon scattering at the 
interfaces and an increased thermal conduction due to the 
high ĸ of the rGOs. Thick rGOs cannot work as an effective 
phonon scattering sources, due their intrinsically high ĸ. 
Therefore, the rGO #1 nanocomposite with relatively thin-
ner rGO presented a lower ĸlat value compared to the other 
nanocomposites. However, the trend of the ĸlat values (1/T 
dependence of κlat) changed at high temperatures (> 673 K), 
indicating that the hole generation cause an increase in the 
bipolar contribution (κbp) [12].

The ZT values calculated from the measured σ, S, and κtot 
are presented in Fig. 3b. The introduction of the commer-
cialized rGOs deteriorated the TE performance of the nano-
composites, due to their unfavorable electronic and thermal 
transport properties. The commercialized rGO nanocom-
posites showed lower ZT values (0.44–0.64 at 873 K) than 
that of the pristine  Mg1.96Al0.04Si0.97Bi0.03 sample (0.82 at 
873 K), mainly due to a decrease in the power factor.

ZT values and mechanical reliability are both important 
for the application of TE materials. For this reason, the KIc 
values of the nanocomposites were also investigated; the 
corresponding results are presented in Fig. 4. We repeated 
the KIc measurements 5 times at different points over the 
surface in order to obtain the reliability of the results. Nota-
bly, the KIc of the nanocomposites (1.05–1.87 MPa  m1/2) 
was higher than that of the pristine sample (~ 0.82 MPa 
 m1/2). The KIc enhancement mechanisms (i.e., the deflec-
tion of crack propagation, crack bridging, and sheet pull-out 
within the crack) were apparently activated in the nanocom-
posites [11]. However, the enhancement of the KIc in the 
nanocomposites with thick rGOs (i.e., #2 and #3) was insuf-
ficient, due to the low interface density and bulk properties 
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Fig. 2  Temperature dependences of a the electrical conductivity and 
b the Seebeck coefficient for all the rGO nanocomposites. The inset 
in b shows the temperature dependence of the power factor

Table 2  Electronic transport 
parameters of all the rGO 
nanocomposites at room 
temperature

σ (S m−1) S (μV K−1) nc  (cm−3) µHall 
 (cm2 V−1 s−1)

Mg1.96  Al0.04Si0.97Bi0.03 1.23 × 105 − 99.78 9.27 × 1019 81.4
Mg1.96  Al0.04Si0.97Bi0.03 + 3 vol% rGO #1 0.13 × 105 − 125.27 8.24 × 1018 100.3
Mg1.96  Al0.04Si0.97Bi0.03 + 3 vol% rGO #2 0.32 × 105 − 99.78 7.35 × 1019 26.6
Mg1.96  Al0.04Si0.97Bi0.03 + 3 vol% rGO #3 0.41 × 105 − 96.11 7.83 × 1019 32.5
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of carbon. The morphology of the grains wrapped by the 
rGOs promoted the two-dimensional propagation of cracks, 
likely interfering with their three-dimensional propagation 
and increasing the KIc value. Since the thinner rGO was 
not punctured or penetrated, crack propagation was likely 
deflected around it, and sheet pull-out and crack bridging 
could be expected to interfere with crack propagation by 
absorbing its energy. Sheet pull-out requires more energy 
than fiber pull-out; these could have been equally applied to 
the crack bridging effect, due to an increase in the contact 
area with the matrix [19]. Apparently, the KIc values of the 
nanocomposites greatly depended on the microstructure of 
the hybrid powder.

The ZT and KIc values of the nanocomposites were com-
pared by calculating KIc

KIc, Min

×
ZT

ZTMax

 : this operation can be an 
indicator of the TE application because it provides a numeri-
cal value for the quantitative evaluation of the trade-off rela-
tionship, although the physical meaning is not significant. 
As shown in Fig. 5, we represented the values of KIc, ZT, and 
the KIc

KIc, Min

×
ZT

ZTMax

 factor for each rGO type. The highest 
KIc

KIc, Min

×
ZT

ZTMax

 value was obtained for the nanocomposite with 
rGO #1, mainly due to its significantly higher KIc. Although 
we observed a deterioration of the TE properties with the 
introduction of the commercialized few-layered rGOs, the 
trade-off relationship between ZT and KIc slightly improved. 
Our results highlight the necessity of investigating the trade-
off relationship between the ZT and KIc values of the TE 
bulks, in order to fabricate the high efficient TE module and 
system. Moreover, we emphasized how the morphology of 
the rGOs is an important factor to consider when preparing 
bulk TE nanocomposites with improved trade-off 
relationship.

Fig. 3  Temperature dependences of a the total thermal conductivity 
and b the ZT for all the rGO nanocomposites. The inset in b shows 
the temperature dependence of the lattice thermal conductivity

Fig. 4  Fracture toughness for all the rGO nanocomposites
Fig. 5  Fracture toughness, ZT, and KIc

KIc, Min

×
ZT

ZTMax

 values for all the 
rGO nanocomposites
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4  Conclusions

We developed  Mg2Si-based TE nanocomposites with an 
improved trade-off relationship between their TE proper-
ties and mechanical reliability. The rGO morphologies had 
a great influence on the TE properties and on the fracture 
toughness of these nanocomposites. Although a reduction of 
the ZT (0.44 at 873 K) was observed for the nanocomposite 
with thin rGO, its fracture toughness significantly increased 
(1.87 MPa  m1/2). Moreover, we found that the optimiza-
tion of the power factor is required by optimizing the car-
rier concentration and minimizing the electron scattering in 
 Mg2Si-based TE nanocomposites. Overall, our experiments 
proved that the introduction of an optimum amount of nano-
phases with optimum morphologies would allow the fabrica-
tion of nanocomposites with optimized trade-off relationship.
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