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ABSTRACT
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Thermoelectric modules can convert waste heat directly into useful electricity, providing a clean and
sustainable way to use fossil energy more efficiently. Mg; Sb,-based alloys have recently attracted
considerable interest from the thermoelectric community due to their nontoxic nature, abundance of

constituent elements and excellent mechanical and thermoelectric properties. However, robust modules

based on Mg3Sb, have progressed less rapidly. Here, we develop multiple-pair thermoelectric modules

consisting of both n-type and p-type Mg;Sb,-based alloys. Thermoelectric legs based on the same parent fit
into each other in terms of thermomechanical properties, facilitating module fabrication and ensuring low
thermal stress. By adopting a suitable diffusion barrier layer and developing a new joining technique, an

integrated all-Mg3;Sb,-based module demonstrates a high efficiency of 7.5% at a temperature difference of

380 K, exceeding the state-of-the-art same-parent thermoelectric modules. Moreover, the efficiency

remains stable during 150 thermal cycling shocks (~225 h), demonstrating excellent module reliability.

Keywords: Mg;Sb,, same-parent thermoelectric modules, low-temperature joining and high-temperature

service, power generation efficiency, module reliability

INTRODUCTION

Thermoelectric (TE) power generation technology
based on the Seebeck effect can convert waste heat
directly into electricity. It has the advantages of
solid-state operation, working without moving parts,
free maintenance and extended service. Thus it has
been regarded as one of the most promising solu-
tions to improve the utilization efficiency of fossil fu-
els and alleviate environmental pollution [1,2]. Ide-
ally, the maximum conversion efficiency (9a,) of
a TE device depends on the temperature difference
across the TE legs and the figure of merit (usually de-
noted by the capital Z) ofa TE p—n couple. The latter
involves the dimensional factor of the TE legs and
TE properties of the constituent materials. There-
fore, in order to achieve a high 7.y, a large temper-
ature difference, an appropriate geometry and high-
performance TE materials are desirable.

Over the past decades, considerable efforts have
been made to improve the performance of TE mate-
rials, which is gauged by the dimensionless figure of
meritzT (2T = §20 T/ o, where S, 0, i o and T are

the Seebeck coefficient, electrical conductivity, total
thermal conductivity and absolute temperature, re-
spectively) [3]. In order to obtain higher conversion
efficiencies, higher zT values are required. To date,
a number of excellent TE materials with zT > 1.5
have been reported, such as IV-VI compounds
(e.g. SnSe, GeTe and PbSe), skutterudites and
Cu,Se [4-8]. These unprecedented advances in
improving the performance of TE materials are an
important enabling step that heralds widespread
applications of TE devices. However, the advance-
ments in TE device technology have progressed less
rapidly. Current efforts are focused primarily on the
single-leg or unicouple issues, such as the design of
electrodes, screening of barrier layers and interface
optimization [2,3]. A single leg is very useful for
assessing the potential of a particular TE material,
but is still far from practical applications. Towards
industrial applications, modules consisting of both
n-type and p-type TE materials need to be devel-
oped. However, the development of modules is
more challenging than the fabrication of a single leg.
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More issues should be elaborately addressed, such
as the development of matching n-type and p-type
thermoelectric materials, geometry optimization of
TE legs, welding and assembling of multiple legs
and evaluation of the efficiency and reliability of
modules. In addition, most TE components cur-
rently being used or studied contain rare elements
(e.g. Te) or toxic elements (e.g. Pb), presenting a
potential impediment to large-scale applications.

In recent years, Mg;Sb,-based compounds have
attracted considerable interest from the thermo-
electric community due to their nontoxic nature,
abundance of constituent elements and excellent
mechanical robustness [9]. These compounds
were studied as p-type TE materials for a long time
until Tamaki et al. reported in 2016 that n-type
semiconducting behavior was achieved by adding a
slight excess of Mg coupled with Te doping [10]. In-
spired by this, subsequent research into Mg;Sb; has
flourished and significant progress has been made
over the past S years, including the understanding of
the origin for excellent power factor and intrinsically
low thermal conductivity, the revelation of the car-
rier scattering mechanism, the increasing awareness
of Mg defect chemistry and the improvements in
TE performance [9,11]. So far, zT values of n-type
Mg;Sb,-based alloys have reached 0.8 at 300 K and
exceeded 1.5 at 750 K. In parallel, p-type Mg;Sb,
has also gained further improvements in zT, which
approaches 1.0 at 773 K [12]. These cheering
results make the low-cost and environmentally
friendly Mg3Sb,-based compounds promising sub-
stitutes for the state-of-the-art Te- or Pb-containing
alloys towards medium-temperature TE power
generation.

The rapid breakthrough in TE properties of
Mg;Sb,-based compounds has recently ignited in-
tensive research interest in their device develop-
ment. At a single-leg level, efforts have been made in
terms of scalable synthesis of n-type Mg;(Sb, Bi),,
design of reliable junction interfaces and screening
of barrier layers [ 13-15]. A noteworthy result is that
a single-leg efficiency of ~10% could be achieved
at a temperature difference of 400 K with a heat
source temperature of 700 K [14], indicating good
potential for medium-temperature power genera-
tion applications. At a unicouple or module level,
different p-type TE compounds, such as Bi,Te;,
MgAgSb, GeTe, CdSb and CoSbs, have been used
for pairing with n-Mg;Sb, [16-20]. The modules
made from different material combinations have of-
fered outstanding power generation performance in
the low- and medium-temperature ranges, opening
up new possibilities for efficient waste heat recov-
ery applications. However, it is noticeable that these
modules are all fabricated using n- and p-type TE
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materials based on different parent compounds. Due
to the fact that the TE and chemical properties
of these n- and p-type TE materials differ signifi-
cantly, cambersome device geometry design and in-
dividually selecting suitable barrier layers are needed
[21,22]. More critically, TE modules for power gen-
eration usually operate at large temperature gradi-
ents (e.g. 300-500 K for mid-temperature power
generation applications [3]) and fluctuating temper-
atures, so the differences in physical parameters of
n- and p-type TE materials, such as the coefficient of
thermal expansion (CTE), will resultin high thermal
stresses that can easily lead to device failure during
service [2,3]. In addition, the differences in the melt-
ing point and machinability of different n- and p-type
TE materials impose additional constraints on the
welding and assembly process [3]. Therefore, there
is a strong desire to develop efficient and robust TE
modules using the same parent TE compounds, so
that an excellent match of material properties will fa-
cilitate module fabrication and ensure long-term sta-
ble operation, and it has been well demonstrated in
actual applications, for example, the commercially
available Bi, Te; modules [1,2], the PbTe modules
and SiGe modules used by NASA in deep space ex-
ploration [1,3], which are all made from the same
parent n- and p-type TE materials.

This motivated the present work to develop
novel TE modules consisting of both n-type
and p-type Mg;Sb,-based alloys. Herein, p-type
Mg1.98Ago.02ZnSb2 and n-type Mg3.ZSbBi0A99ése0.OO4
pellets are fabricated by means of mechanical al-
loying and spark plasma sintering. These two
compounds show well-matched thermoelectric and
mechanical properties due to their analogous crystal
structures and similar chemical compositions. Finite
element simulations confirm that the optimum leg
cross-sectional area ratio (A,/A,) to achieve the
maximum conversion efficiency is ~1.0, which is
favorable for the assembly of the modules. Ther-
momechanical coupling calculations show that the
thermal stresses caused by the difference in thermal
expansion between the p- and n-type TE elements
are minimized. Fe is used as a diffusion barrier layer
for both n-type and p-type legs, and a one-step sin-
tering process is adopted to fabricate the TE joints,
which enables strong bonding with low interfacial
contact resistivity. Moreover, all-Mg;Sb,-based
thermoelectric modules are fabricated by devel-
oping a new joining process using Ag composite
pastes that allows low-temperature assembly but
can withstand higher service temperatures. All these
efforts result in a fully Mg;Sb,-based module with a
high efficiency of 7.5% at a heat source temperature
of 673 K and exceptional module reliability against
thermal cycles.
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RESULTS AND DISCUSSION

The adaptation of p- and n-type
Mg;Sh,-based compounds

To obtain p-type Mg;Sb,, we first investigated the
effect of Zn substitution for Mg (Supplementary
Figs S1 and S2), followed by Ag doping (Supple-
mentary Figs S3 and S4). For n-type Mg;Sb,, the
optimization of the TE properties has been de-
tailed in our recent publication [20]. Based on ma-
terial property manipulation, we further focused
on the development of all-Mg;Sb,-based mod-
ules. Here, we chose the compounds with nom-
inal compositions of Mg; 95Ago02ZnSb, (p-type)
and Mg;3 ,SbBigg9sSep004 (n-type) to fabricate the
modules, which were synthesized by using a scal-
able routine that combined mechanical alloying and
current-assisted sintering (see details in ‘Methods”).
The phase composition and microstructure charac-
terization of the samples (Supplementary Figs S5
and $6), including X-ray diffraction, scanning elec-
tron microscopy (SEM) and energy dispersive spec-
troscopy (EDS), indicate good phase purity and
uniform elemental distribution. Structural charac-
terization of p-type Mgj 9sAgo.02ZnSb at the atomic
scale was conducted by using a spherical aberration-
corrected transmission electron microscope. The re-
sults (Fig. la—c) show that Zn and slight Ag, with
larger ionic radii than Mg, occupy the Mg? site of the
Mg;Sb, crystal lattice. P-type Mgj 9gAgo.02ZnSb; is
confirmed as an inverse o-La, O3-type crystal struc-
ture, similar to n-type Mg3SbBi [9,23].

Considering that TE modules typically utilize
the TE properties of sintered samples along the
pressing direction, we prepared large-sized cylinders
with a diameter of 10 mm and a height of 12 mm
(Supplementary Fig. S7) to perform the TE prop-
erty measurements. Temperature-dependent elec-
tronic and thermal transport properties of p-type
Mg1.93Ag0.02ZnSb; and n-type Mg3 5 SbBig.996Seo.004
are shown in Fig. 1d and e. The n-type material has
a lower electrical and thermal conductivity than the
p-type, but possesses a higher Seebeck coefficient,
resulting in a higher zT (Supplementary Fig. S8).
In addition, the temperature-dependent transport
properties measured along the parallel and perpen-
dicular directions to the pressure are comparable,
indicating no significant anisotropy of our Mg;Sb,
compounds. Furthermore, in terms of module struc-
ture, equal cross-sectional areas of the p- and n-type
thermoelectric legs (A, and A,), i.e. A, = A,, are
preferable. This is because the equal cross-sectional
configuration not only facilitates the assembly of the
device, but also helps to increase the filling factors of
TE legs, thus reducing parasitic heat loss [24]. We
note that although the electrical and thermal con-
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ductivity values of our p-type and n-type Mg;Sb,
are different, the simulated maximum conversion ef-
ficiency (7)max) and maximum output power (Py,,)
arebothreachedat A, ~ A, (Fig. 1f). More critically,
although other p-type TE materials have higher av-
erage zT (zTye), the corresponding module effi-
ciencies do not reach the maximum for equal cross-
sectional configuration (Supplementary Fig. S9).
At A, = A,, they even demonstrate lower efficien-
cies than the full-Mg;Sb, combination. Based on
the above, we adjust the cross-section area ratio
to 1 : 1 for the smooth operation of the device at
the cost of losing conversion efficiency and output
power slightly. In all, after these material engineering
manipulations, our p/n-type Mg;Sb, compounds
demonstrate excellent adaptations for TE module
fabrication.

Mechanical reliability and bonding
interfaces of fully Mgs;Sh,-based modules

In addition to power generation performance, the
service reliability of modules is crucial for practical
applications. Structural damage, such as cracks in
TE legs or interfaces, is often observed during the
long-term operation under large temperature differ-
ences and mechanicalloads, whichleads to degraded
performance or even structural failure [25]. Such
failures are mainly caused by overloaded thermal
stresses generated by a mismatch of CTE between
different components in the TE module [2,3,26]. To
evaluate the mechanical reliability of a fully Mg Sb,-
based module, we measured the CTE of p-type
Mg, 98Ag0.02ZnSb, and n-type Mg3 > SbBig 995 Seo.004
samples and then carried out finite element simula-
tions on the coupled thermomechanical behavior.
The temperature-dependent relative length
change (AL/L,) of different TE materials is
shown in Fig. 2a and Supplementary Fig. S10,
where the average value of the linear thermal
expansion coefficient (1) can be determined.
A higher AL/L, indicates a larger or; a closer
AL/Ly means a better CTE match. It is obvious
that our p-type Mg 9sAgo02ZnSb, and n-type
Mg;,SbBigg96Seo.04 are better matched than the
pristine Mg3Sb,, whose or1,300_700 k is measured to
be 22.4 x 107% and 22.7 x 107¢ K™}, respectively.
By contrast, some high-performance p-type TE
materials, such as CoSb; and GeTe, show lower «,
than Mg;Sb,, in spite of their higher zT values. Such
CTE mismatch will result in large thermal stress,
causing drastic breaks when subjected to frequent
thermal cycling. Although thermal stress can be
reduced somewhat by optimizing the structural
factors such as the geometry of TE legs and the
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Figure 1. (a) The unit cell diagram of Mgz Sh,. (b and ¢) Atomic-resolution STEM images of (b) Mg,ZnSb;, and (c) Mg gsAgo.s2ZnSh; along [011] and [010]
orientation, respectively. The insets show Fast Fourier Transform patterns and the linear scanning results based on the detected atomic signal intensity.
(d) Electrical conductivity, absolute Seebeck coefficient and (e) thermal conductivity of p-type Mgi gsAgdo.02ZnSb, and n-type Mgs 2 SbBig ggs Se€q.os- (f)
Simulated maximum conversion efficiency (17,sx) and maximum output power (P, of a fully MgsSb,-based unicouple as a function of cross-sectional
area ratios between p- and n-legs (A,/A,). The inset shows the geometrical model for finite element simulation with its boundary conditions. 7, and 7;
represent the temperature of the hot-side and cold-side ceramic plates, respectively.

thickness of electrodes [27,28], this will increase
the processing difficulty and assembly complexity of
the module. In this regard, n- and p-type TE pellets
with the same geometry are preferred and cuboidal
TE legs are commonly used due to the ease of
manufacturing.

To further quantitatively assess the magnitude of
thermal stresses, we adopted finite element simula-
tions to calculate the stresses and their distribution
within a TE module. A typical module consisting of
two n-type and two p-type TE legs is used for the
modeling (Fig. 2b and Supplementary Figs S11 and
S$12) and its geometrical details are shown in Supple-
mentary Table S1. A steady-state temperature gradi-
ent is applied to the cold and hot sides of the module
with mechanical boundary conditions referring to
previous work [29]. The first principal stress (Solid.
Spl) and von Mises stress are used as the failure
criteria for estimating the mechanical reliability of
TE materials and electrodes/solders, respectively;
considering that semiconductor TE materials are
brittle in nature with low fracture toughness, elec-
trodes/solders are still ductile metal components
[29,30]. In application scenarios, the smaller the
thermal stress, the lower the module-broken proba-
bility. Large stresses can lead to structural damage,
such as cracks at the interface, or to device failure

Page 4 of 11

in a worse case, such as detachment of electrodes or
breakage of the TE legs [2,3,26].

As shown in Fig. 2c and Supplementary Fig. S13,
the maximum Solid. Sp1 occurs at the hot-side outer
edges of the TE pellets. The values for n- and p-
type legs are 83 and 70 MPa, respectively, within
an all-Mg;Sb,-based module, which is lower than
that of the other combinations (Fig. 2d). It is worth
noting that although the maximum Solid. Sp1 val-
ues are not high when Cu,Se and SnSe are used
as the p-type TE legs, the issues of phase transi-
tion in Cu,Se and the anisotropic TE properties of
SnSe still block their full development. Figure 2e
and Supplementary Fig. S14 show the von Mises
stress distribution in the electrodes and solders. The
maximum von Mises stress appears in the central
region of the contact surfaces between the elec-
trodes and the solders (or TE legs) due to the CTE
mismatch between them (Cu ~16.7 x 107¢ K71,
Ag ~19 x 107K ! and Mg;Sb,-based materials
~22 x 107¢ K1), But the maximum stress value of
12 MPa is lower than the previously reported data
(e.g. ~50 MPa between Bi, Te3/Cu, ~100 MPa be-
tween half-Heusler/Cu) [31,32]. Further, we ex-
tracted the displacement along the x/y direction,
eliminating the displacement of the rigid body, to
quantify the deformation of these metal components
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(Fig. 2f and Supplementary Fig. S15). The TE mod-
ule based on Mg;Sb, has a maximum displacement
of 15 um on the hot side and 0.5 um on its cold
side. Compared with other combinations, the same-
parent module exhibits superior thermomechanical
reliability.

Although the p-type and n-type Mg;Sb, materi-
als belong to the same parent, they need doping or
substituting with different elements to optimize the
thermoelectric properties. These doping or substi-
tution elements do not change the crystal structure
and physical properties (e.g. melting point, CTE)
of the matrix material, but would have effects on
the interfacial diffusion or reaction, leading to dif-
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ferences in interfacial contact resistivity [3,26,33].
Herein, Fe is chosen as the barrier layer material.
One-step sintering is used to prepare the junctions
for microstructural characterization and contact re-
sistance measurements. As shown in Fig. 2g and h
and Supplementary Figs S16-S19, a thin reaction
layer is formed between Fe and TE materials after
sintering, with thicknesses of 0.8 and 5.2 yum in the
n- and p-type TE junctions, respectively. The reac-
tion layers are mainly composed of Fe and Sb el-
ements. The presence of the reaction is beneficial
for strong interfacial bonding [34]. Considering the
similar composition of the reaction layer in both n-
and p-type junctions, the greater thickness in the
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latter is due to the weaker bonding of the Zn-Sb
bonds leading to more Sb being involved in the re-
action during sintering [35]. As shown in Fig. 2i, p.
for n- and p-type junctions is 17.1 and 4.5 u$2-cm?,
respectively. It is noteworthy that p. at the Fe/p-
type Mgi.9sAg0.02ZnSb, interface is lower despite
the thicker reaction layer. This should be attributed
to the different bonding mechanisms between the
n- and p-type materials with Fe. The reaction layer
between Fe and n-type Mgs , SbBig 996 Seq.004 is thin
and negligible. The work function of Fe is greater
than that of Mgs,SbBiggosSeooo4, thus resulting
in the Schottky potential barrier at the interface
[36]. In contrast, a thicker intermediate layer of
FeSb, (Supplementary Fig. S18) is produced be-
tween the p-type Mg 9gAgo.02ZnSb, and Fe. Due
to the fact that FeSb, is a p-type semiconduc-
tor above room temperature with good electrical
conductivity [37], a low contact resistance is thus
guaranteed.

Having determined the interface bonding design
and the results of contact resistivity, we then use fi-
nite element simulation to investigate the effect of
Fe on thermal stress and to determine the appropri-
ate height of the TE legs. As shown in Supplemen-
tary Fig. $20, the maximum Solid. Sp1 on the ther-
moelectric legs is increased from 82.6 to 92.5 MPa
under the same boundary conditions. The von Mises
stresses and the displacements on the electrodes do
not change significantly. Overall, the introduction of
the Fe layer has little effect on the stress distribution
and deformation. Clearly, 1),y and maximum power
density (Py, max) show opposite trends as a function
of H/A;, (Supplementary Fig. S21). This is because
the increase in leg height enlarges the effective tem-
perature difference across the TE legs, leading to an
increase in 1),. However, the module resistance is
also augmented, resulting in a decrease in Py max.
Finally, considering the module efficiency and the
convenience of processing, we adopted the size of
3mm X 3 mm X 5.5 mm, ie. H/A,, =0.3 mm~,
for both n- and p-type TE legs to fabricate the
modules.

Assembly of fully Mg;Sh,-based modules

After the preparation of the TE legs, another prob-
lem that needs to be solved is how to connect them
to the electrodes. Soldering or brazing is by far
the most common joining technique. In order to
connect Mg;Sb, compounds to the electrode, the
melting temperature of the brazing filler should be
~750 K, because melting below this temperature
willlead to remelting of the brazing filler and module
collapse in service, while melting above this temper-
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ature will lead to thermal degradation of the Mg;Sb,
compounds due to elemental volatilization during
the joining process. However, very few candidates
exist in the melting range of interest for Mg;Sb,
according to the solidus and liquidus temperatures
in both solder and braze [38]. We found Al-Si-
Cu alloys can be used for brazing at ~830 K and
tried to achieve the connections by using pressure-
assisted sintering (Fig. 3a), expecting a high-quality
joint without raising the joining temperature further.
As a result, although the Mg;Sb, compounds and
Cu electrodes can be connected under 830 K and
10 MPa, severe volatilization of Mg and Zn elements
occurred due to the high joining temperature and
cracks on the TE legs were observed. We tried to
reduce the pressure, but the problem of elemental
volatilization remains. We also tried to reduce the
joining temperature or time, but the junctions could
not be connected.

To address this issue, a further attempt was made
to adopt a low-temperature and low-pressure join-
ing technique with the aid of Ag composite paste.
The Ag composite paste is composed of nanosized
Ag particles, micron-sized Ag particles and organic
solvent (Supplementary Fig. $22), where the nano-
sized Ag particles are used as a ‘binder’ to enhance
the joining driving force and the micron-sized Ag
particles act as a ‘framework’ for the solder layer
[38,39]. As shown in Fig. 3b, Ag paste is uniformly
coated on the electrodes before heating and four
TE legs are mounted on the surface of the paste.
The joining process is carried out in a tube furnace
with a joining temperature of 523 K (Supplemen-
tary Fig. $23) and a holding time of 1.5 h under Ar
atmosphere. To fix the TE module during the join-
ing process, we added a graphite block with a weight
of 3.5 g, corresponding to 0.3 kPa, onto the TE
module. The pressure caused by the graphite block
is much lower than those used in typical pressure-
assisted joining processes (e.g. on the order of
MPa, Supplementary Table $S3). During the heating
process, the organics gradually decompose and the
surface energy and chemical potential of the nano-
Ag particles begin to decrease. The sintering neck is
then formed between the closely distributed Ag par-
ticles (Supplementary Fig. $24). Finally, the curva-
ture of the sintering neck approaches almost infinity,
and the bonding between TE legs and Cu electrodes
is gradually completed (Supplementary Fig. S25a
and b). In order to confirm that the Ag compos-
ite paste can meet the operating temperature of
Mg;Sb,-based modules, we conducted 10 thermal
cycling tests from 523 to 773 K on the sintered paste.
As shown in Fig. 3¢, the composite paste exhibits
good thermal stability. In addition, we compare the
change in resistance before and after joining with
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Figure 3. (a) Schematic diagram showing the assembly of a Mg3;Sh,-based module by pressure-assisted high-temperature
sintering. AI=Si—Cu brazing fillers are used. (b) Assembly of a MgsSh,-based module by low-temperature and low-pressure
joining with the aid of Ag composite paste. (c) Mass change (TG) and heat flow (DSC) for Ag composite paste during 10
thermal cycles from 523 to 773 K. (d) Comparison of the change in resistance before and after soldering with Ag composite

paste.

Ag composite paste to ensure that TE materials and
interfaces are not damaged. The resistances of as-
prepared individual n- and p-type TE legs are mea-
sured to be 21.8 and 9.5 m€2, respectively (Fig. 3d),
consistently with the predicted values based on ma-
terial resistivity. The measured resistance of a fully
Mg;Sb,-based module bonded with Ag composite
paste is 63.1 m€2. This is comparable to the cal-
culated value of 62.7 m£2, implying that this low-
temperature, low-pressure joining technique with
the aid of Ag composite paste works well.
Furthermore, though Mg, Cu, Fe;Mg, Crand Nb
have recently been reported to be better barrier layer
materials for Mg;Sb,, demonstrating lower contact
resistivity and excellent interface stability, there are
still complicated diffusion mechanisms to be further
explored [15,20,40]. When the Fe powder forms
a dense Fe layer after sintering in argon, the sta-
ble contact resistance is guaranteed. The protocol
of our Ag composite paste as well as the joining
technique is general and feasible for these newly de-
veloped conductive barrier layers, as silver and its
alloys have proven excellent solderability [41]. An
additional advantage of our Ag composite paste is
that it can be used for soldering at lower tempera-
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tures (~523 K) and smaller pressures (Supplemen-
tary Table S3), ensuring that the TE legs are intact
during the soldering process. This approach effec-
tively solves the long-standing problem of not having
a suitable solder for mid-temperature (500-800 K)
TE modules, which can be extendable to a wider
range of electrode/TE material combinations, such
as PbTe, SnSe, GeTe or skutterudite systems.

Module power generation performance
and reliability

The power generation performance of a two-pair
module made using all-Mg3 Sb,-based materials was
characterized at different temperature gradients,
where the heat source temperature ( Theater) Was in-
creased from 370 to 673 K and the temperature of
the cold-side Cu block (Tcooler) Was maintained at
~290 K. The measured current (I)-dependent out-
put voltage (Vo) is shown in Fig. 4a, which ex-
hibits a good linear relationship. For each I-V curve,
the y-intercept and the slope represent the open-
circuit voltage (Vo) and the module’s internal re-
sistance (Ry,) at the assigned temperature differ-
ence (AT), respectively. Py, is reached when the
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Figure 4. (a) Output voltage (hollow) and output power (solid) of a fully MgsSh,-based module as a function of current under
different measuring temperature differences. (b) Measured and predicted conversion efficiency as a function of temperature
difference of our two-pair and eight-pair modules. (c) Comparison of the efficiency of existing same-parent TE modules at
a temperature difference of 380 K over the last decade. (d) Change of the maximum output power (A Py and efficiency
(Anmay) of the fully MgsSh,-based module during 100 thermal cycles when the hot-side temperature ( Theater) Cycles between
673 and 473 K and the cold-side temperature (T ) is fixed at 293 K.

external electronic load is matched with R;,. As
shown in Supplementary Fig. S25¢, V, increases
from 54 to 276 mV with increasing temperature dif-
ference. The measured data are in line with the sim-
ulated values obtained from the material proper-
ties, suggesting a negligible temperature difference
loss between the contacts and good chemical sta-
bility of Mg;Sb,-based materials. R;, also increases
with increasing temperature difference, from 69 to
83 m£2. This is mainly due to the metallic conductive
behavior of our Mg;Sb,-based materials. The dis-
crepancy between the measured R, and predicted
Ry, arises from the contact resistances. Supplemen-
tary Fig. S26 illustrates the Py, (counting the
occupied area of the whole module) and 7,y of
the module as a function of temperature difference.
Py, max increases from 0.01 W em ™ (AT = 80 K) to
023 Wem ™2 (AT = 380 K). A high 77, of 7.3%
(Fig. 4b) is obtained at AT = 380 K, which is higher
than that of state-of-the-art TE modules based on
the same parent compounds, such as half-Heusler,
PbTe and skutterudites, under the same tempera-
ture gradient (Fig. 4c and Supplementary Table S4)
[24,42-52]. Further, we fabricated an eight-pair all-
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Mg;Sb,-based module (Fig. 4b), which achieves a
more competitive conversion efficiency of ~7.5%
at the same temperature difference. Moreover, the
measured efficiency approaches 90% of the pre-
dicted value, indicating a low performance loss
thanks to the rational design reaching a higher filling
factor of ~52% and an effective bonding technique.

Furthermore, the long-term reliability of the
module is investigated (Fig. 4d and Supplemen-
tary Fig. $27). The thermal cycling tests show that
both P,y and 7.y remain stable and comparable
to those before thermal cycling. They show fluctu-
ations of ~8%, which is within the measurement
error of the equipment [20]. Compared with pre-
vious Mg;Sb,-based modules (Supplementary Ta-
ble SS), our reliability results represent a significant
improvement. After 100 thermal cycles (~150 h),
we stopped the measurement and disassembled the
module to characterize the contact interfaces (Sup-
plementary Fig. $28). As is shown in Supplementary
Figs S29 and S30, the Fe/Ag-pastes/Cu interfaces
remain intact after thermal cycling and no cracks
or significant elemental diffusion are observed,
indicating good interfacial stability. Besides, the
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eight-pair all-Mg;Sb,-based module could also op-
erate stably and efliciently over 150 thermal cy-
cles, ~225 h, from 473 to 673 K (Supplementary
Fig. S31). Given that this is the first all-Mg3Sb,-
based thermoelectric module to date, the results of
thermal cycling are quite encouraging. In addition, it
is worth noting that, although high efficiency (7.5%)
of this all-Mg; Sb,-based module is mainly attributed
to the n-type compounds, our outcome is readily ex-
tended to a wider range of materials and presents
greater potential. For example, if we switch to the
state-of-the-art n-type Mg3'17B0_03Sbl'sBi0_49Teo'01
and p-type (Cags Ybo2sBag.s )0.99sNag.00sMg, Bij o
as the TE legs [53,54], an exceptional 7., beyond
10% could be obtained (Supplementary Fig. $32).

CONCLUSION

In summary, TE modules consisting of both n-type
and p-type Mg; Sb,-based alloys are successfully fab-
ricated. They demonstrate a high conversion effi-
ciency of 7.5% at a temperature difference of 380 K
and outstanding thermal cycling reliability. This has
been enabled by the development of compatible
high-performance same-parent TE materials, as well
as rational device construction including low ther-
mal stress, highly conductive interfacial contacts and
an efficient joining technique. These results success-
fully illustrate the great potential of developing all-
Mg;Sb,-based modules for the efficient generation
of electricity from low-grade but extremely abundant
waste heat.

METHODS

Material synthesis and module
fabrication

High-purity elements of magnesium (pieces,
99.9%, Sinopharm Chemical Reagent Co., Ltd),
antimony (powder, 99.999%, Sinopharm Chemical
Reagent Co., Ltd), bismuth (powder, 99.999%,
Sinopharm Chemical Reagent Co., Ltd), zinc
(powder, 99.999%, Sinopharm Chemical Reagent
Co., Ltd), silver (powder, 99.99%, Macklin) and
selenium (powder, 99%, Sinopharm Chemical
Reagent Co., Ltd) were weighed according to the
composition of p-type Mg 9sZnAgpp,Sb, and
n-type Mgs,Sb;Bigg96Seo 004, and then sealed into
stainless-steel ball-milling jars inside a glovebox
with argon atmosphere. The mechanical alloying
process was undertaken by planetary ball mill
equipment (QM-3SP2, Nanjing Nanda Instrument
Plant, China) at 480 r/min over 20 h for the
synthesis of p-type materials, while oscillating ball
mill equipment (MSK-SFM-3-1I, Hefei Kejing
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Material Technology Co., Ltd, China) at 900 r/min
over 20 h was used for the synthesis of n-type
materials. The ball-milled powders were then added
into a cylindrical graphite die with a diameter of
10 mm. Spark plasma sintering (SPS, Dr. Sinter
725, Sumitomo Coal Mining Co., Ltd., Japan)
was used to consolidate the powders. The p-type
Mg 95ZnAgo 0> Sb, samples were sintered under
a pressure of 50 MPa at 853 K for 5 minutes, and
n-type Mg3 ,Sb; Big 996Seg 004 Samples were sintered
under a pressure of 50 MPa at 1023 K for 3 minutes.
The bulk n- and p-type samples with Fe barrier layers
were prepared by using the SPS technique following
the above sintering parameters. After grinding
and polishing, the samples were cut into dices
with dimensions of 3.0 mm X 3.0 mm X 5.7 mm
(two-pair module) and 1.8 mm x 1.8 mm X 5.7 mm
(eight-pair module), with 0.1 mm of Fe on the top
and bottom. Both the hot and cold sides of the TE
junctions were then soldered with silver paste to
double-sided direct-bonded copper alumina plates.
The overall size of the module consisting of two
couples was 10 mm X 10 mm X 7.7 mm. Boron
nitride coating was sprayed onto TE legs prior to
the power generation measurements to protect the
materials from volatilization. Glass fibers (GXZ alu-
minosilicate fiber paper) were then filled between
TE legs to reduce heat losses due to convection
and radiation (Supplementary Fig. $33). Copper
wires were soldered to the cold-side Cu electrodes
to measure the current and voltage. In addition, the
details about characterization and simulation are
included in the Supplementary data.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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