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Interface kinetic manipulation enabling
efficient and reliable Mg3Sb2 thermoelectrics

Yuntian Fu 1,9, Xin Ai2,9, Zhongliang Hu1,9, Shuhan Zhao3, Xiaofang Lu1,
Jian Huang 4 , Aibin Huang5, Lianjun Wang 1,6 , Qihao Zhang 7 &
Wan Jiang 1,8

Development of efficient and reliable thermoelectric generators is vital for the
sustainable utilization of energy, yet interfacial losses and failures between the
thermoelectric materials and the electrodes pose a significant obstacle.
Existing approaches typically rely on thermodynamic equilibrium to obtain
effective interfacial barrier layers, which underestimates the critical factors of
interfacial reaction and diffusion kinetics. Here, we develop a desirable barrier
layer by leveraging the distinct chemical reaction activities and diffusion
behaviors during sintering and operation. Titanium foil is identified as a sui-
table barrier layer for Mg3Sb2-based thermoelectric materials due to the
creation of a highly reactive ternary MgTiSb metastable phase during sinter-
ing, which then transforms to stable binary Ti-Sb alloys during operation.
Additionally, titanium foil is advantageous due to its dense structure, afford-
ability, and ease of manufacturing. The interfacial contact resistivity reaches
below 5μΩ·cm2, resulting in aMg3Sb2-basedmodule efficiency of up to 11% at a
temperature difference of 440K, which exceeds that of most state-of-the-art
medium-temperature thermoelectric modules. Furthermore, the robust Ti
foil/Mg3(Sb,Bi)2 joints endowMg3Sb2-based single-legs aswell asmoduleswith
negligible degradation over long-term thermal cycles, thereby paving the way
for efficient and sustainable waste heat recovery applications.

Driven by the increasing demand for renewable energy and carbon
neutrality, thermoelectric technology, which can convert waste heat
directly into electricity based on the Seebeck effect, has attracted
increasing attention as a promising solution to improve the utilization
efficiency of fossil fuels and reduce the emission of carbon dioxide.
Over the past two decades, there has been remarkable progress
in the development of thermoelectric materials, leading to the

thermoelectric dimensionless figure of merit, known as zT, exceeding
2.0 and even surpassing the unprecedented level of 2.5 in multiple
material systems suchas SnSe,GeTe, andPbTe1–3. These advancements
have been an important impetus driving thermoelectric technology
into widespread applications. However, in contrast to the rapid
development of thermoelectric materials, progress in thermoelectric
devices has lagged behind. Most existing thermoelectric devices
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exhibit conversion efficiencies below 10% and suffer frompoor cycling
reliability3. This is mainly attributed to the interface between the
thermoelectric material and the electrode, where large contact resis-
tances as well as severe elemental diffusion and reactions occur,
especially at elevated temperatures. To address this issue, a general
solution is to introduce a barrier layer between the electrode and the
thermoelectric material. An ideal barrier layer material should not
only provide an interface with low contact resistance to minimize
losses in thermoelectric conversion but also with high bonding
strength and service inertness to withstand thermal attack during
operation. Recently, several strategies, such as powder co-sintering
experiments4–7, interfacial reaction and diffusion energy criteria8,9, and
phase diagram calculations10–12, have been proposed for the efficient
screening of suitable barrier layers. Although these efforts have led to
significant progress, materials for accessing thermoelectric interfacial
barrier layers that are characterized by both high bonding activity and
high operation reliability have rarely been developed.

Todate,methods suchasmagnetron sputtering13, electroplating14,15,
and sintering16 have been applied to connect interfacial barrier layer
materialswith thermoelectricmaterials. Among them, one-step sintering
is gaining wide popularity due to its simplicity and versatility5,17,18. Typi-
cally, barrier layer powders (or foils) and thermoelectric powders are
sequentially placed into a graphite die and then densified using hot
pressing or spark plasma sintering to obtain a sandwich-structured pel-
let. Through this process, the densification of thermoelectric materials
and the formation of thermoelectric joints are realized concurrently.
Therefore, the sintering regimes, including temperature, duration, and
pressure, have a crucial role in determining both the resultingproperties
of thermoelectric materials and the bonding activity and operation
reliability of the interface. It is desirable that the interface be diffusively

reactive during sintering, such as forming a robust interfacial reactive
layer, to establish strong bonding, whereas in service, the interface
becomes unreactive and as weakly diffusive as possible (Fig. 1a). This
objective goes beyond the thermodynamics of solid-solid interfaces and
liesmore in the field of interfacial reactions and diffusion kinetics. In this
context, temperature isoneof themost crucial factors,which is reflected
by theone-step sintering temperature (Ts) and the thermoelectric device
operating temperature (To). Assuming that Ts is greater than To, the
materials will exhibit higher chemical reaction activity and diffusion
kinetics during the sintering process than during the operating process.
This implies that the sintering process has the capability to provide
enough energy to overcome the reaction and diffusion energy barriers
between barrier layers and thermoelectric materials, resulting in the
formation of interfacial products. On the other hand, during device
service, thediffusion-controlled reactionprocess can be impededdue to
the lower energy provided. By utilizing this kinetic difference, an ideal
thermoelectric interface that combines strong bonding and service
inertness can be achieved (Fig. 1b).

Based on this envision, we compared the Ts and To of a variety of
thermoelectric materials1,5,6,8,9,18–50. It is evident that Ts is much higher
than To in some thermoelectric systems, as exemplified by Mg3Sb2,
whose Ts can be 500K greater than To (Fig. 1c). This implies that these
materials have distinct chemical reactivity and diffusion rates during
sintering and operation. Taking advantage of this kinetic difference,
we found that titanium (Ti) foil is a suitable barrier layer for Mg3Sb2-
based thermoelectric materials owing to its high sintering activity and
excellent service inertness, as well as its dense structure, low cost and
ease of fabrication. Our study shows that Ti foil reacts with Mg3Sb2 to
produce a MgTiSb metastable phase at a Ts of 1023K, whereas no
reaction occurs between them when sintered at 748K (the To of

Fig. 1 | Design of the thermoelectric barrier layer and the resulting robust
Mg3Sb2-based devices. a Schematic diagram of the most desirable thermoelectric
barrier layer featuring high sintering activity and high service reliability.bDesignof
the thermoelectric barrier layer by utilizing kinetic differences during sintering and
operation. TE is an abbreviation for thermoelectric. c One-step sintering tem-
perature (Ts) and thermoelectric device operating temperature (To) of various
thermoelectric materials1,5,6,8,9,18–50. HH is an abbreviation for half-Heusler.
d Changes in the open-circuit voltage (Voc), device resistance (Rin), and maximum

output power (Pmax) of a Mg3Sb2-based single leg during thermal cycling testing.
The inset shows a photograph of the single leg, and illustrates the cycling tem-
perature regime, where the heat-source temperature (Theater) cycles between 473 K
and 748K while the cold-side temperature (Tcooler) is maintained at 293 K.
eComparisons of the cost-effectiveness andmaximumconversion efficiency (ηmax)
of different thermoelectric modules at a temperature difference (ΔT) of
~440K5,9,19,22,51,52.
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Mg3Sb2). The MgTiSb phase leads to an initial interfacial contact
resistivity of less than 5μΩ·cm2, which is among the lowest ever
reported. During accelerated thermal ageing tests,MgTiSb transforms
into different Ti-Sb phases at different ageing temperatures, whereas
the thickness of the interfacial reactive layer remains almost constant,
and the contact resistivity remains low. A Mg3Sb2-based single-leg
thermoelectric device was subsequently fabricated for reliability eva-
luation. Its power generation performance keeps stable throughout
200 thermal cycles lasting 330 hwith heat-source temperature (Theater)
cycling between 473 K and 748K (Fig. 1d), demonstrating excellent
reliability. Furthermore, a module efficiency of up to 11% is achieved at
Theater of 723K and a temperaturedifference (ΔT) of 440K in aMg3Sb2-
based thermoelectric module, which surpasses that of most state-of-
the-art medium-temperature thermoelectric modules5,9,19,22,51,52

(Fig. 1e). Moreover, our module contains no toxic elements and has a
superior power/cost ratio compared to existing modules (Fig. 1e),
indicating significant promise for widespread applications.

Results
Interface kinetic differences during sintering and operation
The results of powder co-sintering experiments reported in our pre-
vious work show that Cu, Ni, and Ti can form interfacial reaction layers

with Mg3(Sb,Bi)2 during the densification process of Mg3(Sb,Bi)2
5. This

implies that these three elements have high sintering activity as the
diffusion barrier layer. To determine whether they possess excellent
stability during operation, we sintered Cu, Ni, and Ti foils with
Mg3(Sb,Bi)2 in one step at 1023K (the Ts of Mg3(Sb,Bi)2) and 748K (the
To of Mg3(Sb,Bi)2), and studied their interfacial reactions and diffusion
behaviors in detail.

As a result, at 1023K with a holding time of 15min, the Cu, Ni and
Ti foils react with Mg3(Sb,Bi)2 (Fig. 2a–c). The interfacial reaction
products are Cu2Mg, Ni2Mg, and MgTiSb compounds, respectively
(Supplementary Table 1). This suggests that Mg is highly active in the
reaction of Mg3(Sb,Bi)2 with metal foils and that the formation of Mg-
based compounds are preferred. The thicknesses of the interfacial
reaction layer for Cu, Ni, and Ti are 8μm, 4.5μm, and 1μm, respec-
tively, indicating that the reaction rates follow the order of Cu >Ni > Ti.

In contrast, when the samples were sintered at 748 K (the typical
maximum operating temperature of Mg3(Sb,Bi)2) for up to 3 h, Cu and
Ni still react with Mg3(Sb,Bi)2 (Fig. 2d, e); however, the Ti foil is unable
to connect with Mg3(Sb,Bi)2 (Fig. 2f). The interfacial reaction layer in
the case of Cu foil consists of a Mg-Cu diffusion layer and a Mg2Cu
reaction layer, whereas in the case of Ni foil, it consists of a Mg2Ni
reaction layer and a Mg-Sb-Bi-Ni diffusion layer (Supplementary

Fig. 2 | Interfacial diffusion and reaction at different one-step sintering tem-
peratures. EDS mapping and line scanning results showing the elemental dis-
tribution of (a) Cu, (b) Ni, and (c) Ti foil sintered with Mg3(Sb,Bi)2 at 1023K for
15min. TE stands for Mg3(Sb,Bi)2. EDS mapping and line scanning results of (d) Cu
and (e) Ni sinteredwithMg3(Sb,Bi)2 at 748 K for 3 h. f Schematic and photographof

Ti foil sinteredwithMg3(Sb,Bi)2 at 748K for 3 h, showing the inertness of Ti foilwith
Mg3(Sb,Bi)2-based materials at 748K. g Migration channels of Mg atoms in
Mg3(Sb,Bi)2 and (h) corresponding energy barrier along these channels. i Energy
barrier for the migration of several metals within the Mg3(Sb,Bi)2 lattice.
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Table 2). The interfacial products formed at 748K exhibit distinct
composition and thickness compared to those formed at 1023 K,
clearly demonstrating the pronounced temperature dependence of
the interfacial reaction and diffusion kinetics. The failure of Ti foil to
connect withMg3(Sb,Bi)2 even after prolonged sintering time suggests
that Ti foil is inert to Mg3(Sb,Bi)2 at a service temperature of 748K.
Therefore, it can act as a diffusion barrier to achieve high interfacial
stability.

We also sintered the Ti foil with Mg3(Sb,Bi)2 at 923 K to explore
the activation temperature of the reaction between them. The findings
indicate that a reaction layer with a thickness of only 500nm is formed
at the interface after holding at 923 K for 30min (Supplementary
Fig. 1a). The composition of the reaction layer is also MgTiSb (Sup-
plementary Fig. 1b, c), which is identical to the composition achieved
during sintering at 1023 K. This result suggests that the reaction
between Ti and Mg3(Sb,Bi)2 preferentially produces the ternary
MgTiSb compound, and the activation temperature should be slightly
below 923 K but significantly above 748K. Hence, the Ti foil is char-
acterized by both high sintering activity and service inertness for
Mg3(Sb,Bi)2.

Density functional theory (DFT) calculations were further per-
formed to elucidate the interface kinetic differences. First, the vacancy
formation energies of a number of barrier layer candidates (Cu, Ni, Ti,
Fe, Nb, Cr, Mo, and W) as well as different sites of Mg3(Sb,Bi)2 were
calculated. As shown in Supplementary Table 3, the vacancy formation
energy at the Mg1 site of Mg3(Sb,Bi)2 is the lowest. Thus, the vacancy
flux tends to shift from the puremetals toward theMg3(Sb,Bi)2 side, as
reflected by the Kirkendall effect53. The energy barriers for atomic
diffusion within Mg3(Sb,Bi)2 were then determined by the climbing
image nudged elastic band (CI-NEB) method54. Three different diffu-
sion paths for Mg-Mg migration were compared (Fig. 2g). Among
them, path ② from the Mg1 to Mg2 sites exhibits the lowest migration
barrier (Fig. 2h). Therefore, we selected this path to further investigate
the diffusion behavior of differentmetals withinMg3(Sb,Bi)2. As shown
in Fig. 2i, among thefive selectedmetals,WandNbexhibit significantly
higher energy barriers with double peaks when moving from one
vacancy to neighboring sites in Mg3(Sb,Bi)2. In contrast, Ni and Cu
diffuse more easily within the Mg3(Sb,Bi)2 lattice, while Ti displays a
moderate migration barrier. This suggests that it is challenging for
Mg3(Sb,Bi)2 to form interfacial compounds withW and Nb, whereas Ni
and Cu can induce rapid interfacial growth. The case of Ti lies in
between, resulting in a moderate growth of the interface. These cal-
culated results are consistentwith our experimental results of previous
powder co-sintering5 and the one-step sintering here. In addition, all
these diffusion barrier values are lower than the self-diffusion energy
barriers in pure metals (Supplementary Table 3), suggesting that dif-
fusion occurs via one-way migration from the metal side to the
Mg3(Sb,Bi)2 side.

Interfacial evolution of Ti/Mg3(Sb,Bi)2 joints
According to our previous work,Mg3(Sb,Bi)2 can work stably at 748K5.
Above this temperature, theMgelement volatilizes severely, leading to
deterioration of the thermoelectric properties55,56. Therefore, to eval-
uate the interfacial service stability of Ti/Mg3(Sb,Bi)2, we performed
thermal ageing tests on the joints at 748 K. To obtain the interfacial
evolution behavior in a shorter period of time, we also performed
accelerated thermal ageing experiments, i.e., thermal ageing of the
joints at temperatures of 773 K, 798 K, and 823 K, which are much
higher than their service temperature.

As a result, even after accelerated thermal ageing at 798K for 360
h, the Ti foil is still well connected to the Mg3(Sb,Bi)2 matrix, and no
cracks are formed between them (Fig. 3a). More crucially, no further
diffusion of elementswasobserved, and the thickness of the interfacial
reaction layer hardly increases (Supplementary Fig. 2), indicating the
good service stability of the interface. Note that this is quite different

from the result of using Ti powder as a barrier layer. Initially, the
contact resistivity of theMg3(Sb,Bi)2/Ti powder interface is 6.5μΩ·cm2,
which is comparable to that of the Mg3(Sb,Bi)2/Ti foil interface (Sup-
plementary Fig. 3). These values indicate that both Ti powder and Ti
foil provide similarly low initial contact resistivity after being sintered
with Mg3(Sb,Bi)2. However, significant differences arise after thermal
ageing at 798K for 360 h. The Ti powder/Mg3(Sb,Bi)2 interface shows
the formation of complete cracks (Fig. 3b), resulting in electrical dis-
connection. Compared to the Ti foil, the Ti powder shows a poor
service stability. We notice that Ti powder is not sintered into a dense
layer after sintering at 1023 K, and Mg3(Sb,Bi)2 is present inside the Ti
layer (Supplementary Fig. 4). Although a reaction layer with the same
composition as that used for Ti foil is formed at each interfacebetween
the Ti powder and Mg3(Sb,Bi)2, its thickness increases to 2–5μm. This
indicates that more intense reactions and diffusion occur at the
interfaces between the Ti powder and Mg3(Sb,Bi)2 than that of Ti foil,
which is related to the increased rate caused by the increased diffusion
channels and reaction interfaces. However, unlike in the case of loose
Ti powder, there is only one interface between the dense Ti foil and
Mg3(Sb,Bi)2, which greatly mitigates the interfacial reactions and dif-
fusion during service.

Moreover, we find that the composition of the interfacial reaction
layer changes with increasing thermal ageing temperature (Fig. 3c).
The interfacial reaction product after sintering is ternary MgTiSb, as
confirmed by XRD, TEM images, selected area electron diffraction
patterns, and elemental analysis (Fig. 3d–g, Supplementary Figs. 5, 6
and Table 4). TEM characterization also reveals some Mg enrichment
between the Ti foil and Ti-Sb diffusion layer. Upon ageing at 748 K, the
MgTiSb compound near the Ti foil partially changes to Ti2Sb, while the
interfacial reaction layer mostly changes to Ti2Sb when the ageing
temperature is increased to 773K and 798K (Fig. 3h, Supplementary
Fig. 7). According to the ternary phasediagramofMg-Ti-Sb in theOpen
Quantum Materials Database (OQMD) database (Supplementary
Fig. 8), MgTiSb can be decomposed into Mg, Ti2Sb and Mg3Sb2.
Therefore, we suppose that the compositional changes during thermal
ageing are due to the volatilization of Mg. This is also in agreement
with the calculated formation energy results that Ti2Sb has a more
negative value than MgTiSb (Supplementary Table 5), i.e., Ti2Sb is
more stable. In addition, the thickness of the interfacial reaction layer
does not increase significantly during thermal ageing up to 798K
(Supplementary Fig. 9), suggesting that the interface maintains high
stability below 798K. As the ageing temperature further increases to
823 K, the interfacial reaction layers change to Ti5Sb2 and Ti5Sb3
(Fig. 3i), while the thickness increases abnormally and there is a risk of
failure. The detailed interfacial evolution at 823K requires further
study. However, considering that the usual operating temperature of
Mg3(Sb,Bi)2 is ~748 K, Ti foil is sufficient for the application of
Mg3(Sb,Bi)2 for mid-temperature thermoelectric power generation.
Note that we attempted to synthesize MgTiSb for more characteriza-
tions, but have not succeeded in obtaining the pure phase (Supple-
mentary Fig. 10). Similar difficulties have been reported for other
ternary compounds, such as MgNiSb11, highlighting the challenges
associated with synthesizing these ternary compounds. Furthermore,
from apractical standpoint, formingMgTiSb in situ bydirectly using Ti
foil and Mg3(Sb,Bi)2 through a one-step sintering process is more
convenient and cost-effective. This method avoids the complexities
and additional steps involved in synthesizing and handling complex
multicomponent compounds.

Given the significant reaction between Ti and Mg3(Sb,Bi)2, the
reaction equation should be better understood. For this purpose, we
used tungsten powder, which is chemically inert to Mg3(Sb,Bi)2, as a
marker for the initial position of the Ti/Mg3(Sb,Bi)2 interface. Tungsten
powder was pre-sintered with Mg3(Sb,Bi)2 to prevent it from being
pressed into Ti foil during sintering. With the help of the tungsten
marker, we observe that the interfacial reaction layer is located inside
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the Mg3(Sb,Bi)2 matrix (Supplementary Fig. 11), suggesting that the
formation of the MgTiSb product results from the diffusion of Ti into
Mg3(Sb,Bi)2. This is consistent with the DFT calculations above. Con-
sidering the conservation of matter, it can be deduced that the for-
mation of MgTiSb is accompanied by the precipitation of Bi and
precipitation/volatilization ofMg. Therefore, we canwrite the reaction
equation as: Mg3SbBi + Ti =MgTiSb + Bi + 2Mg. This also explains the
presence of pores and Bi enrichment after thermal ageing when using

Ti powder as a diffusion barrier (Supplementary Fig. 4). A corre-
sponding schematic diagram of the interfacial evolution is shown
in Fig. 3j.

Interfacial electrical properties
In light of the robust connection between the Ti foil and the
Mg3(Sb,Bi)2 matrix and the excellent interfacial stability, we expect
that the contact resistivity before and after thermal ageing will also be

Fig. 3 | Interfacial stability of Ti foil/Mg3(Sb,Bi)2 joints. a Ti foil/Mg3(Sb,Bi)2 joint
after thermal ageing at 798 K for 360 h. b Ti powder/Mg3(Sb,Bi)2 joint after thermal
ageing at 798K for 360 h. c EDS line scanning results showing that the interfacial
reaction layer (IRL) changes when ageing at different temperatures for 360 h.
Microstructural characterization of the as-sintered Ti foil/Mg3(Sb,Bi)2 joint: d TEM

image; e Selected area electron diffraction (SAED) pattern; f Elemental mapping;
g Elemental line scanning.hTEM image of the Ti foil/Mg3(Sb,Bi)2 joint after thermal
ageing at 798K for 360 h. i TEM result of Ti foil/Mg3(Sb,Bi)2 after thermal ageing at
823 K for 360 h. j Schematic diagram of the Ti foil/Mg3(Sb,Bi)2 interfacial reaction
and diffusion during sintering and thermal ageing.
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very favorable. As expected, the as-sintered Ti foil/Mg3(Sb,Bi)2 joint
possesses an average contact resistivity as low as 5.5μΩ·cm2 (Fig. 4a),
which is lower than our previously reported contact resistivity when
using Nb foil (9.7μΩ·cm2)5. Compared to all existing diffusion barrier
materials for Mg3(Sb,Bi)2, including metals, alloys, and intermetallic
compounds, our Ti foil/Mg3(Sb,Bi)2 joint is among the best. Although
some alloys present lower contact resistivity, their compositional
complexity and difficulty in one-step sintering limit their practical
application.

After accelerated thermal ageing, the contact resistivity of the Ti
foil/Mg3(Sb,Bi)2 joint increases but remains as low as 14.9, 18.9, and
18.3μΩ·cm2 after ageing at 748 K, 773 K, and 798K for 720 h, respec-
tively (Fig. 4b). These values are even lower than the initial contact
resistivities when some metals, such as Fe and Ni, are used as barrier
layers (Fig. 4a). The current-voltage characteristics of the Ti foil/
Mg3(Sb,Bi)2 joints, both before and after ageing, exhibit a linear rela-
tionship (Supplementary Fig. 12), indicating that all interfaces form
ohmic contacts. More notably, the contact resistivity is linearly related
to the square root of the ageing time (Fig. 4b), fromwhichwe can infer
that the evolution of the Ti/Mg3(Sb,Bi)2 interface is a diffusion-
controlled process57. However, the increase in the contact resistivity
contradicts the TEM results above, which show little change in the
thickness of the interfacial reaction layer after thermal ageing. We
attribute this to the fact that the scanning step (5μm) during the
contact resistivity measurement is larger than the thickness (less than
3μm, Fig. 3a) of the interfacial reaction layer. In this case, the resis-
tancemeasured near the interface (Rtot) is composed of the resistance
of the Mg3(Sb,Bi)2 thermoelectric material (RTE), interfacial reaction
layermaterial (RIRL), and Ti foil barrier layer (RBL), as well as the contact
resistance of the Mg3(Sb,Bi)2/IRL interface (Rc1) and IRL/Ti foil (Rc2)

interface, i.e., Rtot =RTE + Rc1 +RIRL +Rc2 + RBL (the inset of Fig. 4b). The
measured contact resistivity is calculated by ρc =Rtot ×A, whereA is the
cross-sectional area of the sample. Therefore, an increase in the
resistance of any portion will lead to an increase in the final measured
contact resistivity. Due to the metallic nature of the MgTiSb and Ti2Sb
interfacial reaction layers (Supplementary Figs. 13 and 14) aswell as the
Ti barrier layer, the resistances of the RIRL, Rc2, and RBL are relatively
low and can be neglected. The increase in the measured contact
resistivity thus mainly originates from the increase in the RTE and Rc1.

In order to clarify the Rc1 of the MgTiSb/Mg3(Sb,Bi)2 and Ti2Sb/
Mg3(Sb,Bi)2 interfaces, we calculated their potential interfacial con-
figurations and the associated electron transport. As shown in Fig. 4c,
the peak value of the charge density difference at the MgTiSb/
Mg3(Sb,Bi)2 interface is significantly lower than that at the Ti2Sb/
Mg3(Sb,Bi)2 interface, implying that the interfacial contact resistance
of the former is lower. This means that MgTiSb can effectively reduce
thefluctuation of charge density for electrons transferring through the
interface from the metal side to the Mg3(Sb,Bi)2 side, thereby weak-
ening electron scattering. This explains the low contact resistivity of
the as-sintered Ti foil/Mg3(Sb,Bi)2 joint. In contrast, the larger charge
density difference at the Ti2Sb/Mg3(Sb,Bi)2 interface results in an
increase in Rc1 after accelerated thermal ageing, which increases the
measured contact resistivity. To further support this, we studied the
distribution profile of the macroscopic average potential at the inter-
faces between Mg3(Sb,Bi)2 and MgTiSb, Ti2Sb, or Ti5Sb3, which is
believed to correlate strongly with contact resistance58. As shown in
Supplementary Fig. 15, the analyzed potential transitions more gra-
dually from the formation interlayer to theMg3(Sb,Bi)2 side, exhibiting
a smaller relevant value at theMg3(Sb,Bi)2/MgTiSb interface compared
to the Ti2Sb and Ti5Sb3 interfaces. This observation aligns with the

Fig. 4 | Interfacial electrical properties. a Contact resistivity of the as-sintered Ti
foil/Mg3(Sb,Bi)2 joint in comparison with literature results5,10,12,19–26,51,55,66–70.
b Contact resistivity of the Ti foil/Mg3(Sb,Bi)2 joint under different thermal ageing
temperature and time. The inset shows that the measured resistances near the
interface (Rtot) include the resistances of Mg3(Sb,Bi)2 (RTE), the interfacial reaction
layer (RIRL), the Ti foil barrier layer (RBL), and the contact resistance (Rc). c Planar
charge density differenceas a functionof the z-axis distanceofMgTiSb/Mg3(Sb,Bi)2
and Ti2Sb/Mg3(Sb,Bi)2 interfaces. The inset shows the charge density differences

perpendicular to the MgTiSb and Ti2Sb interfaces after full atomic relaxation. The
(001) plane of Mg3(Sb,Bi)2 was selected to interface with the low-index planes of
MgTiSb and Ti2Sb. d Linear scanning of resistance across the junctions for esti-
mating the contact resistivity, where the slope reflects the material’s intrinsic
resistivity. e Predicted contact resistivity of the Ti foil/Mg3(Sb,Bi)2 joint at different
operating temperatures over time. Experimental data from the literature are
included for comparison55,66,68.
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trend identified for the charge density difference. In addition, due to
the high saturation vapor pressure of Mg element, the Mg3(Sb,Bi)2
matrix inevitably deteriorates at such high temperatures (≥748K) and
under vacuum (<1 Pa) over time, leading to an increase in RTE, as
reflected by the gradually increasing slope in Fig. 4d. Based on these
results, we can claim that (i) the actual interfacial contact resistivity
using titanium foil as a barrier layer should be lower than our current
measurements, i.e., the initial contact resistivity must be below
5μΩ·cm2, and (ii) the rate of increase in the single interfacial contact
resistivity with ageing time is much slower.

The four-probe scanning resistance measurements include the
changes in the interfacial contact resistivity and thermoelectric
material resistivity, from which we derived the activation energy for
contact resistivity growth which more closely corresponds to the
actual service conditions (Supplementary Fig. 16). In addition, since
thermal ageing of Mg3(Sb,Bi)2-based joints at such high temperatures
(≥748K) has rarely been reported, we further predicted the contact
resistivity of Ti foil/Mg3(Sb,Bi)2 joints at lower temperatures (e.g.,
573 K, 623 K, and 673 K) over time for comparison with existing
reports. Encouragingly, although the initial contact resistivity of the Ti

foil/Mg3(Sb,Bi)2 joint is slightly higher than that of multielement alloy
barrier layers, its rate of increase is significantly lower (Fig. 4e). The
retarded increase in the contact resistivity is essential for the pre-
paration of long-life and highly stable thermoelectric devices. In this
regard, the Ti foil diffusion barrier layer stands out for its excellent
service stability with Mg3(Sb,Bi)2 owing to the low reaction and diffu-
sion rates, as well as its lower cost and easier fabrication compared to
other candidate materials.

Device fabrication and performance evaluation
To further evaluate the feasibility of using Ti foil as a barrier layer for
Mg3(Sb,Bi)2, we fabricated a Mg3(Sb,Bi)2-based thermoelectric single
leg (Fig. 5a), in which nickel was used as a metallic connecting layer to
improve the soldering activity of Ti/Mg3(Sb,Bi)2 joint with the silver
paste. Thermal cycling experiments were performed to examine the
long-term reliability. During the measurements, the cold-side tem-
perature (Tcooler) was maintained at 293 K, while the heat-source tem-
perature (Theater) was cycled between 473 K and 748K (Fig. 1d). One
cycle lasted 100min, and the device power generation performance
wasmeasured whenever Theater was stabilized at 748 K. Measurements

Fig. 5 | Power generation performance and reliability of the Mg3(Sb,Bi)2-based
single-leg and module. a Schematic diagram of a thermoelectric single-leg using
Mg3(Sb,Bi)2.bOutput power as a functionof current forMg3(Sb,Bi)2 single-leg after
different thermal cycles. c EDS mapping result of the hot-side interface of the
Mg3(Sb,Bi)2 single-leg after 200 thermal cycles. d Structural design of a thermo-
electric module consisiting of n-type Mg3(Sb,Bi)2 and p-type CoSb3-Bi2Te3

segmented legs for maximum conversion efficiency at Theater = 748 K and
Tcooler = 283 K. Voltage, power (e) and conversion efficiency (f) as a function of
current under different heat source temperatures. The inset of (f) shows a photo-
graph of a Mg3(Sb,Bi)2/CoSb3-Bi2Te3 module. g Thermal cycling test of the
Mg3(Sb,Bi)2/CoSb3-Bi2Te3 module.
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were carried out in a chamber under vacuum. As a result, there was no
deterioration in the output voltage or internal resistance after 200
cycles (~330 h, Fig. 1d and Supplementary Fig. 17). The output power-
current curve is comparable to that before thermal cycling (Fig. 5b).
TheMg3(Sb,Bi)2 single leg exhibits excellent service stability/durability
during long-term thermal cycling. It is worth noting that, in contrast to
the accelerated thermal ageing of Ti/Mg3(Sb,Bi)2 joints at constant
temperatures, thermal cycling tests additionally involve the evaluation
ofmaterial thermal fatigue and the ability of the interface to withstand
thermal stresses. Despite the mismatch in the coefficient of thermal
expansion (CTE) between Ti foil and Mg3(Sb,Bi)2 (Supplementary
Fig. 18), our thermal cycling measurements do not show significant
performance degradation or interface cracking, suggesting that the
interfacebond strength is sufficient towithstand thermal stress. This is
partly attributed to the thin thickness of the barrier layer, where a Ti
foil is 30μm and an interfacial reaction layer is only 2μm, effectively
mitigating the thermal stress resulting from the CTEmismatch. On the
other hand, recent studies highlight the high fracture toughness and
plastic properties of Mg3(Sb,Bi)2

59–61, which also contributes to its tol-
erance for CTE mismatch. This is further confirmed by characterizing
the hot-side interfaces of the Mg3(Sb,Bi)2 leg after 200 thermal cycles.
The SEMresults (SupplementaryFig. 19) showthat all the interfaces are
well connected, with no fractures or holes generated. Elemental
mapping and line scanning reveal that no significant elemental diffu-
sion or reaction occurred at the interfaces during thermal cycling
(Fig. 5c). The atomic ratio of Mg3(Sb,Bi)2 after thermal cycling mea-
surements is consistent with the composition before thermal cycling
(Supplementary Fig. 20). The interfacial reaction layer between Ti and
Mg3(Sb,Bi)2 still contains MgTiSb, which is consistent with the above
result of the interfacial thermal ageing test at 748 K.

It should be noted that we do not show the efficiency of the ther-
moelectric single leg because we recognize that the single-leg efficiency
can be inaccurately measured due to large errors in heat flow. In addi-
tion, since a single leg cannot be used solely, its efficiency holds less
practical significance. Therefore, we proceeded to construct thermo-
electric modules by combining n-type Mg3(Sb,Bi)2-based legs with
p-type CoSb3-Bi2Te3 segmented legs in order to showcase their appli-
cation potential. Prior to fabrication, finite element simulations were
conducted to determine the geometrical configuration of the thermo-
electric module, particularly the height ratio of p-type CoSb3 to p-type
Bi2Te3 (HSKD/HBT) and the cross-sectional area ratio of the p- and n-type
legs (Ap/An). As a result, the simulated maximum conversion efficiency
(ηmax) reaches 13% atHSKD/HBT = 2 and Ap/An =0.45 at Theater = 748K and
Tcooler = 283K (Fig. 5d and Supplementary Fig. 21). Based on the opti-
mization, we fabricated a two-pair module with module dimensions of
10mm× 10mm. The n-type leg is 3 × 3 ×6mm3 and the p-type leg is
2 × 2 ×6mm3. The measured output voltage (V) exhibits a good linear
relationshipwith the current (I) (Fig. 5e), where the y-intercept and slope
of the V-I plot correspond to the open-circuit voltage (Voc) and the
module’s internal resistance (Rin), respectively. The output power curve
reaches its peakwhen the resistance of the external load is equivalent to
Rin. Experimentally, a maximum output power (Pmax) of 0.4W is
obtained at I= 2A and ΔT=465K, while an efficiency reaching 11% is
achieved when Theater = 723K and ΔT =440K (Fig. 5f). The peak effi-
ciency slightly decreases to 10.5% when Theater rises to 748K due to the
overestimation of heat flow (Qc) caused by heat radiation.

Thermal cycling experiments were also conducted on themodule
to evaluate its long-term reliability. Throughout the cycling period,
Tcooler wasmaintained at 293K, while Theater cycled between 473 K and
748K. After 135 cycles (~225 h), Pmax and ηmax show negligible drop of
~2% and 4%, respectively (Fig. 5g and Supplementary Fig. 22). Notably,
although efficiency measurements at temperatures as high as 748K
have beenmade onMg3(Sb,Bi)2-basedmodules, achieving exceptional
thermal cycling stability at such high temperatures has never been
reported before.

Discussion
In conclusion, the advancement of thermoelectric devices for wide-
spread commercial application has been hindered by the quest for
effective and reliable interfacial barrier materials. In this work, we
overcome the constraints imposed by thermodynamic equilibrium to
identify desirable thermoelectric barrier layer materials through a
kinetic transition from a high-temperature metastable phase to a low-
temperature stable phase. By exploiting the contrasting kinetic prop-
erties of the reaction and diffusion behaviors betweenMg3(Sb,Bi)2 and
Ti during sintering and operation, we achieve exceptional sintering
activity and excellent service inertness in Ti foil/Mg3(Sb,Bi)2 joints. The
interfacial contact resistivity is reduced to below 5μΩ·cm2, leading to a
module efficiency of 11% at Theater of 723 K. Furthermore, the single-leg
and modules based on Mg3Sb2 exhibit exceptional long-term dur-
ability when subjected to thermal cycling. Our work provides a path-
way to address the long-standing bottleneck of developing efficient
and stable interface materials for durable energy conversion and
storage.

Methods
Material preparation
The n-type Mg3(Sb,Bi)2 and p-type Ce0.9Fe3CoSb12 were synthesized
following our previous work5,62. Different diffusion barrier layer
materials were investigated in samples with a sandwiched structure of
Mg3(Sb,Bi)2/M/Mg3(Sb,Bi)2 (where M represents Cu, Ni, and Ti).
Herein, Cu foil (Hebei Zhanmo Metal Materials Ltd., 99.9%, 50μm), Ni
foil (Hebei Zhanmo Metal Materials Ltd., 99.9%, 50μm), Ti powder
(99.99%, Macklin, 300 mesh), and Ti foil (Hebei Zhanmo Metal Mate-
rials Ltd., 99.9%, 50μm) were compacted with Mg3(Sb,Bi)2 powders,
respectively, by hot-press sintering (ZT-40-21Y, Shanghai Chenhua
Science Technology Co., Ltd.). Two different sintering regimes were
employed: (1) sintering at a temperature of 1023 K for a duration of
15min, and (2) sintering at a temperature of 748K for a duration of 3 h.
Both hadapressure of 50MPa. For the thermal ageing studies, samples
with a sandwiched structurewere sealed in quartz tubes under vacuum
and thenplaced in furnaces (YFX12/10Q-GC, ShanghaiY-Feng Electrical
Furnace Co., Ltd.) at different temperatures. There are at least three
parallel samples for each test condition.

Fabrication of the Mg3(Sb,Bi)2 module and single leg
The n-type Ni/Ti/Mg3(Sb,Bi)2/Ti/Ni and p-type Ni/TiAl/CoSb3 joints
were fabricatedby one-step sintering under the same conditions as the
sintering of the corresponding thermoelectric materials, i.e., the
n-typewas sintered at 1023 K, a pressure of 50MPa, and a holding time
of 15min, while the p-type was sintered at 923 K, a pressure of 60MPa,
and a holding time of 1.5 h. Ni foil with a thickness of 100 μmwas used
as the metallization layer for better soldering with a double-sided
direct bonded copper (DBC) alumina plate. The Ti foil and TiAl powder
work as diffusion barrier layers. The sintered joints were then cut into
dices with dimensions of 3 × 3 × 6mm3 for the n-type and 2 × 2 × 4mm3

for the p-type. Subsequently, commercial p-type Bi2Te3 dices in the
dimension of 2 × 2 × 2mm3 (with electroplated nickel and tin) were
soldered with the cold side of CoSb3 dices to achieve 2 × 2 × 6mm3

p-type Bi2Te3/CoSb3 segmented joints. Finally, the n-type Ni/Ti/
Mg3(Sb,Bi)2/Ti/Ni joints and p-type Ni/TiAl/CoSb3/Sn/Ni/Bi2Te3/Ni/Sn
joints were alternately patterned and then connected to DBC alumina
plates (10 × 10 × 1mm3). Notably, the hot side of the thermoelectric
joints was soldered using our newly developed low-temperature
assembly technology29. Specifically, we utilized a silver nanocomposite
paste to achieve connections at low temperatures and low pressure,
while yet withstanding higher service temperatures. Prior to measur-
ing the power generation performance, glass fibers were inserted
between the thermoelectric legs to minimize heat dissipation. The
total internal resistance of the two-pair module is 71mΩ at room
temperature, which includes the resistance from the electrodes and
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soldering. The resistance of each thermoelectric joint and contact
resistivity of each interface are shown in Supplementary Table 6. The
single Mg3Sb2-based leg used for reliability assessment was fabricated
by a similar process, but its dimensions are 5 × 5 × 10mm3. Note that
the power cost ratios in Fig. 1e are calculated by themethod employed
in our previous work5.

Material and device characterization
The phase composition and crystal structure were characterized by
powder X-ray diffraction (XRD, Rigaku D/Max-2550 PC) using Cu-Kα
radiation (λ = 1.541 Å) at 40 kV and 30mA. The microstructure and
chemical composition were analyzed by field emission scanning
electron microscopy (FE-SEM, TESCAN/MAIA3, Czech Republic) and
transmission electron microscopy (TEM, Hitachi-HF5000) with an
energy dispersive spectrometer (EDS). The interfacial contact
resistivity was measured using a four-probe measurement system27.
At least three different positions were measured on each sample to
obtain an average value of the contact resistivity. The power gen-
eration performance of the thermoelectric single-legs and modules
was measured by a commercial measurement system developed by
Shanghai Fuyue Vacuum Technology Ltd. This measurement system
was calibrated against a commercial Mini-PEM apparatus (Ulvac-
Riko, Japan) at the Southern University of Science and Technology
before it was put into operation5. The efficiency uncertainty is
~10%5,29,63.

Finite element simulation
The geometrical configuration of the Mg3Sb2-based thermoelectric
module was optimized using three-dimensional finite element analysis
in COMSOL. A full-parameter model coupling the thermoelectric
effects (conduction, Joule effect, Thomson effect, and Peltier effect)
and comprehensively considering temperature-dependent material
properties was used for accurate simulation5,27.

DFT calculations
All density functional theory calculations were conducted using the
Vienna Ab initio Simulation Package64. The calculations employed a
plane-wave basis and projector augmented wave method pseudopo-
tentials. To account for exchange-correlation effects, the Perdew-
Burke-Ernzerhof generalized gradient approximation was applied65. A
cut-off of 380 eV was imposed on the kinetic energy. Sampling of the
Brillouin zone was carried out using Monkhorst-Pack grids. The accu-
racyof the total energywas set to 10−6 eV. Atomic and latticeparameter
relaxations were optimized using a conjugate-gradient algorithm, with
a numerical threshold of 0.01 eV/Å. The energy barriers for atom
migration (EMig) to neighboring vacancies were determined using the
CI-NEB method with eight inserted images54. The interfaces between
Mg3SbBi andTi-based compoundswere constructed by combining the
(001) plane of Mg3SbBi with the low-index plane of the interface
compounds, ensuring that the interfacemismatchwas controlled tobe
less than 5%.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files
and the data that support the findings of this study are available from
the corresponding author upon reasonable request.
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