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Thermoelectric materials have attracted considerable attention due to their significant potential in waste
heat recovery and solid-state cooling, which are critical for emerging technologies such as the Internet
of Things, 5G communications, and thermal management of advanced electronics. In the field of low-
temperature thermoelectric materials and devices, MgAgSb-based devices have emerged as a promising
alternative to commercial Bi,Tes-based devices, owing to their superior performance near room
temperature, abundant elemental availability, and environmental compatibility. Over the past decade,
substantial progress has been achieved in elucidating and optimizing the thermoelectric properties of
MgAgSb and its devices. This review presents a comprehensive summary of recent developments in the
intrinsic properties, synthesis process refinements, and performance optimization strategies of MgAgSb,
as well as interface engineering, geometric optimization, and stability enhancement in MgAgSb-based
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1 Introduction

Thermoelectric materials enable the direct conversion of
thermal energy into electrical energy, offering significant
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implementation of MgAgSb-based thermoelectrics.

potential for waste heat recovery and solid-state cooling
applications.’” In particular, low-temperature thermoelectric
materials have attracted considerable attention for solid-state
cooling, driven by advancements in electronic chips, the
Internet of Things, and 5G technologies.®* It is reported that
the total waste-heat potential in the European Union is
approximately 300 TWh per year, of which one-third corre-
sponds to low-temperature waste heat below 200 °C and an
additional 25% falls within the 200-500 °C range.'* These
findings clearly demonstrate the substantial potential for low-

temperature waste-heat recovery using thermoelectric
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technology. For several decades, the pursuit of this objective
has primarily depended on Bi,Te;-based thermoelectric
materials. Nevertheless, Te, the essential constituent element
of these compounds, is both scarce'? (Fig. 1A) and environ-
mentally hazardous, which substantially constrains their
further development and large-scale deployment. Until
recently, attributed to the unparalleled advantages of excellent
thermoelectric performance, earth-abundant constituent
elements,” environmental friendliness, and favorable
mechanical stability,"*'®* Mg-based thermoelectric devices,

Jiehe Sui is a professor at the
School of Materials Science and
Engineering, Harbin Institute of
Technology. He received his PhD
degree from Harbin Institute of
Technology in 2006. From 2013
to 2015, he served as a visiting
scholar at the University of
Houston, USA. He received the
funding of the 2016 National
Natural Science Fund for Excel-
lent Young Scientists. His
research focuses on thermoelec-
tric materials optimization and
thermoelectric device fabrication, particularly for energy conversion
applications. To date, he has authored over 260 SCl-indexed
papers, including Science, Joule, and Nature Communications.

1 Kornelius Nielsch has been
Director of the Institute for
Metallic Materials (IMW) at the
Leibniz Institute for Solid State
and Materials Research Dresden
(IFW) since 2015, where he leads
a research group working on
sustainable thermoelectric
materials and devices for ther-
moelectric  cooling.  Professor
Nielsch received his diploma in
physics from the University of
Duisburg in 1997 and his PhD in
physics from Martin Luther
University Halle-Wittenberg, Germany, in 2002. From 2002 to
2003, he was a postdoctoral fellow at MIT after which he took up
the position of group leader at the Max Planck Institute for
Microstructure Physics in Halle, Germany, in 2003. Kornelius
Nielsch then moved to the Institute of Applied Physics at the
University of Hamburg, where he was Professor of Experimental
Physics from 2007 to 2015. From 2009 until 2015, he has coor-
dinated the Priority Program on Nanostructured Thermoelectrics,
and he is currently coordinating the Marie Curie Doctoral Network
on Mg-based alloys for thermoelectric cooling in collaboration with
15 partner institutions across Europe.

Kornelius Nielsch

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

comprising p-type MgAgSb and n-type Mg;(Bi, Sb),, have
emerged as promising next-generation candidates to replace
commercial Bi,Te;.">'**¢2° Of particular significance, MgAgSb
achieves a markedly higher figure of merit (ZT) than other
thermoelectric materials in the 400-600 K temperature
range®'** (Fig. 1B), underscoring its unique and indispensable
role. Consequently, MgAgSb-based power generation devices
deliver unmatched performance under temperature differ-
ences of ~300 K (ref. 13 and 35-47) (Fig. 1C). However,
compared with other advanced energy conversion technolo-
gies, such as solar cells,**** the primary obstacle limiting the
widespread commercialization of thermoelectric devices is
their relatively low conversion efficiency, which originates
from the intrinsically low ZT of the materials. Theoretically,
achieving high thermoelectric performance requires simulta-
neously optimizing electronic transport while suppressing
thermal transport.””** However, the strong coupling between
charge carriers and phonons fundamentally constrains the
ability to independently tune these properties, thereby
hindering the realization of significantly higher ZT values. To
address these, substantial progress has been made in
enhancing the performance of MgAgSb through strategies
such as microstructure engineering,'*'*'*>%* composite
synthesis
technologies,'**°*%%-* which have been partially summarized
and discussed in several reviews.®*** Concurrently, device-
level advancements have focused on thermoelectric interface
materials (TEiMs) design,®** module geometry optimiza-
tion,'®*® and investigations into operational stability.”” These

material  optimization,"** and advanced
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Fig. 1

(A) Abundance of elements in Earth's crust.?? (B) Temperature-dependent ZT of MgAgSb, benchmarked against representative and high-

performance p-type thermoelectric materials in the range of 300-1000 K.#** (C) Comparison of the maximum conversion efficiency of
MgAgSb-based modules with representative state-of-the-art single-stage and segmented thermoelectric modules.***5-47

developments have profound implications not only for the
thermoelectric field but also for other functional material
systems. MgAgSb research offers valuable insights into the
synthesis of challenging materials and provides innovative
ideas for interface material design, particularly concerning the
electrical properties of semiconductor materials. Given its
broad relevance, a comprehensive and generalized review of
these advancements is essential. In the first section of this
review, we provide a comprehensive overview of recent
advances in the fundamental understanding and property
optimization of MgAgSb, encompassing intrinsic electronic
and thermal transport characteristics, state-of-the-art
synthesis and processing strategies, and the pivotal role of
defect engineering in tailoring performance. The second
section is devoted to progress in the development of thermo-
electric power generation and cooling devices, with particular
emphasis on innovations in TEiM design, device geometry
optimization, and long-term operational stability. Finally, we
critically assess the remaining scientific and technological
challenges and present an outlook on prospective research
directions and opportunities for the future advancement of
MgAgSb-based thermoelectrics.

5822 | Chem. Sci,, 2026, 17, 5820-5839

2 Advances in thermoelectric
performance optimization of MgAgSb

2.1 Understanding the structural complexity and phase
evolution in MgAgSb

As early as 1941, Nowotny and Sibert elucidated the crystal
structure of MgAgSb via X-ray diffraction (XRD) analysis,
establishing its structural analogy to MgCuAs, with both
adopting a tetragonal Cu,Sb-type configuration.” Subsequent
investigations employing variable-temperature XRD by Kirk-
ham et al. and variable-temperature synchrotron radiation by
Mi et al. systematically resolved the temperature-dependent
structural evolution of MgAgSb, revealing the existence of
three distinct phases.””® The high-temperature y-MgAgSb
phase adopts a conventional half-Heusler structure,
structural with MgCuSb, wherein the Mg-Sb framework forms
a NaCl-type rock-salt sublattice and Ag atoms occupy half of the
octahedral interstices; it crystallizes in the space group F43m,
contains 16 atoms per unit cell, and exhibits a theoretical
density of 5.61 g cm ™ (Fig. 2A). The intermediate-temperature
B-MgAgSb phase adopts a tetragonal Cu,Sb-type lattice (space
group P4/nmm) with 6 atoms per unit cell, a theoretical density

iso-

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07399e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 February 2026. Downloaded on 5/4/2026 9:00:21 PM.

(cc)

Review

03}

0.0t

300 400 500 600 700
T (K)

Energy /eV
o

'
—_

View Article Online

Chemical Science

_ Ag ©Sb « Mg

m

N

—

g
N

40 A Al A
[ (b) |
30} In:b\ . Pbse |
e ‘} Bi,Te,
N2
20} PbTe Cu ,ShSe,
\ FeV Nb, Sb
10l ¢ n-type  mgsi, Snr<> l%
< p-type MgAgSb
Hf().GSZr(I.SSler:3
o 1 1 1
1E-3 0.01 0.1 1 10
m, (m,)

Fig. 2 Crystal and band structure of MgAgSb. (A-C) are crystal structures of a-MgAgSb, B-MgAgSb, and y-MgAgSb, respectively.”? (D)
Temperature dependence of the ZT value of MgAgSb with different phase structures.” (E and F) are the band structure and the corresponding
first Brillouin zone of a-MgAgSb,” respectively. (G) Effective mass dependence of deformation potential.”® (A—C) Adapted with permission from
ref. 72. © 2017 American Chemical Society. (D) Adapted with permission from ref. 74. © 2023 Acta Materialia Inc. (E and F) Adapted with
permission from ref. 75. © 2015 American Chemical Society. (G) Adapted with permission from ref. 76. © 2016 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

of 6.26 g cm®, and metallic character (Fig. 2B). The low-

temperature «-MgAgSb phase is a distorted half-Heusler
variant, in which the Mg-Sb rock-salt sublattice undergoes
a 45° rotation about the c-axis; it crystallizes in the space group
I4c2, contains 48 atoms per unit cell, and has a theoretical
density of 6.31 g cm ™ (Fig. 2C). With increasing temperature,

© 2026 The Author(s). Published by the Royal Society of Chemistry

MgAgSb undergoes structural evolution with critical phase-
transition points. The ZT value drops sharply when MgAgSb
transforms into the B phase due to its metallic electronic
structure, and then gradually rises again once the temperature
exceeds the B-y phase transition (Fig. 2D). As a result, the
practical operating temperature window of MgAgSb is largely

Chem. Sci., 2026, 17, 5820-5839 | 5823
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confined to the lower-temperature region around 300 °C. More
critically, the pronounced structural complexity of MgAgSb
results in an intrinsically low solubility for most extrinsic
dopants, which in turn renders its phase-transition temperature
insensitive to doping. This characteristic further limits the
manipulation of phase transition temperature and the potential
application of MgAgSb at elevated temperatures.

Ying et al. computed the electronic band structure and
density of states of a-MgAgSb using density functional theory
(DFT) within the VASP framework, revealing that MgAgSb is an
indirect, narrow-bandgap semiconductor with E, = 0.26 eV.”
The valence band maximum is located at the X point, while the
conduction band minimum lies at the G point (Fig. 2E).
Notably, the material exhibits a high band degeneracy (N, = 8;
Fig. 2F), and the flatness of the valence band maximum confers
a large single-band effective mass, contributing to an enhanced
Seebeck coefficient. Using the Bardeen-Shockley deformation
potential theory, Liu et al. determined that MgAgSb possesses
a low deformation potential (Fig. 2G), indicative of weak elec-
tron-phonon coupling.” This characteristic, coupled with its
structurally induced complexity, enables unusually high carrier

View Article Online

Review

mobility. The synergistic interplay of high band degeneracy,
large effective mass, and small deformation potential under-
pins the excellent electrical transport performance of MgAgSb.

To investigate the intrinsic mechanism underlying the low
thermal conductivity of MgAgSb, Ying et al. theoretically and
experimentally confirmed the coexistence of both global and
local weak chemical bonds in o-MgAgSb, revealing that low-
frequency optical phonon vibrations with “rattling-like”
thermal damping are the primary origin of its reduced lattice
thermal conductivity.”” Liu et al. elucidated the mechanism
behind the low lattice thermal conductivity of MgAgSb through
DFT calculations, identifying factors such as weak chemical
bonding, strong anharmonic coupling between the longitudinal
acoustic branch and the longitudinal optical branch, and high
anharmonic behavior in the longitudinal acoustic branch
(Fig. 3A and B).”® Li et al. employed neutron scattering experi-
ments alongside ab initio calculations to demonstrate that the
ultralow lattice thermal conductivity of MgAgSb arises primarily
from the strong scattering of transverse phonons by the di-
storted Mg-Sb rock-salt sublattice.” Consequently, longitudinal
phonons dominate the heat transport and thus principally
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Fig. 3 Mechanism of low lattice thermal conductivity of MgAgSb. (A) Calculated phonon dispersion curves and (B) the corresponding Grineisen
parameter spectra for MgAgSb.”® (C and D) are measured Bose-factor-calibrated dynamic structure factor B(Q, E) and the corresponding
neutron-weighted ab initio calculated B(Q, E) pattern.” (A and B) Adapted with permission from ref. 78. © 2017 Acta Materialia Inc. (C and D)
Reproduced from ref. 79 under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0).
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determine the kj,; value. Moreover, observed phonon softening
further elucidates the anharmonic nature of the atomic vibra-
tions within the lattice (Fig. 3C and D).

2.2 Synthesis strategies for enhancing thermoelectric
properties

Since Kirkham et al. first reported and systematically investi-
gated the promising thermoelectric properties of MgAgSb in
2012,7® efforts to optimize its thermoelectric performance have
mainly focused on refining preparation and synthesis methods
to improve phase purity, owing to its intrinsically distorted
crystal lattice and complex phase composition. The low
formation energy of Ag;Sb is one of the key factors responsible
for its easy formation in MgAgSb, which in turn degrades
thermoelectric performance. To address this challenge, in 2014,
Zhao et al. introduced a two-step ball-milling strategy to avoid
the direct contact and reaction between Ag and Sb raw mate-
rials, thereby producing MgAgSb with significantly enhanced
phase purity. The ZT of the resulting MgAgSb reached 0.7 at
room temperature, with an average ZT of 1.1.%° Since then, high-
energy ball-milling mechanical alloying has become the
predominant approach for MgAgSb synthesis. Subsequently,
extensive investigations were conducted on carrier regulation
through  element doping to  optimize  MgAgSb
performance,®*7%7*8"%7 gystematically evaluating the effective-
ness of different dopants and the impact of doping at various
lattice sites on carrier mobility. Zhang et al. further improved
the two-step ball-milling process by enhancing milling effi-
ciency and reducing impurity phases."'** In the high-energy
ball-milling mechanical alloying process, they replaced the
traditional V-belt with a timing belt to increase the rotational
speed and used tungsten carbide balls to increase the collision
energy (Fig. 4A), thereby significantly improving the purity of
the ball-milled powder. Subsequent high-temperature anneal-
ing facilitated substantial grain growth (Fig. 4B and C), which

Free energy, G

& ¢ (Pm3m)
Progress of reaction

Y A C

A Mechanochemical reaction dynamics D
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enhanced carrier mobility and power factor. Under this
synthesis approach, the resulting MgAgSb exhibited a ZT,,. of
1.4 in the temperature range of 300-573 K.

The thermoelectric properties of MgAgSb are highly sensitive
to multiple synthesis parameters, including the ball-milling
process, raw material particle size, composition, sintering
temperature, and applied pressure during sintering, which
collectively contribute to the variations in material properties
reported by different researchers. Boor et al. systematically
investigated the factors influencing MgAgSb performance
during synthesis. By comparing traditional planetary ball
milling with high-energy ball milling, they demonstrated that
high-energy ball milling more readily yields MgAgSb with lower
impurity-phase content and identified Ag;Sb as the primary
impurity responsible for deteriorated thermoelectric perfor-
mance.”” Further studies on the influence of MgAg precursors
on the final MgAgSb synthesis revealed that the quality of MgAg
produced in the first ball-milling step critically determines the
performance of the final MgAgSb. The particle sizes of Mg and
Ag were found to strongly influence the quality of the MgAg
precursor. To address this, a sintering step was incorporated
after the initial MgAg ball milling to improve precursor quality
and reduce the Ag;Sb impurity content, resulting in a peak ZT of
approximately 1.2 at 500 K.*® Moreover, the Boor research group
established clear synthesis-composition-property relationships
(Fig. 4D), enabling the reproducible preparation of high-
performance MgAgSb (ZT = 1.34 at 561 K).** They also re-
ported that, within the Mg-Ag-Sb phase diagram, the homo-
geneity range for MgAgSb is extremely narrow (<0.1 at%),
meaning that the TE performance of MgAgSb is highly sensitive
to impurity phases, primarily due to their adverse effect on
carrier mobility. Other notable findings include: cleaning the
ball-milling jar after the first milling step improves perfor-
mance reproducibility; secondary phases such as Mg;Sb, and
Sb exert only a minor influence on the TE performance of
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Mg;Sb, + Sb + MgAg

Mg3Sb; + (Ag)
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Sb
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Fig.4 Progressin MgAgSb synthesis. (A) Schematic of the reaction mechanism for the two-step ball-milling synthesis. (B and C) are EBSD images
of as-synthesized and post-annealed a.-MgAgSb samples, respectively.®* (D) Mg—Ag—Sb phase diagram at 300 °C with the positions of samples
plotted based on their measured effective compositions.>®* (A—C) Adapted with permission from ref. 13. © 2024 Published by Elsevier Inc. (D)
Reproduced from ref. 55 under the terms of the Creative Commons Attribution 3.0 International License (CC BY 3.0).
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MgAgSb, whereas Ag and Ag;Sb substantially degrade perfor-
mance. Additionally, the intense cold welding of the powders
during the ball milling process of MgAgSb was identified as the
main cause of impurity formation, since it hindered contact and
reaction between the raw materials and the fractured powders.
To address this issue, Li et al. introduced stearic acid, a classical
ball-milling aid, into MgAgSb. By reducing the extent of cold
welding, sufficient milling was achieved with significantly less
time. As a result, the required ball milling duration was short-
ened from the conventional 20 hours to only 5 hours, while
maintaining high performance and greatly reducing lattice
thermal conductivity.®®

Although two-step high-energy ball milling proved to be the
most successful means of synthesizing high-performance
MgAgSb, this process is very time-consuming and labor-
intensive, and is one of the most significant limiting factors
preventing the replacement of commercial Bi,Te; by MgAgSb
for large-scale applications. Aiming for a faster and scalable
fabrication route, Ying et al. used the high-temperature melting
method to prepare MgAgSb.” To eliminate impurity phases
during long-term annealing at the phase transition tempera-
ture, indium (In) was used to replace antimony (Sb) to further
optimize the carrier concentration. Ultimately, the prepared
samples achieved a ZT peak value of 1.1 at 525 K. Similarly,
Huang et al. utilized high-temperature melting and low-
temperature annealing of Ta tubes to achieve higher-quality
pure MgAgSb with larger grain sizes and lower oxygen content
than those produced by high-energy ball milling.”* They ob-
tained an average power factor of 25 uW ecm ' K> and an
average ZT value of 1.1 in the temperature range of 300 to 550 K.
The comparable ZT achieved by the high-temperature melting
method make competitive alternative to high-energy ball
milling. However, the specific techniques of Ta tube limit the
large-scale materials production for practical applications.

2.3 Defect engineering and composite strategy optimization

In thermoelectric materials, defect structures are deliberately
engineered to achieve the selective scattering of charge carriers
and phonons, thereby enhancing the overall figure of merit. In
the case of MgAgSb, both computational and experimental
studies have consistently identified Ag vacancies, an intrinsic
defect, as the dominant factor responsible for its inherent p-
type semiconductor behavior.®****® Moreover, a high concen-
tration of Ag vacancies plays a crucial role in suppressing lattice
thermal conductivity. Liu et al. demonstrated that Ag vacancies
are highly sensitive to the sintering temperature, enabling the
precise tuning of carrier concentration and the power factor
through controlled thermal processing.®* Given the high vola-
tility of Mg, Li et al. extended these investigations to Mg-Ag
antisite defects and their tunability.”” Experimental observa-
tions revealed the presence of Mg-Ag antisite defects within the
lattice, forming interconnected nanoscale regions embedded in
the matrix. This unique microstructural feature serves as an
efficient phonon-scattering network while largely preserving
carrier transport pathways. To further promote the formation of
such defects, Zn doping was employed to reduce their

5826 | Chem. Sci., 2026, 17, 5820-5839
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formation energy. This strategy effectively suppressed the Ag-
rich secondary phase, enhanced phonon scattering, and
improved carrier mobility, thereby lowering the lattice thermal
conductivity. As a result, an average ZT of approximately 0.75
was achieved in the low-temperature range of 200-400 K.
Building upon defect engineering, Xie et al. realized an ultralow
lattice thermal conductivity by constructing multi-scale struc-
tural defects in a-MgAgSb through high-energy ball milling
followed by low-temperature sintering.'® The resulting micro-
structure, comprising ultrafine nanocrystals, high-density
dislocations, and randomly distributed micro- and nanopores,
facilitated multi-scale phonon scattering (Fig. 5A-C), yielding
a lattice thermal conductivity as low as 0.46 Wm™ ' K ' at 300 K,
surpassing the typical lower bound for such materials. Although
this approach caused a slight reduction in electrical perfor-
mance, it produced an unprecedented ZT of ~0.94 at 300 K and
an average ZT of ~1.16 over the range from room temperature to
473 K. In a complementary approach, Liao et al. exploited sin-
tering pressure as a means to regulate the size of micropores
within MgAgSb, thereby achieving an optimal trade-off between
carrier mobility and lattice thermal conductivity.> Samples
processed at 80 MPa exhibited a high room-temperature
mobility of 87.7 cm® V™' s7! and a low lattice thermal conduc-
tivity of 0.452 Wm ™' K~ at 423 K, resulting in an average ZT of
1.11 across the temperature range of 323-573 K. As different
defects exhibit different dimensions and sizes, their phonon-
scattering behaviors are related to the phonon wavelengths
they interact with. For example, Ag vacancies and Mg-Ag anti-
site defects primarily scatter high-frequency phonons, thereby
suppressing the lattice thermal conductivity at elevated
temperatures. To achieve phonon scattering across the entire
frequency spectrum, constructing hierarchical (multi-scale)
defect structures becomes essential, which has already been
demonstrated in the work of Xie et al.*®

Using a rapid microwave-assisted synthesis approach, Xin
et al. incorporated SnTe nanoinclusions into the MgAgSb
matrix, which significantly enhanced the Seebeck coefficient by
effectively suppressing the bipolar effect.** Simultaneously, the
introduction of a multiscale hierarchical architecture markedly
reduced the lattice thermal conductivity (Fig. 5D-F). Conse-
quently, MgAgSb containing 3 at% SnTe exhibited a 53%
increase in ZT (~1.0 at 548 K) compared with pristine MgAgSb.
Building on the carrier injection effect associated with metal-
semiconductor ohmic contacts, Xie et al. introduced homoge-
neously distributed in situ MgCuSb nanoprecipitates within the
MgAgSb matrix to optimize the carrier concentration of
MgCuSb/MgAgSb composites (Fig. 5G-I), thereby decoupling
interdependent electronic transport parameters.'® This strategy
yielded a record-high average power factor (PF,.) of 27.2
W em™ ' K2 for MgCu,g 1Ag0.57Sbg 06 in the temperature range
of 300-550 K, surpassing all previously reported values for the
MgAgSb system and approaching those of classical Bi,Te;-
based materials. On this basis, Jiao et al. examined the high-
temperature stability of MgAgSb and found that prolonged
annealing at 548 K induced the formation of significant
amounts of Ag;Sb secondary phase, which increased thermal
conductivity and reduced the Seebeck coefficient, thereby

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanocrystal
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Fig. 5 TEM images showing defects and second-phase inclusions in MgAgSb. (A-C) Show pores ranging from several tens to hundreds of
nanometers, nanophases with an average size of ~20 nm, and dense, twisted Moiré fringes and crystal distortions at the interfaces between the
matrix and nanoprecipitates.’® (D—F) Show homogeneously dispersed SnTe nanoparticles and their morphologies.>* (G-I1) Show uniformly
distributed nanoprecipitates in the MgAgSb matrix.*® (A—-C) Adapted with permission from ref. 16. © 2023 Elsevier Ltd. (D—F) Adapted with
permission from ref. 54. © 2019 American Chemical Society. (G—I) Adapted with permission from ref. 15. © 2024 Wiley-VCH GmbH.

severely degrading ZT.”* To counteract this, Cu enrichment at
grain boundaries was employed to lower grain-boundary
energy, enabling both thermodynamic and kinetic stabiliza-
tion of the nanostructure. As a result, the final compound
remained thermally stable after 14 days of annealing at 548 K.

3 Progress in MgAgSb-based
thermoelectric devices
3.1 Developed interface materials

For thermoelectric (TE) devices, overall conversion efficiency
and cooling performance depend not only on the intrinsic TE
properties of the bulk materials but also on the performance of
the interfacial materials. Pei et al. calculated the relationship
between interfacial resistivity (p.) and conversion efficiency,
showing that efficiency decreases sharply as p. increases.”*
Thus, minimizing p. is essential for achieving high conversion
efficiency. Equally important is the thermal and chemical
stability of the interface, particularly for TE power-generation
modules, whose hot-side junctions operate continuously at

© 2026 The Author(s). Published by the Royal Society of Chemistry

elevated temperatures. Such conditions provide sufficient
energy for atomic reactions and diffusion across the joining
interface.”** In these environments, high-reactivity electrode
materials (e.g., Cu) and solders (e.g., Sn, Ag, Cu alloys) can
diffuse into the TE material, severely degrading its performance
because semiconductors are highly sensitive to trace amounts
of impurity elements.*>*** Therefore, in addition to achieving
a low p,, ensuring high interfacial stability is critical, especially
for TE power-generation applications.

Over the past several years, the selection strategy of TEiM in
the TE region has undergone considerable development, and
interestingly, the TEIM of MgAgSb is exactly a typical repre-
sentative case study. Initially, trial-and-error methods were used
to choose a metal with a familiar coefficient of thermal expan-
sion (CTE) of TE materials as TEiM. For MgAgSb, Kraemer
et al.*”® selected Ag as the TEiM of MgAgSb due to the compa-
rable CTE (~20 x 10°° K™ ") and showed a relatively low inter-
facial resistivity of ~10 pQ cm? (Fig. 6A and B). This value is
within an acceptable range. Moreover, the excellent wettability
and native low resistivity of Ag make it the most used TEiM of

Chem. Sci., 2026, 17, 5820-5839 | 5827
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Fig. 6 Stability of Ag as TEIM for MgAgSb. (A) Photograph of MgAgSb thermoelectric single leg incorporating an Ag TEiM.®° (B) Interface contact
resistivity of Ag/MgAgSb junction. (C and D) SEM and corresponding EDS mapping at the Ag/MgAgSb interface after operation.*® (E) Ag/MgAgSb
interface structure after annealing at 553 K for 12 hours.®® (F) Temperature dependence of the coefficient of thermal expansion (CTE) of AgzSb
and MgAgSb. (A and B) Adapted with permission from ref. 69. © The Royal Society of Chemistry 2015. (C and D) Reproduced from ref. 18 under
the terms of the Creative Commons Attribution 3.0 International License (CC BY 3.0). (E and F) Adapted with permission from ref. 68. © 2023 The
Authors, exclusive licensee American Association for the Advancement of Science.

MgAgSb for a long while. Ying et al.*®'** and Liu et al.'® all
selected Ag as TEiM of MgAgSb to fabricate the TE power
generation and cooling device and obtain high conversion
efficiency and maximum temperature difference. However, the
conversion efficiency of the MgAgSb/Mg;Sb, ;Bi, 3 device that
takes Ag as TEiM shows a great reduction after long-term
operating at 523 K. The formed Ag;Sb at the Ag/MgAgSb inter-
face is considered to be a potential cause (Fig. 6C and D).
Subsequent aging experiments of the Ag/MgAgSb interface
conducted by Xie et al. suggested that p. of the Ag/MgAgSb

5828 | Chem. Sci, 2026, 17, 5820-5839

interface will dramatically increase to even ~1000 pQ cm?
after aging at ~553 K for just 12 hours.”® The formation of
cracks induced by the formation of the impurity phase of Ag;Sb
at the Ag/MgAgSb interface, and the high and varied CTE of
Ag;Sb with temperature, is the main reason (Fig. 6E and F).
Similar experimental results were obtained by Zhang et al., and
they found that cross section area of TE junctions with TEiM is
an important factor that dramatically affects p. of the Ag/
MgAgSb interface.™

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To avoid the high interfacial resistivity caused by chemical
reaction at the interface, a high-throughput method for TEiM
selection has been proposed by Chen et al.,*** by mixing TEiM
candidate alloys into TE materials and then aging the as-
sintered bulks at operating temperature for a certain time, the
thickness of the interface reaction/diffusion layer (IRL) certified
by SEM was indicated to evaluate the interface diffusion and
reaction behavior between potential candidates and TE mate-
rials, as a select criterion. Wu et al. applied such methods to
MgAgSb, and AgMg compounds, which were filtered out
according to the limited IRL®” (Fig. 7A and B). After that, tiny Mn
was alloyed with AgMg to form AgMgMn, ; for CTE optimiza-
tion. Benefited from weak interface reaction and matched CTE
(Fig. 7C), a high bonding strength of 34.5 MPa and a low contact
resistivity of 4.5 pQ cm® were obtained for the AgMgMn, ,/
MgAgSb interface. Similarly, Zou et al. creatively used a high-
throughput screening approach to alternately stack ten kinds
of metal candidate powders with MgAgSb powders to form bulk
samples with a segmented structure by one-step sintering at 573
K.** Such a segmented structure allows direct characterization
of interfacial resistivity and determines the elemental diffusion
and chemical reaction by electrical and elemental analysis
scanning across all aged interfaces (Fig. 7D-F). The selected Co/
MgAgSb exhibits a low interfacial resistivity of 2.5 pQ cm?, high
bonding strength of 60.6 MPa, and high thermal stability at 573
K. The interfacial microstructure and calculated interfacial

View Article Online
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reactions, as well as diffusion behaviors, indicated that the
excellent electrical, mechanical, and chemical stability of the
Co/MgAgSb junction is mainly attributed to the formation of
strong covalent bonds between Co and Sb atoms, thereby
maintaining an inert and stable interface.

Although high-throughput methods can effectively select
stable and low-resistivity TEiMs, this process entails synthesis,
processing, and long-term annealing at elevated temperatures,
which is time- and cost-consuming. More importantly, the
chemical reaction at the interface could not be easily predicted
by the junction during the short-term aging process. Addition-
ally, the limited availability of elements restricts the range of
material choices. To address this challenge, Xie et al., taking
MgAgSb as a case study from the perspective of the Gibbs energy
of the interface structure of TEiM and TE materials, developed
a universal TEiM screening strategy based on phase diagram
predictions by density functional theory, combining the phase
diagram with electrical resistivity and melting points of poten-
tial reaction products (Fig. 8).°® By using the established screen
strategy, semimetal MgCuSb as a reliable TEiM for high-
performance MgAgSb was discovered. The MgCuSb/MgAgSb
junction exhibits low interfacial contact resistivity (1 pQ cm?)
even after annealing at 553 K for 16 days. Moreover, the
university of this TEiM screen strategy was verified in several
representative TE materials—Bi,Te;, Zn,Sbz, CoSb;z, and
NbFeSb—from room temperature to high temperature.
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Fig.7

High-throughput TEiM screening strategy.®*¢” (A) SEM and EDS mapping of high-throughput samples before and after aging treatment. (B)

Statistical thickness of the IRL at TEiIM/MgAgSb interfaces. (C) Normalized length change (AL/Lg) versus temperature curves for TEIM and
MgAgSb. (D) Segmented sample scan used to measure resistance and simultaneously determine p. of each interface. (E) Charge density
difference at the MgAgSb/Co/MgAgSb junction. (F) Energy barrier for Co and Ag atom migration from the interface into MgAgSb. (A—C) Adapted
with permission from ref. 64. © The Royal Society of Chemistry 2024. (D—F) Adapted with permission from ref. 67. © The Author(s), under

exclusive licence to Springer Nature Limited 2025.
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Considering that Sb diffusion from MgAgSb to the TEiM will
induce Sb deficiency in MgAgSb and impair the TE performance
of MgAgSb. Li et al. directly employ Sb as the TEiM in MgAgSb.*
Specifically, the Sb/MgAgSb junction exhibits a self-optimized p.
even exposed to 573 K for 30 days in air (decreasing from 20.8
nQ cm? to 7.9 pQ cm?). The structural evolution analysis indi-
cates that Mg diffusion from MgAgSb into the Sb TEiM leads to
Mg deficiency and thereby an increased carrier concentration in
MgAgSb, which is the main reason for optimized p.. Except for
excellent thermal stability and self-optimized p., low cost and
high wettability are two other advantages for large-scale appli-
cations and assembly of MgAgSb-based TE module. Based on
a similar idea, that is, considering the inherent high chemical
reactivity and volatility of Mg,* Chen et al. developed Mg,Ni as
a unified contact layer for both MgAgSb and Mg;(Bi, Sb),.
Benefits from comparable CTE between Mg,Ni and MgAgSb, the
Mg,Ni/MgAgSb junction exhibits an excellent low p. and high
reliability. As shown in Fig. 9, the p. of the Mg,Ni/MgAgSb
junction increases from ~1.7 pQ cm?® to ~5.1 pQ cm’ even
after annealing at 573 K for 30 days.

5830 | Chem. Sci,, 2026, 17, 5820-5839

3.2 MgAgSb-based cooling devices

Initially, MgAgSb has long been considered a promising p-type
material for power generation. However, it was only recently
that n-type Mgs(Bi, Sb), with high performance near room
temperature was developed.'® Consequently, Liu et al
combined the Mg;(Bi, Sb), to fabricate an eight-pair Mg-based
cooling device for the first time."” At a high-temperature end

—- Ag/IMgAgSb-(A = 1.3*1.3, 553 K)-Zhang et al.
—l- Ag/IMgAgSb-(A = 3*3, 553 K)-Zhang et al.
—J- Ag/MgAgSb-(A = 55, 553 K)-Zhang et al.
—- Sb/MgAgSb (573 K)-Li et al.
—- Co/MgAgSb-Chen et al.
- AgMgMny, ,/MgAgSb (523 K)-Wu et al.
—- Ag/MgAgSh (553 K)-Xie et al.
MgCuSb/MgAgSb (553 K)-Xie et al.
—- Mg;Ni/MgAgSb (573 K)-Chen et al.
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Fig. 9 Evolution of interface resistivity of recently developed TEiMs of
MgAgSb with aging time.64-68105
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temperature of 325 K, the device achieved a maximum
temperature difference of 56.5 K and a maximum cooling power
of 3.0 W, demonstrating significant cooling application poten-
tial. Xie et al. improved the room temperature ZT value of
MgAgSb by constructing multi-scale defects. The seven pairs of
Mg-based devices they constructed achieved a maximum
temperature difference of 52 K at the high temperature end of
300 K, and a cooling efficiency coefficient of performance (COP)
of 8.3 at a temperature difference of 5 K, which is slightly lower
than that of Bi,Te;.'* Thanks to the performance optimization
of n-type Mg;(Bi, Sb),, the Mg-based device fabricated by Ying
et al. achieved a maximum temperature difference of 52 K at
a high temperature of 302 K.*® Zhang et al. utilized n-type Bi,Te;
as the n-type leg and combined it with devices prepared using
MgAgSb optimized for near-room-temperature performance,
achieving a maximum temperature difference of 60 K at the
high-temperature end of 300 K.** Another two-pair TE cooling
device prepared by Li et al, which consists of MgAgSb and
commercial n-type Bi,Te;, obtained a temperature difference of
47 K at Ty, = 300 K."” Overall, regardless of whether MgAgSb is
combined with n-type Mg;(Bi, Sb), or Bi,Te; to fabricate cooling
devices, satisfactory cooling performance can be achieved.
However, compared to Bi,Te;-based devices, there is still some
room for improvement. Therefore, a higher TE cooling perfor-
mance is anticipated once the TE performance of MgAgSb at
room temperature is enhanced.

3.3 MgAgSb-based power generation devices

In 2015, Kraemer et al. were the first to investigate the conver-
sion efficiency of single-leg MgAgSb-based thermoelectric
devices, reporting a remarkable efficiency of up to 8.5% under
a temperature difference of 225 K.*° This performance exceeded
that of conventional Bi,Tes;-based devices, highlighting the
strong potential of MgAgSb as a promising candidate for room-
temperature thermoelectric power generation. More recently,
advancements in the low-temperature thermoelectric perfor-
mance of n-type Mg;(Bi, Sb), have paved the way for the fabri-
cation of all-Mg-based multi-leg thermoelectric modules.
Following these developments, MgAgSb-based thermoelectric
generators have undergone rapid progress, with device-level
conversion efficiency improving significantly (Fig. 12). This
growth can be attributed to three main factors:

(1) Enhancement of thermoelectric performance in n-type
and/or p-type materials. In 2021, Ying et al. fabricated the first
four-pair Mg-based thermoelectric generator, achieving
a maximum conversion efficiency of 7% under a temperature
difference of 250 K by integrating segmented n-type Mg;(Bi, Sb),
and p-type MgAgSb.'** Around the same time, Liu et al. reported
a higher efficiency of 7.3% at a AT of 300 K in a seven-pair Mg-
based device, enabled by performance-optimized Mg;(Bi, Sb),
doped with Cu.'® Subsequently, Zhang et al. achieved a notable
conversion efficiency of 12% at 300 K using seven-pair devices
constructed with MgAgSb synthesized through an optimized
preparation process.” From the perspective of practical appli-
cation, Xie et al. further improved device-level performance by
tailoring the geometric structure of the module based on power

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

factor enhancement strategies. Their eight-pair Mg-based
device delivered a maximum output power of 1.03 W and
a peak conversion efficiency of 7.6% at a temperature difference
of 300 K.

(2) Development of thermoelectric interface materials
(TEiM) for MgAgSb. Reducing interfacial contact resistivity
plays a crucial role in minimizing parasitic electrical losses and
enhancing overall device performance. Wu et al. reported
a conversion efficiency of 9.1% and an output power of 0.5 W at
a temperature difference of 325 K by employing AgMgMn, ; as
a TEiM for MgAgSb.*” Similarly, Xie et al. achieved a conversion
efficiency of 9.25% and an output power of 0.53 W at AT = 300 K
using MgCusSb as the TEiM of MgAgSb.* Furthermore, Li et al.,*
Zuo et al.,** and Chen et al® explored alternative TEiMs
including Sb, Co, and Mg,Ni, achieving conversion efficiencies
of 8.1% (294 K), 10.2% (287 K), and 10.8% (300 K), respectively.

(3) Optimization of device geometry. It is well established
that the p-type and n-type legs in a thermoelectric device typi-
cally exhibit different transport properties, which prevents the
device from reaching optimal performance under uniform
temperature gradients and current conditions. To address this
mismatch, careful geometric design is required to maximize
device efficiency. However, Ying et al. revealed that'” the large
temperature gradient and short distance between the hot and
cold ends induced intense thermal radiation and convection
during actual operation, which severely disturbed the intended
heat flow and resulted in lower conversion efficiency. To miti-
gate this undesired heat transfer, Ying et al. systematically
investigated the influence of the fill factor (FF) on device
performance. They found that increasing the FF from 16% to
64% led to a significant improvement in conversion efficiency
by reducing undesired heat (Fig. 10). This result was subse-
quently validated by Xie et al., further confirming the critical
role of geometric optimization in thermoelectric device
design.®®

In addition to the single-stage module, Xie et al. developed
a segmented thermoelectric module in which MgAgSb and
Mg;SbBi serve as the low-temperature segment, while n- and p-
type skutterudites form the high-temperature segment'®
(Fig. 11). This design was proposed to address the limited
operating temperature range of MgAgSb, resulting from its low
phase-transition temperature. Owing to the use of proven
TEiMs, an optimized geometric design, and an expanded
operating temperature window, the module achieved a high
conversion efficiency of 12.4% at Tc = 293 K and AT = 540 K.
This work opens a promising avenue for MgAgSb-based ther-
moelectric devices in medium-temperature waste-heat recovery.

Beyond the extensively investigated n-type Mg;(Bi, Sb),,
several other low-temperature n-type thermoelectric mate-
rials—such as BigsSbys, Mg,(Si, Sn), and Ag,Se—have been
coupled with MgAgSb to construct power generation devices.
Notably, the BigsSb;5/MgAgSb device developed by Chen et al.
delivered an output power density of 76.8 mW cm 2 and
a conversion efficiency of 1.76% within the 200-300 K temper-
ature range.'” Likewise, Wieder et al. reported that a MgAgSb/
Mg,(Si, Sn) device attained a conversion efficiency of 6.4% and
an output power of 0.68 W under a temperature gradient of 275
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Fig. 11 Schematic diagram of Mg-based and skutterudite segmented thermoelectric power generation module.**® (A) Measured contact
resistivity of n-type and p-type segmented legs. (B) Schematic diagram of a segmented thermoelectric module. Reproduced from ref. 108 under
the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0).
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Fig. 12 Power generation performance of MgAgSb-based TE devices 13-15181964-6670102103107109-111 (A gnd B) are the temperature difference
dependence of maximum conversion efficiency and output power density, respectively.
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K."*® Furthermore, a uni-couple MgAgSb/Ag,Se system achieved
an efficiency of approximately 1.9% at a temperature differen-
tial of ~82 K,"* underscoring the broad applicability and
versatility of MgAgSb-based architectures for low-temperature
thermoelectri