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TOPICAL REVIEW — Heat conduction and its related interdisciplinary areas
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The n-type Mgz Sby-based alloys have attracted considerable attention as promising thermoelectric materials for
intermediate-temperature applications, owing to their unique layered crystal structure, suitable bandgap, and intrinsically
low thermal conductivity. However, the conversion efficiency of thermoelectric devices fabricated from Mgz Sb;-based
materials remains relatively low, and further enhancement of the thermoelectric figure of merit z7 is essential. Since lattice
thermal conductivity is weakly coupled to electrical transport parameters, reducing lattice thermal conductivity has become
a key strategy for improving the z7 of Mg3Sb;-based materials. On the one hand; introducing defects and mass-strain
field fluctuations via doping or alloying can significantly enhance phonon scattering and reduce lattice thermal conductiv-
ity. Simultaneously, this approach can improve electrical transport properties by tuning the carrier concentration. On the
other hand, nano-modification and nanocomposite engineering enable control of grain size and microstructure, enhancing
carrier and phonon scattering to reduce thermal conductivity without severely degrading electrical performance. This re-
view summarizes recent progress in optimizing the thermal transport properties of n-type Mg3Sb,-based alloys through
doping/alloying, nano-modification, nanocomposite formation, and synergistic regulation. These strategies enable a sub-
stantial reduction in thermal conductivity while maintaining stable electrical properties, leading to significantly enhanced
thermoelectric performance, thus providing scientific and technological support for the application of Mg3Sb,-based ther-
moelectric devices.
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1. Introduction

With the increasing global emphasis on renewable and
clean energy, research on thermoelectric materials has grad-
ually become a hot topic in materials science, energy technol-
ogy, environmental engineering, and related fields. Thermo-
electric materials are functional materials that enable direct in-
terconversion between heat and electrical energy, operating on
the principles of the Seebeck effect and Peltier effect, show-
ing broad-application prospects in thermoelectric cooling and
power generation.[!1 The conversion efficiency of thermo-
electric materials is typically evaluated by the dimensionless
figure of merit z7 = S>0T /k. The Seebeck coefficient S is
defined under open-circuit conditions as S = AV /AT, where
AT = Thot — Teord and AV = Vo1q — Vhot; hence, S directly rep-
resents the voltage difference (AV') generated per unit temper-
ature difference (AT'). The electrical conductivity o is deter-
mined by o = neuy, where n is the carrier concentration, e is
the elementary charge, and uy is the Hall carrier mobility, T
is the absolute temperature, and x is the thermal conductivity.
The thermal conductivity k consists of two parts: the carrier
thermal conductivity k. and the lattice thermal conductivity
ki.. An ideal thermoelectric material should possess high elec-
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trical conductivity, a high Seebeck coefficient, and low thermal
conductivity. However, the strong coupling among S, o, and K
arising from scattering mechanisms and band structure makes
it challenging to tune these parameters independently. There-
fore, synergistically regulating these parameters to enhance z7°
is a central focus of fundamental research on thermoelectric
materials. (7]

In recent years, numerous thermoelectric material
systems have been systematically investigated, including
skutterudites, ®1 complex alloys, '’ metal chalcogenides, ]
conducting polymers''?) and oxides.!'3! Based on their
operating temperature range, thermoelectric materials can
be classified into near-room-temperature materials (e.g.,
Bi,Te3[!*15]1 and Ag,Sel'%)), mid-temperature materials, and
high-temperature materials (e.g., oxides and half-Heusler
compounds). Among mid-temperature thermoelectric ma-
terials, systems such as CoSbs,[®! PbTe,[!”] SnSe,[1819]
SnTel?%21 and GeTe??! exhibit excellent thermoelectric per-
formance. However, the presence of expensive metals (e.g.,
Te, Co, Ge) or toxic elements (e.g., Pb, Se) limits their prac-
tical applications. In contrast, Mg3Sb, is not only a com-
plex Zintl-phase compound with a crystal structure combining
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ionic and covalent bonding, which facilitates a significant re-
duction in lattice thermal conductivity ki, in the [Mg25b2]2_
anionic layers, but also offers the advantages of low cost and
high efficiency. Zintl-phase compounds are crystalline ma-
terials composed of electropositive metals and electronega-
tive metalloids or nonmetals. They feature complex bond-
ing networks arising from cationic and anionic frameworks
and display “phonon-glass, electron-crystal” (PGEC) behav-
ior. Consequently, Mg3Sb, has drawn considerable atten-
tion and stands out in the thermoelectric materials commu-
nity. Mg3Sb,-based thermoelectric materials are typical Zintl-
phase thermoelectric compounds with an anti-o-Lay O3 rhom-
bohedral structure (space group: P3m1).123] As shown in
Fig. 1, the structure consists of alternating anionic [Mg>Sb,]>~
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slabs and cationic Mg?™ layers stacked periodically along the
c-axis (Fig. 1(a)). Such charge transfer between sublattices
is common in Zintl-phase materials and gives rise to various
unusual crystal structures and functions.?*! The [Mg>Sb,]*~
layer forms a two-dimensional network of edge-sharing Sb
tetrahedra, each containing a Mg atom, extending along the
c-axis (Fig. 1(b)).

arranged in a triangular pattern with relatively large inter-

The Mg ions in the cationic layers are

atomic distances. Along the c-direction (Fig. 1(c)), a tunnel-
like porous structure within the tetrahedral network can be ob-
served. The unique crystal structure of Mgz Sb,-based thermo-
electric materials imparts both high carrier mobility and low

thermal conductivity.
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Fig. 1. (a) Perspective view of the MgsSb; crystal structure. A unit cell is drawn with black lines. (b) Atom coordination with two Sb

tetrahedral (red lines). Interstitial sites (0, 0, 1/2) are also shown. (¢) The crystal structure along the ¢ direction.

The high thermoelectric performance of n-type Mgz Sb;-
based materials is primarily attributed to the ease of achiev-
ing a high carrier concentration (e.g., through Sb.vacancies or
Te doping to provide electrons), as well as the small effective
mass and low scattering strength at the conduction band min-
imum, resulting in a carrier mobility much higher than that of
p-type materials. Meanwhile, the conduction band of n-type
Mg3Sb, possesses a higher band degeneracy, which allows a
large Seebeck coefficient to be maintained while ensuring high
electrical conductivity, thereby leading to an excellent power
factor; in-contrast, p-type Mg3Sb,-based materials suffer from
low hole concentration caused by intrinsic Mg vacancies, low
degeneracy at the valence band maximum, and severe ionized
impurity scattering, resulting in poor thermoelectric perfor-
mance and slow research progress. After decades of devel-
opment, the z7" values of n-type Mg3Sb,-based thermoelectric
alloys have been significantly enhanced. In particular, impor-
tant progress has been made in reducing the lattice thermal
conductivity, which is weakly correlated with electrical trans-
port parameters. This review mainly summarizes the recent re-
search progress in optimizing the thermal transport properties
of n-type Mg3Sby-based materials through doping/alloying,
nano-modification, and nanocomposite engineering (Fig. 2).
These optimization strategies decouple the thermoelectric pa-
rameters and synergistically regulate the electrical and thermal
transport properties, leading to a substantial improvement in

[23]

the zT values of Mg3Sb,-based materials. This provides new
research directions for developing high-performance thermo-
electric materials as well as scientific and technological sup-
port for the application of thermoelectric devices.
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Fig. 2. Optimization strategies for thermal transport properties of n-type
Mg3Sb,-based thermoelectric materials.[2>-28]

2. Strategies for regulating thermal transport
performance

Thermal conductivity consists of two components: the
carrier thermal conductivity (k) and the lattice thermal con-
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ductivity (k) (Eq. (1)). The thermal conductivity in thermo-
electric materials originates from two aspects: (i) electrons
and holes that transport heat (k.); and (ii) phonons traveling
through the lattice (x1.). k. is directly related to the electri-
cal conductivity through the Wiedemann—Franz law (Eq. (2)),
where L is the Lorenz number (2.4 x 1078 W-Q-K~2 for heav-
ily degenerate semiconductors), and 7 is absolute tempera-
ture. Consequently, the lattice thermal conductivity ki is typ-
ically estimated by subtracting k. from the measured total k,
kg =k—LoT.

K=K+ K, (1)
Ke = LoT =neulT. 2)

To understand the optimization strategies for thermal trans-
port performance, it is essential to examine the microscopic
Within the
framework of the Debye—Callaway model,!’! ki can be ex-

phonon scattering mechanisms that govern k..

pressed as an integral over phonon frequency :

3 rep/T 4 ,x
K= ("BT> I rc(x)(xiedx, 3)

Tonv \h ex—1)2

where x = iw/kgT, v is the sound velocity, 8p is the Debye
temperature, and 7. is the total phonon relaxation time. The
total scattering rate 7, ! is determined by various scattering
processes via Matthiessen’s rule

=gt )
The terms represent Umklapp (U) scattering (7 U o
®*Te o/ bT \where b is a dimensionless constant related to
the Griineisen parameter), point defect (D) scattering (7, o
o), boundary (B) scattering. (75 I = v/d, where d is grain
size), and precipitates (P) scattering, respectively. The strate-
gies discussed below precisely target these individual scatter-
ing terms: alloying-and doping introduce point defects to en-
hance high-frequency phonon scattering via the w* Rayleigh
term; grain boundary engineering reduces the boundary scat-
tering mean free path d; and nanocomposites create interfaces
and precipitates that strongly scatter mid- to low-frequency
phonons. Through this multiscale approach, broad-spectrum
phonon scattering can be achieved, maximizing the reduc-
tion of lattice thermal conductivity. Therefore, optimizing the
thermal conductivity of Mgz Sb,-based thermoelectric materi-
als primarily involves reducing the lattice thermal conductiv-
ity, since the carrier thermal conductivity is inherently cou-
pled with electrical conductivity and is difficult to regulate in-
dependently. Currently, three main strategies are employed
to reduce the lattice thermal conductivity: (i) introducing
point defects (e.g., interstitials, vacancies) through doping or
alloying[?°-311 to scatter phonons within the unit cell; (ii) tun-
ing the grain size of Mg3zSby-based thermoelectric materials

(nano-modification) and implementing defect engineering to
enhance phonon scattering, thereby reducing thermal conduc-
tivity and improving thermoelectric performance; (iii) intro-
ducing a nano-sized second phase into MgzSb,-based ther-
moelectric materials to fabricate nanocomposites, utilizing the
nano-effects and interfacial effects of the second phase to en-
hance phonon scattering and significantly reduce the lattice
thermal conductivity.

2.1. Defect engineering

Defect engineering, which deliberately introduces point
defects, dislocations, and grain boundaries into the MgzSb,
lattice, has emerged as a primaty strategy for decoupling elec-
trical and thermal transport. Alloying and doping, as the most
common approaches for creating point defects, will be dis-
cussed in detail below.

2.1.1. Alloying and doping strategies

Alloying is a conventional approach to enhance the ther-

1321 Alloying refers

moelectric figure of merit z7' of materials.
to uniformly mixing two or more metal elements (including
small amounts of non-metallic elements) in the molten state
or combining them through diffusion in the solid solution state
to form new materials with metallic characteristics. Alloying
usually significantly alters the structure of the matrix mate-
rial, with the most common products being solid solutions,
intermetallic compounds, and multiphase mixtures. Gener-
ally, compared with metals, semiconductors have lower elec-
trical conductivity and a relatively high ratio of thermal con-
ductivity to electrical conductivity, resulting in poor overall
performance. 33! However, alloying a material with an appro-
priate dopant can reduce this ratio, thereby improving the over-
all performance. In addition, alloying can introduce atomic-
scale defects that impede phonon transport and significantly
reduce the lattice thermal conductivity. Owing to its narrow
bandgap, Mg3Sb, is susceptible to bipolar conduction at ele-
vated temperatures, which severely degrades its thermoelectric
performance.?*! Alloying engineering provides an effective
route to improve the thermoelectric performance of Mgz Sb;-
based materials.!?8-33-371 Zhang et al. 33! selected SmMg,Sb,-
based material, for alloying with SmMg;Bi», as it shares the
same crystal structure as Mgz Sb,. Because Bi atoms are heav-
ier than Sb atoms, the the phonon frequency of SmMg;Bi,
is significantly lower than that of SmMg,Sb,. Therefore, al-
loying with Bi softens the phonons and effectively reduces the
lattice thermal conductivity. With the addition of Bi, the lattice
thermal conductivity of SmMg;  §Sb; 72Big25Tep 3 reaches
only 0.8 W-m~!-K~! at 873 K, which is 43% lower than that
of Bi-free sample (SmMg;, 5Sb;.97Tep03). Doping Sb into
Mg32Bij.99Seq 01 leads to solid solution formation between Sb
and Bi.1’7] Meanwhile, effective phonon scattering caused by
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Bi/Sb disorder reduces the lattice thermal conductivity. Ulti-
mately, high thermoelectric performance is achieved through
the synergistic effect of alloying and a tunable bandgap, with
disordered Bi/Sb acting as effective phonon scattering centers.
The zT value of the Mg3 2Bij 09Sbg.9Sep o1 sample increases
from 0.73 at room temperature to 1.28 at 525 K. This demon-
strates that alloying is an effective way to improve the thermo-
electric performance of n-type Mgz Sb,-based materials.

The n-type MgsSb;-based thermoelectric materials in-
trinsically possess low lattice thermal conductivity due to
strong anharmonicity and low sound velocity. On this basis,
introducing foreign dopant atoms to create point defects can
further optimize the material’s thermal conductivity. Point de-
fects are “zero-dimensional defects” characterized by atomic
arrangements that deviate from a perfect lattice. Typically,
point defects include vacancies, interstitials, and substitutional
atoms. In addition, complex defects occurring over several
lattice positions, such as vacancy clusters, interstitial clus-
ters, and cross substitutions, can also be regarded as point
defects.[334%1 Figure 3 shows schematic illustrations of var-
ious types of point defects, including common simple point

defects and complex point defects. Point defects induce lattice
distortion and cause the periodic potential to deviate from its
equilibrium state, thereby acting as scattering centers for elec-
trons or phonons. Furthermore, point defects can also lead to
charge imbalance, resulting in changes in electrical transport

properties.
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Fig. 3. Schematic diagram of different types of point defects. [*!]

Table 1. Thermal transport parameters and z7 values of some typical n-type Mg3Sb,-based thermoelectric materials prepared by doping

different elements.

Sample Kk (W-m LK) K, (W-m™1.K1) 2T max Ref.

Mg3.2Sb; 5Big49Tep 01 0.80 @716 K 042 @716 K 1.52 [23]
Mgg_]gMn0_025b1‘5Bi0_49560_01 0.90 @723 K 0.64 @723 K 1.60 [26]
Mgj3.07Sb; 5Big.48Sep.02 0.618 @725 K 0.46 @725 K 1.23 [43]
Mg32Bi; 4Sbg s59Se0.01 1.00 @450 K 0.60 @450 K 1.24 [44]
Mg3.17B0.03Sb; 5Bip.49Teo 01 0.70 @1093 K 042 @1093 K 1.81 [47]
Mg3 05—x Y SbBi 1.00 @550 K 0.40 @550 K 1.80 [48]
Mg3‘1C00.1Sb1_5Bi0'49TC()‘01 0.77 @773 K = 1.70 [49]
Mg3.2Y0.04la9.01Sb; 5Bio 5 0.75 @750 K 0.39 @750 K 1.76 [50]
Mg3,5Tm0,035b1,97Teo,03 0.53 @775 K - 1.75 [51]
Mg3 03—xSb; 3Big 7Gdy 0.80 @700 K 0.50 @700 K 1.55 [52]
Mgz 5Gdo.04Sby.97Tep 03 0.59 @725 K - 1.26 [53]
Mg3'15Mn0A05Sb1.5Bi0.49T60.01 0.8 @723 K 0.48 @723 K 1.85 [54]
Y0,01Mg3A198b|_5Bio‘47Teo}03 0.83 @703 K 0.50 @703 K 1.70 [55]

In recent years, the incorporation of various dopants, such
as chalcogen elements (Te, Se, etc.),[4>*] group III elements

149 Janthanide el-

(Y, B; etc.),[*0*3] transition metal elements,
ements (La, Gd, etc.),1’*5%! as well as excess Mg, has enabled
synergistic optimization of the electrical and thermal transport
properties of Mg3Sb,-based materials by introducing point de-
fects and tuning the carrier concentration. Mao et al.!**! in-
duced atomic mass fluctuations by introducing a large number
of point defects through dual doping with Te and the transition
metal Co. The dominant ionized impurity scattering changed
to a mixture of acoustic phonon and ionized impurity scatter-
ing, leading to a significant reduction in lattice thermal con-
ductivity. The Mg3.1Coq.1Sb; 5Big49Tep o1 sample achieved a
minimum thermal conductivity of 0.79 W-m~!.K~! at 773 K.
Furthermore, in Mg3Sb,-based materials, additional cationic
doping is also a strategy to improve thermoelectric perfor-

mance. Yu et al.’°) demonstrated that co-doping with rare-
earth elements Y and La can simultaneously enhance the
power factor and suppress the thermal conductivity of n-type
Mg32Sby 5Bigs. Owing to the additional defect scattering in-
troduced by Y and La, the lattice thermal conductivity was sig-
nificantly reduced to 0.39 W-m~!-K~! at 750 K. In the temper-
ature range of 300-750 K, the Mg3>Y.04Lag o1 Sby 5Big5s ma-
terial achieved a peak z7T of 1.76 and an average zT of 1.1. In
practice, factors such as solid solubility limits restrict the en-
hancement of thermoelectric performance achievable through
single-element doping. Related experiments have shown that
multi-element doping can further improve the thermoelectric
performance of n-type Mgz Sby-based materials. Table 1 lists
the thermal transport parameters and z7 values of some typi-
cal Mg3Sb,-based thermoelectric materials prepared by dop-

ing with various elements in recent years, [23:26:43:4447-53]
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2.1.2. Other defect engineering approaches

Defect engineering is a key thermoelectric technique that
precisely controls internal defects (point defects, line defects,
planar defects, etc.) to optimize electrical conductivity, See-
beck coefficient, and thermal conductivity, thereby enhancing
the z7 value. It mainly includes point defects, line defects,
and planar defects. Point defects (such as vacancies, substi-
tutional dopants, and interstitials) are the most common, and
doping or alloying is an important means of introducing point
defects (as discussed in detail above). For example, partially
substituting Bi for Sb in Mg3Sb, (substitutional doping) or in-
troducing lattice vacancies can both increase ¢ by tuning the
carrier concentration and scatter phonons to reduce k. Line
defects and planar defects, such as dislocations, grain bound-
aries, and phase boundaries, are formed by grain refinement
or constructing heterostructures. Their main function is to
enhance phonon scattering, thereby reducing the lattice ther-
mal conductivity ki, without significantly affecting electrical
transport. In Mg3zSby-based thermoelectric materials, defect
engineering primarily aims to tune carrier mobility or concen-
tration (synergistically optimizing o and S) while disrupting
phonon propagation paths (reducing ), thus breaking the bot-
tleneck of “electrical-thermal coupling”. Li ez al.’% proposed
a method to reduce carrier scattering by Mg vacancies, thereby
enhancing mobility. Simultaneously, increasing the sintering
temperature promotes Bi volatilization, generating more Bi-
related defects and significantly enhancing phonon scattering.
Furthermore, to maintain charge balance, the contents of Mg
and Bi were reduced. As a result, with increasing Bi vacan-
cies (Vg;j) and the Sb/Bi ratio, a lower ki was achieved under
off-stoichiometric conditions, indicating that more vacancies
introduced additional defects.. Combined with a high power
factor (PF) and low ki, the Mg3.19Y.01Sb; 5Bigs sample at-
tained a peak z7 of 1.82 at 773 K.

2.2. Nano-modification

“Nano-modification” refers to a design strategy that op-
timizes the thermoelectric performance of materials by in-
troducing nanoscale structures or employing nanotechnology
approaches (such as grain boundary engineering) to regulate

37381 Tts core objective is

electron/phonon transport behavior. !
to break the strong coupling among electrical conductivity,
Seebeck coefficient, and thermal conductivity in conventional
materials, ultimately achieving a significant enhancement in
zT value. Furthermore, nano-modification techniques can ef-
fectively reduce the lattice thermal conductivity by tailoring
the microstructure of materials (e.g., grain size, interface de-
sign, low-dimensionalization, etc.), thereby improving ther-
moelectric performance. This section summarizes the main
strategies and recent research progress in reducing the ther-

mal conductivity of n-type Mg3Sby-based materials from the

perspective of nano-modification.

2.2.1. Grain boundary engineering for grain size con-
trol

Grain boundaries (GBs) play a crucial role in thermo-
electric transport, giving rise to notable differences in ther-
moelectric performance between single crystals and polycrys-
tals. Due to dangling atomic bonds, local non-stoichiometry,
and various defects at GBs, trap states are formed that cap-
ture charge carriers, resulting in reduced carrier mobility,
electrical conductivity, and z7 values: This phenomenon
has been observed in numerous thermoelectric materials, in-
cluding Te,>! SiGe alloys, [l PbTe, 1 (Hf,Zr)CoSb%? and
Mg3(Bi,Sb),-based materials. %3l Compared with growing sin-
gle crystals, preparing polycrystals with large grain sizes can
potentially bring their thermoelectric performance close to
that of single crystals. In recent years, methods for prepar-
ing polycrystals with large grain sizes have included pro-
longed high-temperature annealing,!*®>?! increasing the sin-
tering temperature, [°*% adding extra transition metals!®®! or

(671 However, the upper limit of grain

using alloy sintering aids.
size enhancement achievable by these methods is often very
limited, resulting in thermoelectric performance of polycrys-
tals far inferior to that of single crystals. Moreover, in some of
these methods, the content of volatile reactants is difficult to
control at high temperatures, ultimately causing the material
composition to deviate from the target. These factors lead to
significantly lower z7 values of polycrystalline samples com-
pared with single crystals, especially at room and intermediate
temperatures. Therefore, it is crucial to develop new strate-
gies for preparing thermoelectric polycrystals with large grain
sizes and controllable chemical compositions to achieve ther-
moelectric performance comparable to that of single crystals.

1.167] developed a method for fabricating Mg3(Bi,Sb),-

Leieta
based thermoelectric polycrystals using a nano-sized sinter-
ing aid via liquid-phase sintering (Figs. 4(a)—4(c)). By adding
5 wt% nano-sized Mg, Cu as a sintering aid to Mgz Sb,-based
materials, the grain size was significantly increased (from
7.2 um to 23.7 um) through the liquid-phase sintering process.
The large grains resulted in high carrier mobility (Fig. 4(d)),
substantially enhancing the electrical transport performance.
Meanwhile, the nanoparticles formed scattering centers at
grain boundaries, reducing the room-temperature lattice ther-
mal conductivity from 0.71 W-m~".K~! to 0.53 W-m~1.K~!
(Fig. 4(e)), and a zT value of 1.5 was achieved at 500 K

(Fig. 4(f)).
2.2.2. Design of low-dimensional nanostructures

In recent years, low-dimensionalization has been proven

to be an effective approach to improve the performance of

25,68

thermoelectric materials.2:%8] The reduction in dimensional-

ity and grain size leads to an increase in the density of states
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near the Fermi level and enhances phonon scattering, result-
ing in an improved Seebeck coefficient while reducing the lat-
tice thermal conductivity. Mg3Sb, is a typical layered ther-
moelectric material, and the anisotropy of its crystal structure
leads to strong anisotropy in its thermoelectric performance.
First-principles theoretical calculations have revealed that re-
ducing dimensionality can effectively eliminate the negative
impact of anisotropy and further reduce the lattice thermal

(251 employed nanotechnology to

conductivity. Huang et al.
modify the structural orientation along the interlayer direc-
tion. Their results showed that two-dimensional (2D) mono-
layer Mg3Sb, exhibits a lattice thermal conductivity approx-
imately 60% lower than that of bulk Mgz Sb, matrix materi-
als due to quantum confinement effects and enhanced surface
phonon scattering, achieving a theoretical z7 value as high
as 2.5 at 900 K, far exceeding the thermoelectric figure of
merit of bulk materials. Compared with bulk thermoelectric

materials, 2D Mg3Sb,-based nanothermoelectric films[%°-721

are expected to become one of the most promising thermo-

electric materials. Ran er al.[%]

employed a dual-defect engi-
neering strategy to synergistically regulate Mg vacancies and
Sb-site doping with Te, achieving high-performance n-type
Mgs.15Bi1.46Sbg.5Teq 04 thin films. The Mg-rich deposition at-
mosphere effectively suppressed the formation of Mg vacan-
cies, enabling efficient n-type doping; Te doping optimized the
carrier concentration and introduced lattice strain, enhancing
phonon scattering and reducing the lattice thermal conductiv-
ity. The thin film achieved a high zT" value of 0.47 at 525 K,
the highest value reported for Mg-based thin films. Based on
this film, a full Mg3(Sb,Bi), device (with three pairs in a 7-
type structure) generated an. output voltage of 79 mV and a
power density of 1185 uW-cm~2 under a temperature differ-
ence of 120 K. This work provides a universal design principle
for thin-film thermoelectric materials and bridges the perfor-
mance gap between bulk-and thin-film materials in the mid-

temperature range.
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Fig. 4. A.schematic diagram to fabricate large-grain materials with nano-sintering-aid by liquid-phase sintering. The three dominant stages
overlap: (a) grain rearrangement, (b) solution-precipitation, and (c) Ostwald ripening; temperature dependent (d) carrier mobility, (e) lattice
thermal conductivity, and (f) z7 values for Mg3 2Biy 195Sbg 795 Tep.01-x wt%Mg,Cu (x =0, 2, 3, 5, 7, 10) samples‘[(ﬂ]

2.3. Nanocomposite

Nanocomposite refers to a strategy that introduces a nano-
scale second phase (such as nanoparticles, metallic inclusions,
or low-dimensional structures) to regulate the electrical and
phonon transport behavior of materials, thereby breaking the
trade-off between electrical conductivity and thermal conduc-
tivity and enhancing the z7 value. The core mechanism lies
in utilizing the selective scattering effect of the nanophase:
strongly scattering phonons to reduce the lattice thermal con-
ductivity while minimizing the scattering of charge carriers,
thus maintaining or even improving the electrical transport
performance.!’3] Nanomaterials exhibit physical characteris-
tics distinctly different from those of their bulk counterparts.
Incorporating nanoparticles as a second phase into thermo-
electric materials to form micro/nano-structured composites is

one of the approaches to improve the thermoelectric perfor-
mance of Mgz Sb;-based materials. Recent studies have shown
that nanostructures/nanocomposites!’>% can influence local
atomic arrangements through lattice strain, grain boundary
reactions, or trace solid solution effects, thereby tuning the
electrical and phonon transport properties. Such microstruc-
tural modifications can induce special phenomena, includ-
ing a reduced Fermi level, the generation of localized res-
onance states, promoted convergence of valence or conduc-
tion bands, and the induction of high effective mass and in-
terfacial energy.!®!=®) In addition to improving electrical per-
formance, this strategy also helps to hinder the propagation
of thermal phonons by enhancing interfacial phonon scatter-
ing and introducing local structural disorder, thereby increas-
ing the phonon scattering frequency. Moreover, when a co-
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herent interfacial structure is formed between the nanophase
and the matrix phase, the scattering of electrons can be re-
duced, leading to a significant improvement in the thermo-
Li et al.'””l demon-
strated that incorporating Nb/Ta nano-metallic inclusions into

electric performance of the material.

Mg3(Sb,Bi),-based thermoelectric materials can significantly
modulate the interfacial barrier (i.e., lower the barrier at the
interface between the matrix and nano-inclusions), as shown
in Fig. 5(a). The introduction of Nb/Ta nano-inclusions cre-
ates a metal-semiconductor interface with an energy barrier
(Ep). This interfacial barrier can act as an energy-dependent
carrier filter (low-energy electron filtering), which preferen-
tially blocks low-energy charge carriers from crossing the in-
terface. This filtering effect effectively increases the aver-
age carrier energy contributing to transport, thereby simulta-

neously maintaining or even enhancing the Seebeck coeffi-

(a) Grain boundary

Potential barrier E,,

cient while substantially improving carrier mobility and elec-
trical conductivity, as shown in Figs. 5(b) and 5(c). This syn-
ergistic regulation of both S and o is crucial for the signif-
icant boost in the power factor (Fig. 5(d)). As a result, a
room-temperature power factor exceeding 30 uW-cm~!- K2
was achieved. Combining the relatively wide grain size dis-
tribution of the Nb/Ta nano second phase in the composite
(Fig. 5(e)) and the low lattice thermal conductivity resulting
from strong phonon scattering by abundant defects (Fig. 5(f)),
the Mgsz.1Nbg.1Sby 5Big.49Teo.01(0.1Nb/Mg3Sby.5Big.49Teg.01)
composite sample exhibited more than a 200% enhancement
in room-temperature z7T' (Fig. 5(g)). Table 2 lists the thermal
transport parameters and z7 values of some typical Mgz Sb,-
based thermoelectric materials fabricated via nanocomposite

approaches in recent years.[2%-7377-7°1
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(a) Schematic illustration of interfacial barriers near the grain boundary region and metal-semiconductor interface region for

Mg3.1Nby.1 Sby 5Big49Tep. 01 (0.1Nb/Mg3Sby 5Big 49Tep 1) sample; Ey, is the interfacial potential barrier and E. is the energy of the conduction band minimum.
Temperature dependence of (c) electrical conductivity and Seebeck coefficient and (d) PF for 0.1Nb/MgzSb; 5Big.49Teo.o1 and 0.1Ta/MgzSb; 5Big.49Teg.01 sam-
ples sintered at 1073 K. HAADF-STEM image of 0.1Nb/Mg3Sb; 5Bip49Teg 01 sample sintered at 1073 K. Temperature dependence of (b) carrier mobility, (f)
total thermal conductivity and lattice thermal conductivity, and (g) z7 values for xNb/Mg3Sb; 5Bip.49Tep0; samples sintered at 923 K and 1073 K. 177

Table 2. Total thermal conductivity (x), lattice thermal conductivity (kj,), and z7 values of some typical Mg3 Sb,-based thermoelectric materials

through nanocomposites.

Sample Kk (Wm LK™ Kk (W-m~ LK) 2T max Ref.

Mg33Sb; 5Big.49Te/0.54%Si0, 0.75 @723 K 0.57 @723 K 1.31 [27]
Mg3Sb gBig2/GNS 0.50 @773 K 0.11 @773 K 135 [76]
0.1Nb/Mg3Sb 5sBig 49 Teg 01 0.75 @1073 K 0.45 @1073 K 2.04 [771

Mg, Sn/Mg3Sby/HCnC 0.85 @773 K 0.65 @773 K 1.13 [78]
Mg&szBiolggTCo'o]/MXCnC 0.90 @473 K 0.49 @473 K 1.40 [79]
Mg3.2SbBig g9 Teg 01/0.5 wt%MWCNT 0.80 @573 K 0.45 @573 K 1.50 [80]
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2.4. Synergistic regulation of electrical and thermal trans-
port

In thermoelectric materials, synergistic regulation of elec-
trical and thermal transport refers to integrating two or more
regulation strategies (e.g., elemental doping, defect engineer-
ing, microstructural optimization, etc.) to precisely manipu-
late the transport behaviors of charge carriers and phonons,
thereby breaking the coupling constraints among the Seebeck
coefficient, electrical conductivity, and thermal conductivity,
and ultimately optimizing the z7. Mg3zSb,-based thermoelec-
tric materials, owing to their low cost and excellent carrier
transport properties, show great potential for mid-temperature
applications, but further enhancement of their thermoelectric
performance is still required through the regulation of electron
and phonon structures. The synergistic regulation of electri-
cal and thermal transport mainly includes the combination of
elemental doping with defect engineering, as well as the syn-
ergistic control of microstructure.

2.4.1. Elemental doping synergized with defect engi-
neering: construction of multiscale phonon scat-
tering centers

Elemental doping introduces point defects, dislocations,
and second phases through lattice site occupancy, synergisti-
cally enhancing phonon scattering across the entire frequency
spectrum and achieving efficient suppression of lattice thermal

1.1861 demonstrated that Zn doping ex-

conductivity. Su et a
hibits unique synergistic regulation advantages: on one hand,
the substitution of Zn atoms at Mg sites introduces local lattice
distortion, nano-sized second phases, and high-density dislo-
cations (Figs. 6(a)-6(f)), forming multiscale phonon scatter-
ing centers, which reduce the lattice thermal conductivity of
Mg3.155Zn0.045Sb1 5Big 49 Teg 01 t00:54 W-m~1.K~! at 773 K
(Fig. 6(h)). On the other hand, this same substitution weak-
ens ionized impurity scattering, increasing the carrier mobil-
ity to 135 em?-V=1s~! (Fig. 6(g)) and significantly improv-
ing the electrical performance. Combined with the low ther-
mal conductivity, the Mgs 155Zng 045Sb; sBig.49Teg o1 sample
achieves a peak zT of 1.71 at 773 K (Fig. 6(i)). Liang et al.!®"]
adopted a synergistic approach combining lanthanide element
(Dy, Tm) doping with trace sulfur (S) compensation to cooper-
atively regulate the electrical and thermal transport properties
of Mg3Sb,-based materials. This combination achieves simul-
taneous optimization of the electronic structure and phonon
transport in Mg3Sb, through the collective action of multiple
elements, thereby addressing the key challenge of achieving
synergistic regulation of electron and phonon transport in the
material. From the perspective of electronic structure, first-
principles calculations show that the co-incorporation of S,
Dy, and Tm shifts the Fermi level upward into the conduc-
tion band and induces multiple flat bands near the conduc-

tion band minimum, which not only promotes band conver-
gence but also narrows the bandgap, substantially improving
the n-type carrier transport efficiency. In terms of phonon
transport, Dy and Tm atoms effectively hinder phonon propa-
gation, significantly reducing the lattice thermal conductivity.
The final composition Tmg p3Mg3.17Sb; 5Big49S0.01 achieves
a maximum z7 of 1.4 at 723 K. Finite element simulations
predict that a thermoelectric module based on this composi-
tion can achieve a maximum energy conversion efficiency ex-
ceeding 9%. These findings confirm that Dy and Tm serve
as efficient n-type dopants capable of simultaneously optimiz-
ing electron and phonon transport in Mg3Sb,, thereby signifi-
cantly enhancing the thermoelectric performance of Mg3Sb;-
based materials.

2.4.2. Microstructural synergy: combined effect of
grain boundaries and dislocation networks

Constructing a cooperative structure combining coarse
grains and high-density defects through process optimization
can simultaneously resolve the conflict between carrier scat-
tering at grain boundaries and phonon transport, achieving a
balanced optimization of thermal conductivity and electrical

1.197] demonstrated that the introduc-

performance. Lei ef a
tion of nano-sized sintering aids opens a new route for grain
boundary regulation. By adding 5 wt% Mg,Cu nanophase
to Mg3.2Bij.195Sbg.795Teo.01, the nano-sized sintering aid was
successfully incorporated into the Mgz(Bi,Sb);-based matrix,
increasing the average grain size from 7.2 pm to 23.7 pm
(Figs. 4(a)-4(c)), reducing carrier scattering at grain bound-
aries, and achieving a room-temperature carrier mobility of
170 ecm?-V~1.s7! (Fig. 4(d)). Meanwhile, the nanoprecipi-
tates scatter phonons, suppressing the room-temperature lat-
tice thermal conductivity to 0.53 W-m L.K! (Fig. 4(e)),
and a zT of 1.5 is achieved at 500 K (Fig. 4(f)). Zhai et
al.188) achieved the synergistic construction of coarse grains
and high-density dislocations in Mg3(Bi,Sb);-based materi-
als through Cu doping. Cu atoms form a complex segrega-
tion structure at grain boundaries, promoting grain growth to
~ 10 um. Meanwhile, a network of edge and screw disloca-
tions along with a strong strain field forms within the grains,
efficiently scattering mid-to-high frequency phonons. As a re-
sult, the Mg3 2Cug 925SbBig 97 Teg 03 sample exhibits a lattice
thermal conductivity as low as 0.48 W-m~!.K~! at 623 K and
a peak zT of 1.73. Furthermore, the Cu-doped Mg3(Bi,Sb);-
based alloy also shows excellent mechanical properties, with
a plastic deformation rate of approximately 40% and a com-
pressive stress of about 519 MPa, synergistically optimiz-
ing the electrical, thermal, and mechanical performance of
Mg3(Bi,Sb),-based alloys. The core mechanisms underlying
such synergistic microstructural regulation of electrical, ther-
mal, and mechanical performance are: (1) the coarse-grain
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structure reduces carrier scattering at grain boundaries, ensur-
ing high electrical conductivity; (2) defects such as intragran-
ular dislocations and nanoprecipitates form multiscale phonon
scattering centers, maximizing the suppression of lattice ther-
mal conductivity; (3) the potential mechanism for the excellent

mechanical properties can be attributed to the high-density dis-
location network formed within the grains, which effectively
prevents the initiation and propagation of intergranular cracks,
thereby ensuring high compressive strength and large plastic
strain.

0 0.0150.030.0450.06 © 300
Zn x

600 750 " 300 450 600 750

T(K) T (K)

Fig. 6. (a) Transmission electron microscopy (TEM) bright-field (BF) image of Mg3.155Zn¢ 0455b1 5Bio.49Tep. 01 sample; (b) high-resolution
TEM (HRTEM) image of a ZnSb precipitate; (c) selected area electron diffraction (SAED) pattern along the [—6, —3, —1] zone axis with
indexed crystal information; (d) HRTEM image of the Mg3Sb, matrix; (e) high-magnification HRTEM image of the matrix region shown in
(d), revealing a high density of dislocations. The inset shows the SAED pattern along the [—1, 0, 0] zone axis with indexed crystal information;
(f) corresponding inverse fast Fourier transform (IFFT) image, highlighting local lattice distortions caused by the dislocations; (g) Hall carrier
concentration n and Hall carrier mobility p of the Mgz »_,Zn,Sby sBig49Tep 01 (x =0, 0.015, 0.03, 0.045, and 0.06) samples; temperature-
dependent (h) lattice thermal conductivity ki, and (i) ZT values of Mg3 »_Zn,Sb; 5Big.49Teo 01 samples.[sﬁj

3. Summary and perspectives

This review mainly summarizes the research progress
in regulating the microstructure and optimizing the thermal
transport properties of n-type Mg3Sb,-based thermoelectric
materials through strategies such as alloying, doping, nano-
modification, grain boundary engineering, low-dimensional
nanostructure design, and nanocomposite formation. These
strategies significantly enhance the phonon scattering effect
through multiscale defect construction and interface optimiza-
tion. The key to reducing the lattice thermal conductivity
lies in achieving full-spectrum phonon scattering via the syn-
ergistic action of defects at different scales. At the atomic
scale, alloying and doping effectively scatter high-frequency

phonons by introducing atomic mass differences and strain
field fluctuations. At the nanoscale, nanoprecipitates and low-
dimensional nanostructures (e.g., nanosheets, nanowires) sig-
nificantly suppress the propagation of mid-to-low frequency
phonons through interfacial phonon mismatch and quantum
confinement effects.

Although considerable progress has been made in n-type
Mg3Sb;y-based thermoelectric materials, several issues still
warrant further investigation: (i) insufficient chemical stability
hinders practical application. From the perspective of chem-
ical stability, Mg3Sb,_,Bi, alloys react with H,O and O, at
room temperature, forming amorphous Mg(OH),/MgO and
crystalline Bi/Sb, leading to substantial Mg loss and perfor-
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mance degradation; (ii) challenges exist in material prepara-
tion processes. The sintering process has a significant impact
on material performance, but the optimization of process pa-
rameters (e.g., temperature, holding time) is complex; (iii) dif-
ficulty in synergistic optimization of electrical and phonon
transport. The strategies summarized above for optimizing
thermal transport properties can effectively reduce thermal
conductivity, but they also strongly scatter charge carriers,
leading to deteriorated electrical performance. Therefore, bet-
ter strategies are still needed for synergistic electrical-phonon
transport optimization; (iv) while optimizing the thermoelec-
tric performance of n-type Mgz Sb;-based materials, consider-
ing practical applications, the enhancement of their mechan-
ical properties is also crucial for the development of thermo-
electric devices.

In summary, the regulation of thermal transport prop-
erties in n-type Mg3Sbs-based thermoelectric materials has
evolved from single-defect design toward a new stage featur-
ing multi-scale and multi-mechanism synergistic optimization.
Through the integrated combination of cross-scale structural
engineering, advanced fabrication techniques, and theoretical
simulations, it is expected to overcome the performance bot-
tleneck of achieving a z7T value exceeding 3.0, thereby lay-
ing a solid foundation for the practical application of next-
generation low-to-medium temperature thermoelectric mate-
rials.
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