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ABSTRACT 

The bright promise of Mg3 (Sb,Bi)2 as a next-generation near-room-temperature thermoelectric material is challenged both 
by the need for reliable and economical synthesis and by performance degradation from detrimental Mg-vacancy defects at 
grain boundaries and within grains. Here, we reveal that Earth-abundant oxides (Fe2 O3 , ZrO2 and TiO2 ) can unlock superior 
thermoelectric performance in Mg3 (Sb,Bi)2 via a simple metathesis strategy. Incorporation of the oxides (at only 1–3 mol%) in Mg- 
excess Mg3 (Sb,Bi)2 powders during spark-plasma sintering initiates “Mg-oxide” reduction reactions; the subsequent “transition 
metal-Mg3 (Sb,Bi)2 ” reactions release a source of additional Mg, whose global diffusion refills cationic vacancies in the bulk 
matrix, enabling markedly enhanced power factors and figures of merit. Our fabricated 8-pair Mg3 Sb0.75 Bi1.25 /MgAgSb device 
attained remarkable conversion efficiency and output power density of 11.7% and 1.0 W cm− 2 at a temperature gradient ( ΔT ) 
of 315 K. Notably, a Mg3 Sb0.5 Bi1.5 /Bi0.5 Sb1.5 Te3 module demonstrated maximum cooling ΔT s competitive with state ‑of ‑the ‑art 
Bi2 Te3 coolers at 200–373 K. The proposed metathesis strategy not only offers an eco-friendly and cost-effective route to defect 
engineering, promoting applications of Mg3 (Sb,Bi)2 TEs, but also provides key insights into the structure-property relationships 
and thermoelectric performance optimization of other Mg-based TEs and Zintl phases. 
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 Introduction 

hermoelectrics (TEs) enable a solid-state route for the direct
onversion between heat and electricity [ 1–4 ]. The performance
f TE materials is fundamentally determined by the dimen-
i Wang and Zhen Fan contributed equally to this work. 
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sionless figure of merit ( zT ), zT = S2 σT /( κe + κL ), where S ,
σ, T , κe , κL are the Seebeck coefficient, electrical conductivity,
absolute temperature, and electronic and lattice-thermal conduc-
tivities, respectively [ 5 ]. Maximized electrical transport properties
(e.g., the power factor, PF , PF = S2 σ) and minimized thermal
lligence technologies or similar technologies. 
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rea
onductivities are thus essential toward high zT s. However, the
bove physical parameters are inherently intercoupled [ 3–5 ],
aking it challenging to optimize the zT of TEs. Bi2 Te3 -based
aterials, with remarkable near room-temperature (RT) perfor-
ance, have remained the only commercialized TE material
amily to date, demonstrating unparalleled TE cooling and power-
eneration capabilities in near-RT applications over decades
 6–8 ]. However, drawbacks including the high raw-material cost,
ub-optimal mechanical properties, and limited zT values over
 narrow temperature range have been viewed as significant
onstraints on their large-scale deployment [ 9–13 ]. Notably, n-
ype Mg3 (Bi,Sb)2 has emerged as a promising next-generation
E candidate since the first report in 2016, featuring typical
raits of high zT s (over a wider temperature range than Bi2 Te3 ),
echanical robustness, low cost, and environmental friendliness

 4, 12, 14–17 ]. Pioneering laboratory Mg3 (Bi,Sb)2 -based modules
ave progressively achieved excellent maximum cooling tem-
erature differences rivaling those of Bi2 Te3 (typically with the
ot-side temperature of 300–400 K) as well as exceptionally
igh energy-conversion efficiencies of approximately 9–12% over
 temperature gradient of ca. 300 K, demonstrating promising
rospects in the near RT range [ 18–21 ]. 

ne distinct obstacle that hinders the advancement of high-
erformance Mg3 (Sb,Bi)2 has been identified as the existence
nd distribution of energetically favorable Mg vacancies in the
atrix, which stem from the ease of Mg loss during material
ynthesis and subsequent sintering and fabrication processes [ 15 ].
hermodynamic calculations and experimental studies reveal
hat these Zintl phases are not linear phases with a single
toichiometry; the Mg vacancies act as intrinsic acceptor defects
or electron “killers”) and, particularly, serve as detrimental
cattering centers for electrons [ 22 ]. Typically, excessive Mg and
liovalent doping at anion/cation sites are both required during
ynthesis to achieve n-type conduction [ 16, 23–30 ]. Nevertheless,
tudies suggest Mg vacancies still persist in the final sintered
ulk materials, both inside crystal grains and at grain boundaries
GBs), resulting in inferior electrical transport properties (e.g., σ
nd PF ) [ 31, 32 ]. 

any contemporary investigations have been devoted to mitigat-
ng detrimental Mg-poor GBs. Despite strategies for minimizing
B density through the growth of coarse grains or single crys-
als, additive-based GB engineering has significantly enhanced
harge-carrier transport and improved low-temperature zT s in
olycrystalline Mg3 (Sb,Bi)2 [ 19, 33–39 ]. These approaches include
g2 Cu-aided sintering for GB composition and grain-size mod-
lation [ 36 ], formation of GB complexions by Nb addition [ 37 ],
ano- and the application of the transition-metal wetting/gating
heory [ 38, 39 ]. Typically in this last approach, transition metals
e.g., Nb and Ta) and/or conductive TiO2-n were often introduced
uring mechanochemical synthesis, and the formed “transi-
ion metal-Mg3 (Sb,Bi)2 ” metal-semiconductor interfaces were
roposed to reduce GB potential barriers for charge carriers,
ignificantly promoting the decoupling of electrical and thermal
ransport [ 38, 39 ]. Nevertheless, a recent work indicated that the
E properties of the sintered Mg3 (Sb,Bi)2 are highly sensitive to
oth the elemental composition of the additives and the route
f their incorporation (e.g., at the synthesis or the sintering
teps) [ 40 ]. Alternatively, prior long-term Mg vapor annealing
reatment, e.g., at 600◦C for 65 h, has been experimentally
of 11
established as a Mg-vacancy remediation approach for sintered
pellets and/or p-type single crystals of Mg3 (Sb,Bi)2 , enabling
acoustic-phonon-dominated carrier transport in less-defective
Mg3 (Sb,Bi)2 Zintls without secondary-phase additives [ 34, 41 ].
However, more practical and efficient regulation mechanisms of
Mg vacancies within the matrix grains remain poorly understood,
although both recent research on magnesium-ion batteries and
our own calculations have unraveled some of the aspects of Mg2 + 
diffusion kinetics within 𝑃3̄ 𝑚1 structured Mg3 (Sb,Bi)2 lattices
[ 21, 42 ]. Leveraging the three-dimensional Mg-ion diffusion in
Mg3 (Sb,Bi)2 characterized by low energy barriers, we previously
demonstrated a “local-reaction global-diffusion” strategy [ 21 ].
Selected transition metals ( TM s) triggered local reactions with
the anionic components in Mg3 (Sb,Bi)2 and generated excess Mg
in situ, which effectively refilled matrix Mg vacancies through
subsequent global diffusion within the Mg3 (Sb,Bi)2 lattices, sig-
nificantly promoting the electrical transport properties for the
entire material system [ 21, 43 ]. 

The reliable and economic fabrication of high-performance bulk
materials is one of the central requirements for the large-scale
application of Mg3 (Sb,Bi)2 -based TEs. However, the methods
aforementioned often necessitate complex intermetallics, expen-
sive transition metals, and/or stringent processing conditions.
Extending the interdisciplinary chemistry, physics, and materials
understanding of Mg3 (Sb,Bi)2 into a broader chemical space
will therefore further facilitate its practical application potential.
Herein, we demonstrate that Earth-abundant and cost-effective
oxides (Fe2 O3 , ZrO2 , and TiO2 ) can enable superior power-
generation and cooling performance in n-type Mg3 (Sb,Bi)2 via
a simple metathesis chemistry approach (see the framework
illustrated in Figure 1a by employing Fe2 O3 as an example).
By mixing the oxides with ball-milled Mg-excessive nominal
“Mg3.2 (Sb,Bi)2 ” powders, the in situ solid-state metathesis strategy
proceeds progressively in three steps during subsequent spark
plasma sintering (SPS) (Figure 1a ): (i) the magnesothermal
reduction reaction [ 44, 45 ], between excess Mg from the ball-
milled powders and the TM oxides, reduces the oxides to the
corresponding TMs ; (ii) local reactions between the liberated TM
species with the anionic component element(s) of the Mg3 (Sb,Bi)2 
matrix generate elemental Mg in situ; and (iii) the as-released
elemental Mg effectively refills matrix Mg vacancies at the GBs
and within grains via a rapid global diffusion process within
minutes timescales. Accordingly, markedly enhanced carrier
mobilities at 300 K (ca. 220 cm2 V− 1 s− 1 , which represents a
value as high as comparable with single crystals), average PFs
at 300–573 K (ca. 29 µW cm− 1 K− 2 , representing a 34 % increase
over pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 ), and figures of merit were
achieved for all oxide-incorporated Mg3.2 Sb0.5 Bi1.497 Te0.003 (and
Mg3.2 Sb0.75 Bi1.247 Te0.003 ) (Figure 1a ) [ 18, 19, 46, 47 ]. To verify
the enhanced TE properties, an 8-pair Mg3 Sb0.75 Bi1.25 /MgAgSb
device was fabricated, achieving high conversion efficiency and
output power density of 11.7% and 1.0 W cm− 2 , respectively, at a
temperature gradient ( ΔT ) of 315 K, ranking among the highest
values for full-Mg-based TE modules (Figure 1b ) [ 20, 48–57 ]. In
addition, a Mg3 Sb0.5 Bi1.5 /Bi2 Te3 module demonstrated maximum
cooling temperature differences—27.0, 46.8, 67.8, and 92.2 K at a
hot-side temperature of 198, 250, 303, and 373 K, respectively—
highly competitive to state ‑of ‑the ‑art Bi2 Te3 coolers from sub-
ambient to near-room temperatures at 200–373 K (Figure 1c )
[ 18, 19, 55, 58–60 ]. The proposed metathesis strategy not only
Advanced Energy Materials, 2026

tive C
om

m
ons L

icense



FIGURE 1 Schematic strategy of the in situ Mg-vacancy defect engineering via the metathesis strategy and brief material transport properties 
and module performances of the vacancy-suppressed Mg3 (Sb,Bi)2 . (a) Schemtaic of the in situ solid-state metathesis chemistry and the corresponding 
enhancements in Hall mobility (at 300 K) and average PF s (at 300–573 K) for Mg3.2 Sb0.5 Bi1.497 Te0.003 [ 18, 19, 46, 47 ]; (b) output power density versus 
efficiency plots of the Mg3 Sb0.75 Bi1.25 /MgAgSb module in comparison with recent literature studies [ 20, 48–57 ]; and (c) maximum cooling temperature 
differences of the Mg3 Sb0.5 Bi1.5 /Bi0.5 Sb1.5 Te3 Peltier module compared to recent literature studies [ 18, 19, 55, 58–60 ]. The temperature gradients of 
literature modules in (b) were 300, 220, 300, 300, 315, 325, 265, 320, 320, 225, and 275 K, respectively (as captioned from top to bottom). 
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ffers a facile and cost-effective route to regulating vacancy
efects in Mg3 (Sb,Bi)2 , but also provides key insights into the
tructure-property relationships and thermoelectric performance
ptimization of other Mg-based TEs and Zintl phases. 

 Results and Discussion 

.1 Strategy Workflow Based on Lattice Mg2 + 

iffusion and the Metathesis Concept 

n this work, elemental precursors following the nominal
Mg3.2 (Sb,Bi)2 ” stoichiometry were ball-milled, and trace
mounts of Te (i.e., 0.15–0.25 at% at the Sb/Bi site) were adopted
s the anionic dopant in all samples (full details available
n the Experimental Section). Specific molar ratios of earth-
bundant oxide powders (Fe2 O3 , TiO2 , and ZrO2 ) were mixed
ith Mg3.2 (Sb,Bi)2 powders after the ball-milling synthesis
nd sintered to promote the thermoelectric performance of
he final Mg3 (Sb,Bi)2 bulk samples. Although characterization
esults indicated the sub-stoichiometry of Mg for the sintered
amples, the starting ratio (for example, Mg3.2 Sb0.5 Bi1.497 Te0.003
nd Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 ) for all samples was used
dvanced Energy Materials, 2026
to keep the consistency and clarity for comparisons in materials
characterization and transport properties. Our bond valence sum
(BVS) and previous density functional theory (DFT) calculations
suggested that three-dimensionally interconnected Mg2 + ionic
diffusion channels with low energy barriers of ca. 0.2–0.6 eV
exist in Mg3 (Sb,Bi)2 Zintls (illustrated by the iso-surfaces of the
Mg2 + potentials in Figure S1 for the Mg3 Sb0.5 Bi1.5 composition)
[ 21 ]. This lays the foundation for the refilling of surplus Mg
into Mg-deficient Mg3 (Sb,Bi)2 lattices (i.e., with intrinsic Mg
vacancies) toward the thermodynamically more stable, less-
defective Mg3 (Sb,Bi)2 , provided that additional Mg source(s)
exist. 

We first investigated the distribution and structure evolution of
the excess Mg (which was introduced during ball-milling) in
“Mg3.2 (Sb,Bi)2 ” powders following the SPS process by varying
the sintering temperature. Ex situ scanning electron microscopy
(SEM) and elemental dispersive spectroscopy (EDS) results
clearly identify the aggregation of elemental Mg metal particles
of a few microns in size at low sintering temperatures of 673,
773, and 873 K, which are dispersed into the sintered bulk
Mg3.2 Sb0.5 Bi1.497 Te0.003 matrix (Figure S2a–c ). By contrast, such Mg
particles—segregated from the excess Mg starting material—were
3 of 11
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re
ot observed in the sample sintered at 1033 K (Figure S2d,e ).
EM/EDS and Rietveld refinement results against experimental
owder neutron diffraction (PND) data both indicate the Mg
eficiency of the sintered sample, suggesting the existence of Mg
acancies in the bulk, which have been a typical defect acting
s electron “killers” and abundant detrimental scattering sources
f charge carriers (Figure S3 ) [ 21, 22 ]. The above results show
hat despite the excess Mg employed in the synthesis, the alloy
xperiences dynamic Mg loss during high-temperature sintering.
here is evidently not sufficient Mg present to diffuse into the
g3- x (Sb,Bi)2 lattice to repair the Mg vacancies in the 𝑃3̄ 𝑚1
tructure of Mg3 (Sb,Bi)2 . These results agree with our recent work
nd literature studies (even with higher nominal Mg contents
han Mg3.2 (Sb,Bi)2 ), demonstrating the poor efficiency of merely
dding excess Mg precursor during sample preparation [ 21, 22,
5 ]. 

agnesothermal reduction is a well-established solid-state
pproach characterized by high reduction potential ( − 2.36 V
s. the standard hydrogen electrode), ease of handling, and
ow reaction temperatures (of ca. 500◦C or lower) [ 44, 61 ]. The
hemistry has been extensively employed in metallurgy, battery
aterials synthesis, and nanocomposite fabrication, etc. [ 45 ].
n light of our recent research on supplying additional Mg to
efective Mg3 (Sb,Bi)2 lattices during SPS by a selected group of
M s via the “local-reaction global diffusion” concept, we devise a
olid-state “metathesis” concept herein (Figure 1a ), that converts
he excess Mg in Mg3.2 (Sb,Bi)2 powders into TM s from their
arth-abundant oxides (Fe2 O3 , TiO2 and ZrO2 ) at relatively low
intering temperatures. The formed corresponding TM s then
nduce local reaction and global diffusion processes at higher
intering temperatures, effectively mitigating the Mg-vacancy
roblem within minutes. 

ontrol experiments were performed to validate the “Mg-oxide”
agnesothermal reactions. Pellets constructed from consecu-
ive layers of “Mg powder/Fe2 O3 powder/Mg powder” were
intered under vacuum for 5 min at 673, 773, and 873 K,
espectively (Figure S4 ). The ex situ SEM and EM characterization
onfirmed the onset of the magnesothermal reduction at a
emperature no higher than 773 K, as indicated by the enrichment
rea of elemental Fe (as labeled in Figure S6 ). Notably, both
ispersed elemental Fe particles and a layer of MgO were
dentified in Figure S7 (corresponding to the sintering tempera-
ure of 873 K). Subsequent thermogravimetric-differential ther-
al analyses (TG-DTA) of the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03TiO2
nd Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03ZrO2 powder mixtures started to
xhibit exothermic behavior at ca. 723–823 K (Figure S9 ),
ffirming the exothermic magnesothermal reaction between the
ncorporated oxides and excess elemental Mg in the ball-milled
g3.2 (Sb,Bi)2 powders and agreeing with the SEM/EDS results in
igures S8 and S12 . The obvious exothermic characteristics above
73 K are in line with the fact that the Mg-deficient Mg3 (Sb,Bi)2 -
lemental Mg system tends to shift to a thermodynamically stable,
ess-defective Mg3 (Sb,Bi)2 single phase [ 21 ]. Overall, the design
f the in situ solid-state metathesis experiment was formulated
s a step-wise process, proceeding as indicated below (see also
igure 1a ): 

TM Oz + z Mg → z MgO + TM (1)
of 11
x TM + Mg3 − 𝜎(S b𝛽1 Bi𝛽2 ) 2 → [1 − 𝜎∕3 − y∕2] M g3 (S b𝛾1 Bi𝛾2 ) 2 

+ TMx Sby + 3y∕2 Mg (2)

𝛼 Mg + Mg3 − 𝛼(Sb , Bi) 2 → Mg3 (Sb , Bi) 2 (3)

It should be noted that, as Equation 2 generates TMx Sby products,
the “TM -defective Mg3- σ(Sb,Bi)2 ” reaction leads to minor changes
in the Sb/Bi ratio of the Mg3 (Sb,Bi)2 main phase residing at the
guest-host interfaces, where the anionic composition changes can
be expressed as below: 

[1 − 𝜎∕3 − y∕2] × 2𝛾1 + y = 2𝛽1 (4)

[1 − 𝜎∕3 − y∕2] × 2𝛾2 = 2𝛽2 (5)

Quantitatively determining the chemical composition of this
local Mg3 (Sb,Bi)2 phase remains challenging due to the chal-
lenges in temporally and spatially resolved in situ characteriza-
tion techniques to date [ 62, 63 ]. Nonetheless, considering the very
low incorporation content of oxides (of merely 1–3 mol%) and the
nanometer-scale reaction depth, such local reactions do not affect
the overall Sb/Bi ratio of the host Mg3 (Sb,Bi)2 matrix, as suggested
by the subsequent characterization results. 

2.2 Microstructure and Characterization 

Scanning transmission electron microscopy (STEM) character-
ization was first performed to probe the “Mg3.2 (Sb,Bi)2 - TM
oxide” interfacial chemistry and the microstructure & com-
positional evolution in the vicinity of such interfaces. For
the Mg3.2 Sb0.5 Bi1.497 Te0.003 sample incorporated with 3% Fe2 O3 
(molar ratio, noted as Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 ), the low-
resolution STEM and elemental mapping images in Figure 2a
(and Figures S10 and S11 ) confirm the dispersion of Fe-
containing guest particles (of ca. 500 nm in diameter) within
the Mg3.2 Sb0.5 Bi1.497 Te0.003 matrix (both within main-phase grain
interiors and at grain boundaries), along with the formation
of MgO nanoparticles, which confirms that the “Mg-Fe2 O3 ”
magnesothermal reaction has proceeded as anticipated (Equa-
tion 1 ). Meantime, the enrichment of Sb at the Fe regions
(Figure 2a ) supports the proposed “Fe-Mg3- σ(Sb,Bi)2 ” reaction
step, which forms Fe-Sb intermetallics (Equation 2 ) and releases
additional Mg for the subsequent refilling of Mg within defective
Mg3- αSb0.5 Bi1.497 Te0.003 lattices (Equation 3 ). Figure 2b further
illustrates that guest Fe2 O3 particles formed clear interfaces
with the host Mg3.2 Sb0.5 Bi1.497 Te0.003 matrix. The high-resolution
TEM images and corresponding Fast-Fourier-Transform (FFT)
patterns (e.g., Figure 2c ) demonstrate that FeSb2 existed on one
side of the guest-host interface (indicated by the FFT spots).
The diffraction spots were indexed to the [0 1 1̄ ], [ ̄1 0 1 ], and
[1 2̄ 1] lattice planes of FeSb2 , and the interplanar spacing of
2.81 Åmatched the d-spacing of [0 1 1̄ ] lattice fringes (Figure 2c1 )
[ 64 ]. The formation of FeSb2 was in excellent agreement with
our previous thermodynamic calculations and supportive of
our designed local-reaction global-diffusion strategy toward Mg
vacancy repairing as elaborated above [ 21 ]. At the matrix side of
Advanced Energy Materials, 2026
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FIGURE 2 Materials characterization of the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 sample post the SPS process at 1033 K. (a) Back-scattered SEM 

image and the corresponding EDS element maps; (b) mid-resolution STEM image of the “matrix and guest” region; (c) high-resolution STEM image of 
“region ii ” in (b), with the high-resolution images and fast Fourier transform (FFT) diffractograms in the inset ( c1 ) and ( c2 ) corresponding to “region iii ”
and “region iv ”, respectively, in (c); (d) high-resolution STEM image of “region i ” in (b); (e) profile plots of Rietveld refinement against the PND dataset 
of the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 sample. 
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he interface (Figure 2c2 ), a single-crystalline Mg3 (Sb,Bi)2 phase
as observed. The high-resolution TEM image and the inset
FT results in Figure 2d indicate that the host-guest metathesis
hemistry mainly proceeded at the interfaces, as the crystal
tructure of Fe2 O3 was resolved in the inner region of the guest
e2 O3 particle. 

he above results agree well with our recent work, i.e., if
dditional Mg were provided, global diffusion would enable
efilling Mg vacancies via long-range cationic diffusion both
t grain boundaries and within inner grains [ 21 ]. Indeed, the
ietveld refinement against PND patterns reveals site-occupancy
actors (SOFs) of 0.960(9) and 0.958(8) for Mg1 and Mg2 sites,
espectively, with a stoichiometry of Mg2.88(1) Sb0.5 Bi1.497 Te0.003
or pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 (Figure S3c , Tables S1 and
dvanced Energy Materials, 2026
S2 ). In contrast, Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 exhibited
SOF(Mg1) and SOF(Mg2) of 0.981(11) and 0.965(9), respectively
(Figure 2e ; Tables S3 and S4 ), corresponding to a stoichiometry
of Mg2.91(1) Sb0.5 Bi1.497 Te0.003 . The PND results reinforce that the
lattice Mg vacancies were effectively reduced at the atomic
scale, affirming the metathesis chemistry and global diffusion
in Mg3 (Sb,Bi)2 . Further STEM/EDS evidence proves that the
metathesis chemistry and structural/compositional evolutions
can be extended equally to the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03ZrO2 
sample (Figure S12 ). Notably, the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03ZrO2 
sample exhibited a core-shell structure at the host-guest interface
(Figure S12 ), with the guest particles residing within main-phase
grain interiors and with an insulating MgO shell encapsulating
the inner Zr-Sb intermetallic core. This microstructural feature
contrasts with that of the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 
5 of 11
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FIGURE 3 Thermoelectric properties of vacancy-suppressed Mg3.2 Sb0.5 Bi1.497 Te0.003 samples. Fe2 O3 -, TiO2 -, ZrO2 -incorporated and pristine 
Mg-Sb-Bi-Te samples are indicated by red, blue, green, and grey data markers, respectively. (a) Effects of Fe2 O3 , TiO2 and ZrO2 content on 
charge-carrier concentration and Hall mobility of Mg3.2 Sb0.5 Bi1.497 Te0.003 samples; (b–f) electrical conductivity, Seebeck coefficient, power factor, 
thermal conductivities, and zT of the Fe2 O3 , TiO2 , and ZrO2 -incorporated Mg3.2 Sb0.5 Bi1.497 Te0.003 samples versus temperature compared to pristine 
Mg3.2 Sb0.5 Bi1.497 Te0.003 , respectively. 
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ample. Given the electrically insulating nature of MgO, these
icrostructure characteristics in Figure 2 and Figures S10–S12 ,
ombined with the identical electrical conductivities and Seebeck
oefficients below for both samples, confirm that the enhanced
lectrical properties stem from the reduced Mg vacancies in the
ulk matrix, rather than the reduction of GB potential barriers by
etal-semiconductor interfaces that were previously suggested

 38, 39 ]. 

.3 Thermoelectric Properties and Transport 
echanisms 

s might be anticipated from the Mg vacancy-filling design
trategy, the transport properties of the modified samples
aried significantly from pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 .
igure 3a shows an obvious increase (of ca. 25%) in the
harge-carrier concentration ( nH ) for each of the Fe2 O3 -, TiO2 -,
nd ZrO2 -incorporated samples when compared to pristine
g3.2 Sb0.5 Bi1.497 Te0.003 . This is consistent with the increase in Mg
ontent as confirmed by the characterization evidence (Figure 2e ;
igure S3c ), affirming a reduction in bulk Mg vacancies. Indeed,
his is in line with theoretical studies that relate charge-carrier
oncentration and/or carrier type to Mg vacancy concentration
 22 ]. More specifically, the Hall mobility results in Figure 3a show
hat charge-carrier mobilities ( µH ) of ca. 220 cm2 V− 1 S− 1 were
chieved in the Fe2 O3 -, TiO2 -, and ZrO2 -incorporated samples as
pposed to 167.4 cm2 V− 1 S− 1 for pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 .
he carrier mobility in the modified samples therefore surpasses
hat in most polycrystalline and single-crystalline Mg3 Sb0.5 Bi1.5
amples [ 18, 19, 46, 47 ]. Accordingly, the electrical conductivity
of 11
( σ) reached ∼ 9 × 104 S m− 1 at 303 K for all the oxide-incorporated
samples, a twofold increase compared to that of 4.5 × 104 
S m− 1 for pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 . As opposed to the
T− 0.62 trend in the σ evolution of pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 
at 300–573 K, all oxide-incorporated samples exhibited an
approximately T− 1.5 temperature dependence in σ. The
quintessential acoustic phonon-dominated charge-carrier
transport behavior confirms that the detrimental scattering
from Mg vacancy defects has been effectively suppressed [ 19,
31, 34 ]. Considering the microstructures shown in Figure 2
and Figure S10–S12 , the markedly enhanced charge carrier
mobility and electrical conductivity suggest that a minor
content of incorporated secondary phases, even electrically
insulating MgO nanoparticles, has negligible impact on the
electrical transport of the main Mg3 (Sb,Bi)2 matrix. Given
the increased carrier concentration, Figure 3c shows slightly
reduced absolute Seebeck coefficient values at 300 K and the
shift of bipolar conductivity toward higher temperatures for all
the oxide-incorporated samples. The Pisarenko plot in Figure
S13 indicates the same density-of-states effective mass ( mdos *)
value (1.15 me ) for both pristine and the oxide-incorporated
Mg3.2 Sb0.5 Bi1.497 Te0.003 samples. This suggests that our strategy
only promotes µH (by suppressing Mg vacancies) and imposes
no obvious effects on the intrinsic electronic band structure of
Mg3 (Sb,Bi)2 . Consequently, the PF s of all the oxide-incoporated
samples were almost identical ( ∼ 36 µW cm− 1 K− 2 at 303 K)
and were comparable to the values for Ti-incorporated samples
that previously reported [ 21 ]. This corresponds to a 56%
increase in the PF compared to pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 
(Figure 3d ). All the oxide-incorporated samples exhibited
near-identical temperature-dependent power factors from 300 to
Advanced Energy Materials, 2026
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73 K. The corresponding average PF ( PFave ) values approached
 27 µW cm− 1 K− 2 , which is approximately 35% higher than that
f pristine Mg3.2 Sb0.5 Bi1.497 Te0.003 and ranks amongst the highest
eported values for Mg3 (Sb,Bi)2 materials (Figure 3d ; Figures
14c, S15c , and S16c ). 

ased on the single-parabolic band modeling, the Lorenz number
as derived from the experimental Seebeck coefficient (full
etails available in Supporting Information) [ 18, 19 ], and the
lectrical thermal conductivity ( κe ) was calculated according to
he Wiedemann–Franz law [ 5 ]. The κe increased markedly with
ncreasing σ for all the oxide-incorporated Mg3.2 Sb0.5 Bi1.497 Te0.003
amples (Figure 3e ). However, the measured total thermal con-
uctivity only demonstrated a slight increase at 300–470 K
or each of the oxide-incorporated samples compared to pris-
ine Mg3.2 Sb0.5 Bi1.497 Te0.003 . Figure 3e illustrates that the clear
eduction in the lattice thermal conductivity for the oxide-
ncorporated Mg3.2 Sb0.5 Bi1.497 Te0.003 samples is responsible for this
ffect. The phenomena are in line with our previous study on
M-incorporated Mg3 (Sb,Bi)2 samples and likely reflect the lattice
nharmonicity of Mg3 (Sb,Bi)2 , consistent with other Mg3 (Sb,Bi)2
aterials modulated through defect engineering (e.g., via Mg-
apor annealing and GB-engineering with Nb) [ 19, 33–39 ]. The
verall impacts of the introduced secondary phases (e.g., MgO
nd FeSb2 byproducts from the in situ reaction) on charge carrier
nd phonon transport are different, although these localized
anoparticles at interfaces can act as impurity scattering centers
 4, 8, 12 ]. The secondary phases with physical properties distinct
rom Mg3 (Sb,Bi)2 may introduce acoustic mismatch and local
train fields within the host matrix, forming phonon-scattering
enters [ 24, 29, 38, 39, 47 ]. Indeed, the enrichment of nanoscale
econdary phases and the resulting high density of nanoscale
nterfaces have been reported to preferentially scatter low-
nd mid-frequency phonons [ 39, 65 ]. Meanwhile, the observed
imultaneous boost in electrical conductivity and Hall mobility
ndicates the negligible effects of such dispersed nanoscale
mpurity phases on electrical transport, provided that the prin-
ipally detrimental scattering caused by Mg vacancies has been
ffectively mitigated. Given the significantly enhanced electrical
ransport and the effectively suppressed lattice thermal conduc-
ivity, all the oxide-incorporated samples demonstrated superior
T values at 300–573 K compared to pristine Mg3.2 Sb0.5 Bi1.497 Te0.003
Figure 3f ); notably, average zT ( zTave ) values from 300 to
73 K above unity were achieved (1.03 and 1.06 for Fe2 O3
nd TiO2 /ZrO2 incorporated samples, respectively, Figures S14e,
15e , and S16e ), which are ∼ 25% higher than that of pristine
g3.2 Sb0.5 Bi1.497 Te0.003 . 

he metathesis strategy equally contributed to improved TE
roperties at temperatures below 300 K, as confirmed by trans-
ort properties of the Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 sample
rom 140 to 300 K (Figure S17 ). Moreover, further experiments
uggested the general applicability of our metathesis concept for
g3 (Sb,Bi)2 Zintls with different Sb/Bi ratios. Figure S18a shows
he enhancement of σ in Fe2 O3 -incorporated Mg3.2 Sb0.75 Bi1.25
amples from 303 to 573 K, leading to an elevated PF compared
o pristine Mg3 Sb0.75 Bi1.25 (Figure S18c ). The addition of Fe2 O3
lso contributed to the decrease in κL (Figure S18d ), resulting
n the Mg3.2 Sb0.75 Bi1.247 Te0.003 :0.03Fe2 O3 sample with a zT of
.93 at 300 K, comparable to commercial n-type Bi2 Te3 . The
g3.2 Sb0.75 Bi1.245 Te0.005 :0.03 Fe2 O3 sample (with a higher carrier
dvanced Energy Materials, 2026
concentration) showed a peak zT of 1.46 at 473 K and an zTave of
1.31 over 300–573 K, demonstrating promising potential for near
RT low-grade heat recovery applications (Figure S18e ). 

2.4 Device-Level Performances of 
Power-Generation and Peltier Cooling Modules 

Benefitting from the elevated zTave and PFave (300–573 K) of
the Mg3.2 Sb0.75 Bi1.245 Te0.005 :0.03Fe2 O3 sample, an 8-pair power-
generation device was fabricated to validate the TE properties
and its application potential (coupled with p-type MgAgSb, cross-
section area of 1 ×1 cm2 , noted as the Mg3 Sb0.75 Bi1.25 /MgAgSb
power-generation module, full details available in Supporting
Information). The evolution in current-dependent electrical out-
put voltage & power, heat flow, and TE conversion efficiency at
different temperature gradients is shown in Figure 4a , Figure
S19 , and Figure 4b , respectively. The linear output voltage-current
plots in Figure 4a serve to exemplify the function and response
of our power-generation module. The maximum TE conversion
efficiency reached 11.7% at ΔT = 315 K (in line with finite-
element simulation results, Figure 4c ) with a maximum output
power density of 1.0 W cm− 2 . This represents one of the highest-
performing power-generation modules over this temperature
range compared to previously reported efficiencies typically of
ca. 7–11% and power densities generally no higher than ca. 0.7
W cm− 2 (Figures 4c and 1b ) [ 20, 48–57, 66 ]. Both the device
internal resistance and the open ‑circuit voltage (at ΔT = 305 K)
remained essentially unchanged after > 900 h of storage under
an Ar atmosphere and periodic measurement under vacuum
(Figure 4d ). These characteristics highlight the robust stability of
the high-efficiency, high-power-density device and its prospective
use for low-grade heat recovery. 

To demonstrate the potential of our oxide-incorporated
Mg3 (Sb,Bi)2 samples in solid-state cooling applications near RT
and at sub-ambient temperatures, a 7-pair Peltier cooling device,
based on Mg3.2 Sb0.5 Bi1.497 Te0.003 :0.03Fe2 O3 and commercial
p-type Bi0.5 Sb1.5 Te3 , was fabricated (cross-section area of 1 ×1
cm2 , noted as the Mg3 Sb0.5 Bi1.5 /Bi0.5 Sb1.5 Te3 Peltier module,
full details available in Supporting Information). The current-
dependent cooling temperature difference curves at different
hot-side temperatures ( Th ) are shown in Figure 4e . In a Th range
of 300–373 K, which is normally reported for Peltier cooling
devices, our device demonstrated maximum cooling temperature
differences ( ΔTmax ) of 67.8, 76.4, 85.0, and 92.2 K at Th of 303,
323, 348, and 373 K, respectively (Figure 4e ). The ΔTmax values
ranked among the highest values for Mg3 (Sb,Bi)2 -based coolers as
reported in the literature (e.g., 52–61 K at Th of around 300 K) and
were comparable to state ‑of ‑the ‑art Bi2 Te3 commercial coolers
(e.g., ∼ 90 K at Th = 373 K) (Figure 1c ) [ 18, 19, 55, 58 ]. Notably,
we also demonstrate the cooling capabilities of Mg3 (Sb,Bi)2 -
based materials at sub-ambient temperatures of 200–273 K.
The attainable cooling ΔTmax reached 27.0, 36.6, 46.8, and 57.2
K at Th of 198, 223, 248, and 273 K, respectively (Figures 4e
and 1c ). These results provide further confirmation of the
excellent cryogenic cooling capability of our oxide-incorporated
Mg3 (Sb,Bi)2 materials and how a device-level performance
boost can be unlocked via the metathesis strategy such that
operation rivals that of conventional Bi2 Te3 thermoelectric
modules (Figure 1c ) [ 59, 60 ]. Moreover, the device’s internal
7 of 11
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FIGURE 4 Performance and durability of power-generation and thermoelectric cooling devices. (a,b) Evolution of output voltage, output power, 
and conversion efficiency versus current at different temperature gradients for a Mg3 Sb0.75 Bi1.25 /MgAgSb power-generation module; (c) thermoelectric 
conversion efficiencies at different temperature gradients for a Mg3 Sb0.75 Bi1.25 /MgAgSb power-generation module in comparison with recent literature 
studies [ 20, 48–57, 66 ]. (d) evolution of internal resistance and open-circuit voltage ( Th = 598 K, Tc = 293 K) over ∼ 1,000 h; (e) cooling temperature 
differences of a Mg3 Sb0.5 Bi1.5 /Bi0.5 Sb1.5 Te3 Peltier module versus current for a series of hot-side temperatures; (f) stability tests of cooling temperature 
difference and internal resistance for a Mg3 Sb0.5 Bi1.5 /Bi0.5 Sb1.5 Te3 module. 
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esistance did not increase appreciably, and the ΔTmax remained
table after the module was stored under an Ar atmosphere for
ver 10,000 h (Figure 4f ). Overall, the above results highlight the
apability of Mg3 (Sb,Bi)2 systems as stable high-performance TEs
n solid-state cooling over a wide temperature range from 200 to
73 K. 

 Conclusions 

n conclusion, significant improvements in the performance
f Mg3 (Sb,Bi)2 thermoelectrics were enabled by introducing
arth-abundant oxides (Fe2 O3 , TiO2 and ZrO2 , of only 1–3
ol%) via a metathesis strategy, through which the detrimental
g vacancies as commonplace in pristine Mg3 (Sb,Bi)2 were
ffectively modulated. Such defect mitigation led to markedly
nhanced charge-carrier mobilities, a twofold increase in room-
of 11
temperature electrical conductivity, drastically boosted electrical
power factors, and much-improved figures-of-merit; all instigated
by the adoption of an acoustic phonon-dominated charge-carrier
transport mechanism. Accordingly, an 8-pair power-generation
device constructed from the materials achieved a high conversion
efficiency and an output power density of 11.7% and 1.0 W cm− 2 ,
respectively, under a temperature gradient of 315 K, ranking
among the highest values for full-Mg-based TE modules. The
in situ Mg vacancy engineering process also had striking effects
on the low-temperature thermoelectric properties. A fabricated
Peltier module demonstrated maximum cooling ΔT values that
were highly competitive with state ‑of ‑the ‑art Bi2 Te3 coolers from
sub-ambient to near-room temperatures at 200–373 K. The
proposed metathesis strategy offers an eco-friendly and cost-
effective approach to defect engineering, facilitating the large-
scale application of Mg3 (Sb,Bi)2 thermoelectrics. Furthermore,
it provides key insights into the structure-property relationships
Advanced Energy Materials, 2026
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nd thermoelectric performance optimization of other Mg-based
Es and Zintl phases. 

 Experimental 

igh-purity Mg turnings (99.8%, Alfa Aesar), Bi chunks (99.99%,
lfa Aesar), Sb shots (99.99%, Alfa Aesar), and Te powders
325 mesh, 99.5%, Adamas) were weighed according to the
ompositions of Mg3.2 Sbx Bi2- x-y Tey (in molar ratios of the starting
aterials) in an Ar-gas-filled glovebox. The elemental precursors
ith a total mass of 10 g were loaded into a stainless-steel ball-
illing jar in the glovebox (with the oxygen and water level below
.1 ppm). High-energy ball milling was conducted for 10 h for each
ynthesis using a SPEX 8000D mill. For Mg3.2 Sbx Bi2- x-y Tey without
he incorporation of transition metal oxides, the ball-milled
owders were transferred into a graphite die (inner diame-
er of 12.7 mm) inside the glovebox and sintered at 1033 K for 5 min
nder vacuum. For Mg3.2 Sbx Bi2- x-y Tey samples incorporating tran-
ition metal oxides, Fe2 O3 , ZrO2 , and TiO2 powders were weighed
nd mixed with ball-milled Mg3.2 Sbx Bi2- x-y Tey powders using a
air of mortar and pestle in molar ratios of Mg3.2 Sbx Bi2- x-y Tey : z
MO and sintered under the same conditions as the TM oxides-
ree samples. Detailed characterization, property measurement,
alculation method, and module fabrication and test information
re provided in Supplementary Materials. 
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