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Broader context statement

Recovering low-grade waste heat is important for improving energy efficiency, 

yet many thermoelectric materials still suffer from a mismatch between near-room-

temperature and mid-temperature performance. N-type Mg3Sb2-based materials are 

particularly promising because of their cost and mid-temperature potential, but their 

near-room-temperature transport is often limited by grain-boundary scattering. This 

work shows that a multifunctional CuGaTe2 additive can be used to simultaneously 

reconfigure the grain-boundary spectrum and generate in-situ Cu-Ga-rich precipitates, 

thereby improving electrical transport near room temperature while retaining strong 

phonon scattering at higher temperatures. The result broadens the temperature-window 

performance. More generally, these results suggest that coordinated regulation of grain-

boundary character and precipitates architecture can be an effective route for designing 

thermoelectric materials that operate efficiently over practical temperature gradients 

relevant to waste-heat harvesting.
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Abstract

Achieving high thermoelectric efficiency across wide temperature range, including near room 

temperature, within a single Mg3Sb2-based material remains challenging, because the microstructures that 

favor low-temperature charge transport often conflict with those required for phonon suppression. Here we 

demonstrate that subtle lattice perturbations can steer a strain-mediated grain-boundary spectrum 

reconstruction in Mg3Sb2-based system. The grain-boundary spectrum reconfiguration markedly weakens 

grain-boundary potential barriers and alleviates carrier scattering by raising the fraction of coherent twin 

boundaries, restoring the power factor near room temperature. Within the same processing window, the 

multifunctional CuGaTe2 additive also undergoes composition-partitioning, yielding uniformly dispersed 

in-situ Cu-Ga-rich intermetallic phase together with point defects. The resulting multi-length-scale defect 

landscape provides broadband phonon scattering and suppresses lattice thermal conductivity toward the 

diffusion limit. Consequently, the optimized alloy delivers an exceptional ZTave of 1.3 at ΔT=250 K, that 

exceeds state-of-the-art n-type Bi2Te3, while maintaining ZTave=1.59 from 300-723 K with a peak ZT of 

2.08 at 623 K. Device demonstrations further validate the materials-level advantages with 8% for the 

assembled TE module (ΔT=300 K) and 12.4% for a single-leg generator (ΔT=400 K). These results indicate 

that grain-boundary spectrum reconstruction can serve as an effective route to improve near-room-

Page 2 of 27Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

10
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01515H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ee01515h


2

temperature performance and help narrow the performance gap between the near-room- and mid-

temperature regimes in n-type Mg3Sb2 for wide-ranging waste-heat recovery.

Introduction

During fossil fuel energy conversion, about two-thirds of the generated energy cannot be 

utilized efficiently and is dissipated as thermal losses, especially within the room- to intermediate-

temperature range, where conventional heat engines are incapable of efficiently harvesting this heat 

energy.[1-4] Thermoelectric (TE) materials, which are capable of directly converting heat into 

electricity via Seebeck effect without generating any pollutants, have aroused widespread interest. 

The dimensionless figure of merit (ZT) of materials dictates the TE conversion efficiency (η), where 

ZT is governed by three interrelated parameters: electrical conductivity (σ), Seebeck coefficient (S) 

and thermal conductivity (κtot). Integrating high power factor (S2σ) with low thermal conductivity 

is essential for high ZT value.[5, 6] However, designing TE materials that orchestrate a synergistic 

optimization between electronic and phonon transport across a broad temperature range remains a 

formidable challenge.[7, 8]

Recently, Mg3(Sb, Bi)2-based materials have emerged as compelling candidates for 

commercial applications, combining earth-abundant constituents with excellent n-type performance 

and strong potential for scalable commercialization.[9-15] The electronic band alignment and lattice 

dynamics of Mg3(Sb, Bi)2 can be effectively tuned by adjusting the composition either Sb or Bi.[16, 

17] Normally, the Bi/Sb ratio not only tunes electronic transport but also dictates the intrinsic trade-

off between performance and stability in Mg3(Sb, Bi)2 materials.[18-20] Bi-rich compositions, such 

as Mg3Bi1.5Sb0.5, exhibit excellent near-room-temperature performance due to their narrow band 

gap and low density-of-states effective mass, but its higher formation energy and severe bipolar 

effect above 400 K undermine the stability and TE performance.[21, 22] In contrast, Sb-rich 

compositions like Mg3Sb1.5Bi0.5 deliver high performance in the mid-temperature range, while their 

TE performance near room temperature remains suboptimal.[23, 24] For practical TE devices, 

achieving high and stable efficiency across the full temperature span is crucial.[25, 26] Bridging this 

performance gap, by extending the high efficiency of Sb-rich Mg3(Sb, Bi)2 toward the low-

temperature regime, is essential to push forward its application.
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The relatively low power factor of Mg3Sb2-based materials near room temperature mainly 

arises from carrier mobility degradation caused by strong grain boundary (GB) scattering,[27-29] 

which reduces the average power factor in the near-room-temperature range. Therefore, mitigating 

GB scattering is key to enhancing their near-room-temperature thermoelectric performance. 

According to the Seto’s model,[30] the mobility can be expressed as,

𝜇GB = 𝐿𝑒
1

2πm∗𝑘B𝑇

1
2

exp 
― 𝐸b

𝑘B𝑇 (1)

where L, e, m*, kB and Eb represent the grain size, electron charge, density-of-states effective mass, 

Boltzmann constant and potential barrier height, respectively. Thus, the carrier mobility is primarily 

governed by the grain size and potential barrier height. Traditionally, the approaches of enlarging 

grain size and thereby reducing boundary density, such as long time annealing or liquid phase 

sintering, enhance the carrier mobility.[31-34] However, this way may adversely affect κlat. To directly 

reduce the potential barrier height Eb seems to be a more attractive strategy. Additionally, the 

potential barrier height can be expressed as,[35]

𝐸b =
𝑒2𝑄2

t
8𝑁𝜀st

(2)

where Qt, N and εst are the trapping states, concentration of impurity atoms and static dielectric 

permittivity. The barrier at high angle grain boundaries is typically three to five times larger than 

that at low angle boundaries because of larger number of trapping states.[36, 37] Conversely, twin 

boundaries (TB) are characterized by coherent atomic arrangements and minimal electronic 

potential perturbation, which is regarded as electron transparent yet phonon opaque interfaces.[38-

40] Thus, increasing the fraction of TBs while reducing high angle grain boundaries to reduce the 

potential barrier height serves as an effective approach to reconcile electrical and thermal transport.

In addition to GB scattering, lower κlat is also crucial pathway for achieving high performance. 

Although Mg3Sb2-based material exhibits intrinsically low κlat due to its complex bonding, it still 

remains significantly higher than the theoretical minimum predicted by the phonon diffusion limit, 

leaving substantial room for further thermal optimization. A widely used route is nanoscale 

structural modulation through controlling defect or second-phase size, spatial dispersion and 

interface coherency to broaden phonon scattering over a wide spectral window.[41-43] However, the 
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central obstruction is to introduce such phonon-blocking architectures without undermining 

electrical transport. Sustaining high thermoelectric performance across wide temperature ranges 

especially for near-room region in Mg3Sb2 system remains a central challenge. Addressing this 

limitation is vital for enabling low-cost and scalable thermoelectric power generation.

In this work, we show that a CuGaTe2-enabled strain-mediated grain-boundary spectrum 

reconstruction provides a distinct route to improve near-room-temperature performance while 

retaining competitive mid-temperature behaviour in Mg3Sb2-based system. Rather than relying on 

grain coarsening to simply reduce boundary density, which may compromise phonon transport or 

processing control, the additive introduces localized lattice perturbations that reconfigure the grain-

boundary spectrum, raising the fraction of coherent twin boundaries and reducing the high-barrier 

boundaries. This reconstruction effectively mitigates grain boundary scattering and lowering Eb, 

thereby restoring the power factor near room temperature. Notably, during ball milling and 

subsequent sintering, the CuGaTe2 additive undergoes partial interdiffusion and local redistribution 

of Cu, Ga and Te, which generates processing-induced compositional fluctuations. Under Te-

deficient conditions, these redistributed species subsequently partition, giving rise to the in-situ Cu-

Ga-rich precipitates and associated point-defect structures, serving as broad-scale phonon-

scattering centers and reducing κlat to 0.49 W m-1 K-1 at room temperature. A schematic 

representation of the mechanism is displayed in Figure 1a. As a result, the Mg3Sb2-based material 

achieves a superior average ZT (ZTave) of 1.3 at ΔT=250 K, surpassing most reported n-type Bi2Te3 

and rivalling Mg3Bi2-based alloys. Moreover, a ZTave of 1.59 is maintained across 300~723 K, 

demonstrating superiority in the mid-temperature regime at the same time, shown in Figure 1b. In 

addition, a module paired with p-type MgAgSb delivers 8% conversion efficiency, exceeding the 

traditional Bi2Te3-based module, and a single TE-leg generator reaches 12.4% at ΔT=400 K, 

confirming its strong device-level competitiveness under the same temperature difference, as shown 

in Fig. 1c-d. This strategy establishes grain-boundary spectrum reconstruction as an effective lever to 

enable high near-room-temperature performance and bridge the the performance-gap challenge in n-

type Mg3Sb2 alloys, offering promising prospects for wide-ranging waste-heat recovery.
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Figure 1 The schematic of the main mechanism and superior thermoelectric performance in 

Mg3(Sb, Bi)2-based materials. a Schematic diagram of a strain-mediated grain-boundary spectrum 

reconstruction and the dispersed in-situ nanoprecipitates. b Raw-material cost and stability 

comparison, and the comparison of the average ZT values of this work with state-of-the-art n-type 

Bi2Te3-, Mg3Bi2-, and Mg3Sb2-based TE materials at different temperature ranges.[33, 44-60] c The 

comparison of conversion efficiency of TE module in this work paired with a p-type MgAgSb 

material and previously reported Bi2Te3- and Mg3Bi2-based modules.[44, 57, 61-64] d The efficiency 

comparison between the single-leg generator and other Mg3Sb2-based systems.[57, 60, 65-68]
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Results

Strain-mediated grain-boundary spectrum reconstruction optimizing near-

room-temperature transport.

Figure S1a presents the powder XRD patterns of Mg3.2(1-x)CuxGaxSb1.5(1-x)Bi0.5(1-x)Te2x (x=0, 

0.003, 0.005, 0.007, 0.009) samples at room temperature, where all the diffraction peaks are 

consistent with the Mg3Sb2-type phase (JCPDS#03-0375), indicating a single-phase structure without 

detectable impurities within the sensitivity of XRD. The enlarged view of the (101) peaks reveal a 

slight shift toward lower diffraction angles at low doping contents, followed by a reverse shift at 

higher doping levels. The refined lattice parameters in Figure S1b-c show a similar trend. The initial 

lattice expansion results from the incorporation of atoms into interstitial positions,[58, 69] whereas 

the subsequent contraction is attributed to the segregation of Cu-Ga-rich nanoprecipitates at higher 

doping levels which will be discussed later.

Given XRD patterns revealed above, the effect of the additive CuGaTe2 incorporation on charge 

transport is further analyzed. GB scattering is a major limiting factor for the electrical transport of Mg3Sb2-

based materials, particularly near room temperature. The thermoelectric performance of the pristine sample 

is shown in Figure S2. With increasing temperature, it undergoes an N-P transition. As shown in Figure 2a, 

with increasing doping content, the dominant carrier scattering mechanism gradually shifts from GB 

scattering toward acoustic phonon scattering, and temperature-dependent exponent varies from T-0.2 for 

the x = 0.003 to T-0.78 for the x = 0.009 sample. Compared with the only Te-doped counterparts reported 

previously,[9, 58] the samples after the additive incorporation exhibit a markedly weaker GB scattering. In 

addition, to further clarify the role of the additive, we also prepare a Te-only doped sample at the same 

preparation process, whose performance is presented in Figure S3, and find pronounced GB scattering near 

room temperature. In addition, we plot ln(σT1/2) as a function of (1/kBT) and fit the approximately linear 

near-room-temperature region to estimate the apparent Eb for each composition. As we can see from Figure 

S4, the Eb of the pristine sample is 34 meV, which is similar to the reported value. [9, 67] After CuGaTe2 

incorporation, the fitted Eb is markedly reduced compared with the Te-only doped sample, which 

quantitatively supports our original conclusion that the additive weakens the GB blocking effect. By the 

way, for the heavily added x=0.009 sample, the fitted near-room-temperature region no longer shows a 
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physically meaningful negative slope in the Seto plot. The nearly flat slope for x=0.009 indicates that the 

simple activated-barrier description is no longer strictly applicable. While this does not weaken our 

conclusion, the quantitative analysis of the compositions is already sufficient to demonstrate that CuGaTe2 

incorporation substantially lowers the grain-boundary potential barrier. Generally, reduction of GB 

scattering in Mg3Sb2-based materials is obtained by grain coarsening. For instance, Liu et al. improves the 

performance of n-type Mg3Sb1.5Bi0.5 by doping a small amount of Cu. That work proposes two major effects 

of Cu addition: interstitial Cu in the lattice, which modifies the phonon structure and suppresses lattice 

thermal conductivity, and grain-boundary complexion engineering associated with Mg2Cu eutectic wetting 

to enhance the grain growth.[58] And Lei et al is deliberately introduced as a nano-sintering aid at grain 

boundaries to promote grain growth. The average grain size increases up to 23.7 μm, which dramatically 

suppresses the grain-boundary scattering and improves the carrier mobility.[33] In contrast, the EBSD results 

in this work displayed in Figure S5 reveal a little change in grain size after additive addition. Based on the 

statistical results summarized in the Table S1 and Figure S6, the mean grain sizes of the selected samples 

are 5.04, 5.60, and 5.20 μm, the median grain sizes are 4.54, 4.88 and 4.59 μm, and the standard deviations 

are 1.54, 1.57 and 1.47 μm for x=0, x=0.005 and x=0.009, respectively. All these statistical parameters vary 

only within a small range, indicating that the grain-size distributions remain broadly comparable rather than 

showing substantial coarsening. Therefore, grain growth may make a limited contribution. Instead, 

compared with the relatively modest grain-size variation, the evolution in grain-boundary character is much 

more pronounced, which will be discussed later. According to Seto’s grain boundary potential barrier 

model,[30] the observed behavior can be attributed to a reduction in the density of trapping states, which 

lowers the potential barrier height (Eb).
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Figure 2 The temperature-dependent electrical transport properties and microstructural 

evolution. The temperature-dependent electrical transport properties of Mg3.2(1-x)CuxGaxSb1.5(1-

x)Bi0.5(1-x)Te2x samples, a electrical conductivity, b Seebeck coefficient, c power factor. The grain 

misorientation distributions and corresponding morphology maps for d-e x=0 and f-g x=0.005 samples. 

TBs are marked in red, and SAGBs are shown in green. h The internal strain analysis of samples.

The Seebeck coefficients of samples as a function of temperature are shown in Figure 2b. All samples 

exhibit negative Seebeck coefficient value and it increases monotonically with temperature, confirming n-

type conduction behavior. With increasing additive content, the value of the Seebeck coefficient gradually 

decreases, primarily owing to the rise of carrier concentration (n), shown in Figure S7. According to the 

single parabolic band model,[70] the relationship between n and S is plotted in Figure S8, revealing a 

moderate increase in the density of states effective mass. This trend may be related to a slight perturbation 

of the electronic structure induced by Ga incorporation. Similar behavior has been documented 

previously.[71] As a result, owing to effectively weakened GB scattering, sample’s power factor achieves a 
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remarkable enhancement near room temperature Figure 2c, ensuring a more balanced performance across 

a broad temperature range.

To elucidate the origin of the reduced GB scattering, the structural evolution of samples is 

systematically examined. The EBSD analysis is performed displayed in Figure 2d-g and Figure S9. In 

Mg3(Sb, Bi)2-based alloys, two representative twin modes form under different stress states, compression 

twins with a 56° misorientation and extension twins with a 86°, where the rotations are both at the <1120> 

axis. From the EBSD results, the grain boundary network undergoes significant reconstruction, 

accompanied by a marked increase in twin boundaries (TBs). Coherent TBs introduce far less lattice 

disorder than general grain boundaries, since their lattice mismatch is considerably smaller. TBs are closely 

correlated with strain relaxation. Williamson-Hall analysis based on XRD, as shown in Figure 2h, provides 

a spatially averaged descriptor of diffraction-peak-broadening-related microstrain, and thus may 

approximately reflect the evolution of average lattice distortion. The calculation details are provided in the 

Supporting Information. The extracted εXRD is regarded as a spatially averaged parameter, especially in the 

present defect-rich system where dislocations, small-angle grain boundaries and precipitate-related 

interfaces may all contribute to peak broadening. Nevertheless, the overall trend of εXRD remains broadly 

consistent with the EBSD-observed grain-boundary spectrum evolution and defect-state changes. 

Specifically, the reduced εXRD in the optimized sample is interpreted as being consistent with a lower 

average lattice distortion, whereas the slight increase at higher additive content may be associated with the 

introduction of more incoherent interfaces due to precipitate coarsening. These results are considered 

together with the observed changes in twin-boundary fraction, KAM and dislocation density. The coarser 

precipitates, KAM and dislocation density will be discussed latter Therefore, rather than relying on the 

Williamson-Hall analysis alone, the combined evidence is interpreted as being broadly consistent with a 

strain-mediated grain-boundary spectrum reconstruction in this work.

Normally, the presence of small angle grain boundaries (SAGBs) formed by dislocation clusters, along 

with semi-coherent interfaces and dopant-induced lattice distortions, could result in internal strain. Such 

accumulated strain energy may provide a thermodynamic driving forces for strain-mediated microstructural 

reorganization, during which low energy coherent twins preferentially form and partially replace high 

energy grain boundaries, leading to a pronounced increase in the fraction of TBs and strain relaxation. In 

Figure S10, we can also see a higher density of TBs in the x=0.005 sample at the magnified misorientation 
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analysis. In addition, the lower dislocation density and reduced Kernel Average Misorientation (KAM) 

values in the x=0.005 sample shown in Figure S11-12 are consistent with the decreased proportion of 

SAGBs. Consequently, this strain-mediated grain-boundary spectrum reconstruction increases the fraction 

of coherent TBs while reducing high angle grain boundaries with high potential barrier height, thereby 

lowering the grain boundary scattering and optimizing the electrical transport near room temperature. To 

further illustrate the function of the additive CuGaTe2, the Cu-Te control sample with the similar nominal 

additive level is prepared as shown in Figure S13-14. In sharp contrast to the CuGaTe2-doped samples, the 

Cu-Te control exhibits pronounced grain coarsening, whereas the twin boundary fraction remains 

essentially unchanged. Therefore, the weakened GB scattering is consistent with the grain-growth route. 

These comparisons indicate that Cu incorporation alone can indeed mitigate GB scattering via grain 

coarsening, but it does not reproduce the characteristic microstructural response observed with CuGaTe2 

addition. Therefore, the near-room-temperature transport improvement in the CuGaTe2 case is consistent 

with a strain-mediated grain-boundary spectrum reconstruction that promotes twin-boundary formation and 

reduces high angle grain boundaries with high potential barrier height.

Broad-scale in-situ nanoprecipitates for phonon scattering and wide range ZT 

enhancement.
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Figure 3 The temperature-dependent thermal transport properties. a κtot, b κtot-κele, c 

comparison of κlat between this work and previous reports, d sound velocities, e the combined 

contributions from κbip and κlat, f frequency-dependent κs of the x=0.005 sample at room temperature, 

modelled using the Debye-Callaway approach.

The temperature-dependent thermal transport behaviour is illustrated in Figure 3. As shown in 

Figure 3a, the κtot indicate a nonmonotonic variation with additive content and exhibit that it initially 

decreases and then increases slightly at higher doping content. This trend mainly reflects the 

evolution of electronic thermal conductivity (κele), which is calculated using the Wiedemann-Franz 

law, κele=LσT, where the Lorenz number L is estimated through the empirical relationship.[72] Owing 

to the κele is primarily determined by the σ, the contribution of lattice component is obtained by κtot-

κele, shown in Figure 3b. The κtot-κele values experience a temperature dependence, initially 

decreasing and then rising at elevated temperatures, mainly due to the activation of bipolar effect. 

Obviously, the bipolar effect is progressively suppressed with increasing additive content because 

of the higher carrier concentration inhibiting minority carrier excitation consistent with Figure S7. 

The lowest κlat reaches 0.31 W m-1 K-1 for the x=0.005 at 573 K, approaching the theoretical 

minimum predicted by the phonon diffusion limit. The calculation details of theoretical minimum 

can be seen in Supporting Information. Compared with the pristine sample, all doped samples 

display substantially reduced κlat, which can be attributed to Cu-induced modification. It can 

introduce additional phonon channels and weaken the acoustic stiffness of Mg3Sb2.[58] This can be 

supported by the reduced sound velocity in Figure 3d and the red-shift of Raman peaks in Figure 

S15. However, the negligible difference in sound velocity among doped samples suggests that the 

further variation of κlat originates from some other factors rather than intrinsic lattice softening. In 

addition, the obtained κlat in this work, shown in Figure 3c, is lower than most reported n-type 

Mg3Sb2-based materials both at room temperature and extremely near the ZTmax regime, assuring a 

balanced performance at a wide temperature range.[33, 49, 55, 57, 58, 73, 74]
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12

Figure 4 STEM microstructural analysis of the x=0.005 sample. a-c The STEM images showing 

a high density of lattice defects, with yellow arrows denoting dislocations and red circles 

highlighting nanoprecipitations. d-e EDS elemental distribution maps of Mg, Bi, Sb, Cu, Ga and Te. 

f High-resolution STEM image of nanoprecipitations, and g corresponding strain maps derived 

from geometric phase analysis (GPA), and h the inverse FFT (IFFT) image illustrating dislocation 

distributions.

To further elucidate the phonon transport behavior and microstructural evolution, STEM 

characterization is performed. From the low-magnification images shown in Figure 4a-c, these reveal 

numerous dislocations and uniformly dispersed nanoprecipitates across the matrix, consistent with the 
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multi-region observations in Figure S16. Dislocations represent atomic misalignments and act as two-

dimensional line defects capable of effectively scattering mid-frequency phonons. Meanwhile, the 

nanoprecipitates exhibit a broad size distribution ranging from several nanometers to hundreds of 

nanometers, contributing to broad scale phonon scattering. Specifically, nanoprecipitates with sizes of a 

few to tens of nanometers can effectively scatter high-frequency phonons, which has a strong phonon 

scattering ability, and larger submicron precipitates with weaker scattering strength mainly interact with 

low-frequency phonons, jointly leading to suppressed κlat. In addition, the elemental mapping in Figure 4d-

e demonstrates uniform distributions of Mg, Sb, Bi and Te, while Cu and Ga exhibit localized enrichment, 

confirming the formation of Cu-Ga-rich nanoprecipitates. According to the isothermal Cu-Ga-Te ternary 

phase diagram and the Cu-Ga binary phase diagram shown in Figure S17-18, CuGaTe2 is not expected to 

remain chemically unchanged under Te-deficient processing conditions. Instead, after partial dissolution 

and local redistribution during milling or sintering, the local composition can shift toward the Cu-Ga side, 

making subsequent phase partitioning into Cu-Ga-rich precipitates. As shown in Figure 4f and Figure S16 

of the high-resolution TEM images, these nanoprecipitates are located within grains or along grain 

boundaries, and some of precipitates maintain coherent or semi-coherent interfaces with the matrix. These 

partially incoherent interfaces could generate the localized lattice strain, as evidenced by the geometric 

phase analysis (GPA) strain maps Figure 4g. The corresponding Inverse Fast Fourier Transform (IFFT) 

image in Figure 4h indicates some dislocations surrounding these nanoprecipitates, consistent with the 

strain distortion. The presence of such broad scale defects, particularly those in nanometer range of 

precipitates, serves as efficient phonon-scattering centers, thereby contributing to the substantial reduction 

of κlat.

As shown in Figure S19-20, the EPMA is adopted to verify the spatial distribution and composition 

of precipitates in a wide area on the x=0.005 and x=0.009 samples. Both samples exhibit homogeneous 

distributions of Mg, Sb, Bi and Te elements, while Cu and Ga show clear localized enrichment, consistent 

with the STEM observations. Clearly, the Cu-Ga-rich precipitates in the x=0.005 sample are extremely fine 

whereas those in the x=0.009 sample coarsen significantly to the micrometer scale, which can be attributed 

to the growth of Cu-Ga intermetallic on further additive addition. Based on the isothermal Cu-Ga-Te ternary 

phase diagram, the equilibrium composition of CuGaTe2 is expected to shift toward the Cu-Ga side under 

Te-deficient conditions, making the formation of Cu-Ga-rich intermetallic precipitates thermodynamically 

plausible. Consistently, STEM/EPMA elemental mapping reveals localized enrichment of Cu and Ga, while 
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Mg, Sb, Bi and Te remain comparatively homogeneous in the matrix. Moreover, EPMA point analyses in 

Table S2-3 show very low Te contents in the precipitate-enriched regions, indicating that these precipitates 

are not Te-rich phases. According to the local Cu/Ga ratios together with the Cu-Ga phase diagram, these 

precipitates are therefore interpreted as Cu-Ga-rich phases, likely corresponding to Cu-Ga intermetallics.

As confirmed by STEM and EPMA analysis, the presence of broad scale defects, particularly 

nanometer range of precipitates, act as effective phonon-scattering centers. And these could suppress 

heat transport over a wide phonon spectrum. At higher doping levels, the coarsening of microscale 

Cu-Ga-rich precipitates may weaken phonon scattering efficiency, leading to a modest increase in 

κlat shown in Figure 3b, whereas it remains low especially at high temperatures.

To further promote quantify the origin of the decreased κlat, the Debye-Callaway model is 

employed for theoretical analysis:[75]

κlat=
kB

2π2ν (
kBT

ℏ
)

θD/T

0
τtot(x)

x4ex

(ex-1)2 dx(3)

where x=ℏω/kBT, kB, ℏ and τtot denote the Boltzmann constant, reduced Planck constant, and total 

phonon relaxation time, respectively. Details are provided in Table S4. In this model, it considers 

multiple scattering processes, including phonon-phonon Umklapp (U), grain-boundary (B), point-

defect (PD), dislocation (DC), strain-induced (DS) and nanoprecipitate (NP) scattering. The sound 

velocity used in the model corresponds to the experimentally measured values for each sample. As 

shown in Figure 3e, the simulated κlat exhibit good agreement with the experimental data, validating 

that the reduced sound velocity and presence of nanoprecipitates dominate the suppression of κlat 

in doped samples. As we can see, the κbip is also notably mitigated due to enhanced carrier 

concentration. To gain further insight, the frequency-dependent κs for the x=0.005 sample at room 

temperature is plotted in Figure 3f. As we can see, the low-frequency phonons are mainly scattered 

by grain boundaries, while the intermediate-frequency phonons are additionally scattered by 

dislocations and strain fields. In the higher-frequency regime, point defects become particularly 

effective because their scattering rate increases strongly with phonon frequency. The precipitates 

with different sizes scatter phonons over different frequency ranges: the larger precipitates mainly 

scatter lower-frequency phonons, whereas the finer nanoscale precipitates are more effective for 

higher-frequency phonons. The analysis reveals that nanoprecipitates and point scattering well 
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contributes to the reduction of κlat, consistent with the previous analysis of microstructural evolution. 

Thus, the broad scale defect network especially the nanoscale precipitates, provides phonon 

scattering over broad frequency ranges and substantially depresses κlat. 

Figure 5 The thermoelectric performance of ZT and fabricated single-leg and TE module. a 

μw/κlat, b ZT, c comparison of ZT values with representative n-type thermoelectric systems, incluing 

Bi2Te3-, Mg3Bi2- and Mg3Sb2-based materials, d the measured contact resistance, e-f I-V and I-P 

characteristics and conversion efficiency (η) of the TE module under different temperature 

differences, g-h I-V and I-P curves and η of the single-leg generator at various temperature gradients, 

i comparison of conversion efficiency between this work and reported single-leg devices.

As a result, by integrating strain-mediated grain-boundary spectrum reconstruction with the 

formation of broad-scale in-situ Cu-Ga-rich nanoprecipitates, the additive-enabled effect establishes 

a synergistic optimization between electron and phonon transport. As shown in Figure 5a, the ratio 

of weighted mobility (μw) to κlat provides a comprehensive indicator of the electron and phonon 

balance in this work. The calculation method of weighted mobility display in Supporting 
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 Mg3.2Sb1.5Bi0.49Te0.01Cu0.01

 Mg3.175Mn0.025Sb1.5Bi0.49Te0.01

 Mg3.15Co0.05Sb1.24Bi0.75Se0.01

      Mg3Sb2-based materials

N-type BTS
Commercial Bi2Te3

 Bi2Te2.7Se0.3+CuGaTe2

 Bi2Te2Se+SbI3
 Bi2Te2.79Se0.21I0.004

Mg3Bi2-based materials

 Mg3.15Bi1.4975Sb0.5Te0.0025

 Mg3.2Bi1.195Sb0.795Te0.01-Mg2Cu

 Mg3.2Bi1.5Sb0.498Te0.002Cu0.01

 Mg3.6Y0.003Sb0.6Bi1.4

 Mg3.2In0.02Bi1.4Sb0.595Te0.005

This work

ZT

T (K)

ZT=1
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Information. The values increase markedly after additive incorporation and reach a maximum at 

x=0.005, consistent with the previous analysis. Furthermore, a maximum ZT of 2.08 at 623 K is 

achieved, while high ZT values persist throughout the measured temperature range plotted in Figure 

5b. By the way, although the x=0.009 sample still retain some beneficial structural evolution for 

charge transport, the deterioration in thermal transport becomes more significant owing to the 

coarser precipitates. So, the negative effect on thermal properties outweighs the gain in electrical 

properties, leading to a slightly lower overall thermoelectric performance than that of the x=0.005 

sample. Remarkably, the near room temperature ZT surpasses that of commercial n-type Bi2Te3-

based materials and rivals the Mg3Bi2-rich counterparts that dominate the room-temperature regime 

displayed in Figure 5c.[33, 47, 52, 54, 55, 57-60, 74, 76-80] This achievement effectively bridges the long-

standing performance gap between Mg3Sb2-rich mid-temperature materials and Mg3Bi2-rich near-

room-temperature systems, realizing a broad range high TE performance window from room 

temperature to above 700 K. To verify reproducibility, multiple samples of x=0.005 are prepared 

and tested, showing highly consistent TE properties plotted in Figure S21.

These strategies, including strain-mediated grain-boundary spectrum reconstruction and broad 

scale in-situ Cu-Ga-rich nanoprecipitates, orchestrate broad-range thermoelectric performance and 

highlight the effectiveness. To further validate the practical potential of the optimized Mg3.2(1-

x)CuxGaxSb1.5(1-x)Bi0.5(1-x)Te2x materials, a TE module and single-leg device are fabricated. Primarily, 

the finite element numerical simulation is carried out to refine the device architectures and determine the 

most efficient structural configuration. The refined geometries are plotted in Figure S22-23. As shown in 

Figure 5d, the contact resistance between the TE materials and barrier layer is remarkably low, suggesting 

well electrical coupling at the interface. In addition, the interfacial structure, indicating by SEM and its 

elemental mapping shown in Figure S24, reveals continuous interface without detectable pores or elemental 

diffusion. The well bonded and chemically stable interfaces ensure the thermal and mechanical reliability 

for TE device. The TE conversion behaviour of fabricated devices is also systematically evaluated. 

Figure 5e-h display the I-V and I-P characteristics and conversion efficiency (η) of the TE module 

and single leg generator under different temperature differences. As we can see, the open circuit 

voltage (V) of the TE module increases progressively with the applied temperature difference, 

consistent with the Seebeck effect. The corresponding I-P curves exhibit the typical parabolic 

dependence, and it reaches its maximum value when the external resistance is the same as the 
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internal resistance. The internal resistance determined from the slope of the I-V curve increase 

sightly with temperature due to the decrease in electrical conductivity, shown in Figure S25-26. 

Meanwhile, as current increases, the output heat flow also rises, reflecting the combined contribution of 

Joule and Peltier effects. Thus, a module paired with p-type MgAgSb achieves a conversion efficiency of 

8% at ΔT=300 K, surpassing conventional Bi2Te3-based modules in the near-room-temperature range. For 

the reproducibility, we have remeasured the fabricated two-pair module displayed in Figure S27. And there 

is a good reproducibility in their efficiency performance under the same test conditions. In addition, a 

single-leg generator attains η=12.4% at ΔT=400 K. As illustrated in Figure 5i,[81-85] the comparison of 

single-leg efficiencies across various TE systems highlights the superior performance of our device at the 

same testing temperature, confirming its feasibility for practical power generation. These device-level 

achievements convincingly demonstrate the effectiveness of the strain-mediated grain-boundary spectrum 

reconstruction and in-situ nanoprecipitates strategy, which successfully bridges the long-standing 

performance gap between near room and mid-temperature TE regimes, enabling efficient power generation 

across a broad temperature window.

Discussion

In summary, this work demonstrates that strain-mediated grain-boundary spectrum 

reconstruction and broad scale in-situ nanoprecipitates can serve as an effective route to reconcile 

near-room-temperature and mid-temperature thermoelectric performance in n-type Mg3Sb2. By 

utilizing CuGaTe2 as a multifunctional additive, subtle lattice perturbations drive a reconfiguration of 

the grain boundary spectrum, markedly increasing the fraction of coherent twin boundaries and 

reducing grain-boundary potential barriers. This grain boundary spectrum engineering restores 

power factor especially near room temperature regime. Notably, the processing-induced 

compositional fluctuations give rise to in-situ nanoscale phase partitioning forming multi-length-

scale phonon-scattering architectures that suppress lattice thermal conductivity to 0.49 W m-1 K-1 

without degrading electronic transport. As a result, the Mg3Sb2 system yields an impressive average 

ZT of 1.3 at ΔT=250 K, surpassing most reported n-type Bi2Te3-based materials near room temperature, 

and maintains a high average ZT of 1.59 (300-723 K), exhibiting superiority in the mid-temperature regime 

as well. Moreover, the assembled devices deliver outstanding conversion efficiencies of 8% at ΔT=300 K 

and 12.4% at ΔT=400 K, confirming strong device-level competitiveness. These findings suggest a 
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potentially useful route to achieve high thermoelectric performance from near room to mid-temperature 

window for waste-heat recovery applications.

Methods

Sample synthesis. Polycrystalline samples with nominal compositions of Mg3.2(1-x)CuxGaxSb1.5(1-

x)Bi0.5(1-x)Te2x (x=0, 0.003, 0.005, 0.007, 0.009) were synthesized from high-purity Mg (4N), Sb (4N), Bi 

(4N) and CuGaTe2 powders, where Cu, Ga and Te were introduced in the form of the ternary additive 

CuGaTe2. The mixed raw materials were placed in a ball mill and milled for 5 h (SPEX-Sample Prep 8000 

Mixer Mill). The milled powders were loaded into a graphite die (φ10 mm) in an argon atmosphere and 

densified by SPS (SPS-1080 System, SPS SYNTEX INC) at 973 K under 60 MPa for 20 minutes. The p-

type MgAgSb material was synthesized with a nominal composition of MgAg0.97Sb0.99 (referred to as 

MgAgSb) using Mg turnings, Ag powder, Sb shots and 0.75wt% C18H36O2. All raw materials were weighed 

based on the target stoichiometry and sealed in a ball-milling jar under an argon atmosphere. The mixture 

was mechanically alloyed for 5 h, followed by vacuum spark plasma sintering at 573 K and 60 MPa for 5 

min to obtain the bulk sample. The CuGaTe2 powders were self-synthesized by sealing stoichiometric 

amounts of high-purity Cu (4N), Ga (4N) and Te (4N) in an evacuated quartz tube, followed by heating to 

1373 K at a rate of 30 K min-1, holding for 10 hours, and then furnace-cooling to room temperature. The 

phase purity of the obtained CuGaTe2 was confirmed by XRD, as shown in Figure S28.

Measurement and characterization. The commercial instrument ZEM-3 (ULVAC ZEM-3) was 

used to test samples’ σ and S at the Helium atmosphere. The κtot was derived from κtot=DρCp. Here, D was 

measured using a Netzsch LFA 467 instrument, ρ was obtained based on the Archimedes principle, and Cp 

was evaluated using the formula Cp = 3NR (1 + 1.3 × 10−4 T − 4 × 103 T −2)/M.[86] Room-temperature carrier 

concentration (n) and carrier mobility (μ) were obtained from Hall-effect measurements performed on a 

PPMS (Physical Properties Measurement System, Quantum Design).

The samples’ structure and microstructural characterizations were performed by X-ray diffraction 

(SmartLab3, Rigaku), Electron Backscatter Diffraction (EBSD, JSM-7001F, JEOL Inc.), Scanning 

Electron Microscope (SEM, Hitachi SU4800), Electron Probe Microanalysis (EPMA, JXA-8500F), Raman 

spectroscopy (inVia, Renishaw) and Scanning Transmission Electron Microscopy (STEM, JEM-ARM-
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200F-B). The sound velocity at 300 K was measured using an ultrasonic system (UVM-2, Ultrasonic 

Engineering Co., Ltd.).

Unless otherwise stated, the electrical conductivity, Seebeck coefficient, Hall properties and thermal 

transport properties shown for each composition were obtained from one independently prepared bulk 

sample. For the optimized composition x=0.005, multiple independently prepared samples were further 

characterized in order to verify reproducibility

TE module fabrication. A single-leg generator was fabricated using the ball-milled 

Mg3.184Cu0.005Ga0.005Sb1.4925Bi0.4975Te0.01 powder, sandwiched between Ni foils and 304 stainless-steel foils 

in a Ni/304 stainless-steel/sample powder/304 stainless-steel/Ni structure, followed by a one-step sintering 

process. The obtained ingot was cut into dice with dimensions of 3.4×3.4×6 mm3. The two-pair 

thermoelectric module was assembled using n-type Mg3.184Cu0.005Ga0.005Sb1.4925Bi0.4975Te0.01 legs with 

dimensions of 3.5×3.5×6 mm3 and p-type MgAgSb legs. The conversion efficiency was measured using a 

Mini-PEM (ADVANCE RIKO, Japan). The properties of p-type MgAgSb were shown in Figure S29. 

Further descriptions of the simulation procedures can be found in the Supporting Information.

Data Availability

All data generated or analysed during this study are included in this article (and its 

supplementary information file).
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