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A B S T R A C T

We systematically elaborate the thermal stability mechanism of MgAgSb-based materials through thermodynamic
and kinetic analysis of grain boundary characterizations. By proposing the general strategy of grain boundary
segregation engineering (GBSE) to improve the stability of nanostructured bulk thermoelectric materials, it is
found that excessive Cu doping can modify the microstructure to enhance stability as both Ag and Cu segregation
coexist at the grain boundary. After annealing at elevated temperature, the final performance is almost unchanged
with a high room-temperature dimensionless figure-of-merit zT of around 0.7, in contrast to property deterio-
ration of pure MgAgSb. As revealed by atom probe tomography (APT) measurements, Cu segregation inhibits
grain boundary migration and hinders grain growth, due to the additional reduced grain boundary energy and
mobility. Our work provides new insights into the critical role of grain boundary segregation in the properties
optimization and thermal stability enhancement, which opens up alternative perspectives for designs of highly
stable and high-performance nanostructured thermoelectric materials.
1. Introduction

With the increasing global energy crisis and environmental pollution,
developments of clean and sustainable energy conversion technologies
have received intensive attention. Waste heat accounts for about 60% of
the total energy consumption and more than half is the low-grade waste
heat with a temperature below 300�C, which lacks effective recycling
technologies due to the low energy density and temperature difference
[1]. Thermoelectric power generation enables the direct conversion of
waste heat into electricity, which is considered to be one of the most
promising approaches to harvesting energy with the unique advantages
of no pollution, no moving parts, high reliability, and long service life [2,
3]. The energy conversion efficiency (η) of the thermoelectric (TE) device
is determined by the dimensionless figure of merit (zT), which is defined
as zT¼ S2T/(ρκ), where S, T, ρ, and κ are the Seebeck coefficient, absolute
temperature, electrical resistivity, and thermal conductivity, respec-
tively. S2/ρ is called the power factor (PF), indicating the electrical
properties. However, the thermal and electrical transport parameters are
strongly interdependent and coupled, making the realization of high TE
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performance full of challenges [4–6].
Bi2Te3-based alloys are the major TE materials near room tempera-

ture [7], while the extremely rare constituent element tellurium and poor
mechanical properties limit their large-scale applications [8]. In search
for a better alternative, the p-type α-MgAgSb-based materials have
attracted intensive interest in TE cooling and energy harvesting below
300�C [9], with abundant elements, excellent mechanical [10] and TE
properties [11,12]. As reported by Kirkham et al. [13] in 2012, it was
found that there are two other polymorphs besides α-phase MgAgSb, a
Cu2Sb-type β-phase and a cubic γ-phase at high temperatures. At the
material level, the synthesis routes to obtain pure α-MgAgSb have been
modified by different groups [14,15]. The origin of its Phonon Glass
Electron Crystal (PGEC) behaviors and strategies to enhance TE proper-
ties have been extensively explored, such as optimizing carrier concen-
tration to increase power factor [16,17], and intrinsic Ag vacancy
engineering [18,19] to suppress lattice thermal conductivity κlat. At the
device level, coupled with high-performance n-type Mg3(Bi, Sb)2, p-type
α-MgAgSb-based alloys have participated in the fabrication of Te-free TE
devices for near-room temperature cooling and power generation
2025
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[20–23].
Nanostructured materials exhibit many unique physical, chemical

and mechanical properties that can break the limit of conventional ma-
terials with coarse grains [24]. The reduction in grain size creates high
volume fraction of grain boundaries (GBs) and interfaces, which is
accompanied by an increase in the total Gibbs free energy of the system,
as a driving force for grain growth to lower the excess interfacial energy
[25]. This in turn produces high susceptibility to structural failure for
nanostructured metallic materials. Therefore, the thermal stability is
critical in evaluating the service capability, which can be defined as the
ability to resist an apparent grain coarsening at elevated temperatures
[26]. For some typical examples in TE materials, Sb2Te3 alloys with
nanograins and nanotwins constructed by high energy ball milling have
suffered from high-temperature softening [27]. Phase-separated nano-
structured p-type ternary lead chalcogenides require appropriate post
processing to avoid significant precipitate growth and performance
deterioration during thermal cycles [28].

Owing to stronger phonon scattering caused by multiple-scale
microstructure defects, nanostructuring has been proven to be an effec-
tive approach to enhance zT value by reducing the κlat [29,30]. Xie et al.
obtained ultralow κlat by constructing ultrafine grains within the nano-
crystalline regime and randomly distributed pores [31], which makes the
nanograined α-MgAgSb competitive for TE refrigeration applications.
However, when applied to energy harvesting at high temperatures,
nanograined α-MgAgSb could suffer from abnormal grain growth due to
high-density GBs, and the correlation between GB features and TE
properties should be concerned. Moreover, the low phase transition
temperature may promote the formation of impurity phases and speed up
the growth of grains, thus leading to significant damage in TE perfor-
mance. In addition, small grains and nanoprecipitates may restrict the
long-term thermal stability at elevated temperature.

Herein, our work investigates the property optimization and the
thermal stability mechanism of nanostructured MgAgSb-based materials,
which were systematically elaborated through detailed microstructural
characterizations and TE properties measurements. It is found that
annealing at 548 K for two days significantly worsens TE properties,
compared to their excellent long-term thermal stability after annealing
for 28 days at 523 K. Atom probe tomography (APT) measurements focus
on the grain boundary characteristics to understand the correlation be-
tween microstructure and thermal stability. For nanostructured pure
MgAg0.97Sb0.99, the segregation of Ag at GBs may reduce the GB energy
and realize a solute drag effect, which can be helpful for thermodynamic
and kinetic stabilization of the nanostructure. Based on the strategy of
grain boundary segregation engineering, extra Cu segregation at GBs is
achieved through excessive doping as revealed by APT. We suppose that
Cu doping can further modify the GB complexions and enhance the
thermal stability.

2. Experimental details

2.1. Synthesis

The powder with a stoichiometric composition of MgAg0.97Sb0.99 was
prepared with a two-step high-energy ball milling approach. High-purity
magnesium (Mg 99.99%, Aladdin) and silver (Ag, 99.999%, Aladdin)
particles were weighed in the argon-filled glove box and loaded into a
stainless-steel jar with stainless-steel ball. After 10 h of ball milling in the
high energy ball mill (SPEX-8000M Mixer/Mill) at the speed of 1200
rpm/min, the antimony (Sb, 99.999%, Alfa Aesar) was added into the jar
in the glove box with another ball milling of 10 h, the copper (Cu,
99.999%, Aladdin) for doping was also added at this step and the doping
amount was 10%, the total weight of raw materials is about 8 g. The
prepared powder was loaded into a graphite die with an inner diameter
of 12.7 mm and sintered by hot press sintering (HP) at 573 K for 30 min
in a vacuum under the pressure of 80 MPa. Before structure character-
izations and property measurements, the as-sintered samples were
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annealed for 30 min at 573 K. The samples were placed in sealed vacuum
quartz tubes and annealed in the muffle furnace for a long time.

2.2. Structure characterizations

The phase structure was analyzed by X-ray diffraction (XRD, PAN-
alytical X'Pert Pro) using Cu Kα radiation. The microstructures of the
samples were investigated with a scanning electron microscope (SEM,
Quanta 200 FEG) and an electron probe microanalyzer (EPMA, JXA-
8230). APT was used to analyze atomic-scale composition at/or near
GBs. Site-specific specimens were prepared by the method of dual-beam
scanning electron microscope/focused ion beam (SEM/FIB, Helios
NanoLab650, FEI). APT measurements were performed on a local elec-
trode atom probe instrument (LEAP™ 5000 XS, CAMECA) in laser mode
with a pulse energy of 10 pJ and pulse repetition rate of 200 kHz at a base
temperature of 40 K, and an ion flight path of 100 mm. The data
reconstruction and analysis were processed using AP Suite 6.3.

2.3. Property measurements

The electrical conductivity σ and Seebeck coefficient S were
measured using ZEM-3 (Ulvac-Riko, Inc. Japan). Thermal conductivity
was calculated using κtot ¼ DρCp, where the density ρ was measured by
the Archimedes method, the thermal diffusivity D was measured by a
laser flash method (LFA 457, Netzsch), and the specific heat capacity Cp
was measured with a differential scanning calorimetry (DSC-404F3,
Netzsch). The measurement uncertainties for σ, S, κtot are �3, �5, and
�7%, so the combined uncertainties of PF and zT are �13% and �20%,
respectively. The room temperature Hall coefficients (RH) were measured
based on the van-der-Pauw method under a reversible magnetic field of
1.5 T. The Hall carrier concentration nH and Hall carrier mobility μH were
calculated by using the relationships nH ¼ 1/(eRH) and μH ¼ σRH,
respectively.

3. Results and discussion

For previously reported low-temperature thermoelectric devices
consisting of p-type α-MgAgSb, the hot-side temperatures corresponding
to the maximum conversion efficiency were mostly tested between 523 K
and 593 K. Therefore, in order to evaluate the thermal stability of
nanostructured pure MgAg0.97Sb0.99, we selected the temperatures of
523 K and 548 K respectively, and carried out the vacuum-annealing
process for two days.

Fig. 1a shows the XRD patterns of the annealed samples. After
annealing at 523 K for two days, all the diffraction peaks are consistent
with the as-sintered pure phase sample. However, a distinct impurity
phase diffraction peak appears after annealing at 548 K corresponding to
the peak of Ag3Sb phase. In contrast to the backscattered electron (BSE)
and the secondary electron (SE) images of the sample annealed at 523 K,
vacuum annealing at 548 K results in abnormal grain growth to the
micrometer scale and the formation of diffusely dispersed impurity phase
(Fig. 1b). The wavelength dispersive spectrometer (WDS) point-scanning
data (Table S1) detected from EPMA also confirm the phase composition
close to Ag3Sb.

The TE properties of the sample have deteriorated apparently after
annealing for two days at 548 K while only slight changes would occur
under 523 K. As reported by Ying et al. [15], the carrier concentration of
the MgAg0.97Sb0.99 sample is 7.3 � 1019 cm�3 with a trace of Ag3Sb and
Sb impurity phases (2.1%), much higher than our as-sintered pure phase
sample (2.7� 1019 cm�3). Therefore, it can be inferred that the decreases
in electrical resistivity ρ and Seebeck coefficient S (Fig. 1c and d) are due
to the formation of the Ag3Sb impurity phase, which increase the carrier
concentration significantly and inhibit the intrinsic excitation, and the
abnormal growth of the grains reduces the scattering of carriers, leading
to increase in mobility. The calculated PF above 400 K is lower than the
as-sintered sample as intrinsic excitation moves to the higher



Fig. 1. Microstructure and TE properties of nanostructured MgAg0.97Sb0.99 annealed for two days at 548 K. (a) XRD patterns, (b) SEM images of the polished surface
and the fracture morphology, compared with the results of as-sintered sample, (c) temperature-dependent electrical resistivity ρ, (d) Seebeck coefficient S, (e) total
thermal conductivity κtot, (f) figure of merit zT.
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temperature, as shown in Fig. S1a. Annealing at 548 K increases the total
thermal conductivity κtot at 300 K from 0.77 W m�1 K�1 to 1.04 W m�1

K�1 (Fig. 1e), where both electronic thermal conductivity κele and lattice
thermal conductivity κlat sharply increase (Fig. S1b), owing to the dis-
tribution of the metal-like Ag3Sb impurity phase. The κele is defined by
the relationship of κele ¼ LσT, and the Lorenz number L is calculated
through a direct carrier-concentration-dependent restructured SPB
model [32].

Fig. 1f displays the change in the zT value of the MgAg0.97Sb0.99
sample after annealing for two days at 548 K, compared to the as-sintered
sample and 523 K annealed sample. Due to the deterioration of both PF
and κtot, the zT value decreases by about 20%. Vacuum annealing at 548
K for two days significantly worsens the microstructure and TE proper-
ties. It is obvious that the formation of the impurity phase greatly dam-
ages the nanostructure and thus affects the TE properties, as the
nanostructure is highly sensitive to temperature. Herein, the poor ther-
mal stability of nanostructured MgAg0.97Sb0.99 at 548 K may severely
restrict its long-term service stability at higher operating temperatures,
and special attention should be paid to temperature control during
applications.

Previous experiments yet showed that vacuum-annealing at 548 K for
just two days would produce a series of adverse effects while the sample
would be stable at 523 K. Therefore, we extended the annealing time to 7,
14, and 28 days to examine its long-term thermal stability at 523 K. XRD
patterns of MgAg0.97Sb0.99 samples annealed at 523 K for different days
3

show no obvious impurity phase (Fig. S2). All the diffraction peaks can be
indexed to the α-MgAgSb phase. The distribution of the second phase
cannot be observed in the BSE images of the polished surface (Fig. S3)
with the extension of vacuum-annealing time. The point-scanning data
obtained by the EPMA with WDS are listed in Table S2, as the atomic
percentages of Mg, Ag, and Sb are almost unchanged. The grain size of
annealed samples is examined from the observation of fracture
morphology by the SEM images (Fig. S4), indicating that long-term
annealing at 523 K only affected the grain size slightly. To further
examine the grain size and distribution of samples, more than 100 grains
were selected for statistics, and the average grain size increases from
about 118 nm to 131 nm after annealing for 28 days. The above char-
acterizations demonstrate that nanostructured MgAg0.97Sb0.99 has
excellent long-term thermal stability at 523 K.

APT measurements were conducted to reveal the correlation details
between the microstructure and thermal stability mechanism of nano-
structured MgAg0.97Sb0.99 samples, especially the GB characteristics and
the local composition near or at GBs. Fig. 2 shows the results of APT
analysis for the unannealed MgAg0.97Sb0.99 sample. The reconstructed
APT volume is shown in Fig. 2a, where Mg, Ag and Sb atoms are depicted
by purple, grey and blue dots, respectively. Three-dimensional (3D)
reconstruction of the distribution of constituent elemental atoms high-
lights GBs due to segregation. As indicated by the black arrow, the top
view of the region denoted by the black box was selected to obtain the
2D-composition maps of Mg, Ag, and Sb atoms, as shown in Fig. 2b, c, d.



Fig. 2. APT analysis of MgAg0.97Sb0.99. (a) 3D reconstruction of the microtip for unannealed sample showing the distribution of Mg, Ag, and Sb atoms by dots of
different colors, with the top view of the region marked by the black box, (b–d) 2D-composition map of Mg, Ag, and Sb atoms detected from the top view, (e) 1D-
composition profile of unannealed sample across two GBs, as indicated by the white arrow in a, (f) 1D-composition profile of sample annealed for 28 days at 523 K
across the GB, as shown by the white arrow in Fig. S5a.
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These maps use different color bars to display the degree of Ag and Sb
segregation at GBs, with the depletion of Mg. The peaks of the 1D-compo-
sition profile (Fig. 2e) across two-grain boundaries give the specific
values of Ag atoms segregated at GBs.

The APT results about the MgAg0.97Sb0.99 sample annealed at 523 K
for 28 days are shown in Fig. S5. After long-term annealing, there is still
clearly visible elemental segregation at GBs (Fig. S5a), which is similar to
the GB characteristics of unannealed sample. Fig. S5b is the top view of
the region denoted by the black box in reconstructed APT volume, as a
profile for the generation of 2D-composition maps. From the 2D-compo-
sition maps of Mg, Ag, and Sb atoms, it can be seen that the segregation of
Ag decreases slightly, as indicated by the value of the color bar (Figs. S5c,
d, e). They show no significant changes in elemental distribution near or
at GBs, only causing composition homogenization to a certain extent.

It is obvious that grain boundaries exhibit phase-like behavior with
the structure and the composition distinctly different from those of the
bulk phase due to the segregation of Ag for nanostructured samples,
which can be treated as thermodynamically stable equilibrium interfacial
states, and the term “complexion” is therefore introduced [33].
GB-associated features of the GB complexions can be discussed more
deeply by regarding the composition profile as a function of the distance
from the grain interior to the GB core. As shown in Fig. 2e, the compo-
sition curve of Ag is accompanied by two adjacent depleted regions near
GB-core for the unannealed sample, which can be regarded as
GB-segregation with two adjacent depletion zones. This behavior may be
due to the formation of the vacancy-solute complex, analogously to the
formation of the depleted region in Al-Zn-Mg-Cu alloy [34].

Fig. 2f shows the 1D-composition profile of the area across the grain
boundary marked by the white arrow in Fig. S5a. Compared to the results
of the unannealed sample, the peak value of Ag concentration decreases
from about 54% to 46%. Moreover, the composition profile of the
annealed sample can be considered as a moving GB interacts with the
segregated solutes. It is obvious that Ag atoms are enriched at GB while
Sb atoms are piled up ahead of GB. This result is due to the interaction
between grain growth and segregated solutes [35]. For the composition
profile in Fig. 2f, the GB migrates from the solid line toward the dotted
line position. The resultant broken symmetry of the concentration profile
and the GB position brings about a net attractive force between them,
4

which is called the solute drag effect [36]. The driving force for grain
coarsening can be suppressed by the solute drag effect on GB migration
[37], which can contribute to the kinetic stabilization.

Within the framework of the Gibbs adsorption isotherm, specifically
referring to the reduction of GB energy through solute segregation, the
concept of thermodynamic stabilization has been proposed and demon-
strated as a highly effective approach for stabilizing nanocrystalline
materials [38]. The above GB-associated details obtained from 3D APT
may be related to the mechanism of thermodynamic stabilization of
nanostructured MgAg0.97Sb0.99. Regarding the Gibbs adsorption
isotherm for the interface, the solute distribution in the bulk and GBs is
assumed to follow the Langmuir-McLean segregation equation [39], thus
the relation between the GB energy γ and the bulk solute concentration X
can be simplified to

γ ¼ γ0 � Γ
�
ΔHseg þ RgT ln X

�
; (1)

where γ0 is the interfacial energy without segregation, ΔHseg is the
enthalpy of segregation, Г is the Gibbsian interfacial excess of solute at
interfaces. To simplify the analysis of stability mechanism, we can obtain
the Gibbsian interfacial excess of Ag (ГAg) from APT data using the
method described by Seidman et al. [40], remaining true to the classical
approaches to the thermodynamics of interfaces and suitable for arbi-
trary geometry [41]. It can be calculated according to the formula ГAg ¼
Nexcess/(ηdA), where Nexcess is the total number of atoms in excess at the
interface, A is the interfacial area of the selected analysis region, and
ηd represents the APT detection efficiency with the value of 50%.
Considering that the effectiveness of thermodynamic stabilization de-
pends largely on the magnitude of the reduction in GB energy caused by
solute segregation, the calculation of specific interfacial energy value is
unnecessary. The ΔHseg should be obtained by complex density func-
tional theory calculations or empirical equation [42], since it is a fixed
value for certain elements in the same alloy matrix, we only need to
examine the degree of ГAg to evaluate the change in GB energy.

For the calculation of ГAg, since the detection efficiency and the
interfacial area of the selected region are certain values, Nexcess can be
obtained from the ladder diagram of the cumulative number of Ag atoms
as a function of the cumulative number of all atoms, as shown in Fig. S6.
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The Gibbsian interfacial excess of Ag for the unannealed sample is 7.17
at nm�2, which shows that Ag has a strong segregation tendency at the
GB. After annealing for 28 days, remaining a high value of 9.37 at nm�2,
the results of average grain size and calculated ГAg values are plotted in
Table 1. The high degree of ГAg before and after annealing at 523 K in-
dicates that the segregation of Ag at GBs led to the reduction of GB energy
which can impede the driving force for grain coarsening, contributing to
thermodynamic stabilization of nanostructure. Meanwhile, the thermal
failure of nanostructure at 548 K can be understood as the transition from
GB complexions to GB precipitation makes the grains grow at elevated
temperatures [43]. When the temperature is high enough to activate the
precipitation of Ag3Sb, Ag atoms no longer lower the GB free energy by
occupying GB sites but form precipitates, resulting in a significant dete-
rioration of thermodynamic stabilization. A comparable phenomenon
has been noted in nanocrystalline Ni-P alloys, as the grain size increases
due to the formation of the equilibrium Ni3P phase [44].

The possible explanations for Ag segregation at grain boundaries are
inferred as follows. First, Ag presents an abnormal occupied site in the
crystal structure, half of the Mg-Sb tetrahedrons are filled by Ag atoms,
which is considered to be an unstable filled structure [45,46]. This
particular behavior of Ag atoms leads to the weak chemical bonding of
Ag-Sb. Secondly, the calculated low defect formation energy of Ag va-
cancies also indicated the existence of weak Ag bonding [19]. In addi-
tion, Mi et al. have found that the atomic displacement parameters
(ADPs) of the Ag1 atoms at the 4a position are much larger than Ag2 and
Ag3, which suggests that there may be a strong static or dynamic disorder
of Ag atoms [47]. Experimentally, the positive ГAg value in α-MgAgSb
indicates that the GB energy can be lowered due to the formation of
Ag-rich GB complexions from Gibbs adsorption, similar to the effect in
MgB2-doped Bi0.5Sb1.5Te3 alloys [48].

Changes in TE properties of MgAg0.97Sb0.99 samples annealed at 523
K for different days are presented in Fig. 3. With the extension of vacuum
annealing time, the ρ at 300 K decreases from 3.56� 10�5 Ωm to 2.53�
10�5 Ωm after 28 days (Fig. 3a), and it follows a T1.5 dependence before
the intrinsic excitation, indicating that the carrier transport is dominated
by the acoustic phonon scattering. Fig. 3b shows the room-temperature
carrier concentration (nH) and Hall mobility (μH) dependence of
annealing days at 523 K. The Hall mobility enhances from 64.86 cm2 V�1

s�1 to 76.91 cm2 V�1 s�1, with the carrier concentration varying from 2.7
� 1019 cm�3 to 3.3 � 1019 cm�3. Both nH and μH increase with the
annealing time, corresponding to the decrease in electrical resistivity as
the relationship of 1/ρ ¼ nHeμH.

It is noteworthy that the variation of μH with nH due to vacuum
annealing (Fig. S7a) is different from the results measured by Liu et al.
[16]. Ag vacancy is the dominant intrinsic point defect of α-MgAgSb,
which affects the carrier and phonon transport behavior as a donor. It is
acknowledged that annealing at the proper temperature can eliminate
defects in semiconductors and reduce the vacancy concentration. We
suppose that the difference in nanostructured MgAg0.97Sb0.99 is due to
the influence on the GB composition caused by vacuum annealing at 523
K. For instance in n-typeMg3Sb2, Mg deficiency in the GB regions leads to
the depletion of free electrons and the formation potential barrier for
conduction at the GB, as Mg vacancies are the lowest energy electron
killer defects [49]. Correspondingly, the formation of Ag vacancy in
p-type α-MgAgSb is accompanied by the appearance of a hole. After
annealing for 28 days, it is inferred that the decrease of the peak value of
Ag concertation could be related to the increase of Ag vacancies, which
may lead to increase of the local nH near or at GBs, together with the
increase of μH caused by homogenization at the nanoscale.
Table 1
The average grain size and Gibbsian interfacial excess value of Ag for samples.

Sample Average grain size (nm) ГAg (at nm�2)

As-sintered 118 7.17
28-day annealing at 523 K 131 9.37
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Fig. 3c shows the temperature-dependent S varied from annealing
time at 523 K, following the same trend with the ρ due to the increased
nH. Values of the carrier concentration dependent S at room temperature
all fall nearly on the calculated Pisarenko plots with m* ¼ 2.4 m0
(Fig. S7b), similar to the results of Li doping and tuning of Sb content. The
calculated power factor PF is presented in Fig. S8a, in which the average
power factor (PF)ave was increased from 19.7 μW cm�1 K�2 to 22.0 μW
cm�1 K�2. The total thermal conductivity κtot increases slightly as shown
in Fig. 3d. Since the enhancement of power factor is more significant than
the change in total thermal conductivity, the zT value at 300 K increases
from 1.06 to 1.13, and the average zT value in the entire temperature
range increases from 0.7 to 0.79, demonstrating excellent thermal sta-
bility of TE properties at 523 K for nanostructured MgAg0.97Sb0.99.

Previous investigations on nanostructured MgAg0.97Sb0.99 before and
after annealing have revealed that the long-term thermal stability at 523
K is satisfactory. However, both microstructure and TE properties are
sensitive to the increase of annealing temperature, which is necessary to
take relevant strategies to avoid. Grain boundary segregation engineer-
ing (GBSE) is always introduced to metallic alloys as a pathway to the
design of interfaces, which is applied to ceramic materials and semi-
conductors. Alloying elements are usually added to pure nanostructured
materials as microstructural stabilizers to prevent grain growth through
kinetic and thermodynamic mechanisms [50]. The strategy of GBSE has
been studied in property optimization of oxide ceramics TE materials,
such as tuning the dopant segregation to control GB nanostructures [51,
52] or GB phase segregation [53]. Just recently, it was reported that the
segregation of Ag dopant at the CdTe/SnTe interface suppressed the
Ostwald ripening of nanoprecipitates by lowering the interfacial energy
[54].

Therefore, we experimentally investigate the possible role of GBSE in
the thermal stability of nanostructured α-MgAgSb. A small amount of Cu
substitution for MgAg0.97Sb0.99 not only decreases the thermal conduc-
tivity but also enhances the power factor, leading to increasing zT values.
Sui et al. reported that the solubility limit of Cu in the MgAg0.97Sb0.99
alloy is approximately 0.7% [55]. In order to achieve strong GB segre-
gation of Cu atoms in nanostructured MgAgSb, in this work we first
attempted to increase the amount of Cu doping to 10% with the nominal
composition of MgCu0.1Ag0.87Sb0.99, and the as-sintered sample was then
vacuum annealed for 14 days at 548 K.

XRD patterns of MgCu0.1Ag0.87Sb0.99 samples before and after vac-
uum annealing at 548 K are shown in Fig. S9. All the diffraction peaks can
be well fitted by the α-MgAgSb phase and the MgCuSb phase, indicating
that excessive Cu doping leads to a composite of the MgCuSb second
phase and the matrix phase. After annealing for 14 days at 548 K, no
noticeable impurity phases can be observed in the XRD pattern. The BSE
images (Figs. S10a and b) show no significant impurity phase distribution
after annealing, there appear only the matrix phase and MgCuSb phase in
addition to a few nanopores. The elemental distributions determined by
energy dispersive X-ray spectroscopy (EDS) confirm the existence of the
MgCuSb phase, as displayed in Fig. S11. From the fracture morphology
shown in Figs. S10c and d, the grains are densely arranged without
abnormal grain growth. The average grain size increases from about 115
nm to 140 nm after annealing, without abnormal grain growth.

We conducted APT characterizations on the as-sintered
MgCu0.1Ag0.87Sb0.99 sample to investigate GB-associated features. In
the 3D APT reconstruction volume shown in Fig. 4a, Ag atoms and Cu
atoms are depicted in grey and orange, respectively. The Ag iso-
composition surfaces highlight the segregation of Ag atoms at GBs. As
an illustration for the figure, the top view of the region denoted by the
box in the microtip contains a triple junction of GBs, where a Cu-rich
precipitate can also be identified on the upper left region with a much
higher point cloud density of Cu atoms. The segregation of Ag atoms also
occurs at the boundary of Cu-rich precipitate, which is the MgCuSb/
MgAgSb phase boundary (PB). From the spatial distribution of Ag atoms
displayed in Fig. S12, we can observe the presence of three grains. Fig. 4d
plots the 1D-composition profile across the GB region denoted by the



Fig. 3. Temperature-dependent TE properties of MgAg0.97Sb0.99 samples annealed at 523 K for different days: (a) electrical resistivity ρ, (b) Hall carrier concentration
nH and Hall carrier mobility μH at room temperature, (c) Seebeck coefficient S, (d) total thermal conductivity κtot.

Fig. 4. APT analysis of the as-sintered MgCu0.1Ag0.87Sb0.99 sample: (a) 3D reconstruction of the microtip, where Cu atoms are depicted by orange and Ag iso-
composition surfaces are depicted by grey, top view of the region denoted by the box displays spatial distribution of constituent element atoms, (b, c) 2D-composition
map of Cu and Ag atoms detected from the top view in a, (d) 1D-composition profile across the grain boundary as indicated by the white arrow in a.
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white arrow, the layer of about 10 nm width rich in Ag and Cu atoms
shows that excessive Cu doping leads to the GB segregation of alloy el-
ements, as is expected. In addition, we found another microtip containing
the MgCuSb phase (Fig. S13a). The spatial distribution of Ag atoms
(Fig. S13b) shows the presence of Ag-rich GB network and MgCuSb
phase. From the 1D-composition profile across the phase boundary, it is
obviously seen that Ag atoms also segregate at the PBs.

For the as-sintered MgCu0.1Ag0.87Sb0.99 sample, we also obtained ГAg
and ГCu from the ladder diagram of the cumulative number of Ag atoms
or Cu atoms as a function of all atoms. As shown in Fig. S14, the
6

calculated ГAg is 7.76 at nm�2 and ГCu is 0.58 at nm�2. We found that the
segregation of Ag atoms at GBs is still maintained at the expected degree
after excessive Cu doping, even higher than the unannealed
MgAg0.97Sb0.99 sample (7.17 at nm�2). Moreover, Cu atoms segregating
at GBs will further reduce the interfacial energy as an addition to Eq. (1),
which can be regarded as a suitable alloying element for stabilizing the
microstructure. Therefore, Cu and Ag atoms indicate a tendency of co-
segregation at GBs and increase the reduction of GB energy, ensuring
better thermodynamic stabilization than MgAg0.97Sb0.99. In addition, Cu
atoms exhibit a strong GB segregation tendency, not only the reduction of
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GB energy can be achieved, but also the solute drag effect may be sig-
nificant if Cu atoms have a low diffusivity in the matrix, where kinetic
stabilization can contribute to the enhanced stability due to the reduction
of GB mobility caused by extra drag force of Cu.

Fig. 5 displays the temperature-dependent TE properties of the
MgCu0.1Ag0.87Sb0.99 sample annealed for 14 days at 548 K in contrast to
the as-sintered sample. The electrical resistivity at 300 K decreases from
2.12 � 10�5 Ω m in the as-sintered sample to 1.79 � 10�5 Ω m after the
vacuum-annealing process, as shown in Fig. 5a. Change in Seebeck co-
efficient is shown in Fig. 5b. Since the S only slightly reduces, it can be
inferred that the carrier concentration nH has not changed significantly.
Therefore, the decrease in ρ can be attributed to the increase in carrier
mobility μH, which is derived from homogenization at the nanoscale. The
calculated power factor is plotted in Fig. 5c, the room-temperature PF
increases from 21.5 μW cm�1 K�2 to 24.2 μW cm�1 K�2 in the entire
temperature range, due to the reduction of ρ and no significant change in
S. The electrical properties of our sample were doubly checked by a
laboratory in Russia to verify the reliability of our measurements, the
properties are quite comparable, as shown in Fig. S15.

The calculation results of the total thermal conductivity of
MgCu0.1Ag0.87Sb0.99 sample annealed at 548 K for 14 days are shown in
Fig. 5d. Compared with the unannealed sample, the room-temperature
κtot increases from 0.95 W m�1 K�1 to 1.06 W m�1 K�1, without sharp
deterioration. Since the calculated L only slightly changes, the increase of
electronic thermal conductivity κele can be ascribed to the decrease of ρ.
For the lattice thermal conductivity κlat, the room-temperature value
shows no obvious change, only increases from 0.72 Wm�1 K�1 to 0.80 W
m�1 K�1, as shown in Fig. 5e. It can be interpreted that the increase in κlat
may be due to the decrease of Ag vacancy concentration caused by
annealing at 548 K, which weakens the strong phonon scattering by
vacancies.

Fig. 5f shows the zT value of the MgCu0.1Ag0.87Sb0.99 sample after
annealing. Although the total thermal conductivity increases, the
improved power factor compensates for its change to some extent. The zT
changes within 10% compared to the unannealed sample. There is no
significant damage to the microstructure, and TE properties after 14 days
Fig. 5. Temperature-dependent TE properties of MgCu0.1Ag0.87Sb0.99 annealed for 1
factor (PF), (d) total thermal conductivity κtot, (e) lattice thermal conductivity κlat, (
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of annealing with the high room-temperature zT of around 0.7 indicate
that the nanostructured MgCu0.1Ag0.87Sb0.99 demonstrates better ther-
mal stability at 548 K than the pure MgAg0.97Sb0.99 sample, related to the
GB segregation of extra Cu atoms.

4. Conclusion

In summary, we have characterized the microstructure and evaluated
thermoelectric properties of p-type nanostructured α-MgAgSb before and
after vacuum annealing. APT measurements were conducted to reveal
details of grain boundary complexions to explain the mechanism of
thermal stability. Annealing at 548 K for two days causes abnormal grain
growth and reduces TE properties due to the formation of impurity phase.
Under 523 K, the segregation of Ag at GBs can achieve the reduction of
GB energy and solute drag effect, ensuring excellent long-term thermo-
dynamic and kinetic stabilization. According to the concept of GBSE,
excessive Cu doping realizes additional GB segregation without reducing
the segregation of Ag at GBs and PBs, making the final compound ther-
mally stable after annealing at 548 K for 14 days with the room-
temperature zT of around 0.7. Our results show that the selection of
suitable doping elements can stabilize the nanostructure through GB
segregation. This, in turn, contributes to designs of highly stable and
high-performance nanostructured bulk thermoelectric materials.
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