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optimized carrier transport for low-temperature
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Developing reproducible, high-performance thermoelectric (TE) materials for cooling and low-grade heat
recovery applications remains a pressing challenge, particularly for tellurium-free systems. In this study, we
systematically optimize the synthesis of a-MgAgSb via two-step ball milling, spark plasma sintering (SPS),
and targeted post-annealing. We demonstrate that sintering at 673 K, followed by a 3-days annealing
period and an additional low-temperature stabilization step, yields MgAgg.o7Sb samples with minimal
secondary phases, high TE performance and excellent reproducibility. The optimized materials achieve
a maximum zT of 0.84 near room temperature and reach 1.3 at 500 K, placing them among the highest-
performing Te-free p-type TE materials reported to date. These significant enhancements are attributed
to improved Hall mobility (x ~130 cm? V™ s7%), minimized secondary-phase content, and suppressed
thermal conductivity (k). Further analyses using weighted mobility (u,,) and the TE quality factor (B)
confirm that the carrier concentration (n) closely approaches the theoretical optimum, providing strong

alignment between experimental and predicted zT values. This research establishes a robust and scalable
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DOI-10.1039/d5ta05284) synthesis protocol, highlighting «-MgAgSb as a highly promising candidate for sustainable, efficient, and
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1 Introduction

Harnessing waste heat, which accounts for over 60% of global
energy losses, represents a key opportunity for improving
energy efficiency and reducing carbon emissions." Low-grade
waste heat (<573 K) is especially challenging to recover using
conventional systems like Rankine and Stirling cycles, which
show limited performance for small temperature differentials
and low energy density.” The TE technology, however, offers
a sustainable alternative, directly converting heat into electricity
through a solid-state mechanism that requires no moving parts
or maintenance while producing zero emissions.*® TE devices
also serve as eco-friendly cooling systems, providing carbon-free
alternatives to conventional refrigeration. These systems have
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practical low-temperature TE module applications.

several advantages over traditional cooling methods, including
compact size, lightweight design, high reliability, and the
absence of working fluids. Due to these benefits, TE cooling
technology is gaining interest for applications in various fields,
such as electronic cooling for PC processors, portable food and
beverage storage, temperature-controlled car seats, and TE air
conditioners.® The performance of TE materials is characterized
by the dimensionless TE figure-of-merit, zT, which depends on

the material's Seebeck coefficient (S), electrical conductivity (),

. s?
and « at absolute temperature (7) and is defined as: 2T = 2.
K

Achieving a high 2T requires an optimal balance between these
interdependent transport properties, which necessitates a thor-
ough examination of how changes in the synthesis process
influence TE properties.® One critical aspect is the enhancement
of the power factor (PF = S°¢), which directly contributes to
improved electrical performance. Simultaneously, the phonon-
glass electron-crystal (PGEC) concept has been crucial in
advancing TE materials.” This approach focuses on engineering
materials that behave like glass for phonons, thereby mini-
mizing «, while retaining crystal-like properties to enhance o.
The PGEC concept has been a key driving force behind the
development of high-performance TE materials,® enabling
significant improvements in zT by decoupling the electronic
and thermal transport properties.

This journal is © The Royal Society of Chemistry 2025
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Over recent decades, substantial efforts to enhance zT have
led to notable improvements in several TE families of
compounds. These include, but are not limited to, Bi,Tez,>""
skutterudites,"*> lead chalcogenides,”® half-Heuslers,"*
Zintls,">'® SiGe alloys,"” and IV-VI compounds,'® achieving zT
values exceeding 1, particularly at high temperatures. These
advances have been primarily driven by strategies such as
doping, alloying, band and grain boundary engineering, and
nanostructuring.'® Despite these advancements, commercial TE
applications for cooling and low-temperature waste heat
recovery (<573 K) have been dominated by bismuth telluride
(BiyTe;3) and its derivatives for over half a century, typically
achieving conversion efficiencies of ~3-6%.7°** However, the
poor mechanical properties and reliance on tellurium, a scarce
and increasingly expensive element, have spurred the search for
alternative materials that can deliver comparable performance
but with fewer environmental concerns*®*>* and p-type o-
MgAgSb**® have garnered substantial interest as a promising
low-temperature material, offering z7' values near 1.0 at
temperatures below 550 K, along with favorable mechanical
properties, elemental abundance, and non-toxicity. N-type
Mg;Sb, derivatives serve as the primary counterparts to p-type
a-MgAgSb; yet, despite both possessing attractive TE charac-
teristics, a-MgAgSb usually delivers lower overall performance.
Mg;(Bi,Sb), stands out for its adherence to the PGEC concept,
exhibiting inherently low « alongside favorable electronic
transport properties. Recent studies have demonstrated
impressive TE performance in both n-type Mg;(Bi,Sb), mate-
rials and their modules.*** The intrinsic low lattice thermal
conductivity (k;) of a-MgAgSb, a key determinant of its high TE
efficiency, arises from a complex interplay of factors including
complex crystal structure, beneficial lattice dynamics proper-
ties, intrinsic Ag vacancies, and multiscale microstructures,
which suppress thermal transport while maintaining good ¢.*
However, the a-p-y phase transitions in MgAgSb occurring
near 320-420 °C,*® as well as the occurrence of other impurity
phases such as Ag;Sb, Sb, or Mg;Sb,,****"** make it difficult to
achieve phase-pure o-MgAgSb using traditional synthesis
methods. For example, Kirkham et al. synthesized a-MgAgSb
using vacuum-melting followed by hot-press sintering but
detected significant amounts of secondary phases (Sb and
Ag;Sb), limiting 27T to ~0.55 at 423 K.*® Numerous studies have
aimed to improve the performance of a-MgAgSb by employing
various methods to obtain pure, high-performance samples
including melting with subsequent annealing,***® ball milling
followed by sintering and annealing,* and microwave-assisted
melting.* Zhao et al. achieved the best results to date by
implementing a novel two-step ball milling process followed by
sintering.* The composition was refined from MgAgSb to
MgAg, 97Sbg.99, resulting in nanostructured samples free from
detectable impurity phases and yielding a maximum zT of
approximately 0.7 at 300 K and 1.2 at 450 K. Further efforts to
optimize composition, stabilize phases, and incorporate doping
and defect engineering have yielded promising zT values,
comparable to or exceeding those of traditional Bi,Te;-based
materials.**** Among these, Ni doping at the Ag lattice site
achieved the highest z7, nearing 1 at room temperature and
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~1.4 at 450 K. Building on this progress, a recent study
examined the effects of different ball milling strategies on a-
MgAgSb, focusing on its structure and transport properties.*
Optimized milling suppressed Ags;Sb impurities, increasing
grain size, u, and PF. A peak zT of 1.36 at 473 K was achieved for
a refined composition of MgAg, 7Sbo.g9, highlighting the
importance of microstructural control in enhancing TE
performance.

In parallel, the integration of MgAgSb into TE modules,
using Mg;(Sb,Bi), as an n-type counterpart, has demonstrated
remarkable efficiency gains. Notably, Kraemer's group used
a simple one-step hot-pressing method to fabricate a single a-
MgAgSb leg with silver pads, achieving ~8.5% efficiency at a 225
K temperature difference (AT).”* Liu et al. successfully fabri-
cated an 8-pair TE module consisting of p-type Mgp.99CUo 01~
Ago.97Sbo.g9 and n-type Mg; ,Sby 5Big.49T€0.01CU0.01, reaching
~7.3% efficiency at a hot-side temperature of 593 K.** Ying et al.
initially reported a conversion efficiency of 6.5% for a tempera-
ture difference of 250 K.**> In their most recent work, they have
demonstrated that n-type Mg3 6Y0.003Sbo.6Bi1.4 together with p-
type MgAgo.97Sbo.99 achieved module-level conversion efficien-
cies of 8.5% under AT of 260 K.** A recent study further
demonstrated 12% efficiency near room temperature using p-
type a-MgAgSb and n-type Mgs ,55Nbg 0155bBig.9975T€0.0035)
with a hot-side temperature of 583 K and AT of 61 K.**

To establish a-MgAgSb as a reliable module material, it is
crucial not only to optimize its TE performance but also to
reproducibly achieve consistent transport results through scal-
able synthesis methods.*® Despite the progress in synthesis
techniques, reproducibility of TE properties of MgAgSb remains
a major challenge, underscoring the need for robust fabrication
processes. This study focuses on the development and optimi-
zation of o-MgAgSb for low-temperature TE applications. By
incorporating additional heat treatment and carefully tuning
the sintering temperatures, we improved the synthesis process
to consistently yield high-quality materials. As a result, our
samples exhibited reproducible TE performance, with
a maximum 27 of 0.84 near room temperature and up to 1.3 at
500 K. Notably, as-prepared materials display exceptionally high
u, reaching ~130 cm® V™' s~" at room temperature, which
reflects the effectiveness of our optimized processing strategy.
These results highlight the strong potential of MgAgSb-based
materials for efficient and environmentally friendly TE
module applications.

2 Experimental section
2.1 Sample preparation

The target materials were synthesized using a two-stage ball
milling process with high-purity magnesium powder (Mg,
99.8%; Alfa Aesar), micron-sized silver powder (Ag, 99.99%;
Nanografi Nano Technology), and antimony shots (Sb, 99.999%;
Alfa Aesar). To prevent side reactions caused by the high reac-
tivity of elements during high-energy ball milling and to avoid
oxidation of the chemicals, all sample preparation steps were
conducted in an Ar-filled glovebox.

J. Mater. Chem. A, 2025, 13, 31740-31754 | 31741
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In the first stage, the binary phase MgAg, oy was prepared by
loading stoichiometric amounts of Mg and Ag into a stainless-
steel vial with two half-inch stainless steel balls. The vial was
then sealed inside the glovebox to maintain an inert atmo-
sphere. Mechanochemical synthesis was performed in a high-
energy ball mill (SPEX 8000M Mixer/Mill, 1425 rpm) for 8
hours to ensure thorough mixing and sample homogeneity. In
the second stage, the stoichiometric amount of Sb was added to
the milled mixture in the glovebox. This was followed by
a second round of high-energy milling, which was carried out
for 5 hours. The two-step ball milling process is schematically
illustrated in Fig. 1a, showing the sequential addition of
elements to produce the final MgAg, o,Sb powder.

To consolidate the samples with SPS, the ball-milled powder
was loaded into a graphite die inside the glovebox. The SPS
process was performed for 8 minutes at a pressure of 80 MPa at
two different temperatures of 573 K and 673 K. The resulting
pellets were then sealed in quartz ampoules under vacuum and
subjected to heat treatment in a furnace at 553 K for durations
of 3 days.

To minimize discrepancies in electronic transport
measurements during heating and cooling cycles, an additional
heat treatment step was introduced. This process involved
heating the sample to 573 K over 4.5 h, holding it at this
temperature for 10 minutes, and then allowing it to cool grad-
ually to room temperature in 3 h, as described in the subse-
quent sections. Fig. 1b schematically presents the subsequent
steps, including SPS and post-annealing treatments.
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2.2 Sample characterization

The phase purity of the samples was assessed using X-ray
diffraction (XRD) with a Rigaku MiniFlex 600 (CuK, = 1.5418
A, 40 kv, 15 mA). Measurements were performed on both
powder and bulk samples to ensure comprehensive analysis.
Microstructure analyses were conducted using scanning elec-
tron microscopy (SEM, JEOL JSM 7800F field emission cathode)
equipped with an Energy Dispersive X-ray system (EDS; silicon
drift detector (SDD), Quantax 400, Brukernano, Berlin). Phase
transition temperatures were determined using differential
scanning calorimetry (DSC, NETZSCH STA 449 F3 Jupiter).
The microhardness measurements were performed with
a Shimadzu Micro Hardness Tester HMV-G21, applying a load
of 2.94 N. Results were averaged from 8 selected spots. The
Vickers hardness (Hv) was calculated by using the formula

F
Hy = 1.8544 d—(z), where F, is the applied load and d is the diag-

onal length of the indentation impression.

2.3 Transport properties measurements

To measure the thermal transport properties, sintered samples
in the form of 1 mm-thick discs with a diameter of 10 mm were
used. For electronic transport measurements, bar-shaped
samples with a minimum thickness of 2.5 mm were prepared
by cutting with a low-speed diamond-wire saw (WELL 3500). «
was calculated using the formula x = D x C}, x d, where D is the
thermal diffusivity, C, is the heat capacity, and d is the experi-
mental density of the sample. Disc-shaped samples were placed
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Fig. 1 Schematic of the synthesis and characterization process for MgAgg o7Sb, including (a) two-step ball milling, and (b) SPS, annealing, and

sample preparation for TE measurements.
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(a) Isothermal phase diagram of the Mg—Ag—Sb system at 573 K, showing the nominal composition of MgAgg o7Sb (star) and the actual

composition (square). (b) Tetragonal crystal structure of a-MgAgSb illustrating the distorted Mg—Sb rocksalt lattice with Ag atoms occupying half
of the pseudocubic sites. (c) The XRD patterns of MgAgg 97Sb samples synthesized with different sintering temperatures (573 K or 673 K) and
subsequently annealed for 3 d, (d) the XRD patterns of four MgAgg o7Sb samples synthesized using the same method, sintered at 673 K, annealed
for 3 d, and subjected to additional heat treatment. The red ticks at the bottom of the XRD patterns indicate the theoretical peak positions of the

o phase.

in a LFA 467 light flash apparatus for thermal diffusivity
measurements between 323 K and 573 K. C, was determined
using polynomial equation described by Agne et al.** Sample
densities were determined using both the Archimedes method
and geometric measurements. Densities above 99% of the
theoretical value were achieved for samples sintered at 673 K,
while those sintered at 573 K reached approximately 95%,
consistent with the literature.*»** Bar-shaped samples were used
in a ULVAC ZEM-3 system to measure the S and electrical
resistivity (p), utilizing a four-probe method. Hall-effect
measurements were performed using the Van der Pauw tech-
nique with a reversible magnetic field of 1 T, employing
pressure-assisted tungsten electrodes. n and u were calculated
using the equations n = i and p = Ry, respectively.

As is commonly reported in the TE literature,” > the typical

temperature-averaged experimental uncertainties are approxi-
mately +6% for S, +8% for p, £11% for k, and + 15% for the

This journal is © The Royal Society of Chemistry 2025

calculated zT values. For the samples synthesized under
different processing conditions, the error bars shown in the
relevant figures reflect these standard uncertainty ranges. In
contrast, for the set of identically processed MgAgj 7Sb samples
(e.g, sintered at 673 K, annealed for 3 days, and subjected to an
additional heat treatment), we report reproducibility error bars
calculated from the standard deviation of the measured values.
This approach provides a more direct and statistically mean-
ingful assessment of the synthesis consistency and reliability of
our optimized protocol.

3 Results and discussion
3.1 Phase and crystal structure analysis of MgAgSb

The Mg-Ag-Sb ternary system exhibits a highly complex phase
diagram, which significantly complicates the synthesis of
phase-pure o-MgAgSb due to the thermodynamic stability of
competing phases such as Mg;Sb,, Ag;Sb, and elemental Sb.*

J. Mater. Chem. A, 2025, 13, 31740-31754 | 31743
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In this study, MgAg, 4;Sb was chosen as the nominal compo-
sition, represented by the star symbol in the green region of
Fig. 2a, based on the isothermal Mg-Ag-Sb phase diagram at
573 K. However, XRD and SEM analyses revealed that the actual
composition shifted toward the blue region (indicated by the
square), likely due to partial Mg loss during processing, caused
by evaporation or oxidation. Residing in this region is beneficial
as shown by recent work by Duparchy et al.,** which confirmed
that the Ags;Sb + Sb region is particularly favorable for stabi-
lizing predominantly o-MgAgSb with enhanced TE perfor-
mance. As reported by Kirkham et al.,** MgAgSb experiences
multiple phase transitions upon heating. Initially, it remains in
the low-temperature o phase, which is stable up to 600 K. The
tetragonal crystal structure of a-MgAgSb, consisting of a di-
storted Mg-Sb rocksalt lattice with Ag atoms filling half of the
pseudocubic sites, is illustrated in Fig. 2b. As the temperature
increases, it transitions into the intermediate B phase before
ultimately transforming into the high-temperature y phase.
While o and B phases have a distorted tetragonal structure, the
v phase adopts a cubic half-Heusler structure.*® In this study,
DSC was used to analyze these phase transformations. As shown
in Fig. S1, the DSC curve for the best-performing MgAg, ¢,Sb
sample reveals three major endothermic effects: a transition
from a-MgAgSb to B-MgAgSb at around 600 K, a second phase
transition from B-MgAgSb to y-MgAgSb near 660 K, and finally,
the melting peak of Ag;Sb impurities at ca. 744 K, aligning with
previously reported data.’”®

To address the issues mentioned above, the a-MgAgSb phase
was synthesized using a two-step ball milling method to

832.6x

416.3x

832.6x

Detector=sE Vacc=10.0kV
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precisely adjust the composition,* followed by extended
annealing (3 days) to reduce impurity phases. Among the
various synthesis parameters explored, sintering temperature
was found to have a significant influence on phase purity. As
shown in Fig. 2¢, samples sintered at 673 K exhibited signifi-
cantly improved phase purity compared to those sintered at 573
K. The main diffraction peaks correspond to the a-MgAgSb
phase, indexed to the I4c2 space group, and appear sharper and
more well-defined in the 673 K sample. However, minor
secondary phases are still present, including a peak at 20 =
28.47° corresponding to elemental Sb, and peaks at 26 = 34°
and 38.94° attributed to Ag;Sb. Additionally, samples sintered
at 573 K exhibited reproducibility issues, as shown in Fig. S2a,
where XRD patterns from samples with the same nominal
composition displayed noticeable variations. These discrep-
ancies suggest that sintering at lower temperatures is more
sensitive to slight fluctuations in processing conditions,
making it less reliable for obtaining MgAg,,Sb with high
purity. The effect of prolonged annealing for 15 days was also
evaluated and is presented in Fig. S2b, where further degrada-
tion or loss of the o phase was observed. This outcome confirms
that sintering at 673 K combined with a 3-days annealing
duration offers a more robust and reproducible route for
stabilizing the a-MgAgSb phase.

To enhance the reproducibility of sample preparation and
minimize discrepancies in electronic transport measurements
during heating and cooling cycles, an additional heat treatment
step was introduced. This involved heating the sample to 573 K
over 4.5 hours, holding the temperature for 10 minutes, and

MO_251
Detector=sE Vacc=10.0kV x5,000 WD=10.Omm

4163.1x 5um

MO_313
5,000 WD=10 Omm

x1,000

20
MM 4163.1x 5 um

Fig.3 SEMin secondary electron mode (SE-SEM) images of MgAgg 97Sb samples. (a—c) represent the sample sintered at 573 K and annealed for 3

d; (d—f) show the sample sintered at 673 K and annealed for 3 d.
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then allowing it to cool in 3 hours. This adjustment stabilized
the material and minimized hysteresis during thermal cycling.
Using these refined synthesis methods, a-MgAgSb phase with
the composition MgAg,,Sb was consistently produced,
achieving stable and optimized properties. Fig. 2d shows the
XRD patterns of four MgAgy, o7Sb samples, all synthesized using
the improved method. These samples, sintered at 673 K,
annealed for 3 days and subjected to additional heat treatment,
exhibited enhanced phase stability.

3.2 Microstructure analysis of MgAgSb

Microstructure analysis was performed to better understand the
effect of different synthesis conditions. Fig. 3 presents SE-SEM
images of MgAg,+,Sb samples. Fig. 3a—-c correspond to the
sample sintered at 573 K, while Fig. 3d-f represent the sample
sintered at 673 K, both with the same 3-days annealing dura-
tion. The latter exhibits improved homogeneity and denser
packing, consistent with its high relative density (99%), whereas
the sample sintered at the lower temperature shows a deviation
of approximately 4-5%, indicating a relative density around 94—
95%.%>*>¢ In comparison, the sample treated at 673 K with 3-
days annealing shows a noticeable reduction in Sb-rich
secondary phases, in agreement with the XRD results in
Fig. 2¢, which display a lower intensity of the Sb-related peak.
Nevertheless, the observation of Ag;Sb-rich and Sb-rich
secondary phases is commonly reported in o-MgAgSb.>*** As
mentioned earlier, although precise compositional control is
essential to minimize the formation of secondary phases, being
in the Ag;Sb + Sb-rich region may still be beneficial.*

The phase distribution of MgAg, ,Sb sintered at 673 K was
further analyzed using energy dispersive X-ray spectroscopy
(EDS), as shown in Fig. S3, with the corresponding elemental
compositions summarized in Table S1.

3.3 TE transport properties

The transport properties of MgAg, o,Sb samples sintered at 573
K and 673 K with a 3-days annealing duration were evaluated, as
shown in Fig. 4 and 5.

As depicted in Fig. 4a, the sample sintered at 673 K exhibits
a higher Seebeck coefficient compared to the one processed at
the lower temperature. This enhancement is attributed to
a reduction in intrinsic defect concentrations, likely governed
by retrograde solubility behavior associated with the phase
transitions occurring around 600 K and 650 K, as previously
discussed. Similar behavior has been reported in TE systems
such as PbTe® and Bi,Te;* where acceptor-type vacancies
diminish with increasing temperature. It is therefore plausible
that Ag vacancies which identify as the dominant intrinsic
defects responsible for hole generation in MgAgSb,*** follow
a similar trend with their concentration initially increasing with
temperature, as observed in dynamically doped Ag- or Cu-PbTe
systems.®**® However, at the onset of a phase transition,
competing phases may emerge, as seen in Cu,Se,* where the
defect concentration may now decrease as temperature is
increased, known as “retrograde solubility” of defects. A
reduction in Ag vacancy concentration at higher sintering

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

temperatures would thus lower the hole carrier density and
result in an enhanced S, even within the same nominal phase
composition.

To further understand the variation in electrical transport
properties of a-MgAg, o,Sb under different sintering conditions,
Hall effect measurements were conducted from room temper-
ature to 523 K to examine 7, and u.

As shown in Fig. 4b, the sample sintered at 673 K exhibits
a significantly lower n compared to the one sintered at 573 K.
This finding aligns with the retrograde solubility discussion,
suggesting that higher sintering temperatures reduce the
concentration of Ag vacancies. Samples sintered at 673 K
display higher resistivity, as seen in Fig. 4c, which can be
primarily attributed to their lower carrier concentration rather
than differences in charge transport mechanisms.

As shown in Fig. 4d, PF is notably enhanced for the sample
sintered at 673 K, reaching 16.04 pW cm ™" K 2 at low temper-
atures. This represents an improvement of approximately 19%
compared to the sample sintered at 573 K, which exhibits a PF
of 13.43 yW cm ™' K 2. This enhanced PF directly contributes to
improved electronic transport behavior.

Uw, a key parameter influencing TE performance, was
calculated to better understand the origin of the high PF
observed in «-MgAg,o.,Sb samples sintered at a higher
temperature. As described in eqn (1), u,, was evaluated based on
the measured S and ¢ using the following relation:”®

b = 3o
" 8me(2meky T)3/2

oo 5L 3 S|
kB/E T2 kB/(:'

J’_
S
1 +exp(75(k‘B/‘e

) e )

The temperature-dependent u,, of MgAg, 4,Sb samples, as
illustrated in Fig. 4e, varies significantly with sintering
temperature. The sample sintered at 673 K exhibits the highest
w, Teaching approximately 180 cm® V™' s~ at 323 K, which is
indicative of enhanced charge transport.

As depicted in Fig. 4f, u also increases substantially with
sintering temperature. The sample sintered at 673 K reaches a u
of approximately 110 cm?® V™' s~ 'at room temperature, which is
about 53% higher than that of the 573 K sample (72 cm”> V"
s~ '), consistent with the trend observed in w.

k is presented in Fig. 5a and shows no significant difference
between the samples sintered at 573 K and 673 K across the
measured temperature range. To gain further insights into the
thermal transport mechanisms, « was deconvoluted into its
electronic (k) and lattice (k;) components, where k = ke + k7. Ke
was calculated using the Wiedemann-Franz law, as shown in
eqn (2), with L representing the Lorenz number and ¢.”

ke =LoT (2)

As illustrated in Fig. 5b, k. increases with temperature due to
the rise in ¢. The «;, derived by subtracting k. from «, is
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presented in Fig. 5c. The sample sintered at 673 K exhibits
slightly higher «; values, suggesting reduced phonon scattering,
possibly due to decreased porosity. Regarding TE performance
(Fig. 5d), the highest 2T value of 0.6 was observed at 323 K for
the sample sintered at 673 K, compared to 0.51 for the other
sample. Although these variations fall within the typical exper-
imental error range, an additional concern with sintering at 573
K is the lack of reproducibility, as samples with the same
nominal composition exhibited noticeable variations in trans-
port properties, as demonstrated in Fig. S4.

31746 | J. Mater. Chem. A, 2025, 13, 31740-31754

This result demonstrates that increasing the sintering
temperature effectively enhances material performance by
achieving a favorable balance between electronic and thermal
transport properties. Furthermore, the effect of prolonged
annealing for 15 days was further investigated, and the detailed
results are provided in Fig. S5, which confirm that a 3-days
annealing duration is more favorable for achieving optimal TE
performance.

Although the samples sintered at 673 K exhibited the highest
TE performance, the measurements revealed noticeable

This journal is © The Royal Society of Chemistry 2025
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hysteresis between heating and cooling cycles, particularly in
the p as shown in Fig. S6b. This hysteresis influenced the zT'
values, with the cooling curve displaying a significantly higher
ZT at low temperatures, increasing from 0.6 to 0.73 around 323
K as seen in Fig. S6d.

To address this, an additional heat treatment step was
applied to MgAg, o,Sb samples sintered at 673 K and annealed
for 3 days, as shown in the synthesis schematic (Fig. 1b). This
process involved heating the sample to 573 K over 4.5 hours,
maintaining it at that temperature for 10 minutes, and then
gradually cooling it to room temperature over 3 hours. The
electronic transport properties of the heat-treated samples,
shown in Fig. 6, confirm that this approach successfully elimi-
nates hysteresis and enhances reproducibility. The electronic
and thermal transport data (Fig. 6a—f) show consistent results
within the experimental error for multiple synthesized samples.
As Fig. 6f highlights, these optimizations result in consistently
high zT values, reaching 0.84 near room temperature and 1.3 at
500 K. The error bars in these figures were calculated from the
standard deviation of measurements across four identically
processed samples, directly reflecting the reproducibility of our

This journal is © The Royal Society of Chemistry 2025

synthesis approach. Notably, all error bars are smaller than the
typical experimental uncertainties commonly reported in the TE
literature (+£6% for S, +8% for p, £11% for «, and £15% for
zT),””° yet remain within acceptable bounds, thereby con-
firming the reliability and consistency of our measurements.

As summarized in Table S2, the z7T values achieved in this
work exceed those reported in many prior studies and closely
approach the highest values in the literature, most of which
required chemical doping for performance
enhancement.?®?$2%4043-47.507273 = Tmportantly, our undoped
samples deliver this level of performance with reproducibility,
representing a significant advancement toward a reliable and
scalable synthesis protocol for a-MgAgSb.

To evaluate the potential irreversibility of the best-
performing MgAg, o,Sb samples, we conducted XRD and SEM
analyses after heating—cooling cycles (Fig. S7). The XRD results
confirm that the crystal structure remains intact, with no signs
of further phase decomposition or secondary phase formation.
Similarly, SEM images of the 1st and 4th samples before and
after cycling show no significant microstructural changes,
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samples.

indicating that no major morphological degradation occurred

during thermal cycling.

Further investigation was carried out to determine when the
best performing samples show stable transport properties. To

31748 | J Mater. Chem. A, 2025, 13, 31740-31754

address this, two consecutive cycles of heating and cooling were
performed using ZEM-3 and LFA measurements to assess
resistivity, S, and «, respectively. The measurements were con-
ducted on the 4th sample (sintered at 673 K, annealed for 3

This journal is © The Royal Society of Chemistry 2025
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days, followed by additional heat treatment), and the confirm-
ing results are presented in Fig. S8.

As shown in Fig. 7, the room temperature u,, was calculated
using the measured S and ¢ across five samples synthesized
under different conditions. The sample sintered at 673 K for 3
days exhibited a significantly higher u,, of approximately 176
em? V' 57!, compared to 134 cm® V™' 57! for the 573 K coun-
terpart. The highest u,, value, 234 cm® V™' s, was achieved
after a second annealing step, suggesting enhanced charge
transport likely due to improved phase purity and reduced
carrier scattering. This improvement is primarily attributed to
the gradual removal of Ag;Sb impurities, which are known to act
as scattering centers. As demonstrated by Tan et al.,* Ag d-
orbitals contribute significantly to two of the three valence
band maxima in MgAgSb. Therefore, while the removal of Ag-
based secondary phases such as Ag;Sb is beneficial for trans-
port, preserving adequate Ag content within the primary phase
is essential to maintain valence band convergence and sustain
high p,.

In addition to the enhanced u,, B-factor was calculated using
eqn (3), which incorporates u,, and x;.>”*

32
B 87ky(2m,) (kBT)S/Z.“l

3eh3 K] (3)

As shown in Fig. 7, the sample sintered at high temperature
and subjected to a second annealing step exhibited a signifi-
cantly higher B at 323 K compared to the other samples. The
primary advantage of calculating B is its ability to assess
whether the n is near optimal. In this case, the excellent
agreement between the calculated and measured z7Ty,,x Strongly
supports that conclusion. Using B = 0.317, the maximum
theoretical zT at low temperatures was calculated for the 4th
sample, yielding a value of approximately 0.87 at 323 K, as
indicated by the star marker in Fig. 6f. This close match with the
experimental result confirms that the sample exhibits near-
optimal performance.
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Fig. 7 Comparison of weighted mobility (u,,) and electronic quality

factor (B) at 323 K for a-MgAggo7Sb samples synthesized using
different methods.
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Fig. 8a presents the temperature-dependent n and u of best
performing samples. Compared to other studies, our sample
shows a lower carrier concentration, approximately 1.8 x 10"°
em™* at low temperatures.”’>7 In contrast, u is relatively high,
reaching around 130 cm® cm”® V™' s™" near room temperature,
which is significantly higher than values reported in other
works, such as 76 cm?* vV 's™! **% 58 cm?> Vs 7®, and 50 cm?
v~ 's™' *! at room temperature.

Fig. 8b shows the temperature-dependent carrier concen-
tration, which does not change after multiple cycles. To further
assess the reproducibility of our results, Fig. S9 present n and u,
respectively, for two samples prepared identically using the
developed method with the same MgAg, o,Sb composition. This
graph demonstrates consistent trends in both n and u across
the two samples, thereby confirming the reproducibility of the
high-performing a-MgAg, 4;Sb. The close alignment of the data
points between the samples indicates that our synthesis and
preparation methods reliably produce materials with uniform
electronic transport properties.

3.4 Mechanical properties of MgAgSb

Mechanical robustness is essential for the manufacturing,
assembly, and reliable operation of TE devices, as they often
function under cyclic temperature gradients, where inadequate
strength can compromise reliability and degrade performance
under thermal stress.”® The mechanical properties of nano-
structured o-MgAgSb are known to be superior compared to
other promising p-type TE materials that function in the low to
medium temperature range.***””® DFT simulations further
support this by reporting an ideal shear strength of 3.25 GPa for
a-MgAgSb, indicating good intrinsic mechanical stability under
shear loading.** As previously mentioned, hardness measure-
ments were performed at eight different points on the sample,
and the average of these values was used to determine the
material's hardness. The MgAg,o,Sb sample exhibiting the
highest performance exhibited an average hardness of 302.5 HV
(2.97 GPa). One representative measurement, shown in Fig. 9a,
recorded a hardness of 302 HV (2.96 GPa) in a specific region.
Since hardness measurements can be influenced by the applied
load, a higher load generally enhances accuracy and reliability.*
Therefore, a maximum load of approximately 2.942 N with a 10-
seconds holding time was applied, which exceeds the loads
used in previous studies.**> Notably, when compared to other
low-to mid-temperature p-type TE materials as shown in the bar
graph of Fig. 9b, the hardness of MgAg, +,Sb is significantly
higher than those of p-type Bi, 5Sb; 5Tes (0.64 GPa),** Ge-doped
PbTe (2.3 GPa),** Na-doped PbSe (0.62 GPa),*® Cu;S-1% Ru
bulk composites (1.22 GPa),* and CuzSbg 93C0¢.94SN.035€4 (1.29
GPa).? Although slightly lower than the hardness of ZnSb®” and
p-type skutterudite MmgoFe; 1C0¢ 9Sb1,,*® the hardness of
MgAg,.07Sb remains in a favorable range that ensures good
mechanical robustness without compromising TE performance
or integration reliability. Additionally, while high hardness can
sometimes be associated with increased « or brittleness, this
does not appear to be the case here.
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materials, highlighting its superior mechanical strength relative to commonly studied compounds.

4 Conclusion

In this study, we systematically explored various synthesis
strategies to reproducibly fabricate a-MgAgSb TE materials and
identified optimal processing conditions. The best TE perfor-
mance was achieved by sintering MgAg, o,Sb samples at 673 K,
followed by a 3-days annealing period and an additional low-
temperature stabilization step. These optimized conditions
resulted in consistent, enhanced performance, achieving a peak
zT of approximately 0.84 near room temperature and reaching
values as high as 1.3 at 500 K. A primary contributor to this
outstanding performance was the notably high u (~130 cm>Vv™*
s~ ' at room temperature), indicative of improved electronic
transport properties. SEM analysis revealed that the optimized
samples possessed a somewhat heterogeneous microstructure,
while mechanical testing confirmed hardness values on par

31750 | J. Mater. Chem. A, 2025, 13, 31740-31754

with previously reported results. Importantly, XRD and SEM
analyses after thermal cycling confirmed the structural and
morphological stability of the optimized samples, further sup-
porting their practical viability. Overall, our findings establish
a-MgAgSb as a promising, reproducible, and scalable candidate
for sustainable, low-temperature TE applications, free of toxic
or scarce elements.
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