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Global softening to manipulate sound velocity
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thermoelectricst
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High-performance thermoelectric materials at room temperature are eagerly pursued due to their
promising applications in the Internet of Things for sustainable power supply. Reducing sound velocity
by softening chemical bonds is considered an effective approach to lowering thermal conductivity and
enhancing thermoelectric performance. Here, different from softening chemical bonds at the atomic
scale, we introduce a global softening strategy, which macroscopically softens the overall material to
manipulate its sound velocity. This is demonstrated in MgAgSb, one of the most promising p-type
thermoelectric materials at room temperature to replace (Bi,Sb),Tes, that the addition of inherently soft
organic compounds can easily lower its sound velocity, leading to an obvious reduction in lattice
thermal conductivity. Despite a simultaneous reduction of the power factor, the overall thermoelectric
quality factor B is enhanced, enabling softened MgAgSb by C;gH360, addition to achieve a figure of
merit zT value of ~0.88 at 300 K and a peak zT value of ~1.30. Consequently, an impressive average
zT of ~1.17 over a wide temperature range has been realized. Moreover, this high-performance MgAgSb
is verified to be highly repeatable and stable. With this MgAgSb, a decent conversion efficiency of 8.6%
for a single thermoelectric leg and ~7% for a two-pair module have been achieved under a temperature
difference of ~276 K, indicating its great potential for low-grade heat harvesting. This work will not
only advance MgAgSb for low-grade power generation, but also inspire the development of high-
performance thermoelectrics with global softening in the future.

Thermoelectrics can harvest waste heat from the environment to power numerous sensors in the Internet of Things, aiding the realization of a carbon-neutral

society. Efficient thermal-electricity transfer requires thermoelectric materials to exhibit not only an excellent power factor but also an extremely low thermal

conductivity. Traditionally, reducing sound velocity by softening chemical bonds at atomic scale is effective to decrease thermal conductivity and enhance
thermoelectric performance, but this approach often involves trial and error to find suitable doping or alloying elements. In this work, we adopt a more
macroscopic method by incorporating soft organic compounds, which could globally soften the materials and intentionally reduce sound velocity of material.
We demonstrate that in MgAgSb, a promising p-type thermoelectric material with intrinsically low thermal conductivity at room temperature, adding soft
organic compounds like fatty acid C;3H360, can effectively reduce its sound velocity, significantly lowering its lattice thermal conductivity further and
improving its thermoelectric performance. Importantly, the addition of C,3H30, also enhances the reproducibility of high-performance MgAgSb. Based on this
reliable MgAgSb, high conversion efficiency can be achieved, showcasing its potential for practical application in the Internet of Things in the future.

Introduction

Thermoelectric (TE) technology, which enables the mutual
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power generation by harvesting waste heat."”” With the rapid
development of the Internet of Things (IoTs) recently, there
arises a growing demand for high-performance TE materials
near room temperature to sustainably power the numerous
sensors.” However, the limited kinds of high-performance
TE materials at room temperature hinder their widespread
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application. Generally, the TE performance of a material is
judged by the figure of merit, 2T = S?6T/x, where S is the
Seebeck coefficient, o is electrical conductivity, T is the absolute
temperature and « is thermal conductivity. According to this
formula, outstanding TE materials necessitate not only a super-
ior power factor PF = §°¢ but also an ultralow x.

In the past, various strategies have been employed to
enhance zT by improving the PF.* These strategies include,
but are not limited to, band engineering,>® carrier scattering
manipulation”® and carrier concentration optimization,'®"!
which have led to the advancement of numerous high-
performance TE materials since the last century.'” Besides
enhancing PF, decreasing « is also a viable approach to boost-
ing TE performance.”*" For most bulk materials, « is
composed of electronic thermal conductivity k. and lattice
thermal conductivity x;, where x. depends on the transport
of carriers (electrons and holes), and x; depends on the
transport of phonons. According to the Wiedmann-Franz law,
Ke = LoT (L is the Lorenz number), k. has a strong positive
relationship with ¢. Therefore, x;, is considered an independent
TE parameter beyond S, ¢ and k.. Due to the complex relation-
ship between S, o and «., the strategy targeting a decrease in x;,
is very attractive.

In bulk materials, x;, is governed by the phonon transport
and can be described by the “phonon gas” model, which gives
rise to the formula = 1/3 x c\,ngT, where c,, v, and t represent
specific heat, phonon group velocity, and phonon relaxation
time, respectively. This suggests that decreasing «y, or finding
materials with inherently low x;, requires materials to possess
low ¢, vy and 7. Typically, materials with liquid-like ions can
exhibit a reduction of ¢,,'® and it is challenging to manipulate
the ¢,, because the energy carried by atoms approaches the
Dulong-Petit limit of 3kgT per atom in bulk materials at high
temperatures. Therefore, decreasing v, and/or T become the
main focus to obtain low x;, material. Phonon relaxation time t
reflects the scattering process of phonons, including both
intrinsic and extrinsic contributions. Intrinsic phonon scatter-
ing (Umklapp scattering, U) requires materials to possess large
anharmonicity, which is an important characteristic of many
high-performance TE materials, such as PbTe,’” SnSe'® and
Mg;Sb,.""?° Besides intrinsic U scattering, extrinsic phonon
scattering by point defects, dislocations, grain boundaries,
nanoporous and nanoprecipitate has been frequently intro-
duced into the material to decrease ki, leading to significant
advancements in TE materials to achieve high z7T values.”*>*

It is worth noting that strengthening phonon scattering can
also influence v,.>> Generally, phonons in materials can be
categorized as acoustic phonons and optical phonons. Since
the velocity of optical phonons approaches 0, the main con-
tribution to v, comes from acoustic phonons. Usually, the
velocity of acoustic phonons can be approximated by the sound
velocity vg due to their equivalence in the long wavelength limit.
At the microscopic atomic scale level, vg is influenced by the
chemical bonds.*>*” Low force constants between atoms and
large atomic mass are beneficial for achieving low v..>®* Doping
to soften chemical bonds has been demonstrated to effectively
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decrease x and enhance the performance of TE materials.'”> On
the other hand, from a more macroscopic perspective, vy is
determined by the strength of the overall sound transport
medium, meaning the softer the medium, the lower the v,.
This suggests that if the material can be globally softened, a
decrease in xy, can also be expected, which however, remains to
be verified.

Traditionally, methods such as alloying, work hardening,
grain refinement, and second-phase strengthening are com-
monly used to increase materials’ strength. The rule of mix-
tures serves as a guideline when adding a second phase into the
matrix to form composites, predicting the composite’s strength
by averaging the strengths of the matrix and second phase,
weighted by their respective proportions.?’ Incorporating
strong, hard second phases can significantly enhance materi-
als’ strength, as seen when adding strong SiC to Bi,Te;-based
materials can improve their mechanical properties.*®*"
Conversely, adding a soft second phase can reduce overall mate-
rial strength, potentially lowering vs and leading to low xy, and high
ZT. MgAgSb, regarded as one of the most promising p-type TE
materials for replacing (Bi,Sb),Te; at room temperature, has
garnered significant attention in the past.*** Due to its high
band degeneracy and inherently low x;, MgAgSb can achieve
a zT value of ~0.7 at room temperature and a peak z7 value of
~1.2.%°739 Factors such as hierarchical weak chemical bonds,
atomic disorder, local structural distortion and crystal-liquid
duality have been identified as important contributors to its
intrinsically low r;.”®*°"** Recently, efforts to further lower xp
have been realized by nanostructuring and introducing nano-
pores into MgAgSb, which strengthen phonon scattering and
result in an enhanced zT value in the temperature range from
300 K to 473 K.** However, this ultrafine-grained and nanopor-
ous MgAgSb faces the risk of grain growth at high tempera-
tures, making it suitable for cooling applications at low
temperatures rather than power generation at relatively high
temperatures. Nevertheless, decreasing x;, could be an effective
way to improve the TE performance of MgAgSb.

In this work, we introduce and adopt a global softening
strategy to decrease vs of MgAgSb, aiming to reduce its ky, and
enhance its TE performance. Firstly, by adding inherently soft
organic compounds, we demonstrate that the v4 of MgAgSb can
be efficiently decreased. Then, focusing on the addition of
C18H360,, we find that the vy of MgAgSb can be gradually
manipulated when adjusting the C;gH;60, content. Despite a
decreased PF, the overall TE quality factor B gets enhanced due
to the much-decreased x;, resulting in a high z7 of ~0.88 at
300 K and a peak zT of ~1.30. Further, we reveal that this high-
performance MgAgsSb is highly repeatable and stable as a result
of C;gH360, addition. Finally, using this high-performance
MgAgSb, we achieve a high conversion efficiency # of ~8.6%
and ~7% for a single TE leg and a two-pair module, respec-
tively, showing great potential for harvesting low-grade heat.
This reliable high-performance MgAgSb paves the way for its
practical usage for power generations in the future, and the
proposed global softening strategy can also stimulate perfor-
mance enhancement in other TE systems.
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Results and discussions
Reduced sound velocity for high TE performance

Due to the close relationship between phonon group velocity
and v, K, is closely related to vs. As shown in Fig. 1a, the curve
of vy versus k; for most semiconductors reveals a positive
proportion of xy, to v,,”®*>*® indicating that materials with
low vs tend to possess low k;, and have the potential to be
high-performance TE materials. MgAgSb is one such material
with an intrinsically low v of ~1921 m s~ ' (or 1844 m s '),
depending on the synthesis condition and composition.>®3¢
This low v, gives rise to the low x of MgAgSb (~0.6 Wm ' K %).
In this work, one-step ball milling has been used to synthesize
MgAgSb, resulting in its v; of 1826 m s * and xy of 0.58 Wm ' K7,
similar to the literature.

As mentioned above, vy is strongly dependent on sound
transport medium. Therefore, globally softening the materials
holds great promise for reducing v, of material, consequently
leading to a reduction in x;. Organic compounds, which are
normally softer than inorganic compounds, are ideal as possi-
ble additives for the softening of overall materials. Zinc stearate
(C36H70Zn0,), magnesium stearate (CzcH,,MgO,) and stearic
acid (CysH360,), known for their universe usage in powder
metallurgy,>®® have been chosen to be added to MgAgSh.
As shown in Fig. 1b, the v; of MgAgSb was successfully reduced
from its original 1826 m s™' to 1760 m s~ !, 1742 m s~ ', and
1731 m s~ ' with C36H,0Zn0y, C36H,,MgO, and C;3H;60, addi-
tion, respectively. As a result, the reduced v, leads to an obvious
drop in kg, of MgAgSb in the whole temperature range, as shown
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in Fig. 1c, where x reaches 0.48 W m~" K~ at room tempera-
ture and 0.21 Wm ' K ' at 573 K by C,5H360, addition, which
further brings about the enhancement of z7 in MgAgSb.
As shown in Fig. 1d, MgAgSb by C;3H340, addition can achieve
a high zT value of ~0.88 at 300 K and a peak zT value of ~1.30,
which is excellent in the temperature range from 300 K to 573 K
compared to the previous reports.*****’~*° Moreover, this high
zT is very competitive among state-of-art p-type TE materials
(Fig. 1e).°°>® With this high-performance MgAgSb, its single TE
leg can achieve 3.6% and 8.6% maximum conversion efficiency
under the temperature difference AT of about 80 K and 280 K,
respectively, standing out as one of the best p-type single TE
legs compared to PbSe, AgSbTe, and GeTe.>*>>>3°9761

Manipulating sound velocity by adjusting C,3sH;360, content

To delve deeper into the global softening strategy aimed at
reducing vy, varying amounts (0-1 wt%) of C;3H360, have been
introduced into the matrix of MgAgSb. As shown in the X-ray
diffraction (XRD) patterns in Fig. 2a, the addition of C;3H360,
(0.25-0.75 wt%) does not alter the phase of MgAgSb, while
when 1 wt% C;3H360, is added, a noticeable Sb secondary
phase appears, which has been excluded from further discus-
sion. Typically, C;3H360, is stable below 573 K but decomposes
at around 633 K. The presence of C;3H360, in the MgAgSb can
be evidenced by the increase in the vacuum of SPS chamber
when the sintering temperature exceeds 700 K (Fig. S1, ESI}).
Additionally, as shown in Fig. S2 (ESIt), the gradually increas-
ing endothermic peak around 650 K in differential scanning
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with 0 wt% and 0.75 wt% C;g8Hz60, addition.

calorimetry (DSC) curves of these C;gH350,-added MgAgSb
further confirms the successful addition of C;sH360, in MgAgSb.

Due to the addition of C;3H360,, an expected softening
effect on MgAgSb is observed, as indicated by the decreased
Vickers hardness of MgAgSb shown in Fig. 2b. It should be
noted that Vickers hardness is also influenced by changes in
microstructure. Scanning electron microscopy (SEM) was used
to observe the fracture morphology of pure MgAgSb and
MgAgSb with 0.75 wt% C;3H360,. As shown in Fig. S3 (ESIY),
the grain size decreases in the sample with C;gH;60, addition.
However, despite the smaller grain size, the Vickers hardness of
MgAgSb still decreases with C;gH;60, addition. This is surpris-
ing, as according to the Hall-Petch relationship, smaller grain
sizes usually result in increased strength or hardness. The
decreased Vickers hardness suggests a more pronounced soft-
ening effect with C;3H;350, addition.

The gradual softening of MgAgSb further leads to a corres-
ponding gradual decrease in v,. As displayed in Fig. 2¢, both the
longitudinal sound velocity v; and transverse sound velocity v;
decrease with the increasing C;3H3z60, content. Consequently,
the derived vy of MgAgSb also gradually decreases. This sug-
gests that vy can be easily manipulated and tailored when
adjusting the material’s overall softness by different C,3H360,
contents. Due to the deceased vs, it correspondingly results
in the decreased x of MgAgSb. As shown in Fig. 2d, the
of MgAgSb with 0.75 wt% C;3H360, addition decreases to
0.65 W m~ ' K ' at room temperature, nearly a 30% reduction
compared to 0.95 W m~ ' K ' of MgAgSb without addition.

This journal is © The Royal Society of Chemistry 2024

Further, when subtracting x., calculated based on the simpli-
fied single parabolic band (SPB) model (ESIf Note),** the
decreased «y, is also evident (Fig. 2e), where «;, is decreased
from 0.58 Wm ™' K" to 0.48 W m ™' K~ " at room temperature.
It is important to note that the decreased vy will also
influence the scattering process of phonons. For example, both
U scattering and nanoprecipitates (NP) scattering are inversely
correlated with phonon group velocity, indicating that lower v
will lead to more extensive phonon scattering. As shown in
Fig. 2f, employing the Debye-Callaway model®® and including
the U scattering, boundary (B) scattering, point defect (PD)
scattering and NP scattering®®**®® (Note and Table S1, ESIY),
the simulated x;, of MgAgSb without addition closely matches
the experimental results. When incorporating the variation in
Vg with 0.75 wt% C;3H3c0, addition, the simulated x; also
aligns with the experiments around room temperature, con-
firming the significant role of vs reduction in decreasing ;.
Furthermore, it is worth noting that the minimum thermal
conductivity Kmi, is also related to vs. The ki, models pro-
posed by Cahill et al.®” Clarke et al.®® or Snyder et al®® all
exhibit a positive relationship with v,. This suggests that
materials with low vg will also have a lower limit of thermal
conductivity, offering more rooms and opportunities for
further decreasing «x and achieving high TE performance.

Enhanced TE quality factor B and high average figure of merit

Generally, although x;, is independent of other TE parameters
(S, o and k), manipulating x;, often affects electrical properties.

Energy Environ. Sci., 2024, 17, 8810-8819 | 8813
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While C;3H360, addition could effectively lower x;, of MgAgSb,
it is also important that this addition has less detrimental
impact on electrical performances to achieve high TE perfor-
mance. As shown in Fig. 3a and b, it can be noticed that o
gradually decreases, whereas the S increases, which indicates a
decrease in carrier concentration with increasing C;sH3zcO,
content. The overall PF decreases with higher C;3H;¢0, content
(Fig. 3c), indicating the deterioration of overall electrical trans-
port performance. Intrinsically, based on the intrinsic electrical
conductivity ¢, (ESIf Note),*® which evaluates the electrical
transport performance potential, as well as weighted mobility
pw’ ° and electronic thermoelectric quality factor Bg,”" it can be
seen in Fig. S4 (ESIt) that oy, tw and Bg decrease with increas-
ing C;gH360, content, confirm the intrinsic deterioration of
electrical transport performance of MgAgSb with C;3H360,
addition. Moreover, as shown in Fig. S5 (ESIf), the T '°
relationship of pw in both pure MgAgSb and MgAgSb with
CisH360, indicates that carrier scattering is dominated by
acoustic phonons. This suggests that the variation in S and ¢
is due to the addition of C;3H360, rather than the grain size
reduction. Additionally, the calculated effective mass m* for
both pure MgAgSb and MgAgSb with C;gH;,0, addition is
about 1.76 m,., which matches well with the reported value,**
suggesting that the band structure of MgAgSb remains unchanged
with the addition of C;gH;350,.

However, the overall TE performance is not solely deter-
mined by electrical transport properties. Thermal transport
properties also play a significant role. TE quality factor B =
So20oT/xy, is used to reflect the overall TE performance potential
of the material, where S, is a constant and 2S5, ~ 173 uv K.
As shown in Fig. 3d, despite the decrease in o, the decreased xp,
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leads to an unchanged B factor at room temperature and even
improved at high temperatures, suggesting the better TE
potential for MgAgSb with C;gH3c0, addition. Due to the
enhanced B factor at high temperature, it results in a superior
2T of MgAgSb with 0.75 wt% C;3H;360, addition, where z7 value
of 1.3 can be achieved at 523 K (Fig. 3e). Furthermore, despite
the unchanged B factor at room temperature, the optimized
S in MgAgSb with C;gH360, addition enables it to exhibit zT
~0.88 at 300 K. As a result, the zT,,, value reaches 1.17 in the
temperature of 300-548 K, making it one of the best values

compared to state-of-art MgAgSb, as shown in Fig. 3f.>*?%*7~
49,72,73

Highly reliable MgAgSb by repeatable synthesis and test

Besides the high TE performance, facile synthesis and excellent
repeatability are additional benefits facilitated by the C;gH350,
addition. Due to the complex phase transition of MgAgSb,*?
ball milling is usually preferred for synthesizing MgAgSb.
However, powder adhesion to the jar walls during ball milling
can pose a serious problem.*® This not only makes it difficult to
retrieve the powder but also leads to an inhomogeneous
composition. The TE performance of MgAgSb is reported to
be highly sensitive to its composition,*>*° and powder adhe-
sion is particularly problematic in its ball milling process.*’
Typically, a two-step ball milling method has been adopted to
synthesize MgAgSb.>*** However, issues with repeatability of
performance persist due to the uncontrollable powder adhe-
sion during the synthesis of both the MgAg precursor and the
final MgAgSb compounds.

C,5H;360, is an effective process-control agent for addressing
the problem of powder adhesion.®® In this work, the addition of

a
8 —m—x=0 x=0.25
x=0.50—9—x=0.75
~7
= 5\5\&’
o 6 /E\E/E\E
<
o
\6,5 20 w
4
3 140 15
300 400 500 600 300 400 500 600 300 400 500 600
T(K) T (K) T(K)
15 14 f13
- € N 300 - 548 K
i ~
1.2 1.2 =
1.0
e 2 3 ‘ 3
@ N1o0 ,;‘“1.1 = T WW ‘ i
11l o
B ‘3 252 o
0.8 100 15 |8 |85 3| [ [E| & M [=
——x=0.75 ol 1= 2] T |a| 8] |=| @ [
< 3 o > ==
EU’ (] g @
e 300 400 500 600 06 300 400 500 600 09
T (K) T (K)

Fig. 3 Electrical properties of MgAgSb with C1gH3z60, addition. Temperature dependence of (a) o, (b) S, (c) PF, (d) B factor, and (e) zT of MgAgSb with
X Wt% CigHz605 addition (x = 0, 0.25, 0.5, 0.75); (f) the average zT of MgAgSb in literature3336-47-497275 and MgAgSb with no and 0.75 wt% CigHz60-

addition.
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C15H;360, not only softens MgAgSb globally but also resolves the
powder adhesion issue. As shown in Fig. S6 (ESIt), compared to
MgAgSb without C,3H360, addition, no power adhesives to
the jar wall in MgAgSb with 0.75% C;3H360, addition, making
it easy to retrieve the alloyed MgAgSb powder. It is worth noting
that MgAgSb tends to contain various second phases even
when undetected by XRD.* Energy-dispersive X-ray spectro-
scopy (EDS) mapping on both pure MgAgSb and MgAgSb with
0.75% C,3H360, addition has been used to identify distribution
of constituent elements. As shown in Fig. S7 (ESIt), both
samples display uniform element distributions, though some
Sb-rich second phases are observable in pure MgAgSb. By addres-
sing the powder adhesion issue with C;gH360,, the second-phase
problem can be alleviated. Another advantage of adding C;gH350,
is that it enables a one-step ball milling process (5 hours) for
synthesizing the material, making it much more time- and energy-
efficient compared to the two-step process, which usually requires
5 hours followed by an additional 10 hours.**** Importantly, due
to the absence of powder adhesion, excellent repeatability of
MgAgSb can be achieved. As shown in Fig. S8 (ESIf), three
synthesized samples of MgAgSb from three separate ball milling
jars exhibit very good phase purity. Furthermore, the TE transport
properties of MgAgSb with C,3H;350, addition are also repeatable.
As shown in Fig. 4a-c, the data for S, ¢ and «x of three separate
samples match well and are within 5% measurement error of
S and ¢, and 3% measurement error of k, respectively.

In addition to the repeatable synthesis of MgAgSb con-
ducted three times, the stability of TE properties in MgAgSb
with C;3H360, addition warrants investigation, as C;gH3¢0,
may enter a liquid phase around its melting point of 343 K.

View Article Online

Energy & Environmental Science

Fig. S9 (ESIt) shows an endothermic peak in MgAgSb with
0.75 wt% C;3H360,, likely due to its melting, but the peak is
broad and weak because of its small content. Therefore, its
impact on TE properties might be minimal. Further measure-
ments of ¢ around 343 K show a smooth variation, indicating
little influence from the potential melting of C;5H;360, (Fig. S9,
ESIT). Additionally, the stability of the sample under prolonged
high-temperature exposure should also be explored. As shown
in Fig. 4d-f, the electrical transport properties (S, o, and PF) at
523 K and 573 K exhibit minimal changes over 30 measure-
ments. The ratios of Seebeck coefficient (S/S,), electrical con-
ductivity (¢/0,), and power factor (PF/PF,) for MgAgSb with
0.75 wt% C;3H360, remain at 1, indicating excellent stability
even at elevated temperatures. Here, Sy, 0, and PF, represents
the initial values of Seebeck coefficient, electrical conductivity
and power factor, respectively. In all, as revealed above, despite
being an organic compound, C;3H360, has quite good stability
below 573 K, highlighting its significant role in achieving
reliable high TE performance in MgAgSb.

High conversion efficiency of MgAgSb single-leg and two-pair
modules

Due to the enhanced average TE performance over a wide
temperature range, MgAgSb with 0.75 wt% C;gH;60, addition
is highly suitable for the low-grade heat harvesting. To access
the materials’ heat conversion ability, a single TE leg has been
fabricated, which is sandwiched by two layers of MgCuSb due to
its low contact resistance and stability.”* As shown in Fig. 5a,
it can be found that the contact resistance is very small,
approximately 1 pQ cm?® For measuring #, various AT are

a 250 b 9 c 1.2
Sample 1
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230 7! —@— Sample 3 1.0 Sample 1
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A 5 S —Q—S: le 3
210 € T ample
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150300 400 500 600 ' 300 400 500 600 94 300 400 500 600
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Fig. 4 Repeatable TE properties of MgAgSb with C1gH3¢0, addition. T dependence of (a) g, (b) S and (c) k of MgAgSb with 0.75 wt% C1gHz60, addition by
three separate syntheses; (d) S/So, (e) a/a9 and (f) PF/PFo of MgAgSb with 0.75 wt% CigH360, acid addition under 523 K and 573 K for repeated

measurements.
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literature.”®=7°

applied along the single TE leg.”” The largest hot-side tempera-
ture Ty is limited to be 573 K considering the o-phase to
B-phase transition of MgAgSb occurrs in 573-583 K.** The
measured output voltage V and output power P are displayed
in Fig. 5b. The good linearity of the current-dependent V can be
used to determine the internal resistance and open-circuit
voltage of the single TE leg. A reduced slope indicates increased
g, which is consistent with the performance of our materials,
and the increased open-circuit voltage is induced by the large
AT. When Ty, is 573 K (AT is ~276 K), the open-circuit voltage is
55 mV and the maximum output power P, is 60 mW. The
decreased x of MgAgSb helps to efficiently utilize the heat
energy by suppressing heat flow to the cold side Q (Fig. 5c),
which consequently results in a high maximum conversion
efficiency #max Of 3.6% under 82 K and 8.6% under 276 K
(Fig. 5d). Furthermore, given the inherent stability of MgAgSb
with C;igH360, as revealed above, it is anticipated that leg
performance will remain stable when aging, if the interface
performance does not degrade.

In addition to the single TE leg, a two-pair TE module
has also been demonstrated, with its optical image shown in
the inset of Fig. 5e. The n-type TE legs are based on Sb-rich
Mg;Sb, 5Bi 5 due to its high chemical stability, as suggested by
the recent study.®® The TE performance of n-type Mg;Sb; 5Big 5
based material is shown in Fig. S10 (ESIt), while Fig. S11 (ESI¥)
displays the measured V, P and Q under different applied
AT and different applied current I. The T}, is also limited to
573 K, considering the phase transition of MgAgSb. As shown

8816 | Energy Environ. Sci., 2024, 17, 8810-8819

in Fig. 5€, Nmax Of this module can reach approximately 7%
under AT of 278 K, comparable to recently reported Mg-based
TE modules under AT of 300 K. It is noteworthy that this 7%
conversion efficiency is based on n-type Sb-rich Mgj3(Bi,Sb),-
based TE leg. Although its TE performance falls short of the
Bi-rich Mg;(Bi,Sb),-based material at room temperature, %7461
it could exhibit much higher chemical stability, making it much
more promising for practical applications.

Furthermore, the achieved #max ~ 7% in MgAgSb/Mg;Sb; s-
Biys-based module is quite impressive compared to full
Mg;Sb,-based, full Bi,Te;-based and p-type (Bi,Sb),Tes/n-type
Mg;(Bi,Sb),-based two-pair modules under the same AT.””7°
This highlights the superior potential of p-type MgAgSb for low-
grade waste heat harvesting. Moreover, repeatable 7y, of
both the single TE and the two-pair module have been achieved
with two rounds of tests (Fig. S12, ESI{), demonstrating their
good stability. If the TE performance of MgAgSb and Sb-rich
Mg;Sb, 5Big 5 is further improved, greater enhancement of 5
can be expected in the future.

Conclusions

In this work, we introduce a global softening strategy to decrease
vs in TE materials, thereby enhancing their TE performance.
Unlike traditional methods by softening chemical bonds at the
atomic scale to reduce vy, our strategy stems from a macroscopic
view, by introducing inherently soft organic compounds into the

This journal is © The Royal Society of Chemistry 2024
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material matrix to soften the overall material. Using MgAgSb,
a promising p-type TE material, we demonstrate that adding
various soft organics, such as zinc stearate (C3;sH,,ZnO,), magne-
sium stearate (C3sH,,MgO,) and stearic acid (C;sH360,), effec-
tively reduce vs, which brings about the reduction of x; and
enhancement of TE performance.

Specifically, it is found the vy of MgAgSb can be gradually
tuned when adjusting C,sH360, contents, and an ultralow ky, ~
0.48 W m™ ' K ' can be achieved at room temperature in
MgAgSb with 0.75 wt% C;gH360, due to the reduced vy
and increased phonon scattering, greatly lower than the
0.58 W m ' K' in MgAgSb without addition. Despite a
simultaneous decrease in PF by C;gH3¢0, addition, more
reduction in x; results in an overall enhancement of the B
factor. Consequently, a high zT value of ~0.88 at 300 K and a
peak zT value of ~1.30 are achieved, which gives rise to an
average zT of ~1.17 in the temperature range of 300 K to 548 K,
surpassing most state-of-art p-type TE materials. Moreover, the
MgAgSb with C;3H360, shows good repeatability and high
stability, indicating high reliability. Using this high-
performance MgAgSb compound, we achieve a high 5 of
~8.6% and ~7% in a single TE leg and a two-pair module
under AT of ~276 K, respectively, demonstrating great
potential for harvesting low-grade heat. This work not only
advances high-performance MgAgSb for low-grade power gen-
eration but also proposes a global softening strategy to manip-
ulate the v for performance enhancement in thermoelectrics.

Methods

Materials synthesis

MgAg( 97Sby 9o (denoted as MgAgSb in the main text and below)
with x wt% C;5H360, (x = 0, 0.25, 0.5, 0.75, 1) were synthesized
by using Mg turnings (99.95%), Ag powers (99.99%) Sb shots
(99.999%), Csz¢H,0ZnO, power (99.9%), Cs3sH;oMgO, power
(99.9%), and C;5H360, power (99.9%). The raw materials were
weighted stoichiometrically and then put into the ball milling
jar with the inside of argon. Then, the jaw was mechanically
alloyed for continuously 5 h (SPEX-8000D). The alloyed samples
were scratched from the jaw and then compressed into the bulk
by vacuum spark plasma sintering (SPS-322Lx, Dr Sintering)
in the carbon die of 10 mm diameter under 573 K and 60 MPa
for 5 min. The relative density of all samples reaches ~97%.
Mg;5In0,005Sb1.5Big.40T€001 (denoted as MgsSb, sBiy s in the
main text and below) was prepared by using Mg turnings
(99.95%), Te shots (99.999%), Bi shots (99.999%), Sb shot
(99.999%), and In powder (99.99%), which was weighted stoi-
chiometrically and loaded into the ball milling jar with inside
of argon, and then ball milled for 5 h (SPEX-8000D). The
obtained powder was consolidated by SPS (SPS-1080 System,
SPS SYNTEX INC) under 973 K and 60 MPa for 20 min. MgCuSb
was prepared by using Mg powder (99.95%), Cu powder
(99.999%) and Sb powder (99.999%), which was weighted
stoichiometrically and loaded into the ball milling jar with
the inside of argon, and then ball milled for 20 h (5 cycles, each

This journal is © The Royal Society of Chemistry 2024
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cycle contains 4 hours running and 30 minutes rest) (SPEX-
8000D).

Characterization and measurements

The phases of obtained MgAgSb samples were characterized by
using the X-ray diffractometer (SmartLab3, Rigaku) with Cu K,
radiation under 40 kv and 15 mA. The thermal analysis DSC
was carried out by STA 449 (Netzsch) to check the existence of
Cy3H360,, the samples were loaded into an Al crucible
and heated to 773 K with a heating rate of 10 K min ', The
fracture morphology of the sample were investigated by using
scanning electron microscopy (FESEM, Hitachi SU8000),
which is equipped with an energy dispersive spectrometer
(EDS, XFlash FlatQUAD 5060F) to study the samples’ com-
position. The longitudinal (v) and transverse (v,) sound velocity
of obtained MgAgSb were measured by using a sing-around
ultrasonic velocity measuring instrument (UVM-2, Ultrasonic
Engineering Co., Ltd) with their sound velocity v calculated
according to vy ® = (v + 21, °)/3. The Vickers hardness of
MgAgSb was measured by a micro-Vickers hardness tester
(HMV-G, Shimadzu), where 10 different spots in one sample
were measured. The zT of MgAgSb samples was calculated by
the formula: zT = $%¢T/x, in which the S and the ¢ were
measured by ZEM-3 (Advance Riko, £ 5% uncertainty) under
helium atmosphere, and the x was calculated by formula: k =
DpCy,, where the thermal diffusivity D was measured by LFA467
(Netzsch, £ 3% uncertainty), the sample density p was esti-
mated by the Archimedes method, and heat capacity C, was
estimated by Dulong-Petit law. The Hall carrier concentration
was measured by using a physical properties measuring sys-
tems, with an AC resistance option (PPMS, Quantum Design).
The contact resistance of the MgAgSb/MgCuSb single TE leg
was measured by a 2-axis resistance distribution measurement
instrument (S1331, Mottainai energy).

Module fabrication and measurement

MgAgSb single TE leg was fabricated by sandwiching two layers
of MgCusb as the interface material and then sintered by SPS
under 573 K and 60 MPa for 5 min. The obtained MgCuSb/
MgAgSb/MgCusSb joints were cut into dice with dimensions of
~3.8 x 3.8 x 6 mm®. The two-pair module was fabricated
based on p-type MgCuSb/MgAgSb/MgCuSb TE legs and n-type
304 stainless steel/Mg;Sb, 5Biy 5/304 stainless steel TE legs. The
output power and conversion efficiency of the single TE leg and
two-pair module were measured by Mini-PEM, (ADVANCE
RIKO, Japan) with cold-side temperature maintained at 293 K
and hot-side temperatures ranging from 373 K to 573 K in a
vacuum condition.
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