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MgAgSh-based allo¥ was successfully prepared via ordinarg planetary ball
milling and spark plasma sintering. The element Cu successfully doped into MgAgSb to cooperatively
optimize the electrical transport properties. The main parameters including nominal composition of
raw powders Mg, Ag, Sb, Cu doping ratio, SPS pressure and heat treating conditions have been
optimized. As a result, the maximum PF value of 2111 p W/mK-2 at 523K for MgAg0.93Cu0.02Sbh0.98 was
about 18% increased than 1788 p W/mK-2 for the initial sample MgAg0.95Sbh0.98, and a peak ZT ~ 1.08
at 473 K were achieved for the sample MgAg0.935Cu0.015Sb0.98@ 60 MPa. In addition, we explored the
phase composition and micro-pores effects and found that a large number of micro-pores can
strengthen phonon scattering to reduce the lattice thermal conductivity. Thus, thermoelectric
properties of MgAgSb-based alloys can be enhanced by Cu doping into Ag site and micro-pores
structures.

MgAgSh Cu



Natural gas, as a clean energy, has gradually become a main source in the energy market. The
natural gas is cooled to 111 K to become liquefied natural gas (LNG) to facilitate transportation.
During the gasification, about 840 MJ cold energy is released per ton of LNG. Thermoelectric
materials provide a green, safe and reliable method for generating power or refrigeration, which plays
a more and more important role in alleviating energy crisis, environmental pollution and climatic
change. TE performance is usually assessed in terms of a figure of merit ZT = S26T /x, where T is
absolute temperature, Sisthe Seebeck coefficient, o isthe electrical conductivity, and k isthe thermal
conductivity of the material. Due to the couple relation among S, o and «, how to optimize the three
ones simultaneously is anontrivial task.

Currently, most of the thermoelectric generators have the best performance at 100~3000C, but
cryogenic cooling and power generation using thermoelectric materials remains challenging so far.
Recently, a-MgAgSb has a large power factor (PF) like Half-Heusler, and ultralow thermal
conductivity like glass. In addition, it has the advantages in rich elemental content and good
mechanical performance. Our previous work demonstrates that MgAgSh-based materials are
promising candidates for the development of TE devices, which can drive the MgAgSh-based TE
applications towards to power generation and cooling system at near room-temperature or cryogenic
temperature. The “key scientific question” is how to further improve TE properties at cryogenic
temperature for MgAgSh-based materials through decoupling three parameters: S, ¢ and «.

This project intends to challenge new regulation method in MgAgSh materials for the conversion
of low-quality cold energy during LNG transportation and gasification into electricity. New strategy
concerned here is modulation doping of Cu as a foreign atom introduction to achieve high ZT value
by two steps.

1.Developing alow-cost preparation method for Cu doped MgAgSh -based TE materials with high
thermoel ectric conversion efficiency for large scale LNG cold energy utilization;

2. Analyzing the TE generation characteristics at cryogenic temperature working conditions and

exploring the mechanism for improving ZT value.

Synthesis
The Cu-MgAgSbmaterials were fabricated by an ordinary planetary ball-milling (WXQM-1L) and

a spark plasma sintering system (SPS, LABOX-225, SINTER LAND INC.). Mg (99.5%, Aladdin),
Ag (99.9%, Macklin), Cu (99.9%, Macklin) and Sb (99.5%, Aladdin) were weighed with the nominal
composition MgAg0.955b0.99 and then loaded into a stainless-steel jar with balls inside an argon-
filled glove box, followed by ball milling at 600 rpm for 18 hours under argon atmosphere. The final
powders were sintered by SPS at 573 K for 10 min in vacuum under a compressive pressure of 20
MPa, 40 MPa, 50 MPa, 60 MPa, 80 MPa and 100 MPa, respectively. The obtained samples were
further heated to 573 K at 3K min—1 in atubular furnace (OTF-1200 X, Kegjing) under the atmosphere



with 5% H2 and 95% Ar and held for 10 days.

1. Effect of Cu doping on MgAgSb based thermoel ectric materials
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Fig. 1. (8)XRD patterns for MgA go.ss-xCuxSho g8 (x=0,0.005,0.01,0.015) samples.
Tablel

Samples Mg (%) Ag (%) Sb (%) Cu (%)
MgAgSho.os 30.6 34.7 34.6
MQAgo.935CU0.015S0.08 | 33 331 33.7 0.1

Fig.l presents the X-ray powder diffraction (XRD) patterns of MgAQJoesxCuxSho.es
(x=0,0.01,0.015,0.025,0.03) samples. The XRD results indicate that the diffraction peaks of the
samples are consistent with the calculated results for MgAgSb with 14¢2 space group. We clearly
found that the samples have afew impurity phases of Sb and AgsSh. As expect, the ratios of atomsthe
pristine sample MgAJo.9sSho.9s and MgAgo.azsCuo.015Sho.gs are listed in table 1. We can see that the
content of Ag and Sb in the original sample is higher than Mg, which is a good explanation for the
presence of AgzSb in the pristine sample.

Fig. 2 show the SEM images of freshly fractured surface for MgAgo.os-«CuxSho.es (@) x = 0; (b) x =
0.01; (c) x = 0.015; (d) x = 0.025 samples. It can be seen that each bulk sample is comprised of the
compacted grains, which is consistent with its high relative density. Notably, the size of the grainsin
the pristine sample MgA go.osSho.os (X = 0) is on nanometer scale (Fig. 2a). Notably, as the Cu amount
increases to x=0.01 and 0.015, there appear afew micron-particles in the matrix (Fig. 2b-c), possibly
conducive to reducing the lattice thermal conductivity of the materials. However, when Cu content is
higher than 2.5, alarge number of micron particles appear in the sample (Fig. 2d), whichisunfavorable
to the reduction of thermal conductivity.
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Fig.2 The SEM images of freshly fractured surface for MgAgo.e5<Cu,Sho.cs Samples: (&) x = 0; (b) x =
0.01; (c) x = 0.015; (d) x = 0.025.

Fig.3 shows the temperature dependent electrical transport properties for MgAgo.es-xCuxSho.gs
(x=0,0.01,0.015,0.025.0.03) samples. Fig.3(a) shows the Seebeck coefficient of the samples as
functions of temperature, which displays a contrary trend with the electrical conductivity. With the
increase of Cu content, the S of all samples showed a decreasing trend, which may be related to the
influence of Cu introduction on conductivity. As shown in the Fig.3(b), it distinctly found that the
electrical conductivity first decreases and then increases with rising temperature. Furthermore,
compared to theinitial sample MgAgo.esSho.os, the electrical conductivity of all samplesincrease with
theincrease of Cu content.
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Fig. 3. Temperature dependencies of (a) Seebeck coefficient; (b) electrical conductivity and (c) power
factor of MgAgo.o5-xCuxSho.gs (x=0, 0.01,0.015,0.025.0.03), respectively.

The temperature dependence of the power factor for MQgAQoos«CukShogs (X=0,
0.01,0.015,0.025,0.03) samples is shown in Fig. 3(c). Firstly, the PF of all samples present an
increased trend with the temperature rising. At the same time, ,PF first increases and then decreases
with the increase of Cu content, which is mainly caused by the sharp decrease of S when Cu content
istoo much. Finally, the maximum PF value of 2111 yW m™ K™ at 523K for MgA go.saCuo.02Sbo.os Was
about 18% increased than 1788 uW m™ K™ for the initial sample MgAgo.osSbo.gs.
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Fig. 4 Temperature dependencies of (a) thermal diffusion coefficient; (b) thermal conductivity and (c)

ZT of MgAQo.gs-xCuxSho.gs (x=0, 0.01,0.015,0.025.0.03), respectively.

Fig.4 shows the temperature dependent thermal transport properties and ZT for MgAQo.gs
xCUxSho g8 (x=0,0.01,0.015,0.025.0.03) samples. Fig. 4(a) shows the thermal diffusion coefficient of
the samples as functions of temperature. As can be seen from the figure, the thermal diffusion
coefficient shows increasing trend with the increase of Cu content. As shown in the Fig. 4(b), it can
be seen that the thermal conductivity increases with the increase of Cu content. This is consistent
with the variation of thermal diffusivity. Fig. 4(c) showsthe temperature-dependent ZT of the samples
M gA go.o5-xCUuxSho.gs (x=0, 0.01,0.015,0.025, 0.03) over 323-573 K, which are greatly improved by Cu
doping. The maximum ZT value of 1.07 at 473 K is achieved in MgAgo.e35CUo.015Sh0.05, which
improved 23%that value of the pristine sample.
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