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Abstract

Approaching practical thermoelectric devices reguimrigh-performance and
machinable thermoelectric materials. However, theently available materials are
usually brittle. In this work, Nd-doped M$h-based compounds exhibit not only
excellent thermoelectric performance but also goper machinability.
Mgs.2Ndo.0sShy sBio.5 exhibits a high power factor of 2008V cmi* K2 at 725 K and a
peakzT of 1.8, which mainly originates from the increasedf ~8 x 18° cmi®by
Nd/Mg substitutional defects. Defect calculationsedict that other rare earth
elements (Sm, Gd, Tb, Dy and Ho) have the sametedf® Nd on MgSh, and the
predicted highest achievable electron concentrat@n700 K are ~¥ cm®. The
measured hardness, Young’s modulus and fractughtess of Mg.Ndp 0sSh sBios
are 1.1 GPa, 49.8 GPa and 1.4 MP¥,mespectively. In addition, the sample can be
easily machined into the dog-bone shape with eatehtead at both ends, indicating
the excellent machinability of M§h,-based materials. This work suggests a bright
future of MgSh,-based thermoelectric materials for practical aggpions and device

fabrication.



1. Introduction

Thermoelectric (TE) technology, enabling the direohversion of waste heat
into electricity based on Seebeck effect, has drnasreasing attention as a promising
solution to energy crisis and environmental chaéefi-4]. The conversion efficiency
is mainly governed by the Carnot efficiency and Tiaterial's performance.
Therefore, the key to the widespread use of thasngsing technology is to improve
its dimensionless figure of meritT), zT=So T/x,where S, o, T and xk are
the Seebeck coefficient, electrical conductivitpsaute temperature, and thermal
conductivity, respectively [5-9]. The challengeawhieving higheeT lies in the fact
that the TE parameterS, o and x are strongly coupled with each other. So far,
strategies for improvingT are categorized into two approaches: maximizirg th
power factor (PF=S°0) , such as, through band structure engineering or
manipulation of carrier scattering mechanism, aeducing «, for instance, via
phonon scattering strengthening [10-13].

Recently, the n-type Te-doped M&hb; sBips with a prominentT of 1.51 at 716
K was firstly reported by Tamaket al. [14] and similar results have also been
reported by other groups [15-18]. The role of Testiution at Sb site was to increase
the electron concentration to improR?& and the effect of Bi/Sb substitution was to
reduce the lattice thermal conductivifx,) [19-20]. The strategy based on defect
engineering can be used for optimizing the caroercentration rf), modulating the
electronic band structure and reducing to to improve the thermoelectric

performance of n-type M§h-based materials [21-24]. Recently, both experiaent
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and theoretical investigations indicate that coregan Sb substitution with divalent
anions (S, Se and Te) [18,25,26], Mg substitutiah wivalent cations (La, Y and Pr)
are more effective to achieve higland thermoelectric properties [27-31]. This shows
that investigating the doping behaviors of n-tympahts substitution at Mg sites is
more important to the manipulation of the thermotie properties in MgSh-based
materials. Therefore, this work is motivated touson realizing high thermoelectric
performance through the controlling of point degect

Besides the TE performance of materials, machiitgbind mechanical
properties are also important to the large-scajdiegdion of their devices [32-37].
Poor machinability increases the difficulty of maghg and thus lowers the yield.
Recently, Qing Zhet al.[38] reported that the M&h,-based TE device possessed a
high conversion efficiency of 10.6% and had a gpotential for mid-temperature
heat conversion. Due to the brittle nature of ninbgh-performance TE materials, it is
an urgent issue to investigate the machinabilityl anechanical properties of
MgsSh-based materials to make sure the manufacturingargiterm reliability of
TE devices.

In this work, using combined theoretical predicteomd experimental validation,
we report a new high-performance n-type thermoetentaterial, Mg ;NdyShy sBig 5,
that exhibits a highPF of 20.6uW cm* K2 and a peakT of 1.8 at 725 K. Such an
exceptionally high TE performance mainly originafesm the increased of ~8 x
10" cm®*by Nd/Mg substitutional defects. Using first-pripleis defect calculations,

we predict that in addition to Nd, other rare eatdgments (Sm, Gd, Tb, Dy and Ho)



are also effective n-type dopants in 48t.. The predicted highest achievable electron
concentrations of these elements substitution orsig at 700 K exceed 2ocm?,
Additionally, we find that the high-performance jbldy 03Sh sBios sample displays
extraordinary machinability. The cylindrical samglan be easily machined into the
dog-bone shape with winding wires obtained durheglathing, and this phenomenon
has also been observed in ductile inorganisg,S semiconductor [39]. These results
suggest that n-type M8h-based materials have not only extraordinary
thermoelectric performance but also superior madfility for practical applications

and device fabrication.

2. Results and Discussion

Room-temperature X-ray diffraction (XRD) patternsf dhe sintered
Mgz NdSh sBigs (x = 0.01, 0.02, 0.03 and 0.04) pellets are showfignS1. All the
peaks can be indexed as the trigonal structure-bfgsSh, with a space group of
P3ml (Standard Identification Card, JCPDS 65-9363) Hrate are no detectable
impurities of other phases. From the enlarged XRBRepn, a slight left-shift can be
observed, which suggests a lattice expansion in dhmples because of the
substitution of Mg with Nd. Both lattice parametersand c show a nearly linear
increasing trend with increasing the Nd contentictvlis attributed to the larger ionic
radius for Nd* than Md@".

The relative density of all the sintered samples @rer 96% (Table S1). Fig.
S2a-h shows the typical microstructure morphologiethe sintered samples, here we

use Mg Ndyo3Sh sBigs as an example. Fig. S2a is a typical transmissientron
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microscopy (TEM) image of the specimen preparedfitsg manually polished to
below 20um and then thinned using ion beam thinner (see $&), and shows a
grain size of <lum. The high-resolution TEM (HRTEM) image clearlyspliays the
lattice fringes with a lattice spacing of 0.33 nwhich corresponds to the (101)
crystallographic plane of M§h,. The typical scanning electron microscopy (SEM)
image of the freshly fractured surface confirms temse sample with no obvious
cracks or holes, consistent with the density measant. The energy dispersive X-ray
spectroscopy (EDS) mapping clearly shows that kx@ents (Mg, Nd, Sb and Bi) are
present and distributed almost uniformly throughtetsample.

The dimensionlesgT as a function of temperature for MNdSh sBios are
shown in Fig. la and Fig. S4. Among all the sirder®lgs; NdSh sBigs,
Mgs.2Ndp 03Shr sBig 5 exhibits the best peakl of 1.80 at 725 KzT values have good
reproducibility (Fig. S5). In comparison to othetype single-doped MgxSh, sBio s
samples [14,18,25,26,28,29,31], our results displéwgherzT at higher temperature
as well as comparably good performance at lowempé&sature (Fig. 1a). Such an
extraordinary n-type thermoelectric performancendipe MgSh-based materials
mainly originates from the enhancementR¥ as shown in Fig. 1b. In comparison
with the reported valug¢7,18,25,26,29,31], a significantly improvedF is realized
in Mgz NdSh sBips samples. Among the n-type samples, Mo 0sSh sBio s
exhibits the highesPF of 20.6uW cmi* K2, 94% higher than the value of 1Qu8V
cm* K for S-doped sample with the same doping contdris @learly indicates that

the substitutional defect Nd/Mg makes a significamntribution to the high



thermoelectric performance of n-type MildSh sBigs samples.
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Fig. 1. (@) zT comparison of n-type MgNdyosSh Bigs and other n-type Mgh-based
thermoelectric materials [14,18,25,26,28,29,31]) (¥g/Nd/Pr/Y/Chalcogen doping content
dependence of power factor of B-based compounds at 725[K7,18,25,26,29,31]. The blue

squares are Nd doped samples from this work.

Fig. 2a shows the temperature-dependent Hall carcencentration of
Mgs NdSh sBigs. Then increases with the increase of Nd doping amouamp)ying
that Nd is an effective electron donor. The sudoédsd/Mg substitution effectively
increases tha as high as ~8 x $dcm?®, consistent with the predicted maximal value
of 79 x 18° cm® The electronic transport properties of the sider
Mgs NdSh sBios pellets are shown in Fig. S6 and Fig. S7. Thand §| of
Mgz NdSh sBigs (x = 0.02, 0.03 and 0.04) are much smaller than thfat
Mgs.2Ndo 01Shy sBips, Which should be attributed to the much higher of
Mgs NdSh sBigs (x = 0.02, 0.03 and 0.04) than that of MNdo.0:Shy sBios. Theu
(Fig. S8) follows the relationgyOT? (1.9< p < 3.9) below 500 K andy OT™?
above 500 K, suggesting that the electronic trarispare dominated by ionized

impurity scattering and acoustic phonon scatteniagpectively.
7



To further illustrate the contribution of Nd/Mg sitbutional defects to tha,
defect formation energy calculations are condudtgdiensity functional theory as
shown in Fig. 2b. It clearly shows that the forroatienergy of the donor defect
Nd,,, is lower than that of the acceptor defedts, and V,,,. As a result, the
Fermi level (E;) is pinned inside the conduction band. Therefore,atiribute the
high n in Mgz 2Nd\Sh; sBips samples to the introduction of the Nd/Mg substiugl
defects. Compared to chalcogen substitution onit8b, sare earth elements (Nd, La,
Y and Pr) substitution at Mg sites can introdudegher electron concentration (Fig.
2c), which suggests that n-type doping at Mg spessesses a higher doping
efficiency for improving the thermoelectric perfance. It can be concluded that
n-type doping at Mg sites is more effective in @asing the electron concentration to

make a good thermoelectric performance.
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Fig. 2. (a) Temperature dependence of Hall carrier conatoir of n-type Mg, Nd,Sh, sBig s (X =
0.01, 0.02, 0.03 and 0.04) samples. The pink stagsghe predicted maximal achievable carrier
concentration of n-type Nd-doped AR, under Mg-rich condition using first-principles det
calculations with density functional theory (DF{B) Defect formation energies of charged point
defects as a function of Fermi level in M4y, for n-type doping with Nd under Mg-rich condition.
The shade region represents the conduction barel.giden vertical line represents the Fermi

level at 700 K. (c) Mg/Nd/Pr/La/Chalcogen dopinghtemt dependence of carrier concentration of
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MgsSh-based compounds at 300 K [18,25,26,28,29,31].blhe squares are Nd doped samples

from this work.

In addition to Nd, the doping behaviors of otheeraarth elements (Sm, Gd, Th,
Dy and Ho) in MgSh, are also calculated as shown in Fig. 3. Defectrggne
calculations (Fig. 3a-e) show that the donor dsfe®tn,,,, Gd,,;, Tbyy, DYy
and Ho,, comparable in energy to the donor defédt,,, have much lower
formation energy than the acceptor defedtg, and V,,,,, suggesting that Sm, Gd,
Th, Dy and Ho are also effective n-type dopantdMigsSky. These substitutional
defects can efficiently introduce a high concerdrabof electrons into the system. The
predicted maximal free carrier concentrations of-S@8d-, Th-, Dy- and Ho-doped
MgsSh, (Fig. 3f) are in the range of 1x¥0- 1.3 x16° cm®. These results
demonstrate that the high doping efficiencies for, &d, Th, Dy and Ho are expected
to achieve good thermoelectric properties of;$tg-based materials, similar to the

case of Nd.
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Fig. 3. Defect energies of n-type doping of My, by cation substitution under Mg-rich condition.
Doping with (a) Sm, (b) Gd, (c) Tb, (d) Dy and k). (f) The maximal free carrier concentrations

of n-type Sm-, Gd-, Th-, Dy- and Ho-doped 48t, under Mg-rich condition.

To reveal the substituting effect of Nd on the amtibn band structure, the
effective band structures of Mgb, with different Nd content are calculated and
shown in Fig. 4. With increasing the Nd doping emtt the M-band minimum shifts
downward and approaches to the ;@Bnd minimum, which may increase the
contribution of the band minimum M to n-type carrieansports. In addition, the
achieved hign with Nd doping (see Fig. 2a), which can place Fleemi level deep
within the conduction band, is also helpful to gase the involvement of the M-band
minimum to n-type carrier transports. In pgNdo 0s3Sh sBio s, the energy difference

(AE,.cs,) between the conduction band minima at the; @Bint and M point
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approaches to nearly zero, giving rise to a totdley degeneracyN,) up to 11.
Therefore, Nd doping at Mg site is an effective wayenable the conduction band
minimum M to contribute to the electronic transgo/s Table S2 shows, the density
of states effective massr ) increases with the increase of Nd doping amowhigh
indicates that Nd doping is beneficial ®becauseS is proportional tom, [18].
Besides Nd doping, Sm, Gd, Th, Dy and Ho dopingehawnilar effects on the
conduction band structures of My (Fig. S9). In a conclusion, adopting rare earth
elements doping in M&hb, can not only optimize the but also increase the
contribution of the band minimum M to n-type carrieansports. The collaborative

optimization ofn and AE,, ., can be expected to be realized by tuning the ldeita

n-type dopants substitution on Mg sites.
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Fig. 4. The effective band structures of (a) pure 3Bly, (b) Mg .g4dNdgoseSk, and (c)

Mg2.91Ndp 085k

The temperature-dependent thermal transport pieperbf the sintered
Mgz NdSh sBigs (x = 0.01, 0.02, 0.03 and 0.04) pellets are plotteBign 5. The «

is the sum of electronic thermal conductivifx,) and «, . With increasing the Nd

content, k exhibits a increasing trend, especially in thegeanf high temperature.
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Using the Wiedemann—Franz relation [42{, can be obtained by the relation
K, =LT/ p, where the Lorenz numbel)(is calculated based on a single parabolic
band (SPB) model with acoustic phonon scatterirgj.[4 is clear seen that the
increasing x is the result of the increasing fraction &f. The obtainedx, of all

the samples by substractirg, from « is shown in Fig. 5d. The lows, (0.48 W

m* K1) of Mgs 2Ndo0sShy sBigs at 725 K is in consistent with the Cahill’s minimu

Kk, of MgsShy sBigs (0.49 W nit K™) [29].
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Fig. 5. Temperature dependence of (a) total thermal coivtyct(b) Lorenz number, (c)
electronic thermal conductivity and (d) lattice imal conductivity of n-type MgNd,Sh; sBigs
samples. In (d), the black short dash line repitsstre previously reported Cahill's minimum

lattice thermal conductivity of Mghby Bio s [29].

Elastic constants, hardness and fracture toughmesscrucial parameters

for characterizing the mechanical properties. Theasared Vickers hardness for
12



Mgs.oNdp03Shy sBips is 1.1 GPa by indentation-crack measurements @ag. The
average Young’'s modulus is 49.8 GPa obtained frdre hano-indentation
experiments (Fig. 6b), comparable with the caledatvalue (46.4 GPa) for
MgsSh, sBigs(Table S3). Based on Vickers indentation-crack riegre, the fracture
toughness of MguNdo 0sShy sBig s is calculated to be 1.4 MPa“f higher than that of
other state-of-art TE materials, as comparison iq B¢ [35,44-46]. The good
toughness behavior of M8b-based materials indicates a combination of high
strength and ductility.

Based on the schematic diagram of Fig. 6d, thendsiltal Mg 2Ndp 03Shy sBio s
sample can be easily machined to the dog-bone shdpeexternal thread at both
ends (Fig. 6e), which demonstrates that:$tg-based materials have the potential to
be processed into various shapes. The wires obtaineng the lathing are very thin
and winding (Fig. 6f). The ductile inorganic semmdactor a-Ag,S also has the
winding wires during the lathing [39]. The simileehavior of MgSh, and a-Ag,S
indicates the relatively good ductility of M@t in comparison with other
high-performance TE materials. The good machingkalihd mechanical properties of
MgsSh-based materials can be further verfied in the T§Mcimen preparation as

shown in Fig. S3.
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Fig. 6. (a) The optical microscopy image of Vickers indéinta of Mgs JNdg 02Shy sBigs sSample
with marked indentation crack length and the half-diagonal of indentation (b) The
load-displacement nano-indentation curve of difiéqgositions (point 1, point 2, point 3, etc) on
Mgs2Ndg 0sShy sBig.s sample surface. (c) The calculated fracture toaghof Mg Ndy 03Sh sBio s

and the comparison with other high-performance nioetectric materials [35,44-46]. (d)
Schematic diagram (in mm) of thelog-bone-shaped specimen. (e) Image of n-type
Mgz .Ndg 0aShy Big s sample after the lathing. (f) The obtained thid annding wires during the

lathing.

3. Conclusions

In this work, we investigated the thermoelectricf@enance and machinability
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of n-type MgShy-based materials. MgNdy 0sShy sBios exhibits a highPF of 20.6
uW cmi! K2 at 725 K and a peakT of 1.8. Combined theoretical and experimental
investigations, it is found that the exceptionaffgenance mainly originates from the
largely increased carrier concentration by Nd/Mpssitution defects. First-princples
defect calculations demonstrate that other rarthedements (Sm, Gd, Tb, Dy and
Ho) are also effective n-type dopants ind8lp and the predicted highest achievable
electron concentrations at 700 K exceed®16m®. In addition, we find that
MgsSh-based materials possess better machinability aechamical properties in
comprison with other high-performance TE materialsd have the potential to be
processed into various shapes for practical agpmita In conclusion, the superior
machinability coupled with high thermoelectric merhance indicate that n-type
MgsSh-based material is a good candidate for mid tentpexapower generation

application.

4. Methods

Sample SynthesiSamples with nominal compositions BMNdShy; sBips (X =
0.01, 0.02, 0.03 and 0.04) were prepared by plandtall milling (BM40, Beijing
Grinder Instrument Co., Ltd.) combined with sparkasma sintering (SPS,
SPS-211LX, Fuji Electronic Industrial Co., Ltd.)igH-purity powders of magnesium
(Mg, 99.5%, Aladdin Co., Ltd.), antimony (Sb, 99.58daddin Co., Ltd.), bismuth
(Bi, 99.9%, Aladdin Co., Ltd.) and neodymium (Nd9.9%%0, Alfa Aesar) were

weighed in an argon-filled glove box with an oxydemel below 0.5 ppm and then

15



loaded into a zirconia ball milling jar. The ballilimg was performed with a
rotational speed of 360 rpm for 4.5 hours. The lblpowder was loaded into a
graphite die in a glove box and then sintered b$ $Ressing in a vacuum at 650
for 5 min under a pressure of 50 MPa.

Structure CharacterizatianX-ray diffraction measurements were performed on
the SPS-pressed pellets using Bruker D8 diffractemequipped with Cu & (A
=1.5406 A) radiation. Jade software was used toutzte the lattice parameters. The
microstructure morphology was investigated by anstay electron microscope (SEM,
FEI Quanta 200F) and a transmission electron mioms (TEM, FEI Tecnai &
F20).

Thermoelectric Transport Property Measurements and S were measured
by ZEM-3 (Ulvac Riko, Inc.) under a helium atmosgheThermal conductivity
k=dDc, was calculated using the densifyl) determined by the Archimedes
method, specific heafc,) obtained from a study previously published by Aghal.
[47] and thermal diffusivity (D) measured by a laser flash method with a Netzsch
LFA-457 instrument under a nitrogen atmosphere. Had coefficient (R,) was
measured using the van der Pauw technique unaseasible magnetic field of 1.5 T.

Hall carrier concentration(n,) and mobility (44,) were obtained by the relations
n,=1/eR, and i, =R,/ p.
Mechanical Property MeasurementBhe cylinder sample with dimensions of

¢@10x 18mm* was prepared for the lathe. A polished disc withiekness of about 2
mm was used to measure the Vickers hardness btaldigetallic Vickers hardness

16



tester (SCTMC) with a load of 196.1 N for 15 s. THekers indentation was
observed and analyzed by DSX510 Olympus microscodanoindentation
experiment was performed on an Agilent Nano inde@@00and the elastic modulus
was determined from the measured load penetratepthdcurves.The fracture
toughness(K,.) measurement was based on Vickers indentation-ctechnique
according to the method proposed by Niiheiral. [48],

EY® P |
K.=0.0089 — | x—-, 0.258s—< 2. 1
c E(HV) al¥? a @)

whereE is the Young’s modulus (GP&)V is the Vickers hardness (GP#®),is the
load applied in the hardness test (&l)s the half-diagonal of Vickers indentation (m),
andl is the surface crack length (m).

Density Functional Theory (DFT) Calculatian®FT calculations were carried
out by the projector augmented wave (PAW) methoengéemented in the Vienna ab
initio simulation package (VASP) [49-52]. The opized structure parameters of
MgsSh, from our previous work [41] were adopted. The tfpanciples defect
calculations were performed on a 2 x 2 x 2 supkofghe primitive cell by HSE06
functional [53]. The calculation details are praddin the Supporting Information.
The electronic band structures of MgAo.0seSk (A = Nd, Sm, Gd, Tb, Dy, Ho and
La) and Mg.01Ndp 0s5Sk» were calculated by PBE functional [54] respectivielyd x
3 x 2 supercell and 3 x 2 x 2 supercell of the firna cell. BandUP code [52,55] was
applied to unfold the band structure of the sugkriceo the primitive cell. A
plane-wave cutoff energy of 400 eV and an energwemence criterion of 1DeV

were employed. A 2 x 2 x -centereck mesh was adopted.
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Highlights:

® Adopting n-type doping at Mg sites can increase carrier concentration and affect
the M-band minimum.

® A high power factor of 20.6 W cm™ K and figure of merit of 1.8 are reported in
Mgs 2Ndo 03SP1.5Bios.

® Compared to other state-of-art TE materials, Mgs;Sh,-based materials exhibit

better machinability and mechanical properties.
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