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ABSTRACT: n-type Mg3(Sb,Bi). compounds recently have been demonstrated as promising low-cost efficient thermoelectric
materials in low and intermediate temperature ranges; however, thermal stability of this type of material still poses a great challenge
for practical applications. In this work, we conduct a systematic investigation of thermal stability of several high-performing n-type
Mgs(Sb,Bi)2-based thermoelectric materials in both bulk and powdered forms using X-ray and neutron diffraction. It is found that
the bulk sample exhibits a much slower degradation rate based on the evolution of the secondary Bi/Sb phase in comparison with
the powdered sample, revealing a clear kinetic effect. Moreover, the surface of the bulk sample will gradually become Mg poor or
Bi rich even at room temperature when exposed to air for a long time, highlighting the importance of surface encapsulation for
applications. An underlying mechanism based on the Mg loss/migration is proposed to account for the property degradation. Im-
portantly, to address the property degradation we discuss possible solutions and propose Mg-vapor annealing as an effective ap-
proach to enhance thermal stability by suppressing the Mg loss/migration through saturating grains and grain boundaries with ele-
mental Mg. We expect a combination of the Mg-vapor annealing and surface coating to further improve the long-term thermal
stability. This work sheds light on the strategies for enhancing the long-term stability of n-type MgsSbz-based thermoelectrics for

practical applications.

1. INTRODUCTION

Thermoelectric (TE) materials can directly convert heat
into electrical energy, which offers a green and sustainable
solution for waste heat harvesting.!* The efficiency of a TE
material is typically characterized by the so-called figure of
merit, zT = a’cT/x, where a, o, x, and T denote the Seebeck
coefficient, electrical conductivity, thermal conductivity, and
absolute temperature, respectively. Developing low-cost
efficient TE materials with good thermal stability is imperative
for their widespread applications. Recently, the success of n-
type doping with tellurium has stimulated the discovery of
novel high-performance n-type Mgs(Sb,Bi). materials with
low cost and earth-abundant elements.*¢ There are a variety of
studies reporting superior z7T' values of n-type Mgs(Sb,Bi):
materials at low and intermediate temperatures,”'* whereas
systematic thermal stability investigations of these compounds
are very limited. Thermal stability, however, is as important as
high zT values when considering the practical applications of
TE materials.

Thermal stability issues regarding n-type
Mg3Sbi.475BioarsTeoos were first reported in 2018 by Jergensen
et al,’” where powdered samples were exposed to
temperatures up to 725 K in air for ten thermal cycles while
being characterized with powder X-ray diffraction (PXRD)
and pair distribution function (PDF) techniques. Up to 11 wt%
of crystalline bismuth phase was observed already after the
first heating cycle, which gradually increased to about 15 wt%
during the ten thermal cycles. From a decrease in the unit cell
parameter and PDF analysis before and after heating, it was

concluded that bismuth was thermally released from the
crystal structure of the Mgs(Sb,Bi).-phase. The study was
originally motivated by a hysteresis behavior of the electrical
properties (resistivity and Seebeck coefficient) during multiple
thermal cycles, which include a clear difference between the
first thermal cycle and subsequent ones, observed by both
Zhang et al.’ and Tamaki et al.®* However, whether the release
of bismuth from the structure is responsible for the
temperature dependency of the physical properties could not
be concluded, as physical property measurements are
performed on densely compacted bulk samples rather than fine
powders. The stability of bulk samples of n-type MgszSbi.sBios
derivatives has been investigated further from the time
dependency of the Hall carrier concentration.!*!® For a Te-
doped Mg3Sbi.sBios bulk sample, the carrier concentration was
observed by Imasato et al.'® to decrease from approximately
3x10" cm™ to 1.5x10" cm™ within hours at 723 K in a
dynamic vacuum. Cation-site doping with heavier elements
such as La,'® Y,'” and Yb'® seems to improve high-temperature
stability with a clear suppression of carrier concentration
degradation. In addition, surface coating with BN has been
shown to enhance the high-temperature stability of n-type
Mg3(Sb,Bi): derivatives.”” The property degradation was
suggested to be related to the evaporation of electron-donating
Mg atoms from the sample due to the high vacuum and high-
temperature environment during Hall carrier concentration
measurements; however, the underlying degradation
mechanism remains largely unclear. Thus, a detailed analysis
of diffraction data on bulk samples and degradation



mechanisms is desirable for enhancing thermal stability of n-
type Mg3(Sb,Bi)..

In this work, we start with a detailed investigation of
thermal stability of bulk and powdered n-type Te-doped
MgsSbisBios using multi-temperature X-ray and neutron
scattering techniques. We reveal a clear kinetic effect with
bulk samples showing a much slower degradation than
powders owing to a much smaller exposed surface area to
volume ratio. This effect is also consistently observed in Se-
doped and S-doped MgsSbisBios samples, indicative of a
general feature of the Mgs(Sb,Bi). system. In addition, we
found that the surfaces of bulk samples gradually become Bi
rich when exposed to ambient conditions for a long time (> 1
year). To understand the degradation, we propose a three-step
degradation mechanism based on Mg migration/loss, where
the key step for degradation is the Mg loss of the Mg3(Sb,Bi)2
grains. We propose that Mg-vapor annealing is an effective
approach for improving thermal stability as it can saturate the
grains and grain boundaries with elemental Mg, which serves
as an energy barrier for suppressing the Mg migration/loss.
Finally, we discuss other potential solutions, and propose the
combination of the Mg-vapor annealing and surface coating as
a possible future direction for further improvement of the
long-term stability of n-type Mg3(Sb,Bi)2 TEs.

2. EXPERIMENTAL SECTION
2.1 Sample synthesis and structural characterization

n-type  MgsSbi47sBioarsTeoos, MgsSbisBioasSeor2, and
Mg3Sbi.sBio.49So.01 samples, as well as a MgszSbi.sBios sample,
were synthesized from high-purity raw elements of Mg
powders (99.8%, <44 um, Alfa Aesar), Sb pieces (99.9999%,
ChemPUR), Bi pieces (99.999%, ChemPUR), Te pieces
(99.999%, Sigma Aldrich), Se shots (>99.999%, Alfa Aesar),
and S powders (99.9%, Sigma-Aldrich) using arc melting
followed by the spark plasma sintering (SPS) pressing. The
synthesis details have been described in references >2%*!. The
n-type Mgs5Sco.0aSbigo7Teoos sample, as well as the MgzSbz
sample, were prepared from a mixture of Mg powder (99.8%,
-325 mesh, Alfa Aesar), Sb powder (99.5%, -325 mesh,
ChemPUR), Te powder (99.99%, -325 mesh, Alfa Aesar) and
Sc powder (99.9%, -100 mesh, ChemPUR) using the direct
spark plasma sintering method, which has been described in
detail in reference 22. The Mg-vapor annealing experiment was
conducted using the setup shown in Figure S1 similar to the
method proposed by Wood et al.?® The as-pressed pellets in
direct contact with Mg turnings (99.5%, ChemPUR) were
placed in a glassy carbon crucible and annealed in Ar flow.

The structural evolution of the bulk samples after each step of
post-treatment was tracked by PXRD measurements using
Bragg-Brentano geometry and a Cu Kai source on a Rigaku
Smartlab X-ray diffractometer. Analysis of the microstructure
and elemental distribution of Mg35Sco.0aSbig7 Teoos and
Mg3Sbi.475Bio47sTeoos was conducted on a FEI Nova
NanoSEM 600 scanning electron microscope (SEM) with an
energy dispersive spectrometer (EDS).

2.2 Multi-temperature in-house PXRD

Multi-temperature in-house PXRD data were collected on a
Rigaku Smartlab diffractometer in reflection geometry with a
Co-source and a monochromator to provide Co-Kq radiation

with wavelengths of 1.78892 A and 1.79278 A. Here, the bulk
and powder samples were thermally cycled between 300 K

and 725 K for two and three cycles, respectively, in an Anton
Paar DHS 1100 domed heating stage with a dynamic vacuum
atmosphere. The heating/cooling rate was 2 K min™".

2.3 Multi-temperature synchrotron PXRD

Synchrotron PXRD experiments performed on powdered
samples were conducted at SPring-8 in Japan, at beamline
BL44B2 with an X-ray wavelength of 0.5 A.?* Diffraction data
were collected at temperatures between 300 K and 725 K in
steps of 100 K for two thermal cycles. The exposure time at
each temperature was 7 minutes, which was followed by a 1-2
minute equilibration time at each temperature. The powdered
sample was floated three times in ethanol to filter out large
particles. The remaining fine powder was then packed in a
quartz capillary with a 0.2 mm inner diameter with an Ar
atmosphere. No data refinement was carried out on these
datasets. In addition, synchrotron PXRD experiments of
several powdered samples were conducted for ten thermal
cycles at 300-725 K using a photon energy of 100 keV at the
beamline P21.1, PETRA, DESY, Germany.

2.4 Neutron time-of-flight diffraction

Neutron time-of-flight (TOF) diffraction data were collected at
the ISIS Neutron and Muon Source in the UK, at the Polaris
beamline.? Here, a dense pellet was placed in a vanadium can
with 11 mm diameter and thermally cycled between 300 K and
725 K in a dynamic vacuum atmosphere. Data were likewise
collected in steps of 100 K with a heating rate of 2 K min!. At
each temperature, the temperature was allowed to stabilize for
10 minutes, and the data were then acquired for 40 minutes.

2.5 Rietveld refinements

Rietveld refinements of the in-house PXRD data collected on
the bulk sample were carried out using the FullProf Suite.?®
The MgsSba structure (ICSD #2142) was used as a starting
model for the Mg3Sbi.47sBio475Teoos phase without including
Bi and Te in the refinement model. Here, the unit cell
parameters and scale factor were refined, which yielded a
good initial description of the data. Afterward, manually
selected and linearly splined background points were
introduced to the model, together with the isotropic atomic
displacement parameters of all atoms in the unit cell. The peak
shapes were described using the Thompson-Cox-Hastings
pseudo-Voigt profile function,”’ where the angular
independent broadening term, W, and the Lorentzian strain
parameter, X, were refined. The results of the refinements are
shown in Table S1.

For powder neutron TOF diffraction data refinements were
carried out in Jana2006.2® Here, banks 1-5 were included in the
refinement. The peak profiles were described using a pseudo-
Voigt function, where the Lorentzian linear broadening term,
gam-1, was refined. The background was described using the
Legendre polynomial function with 4 coefficients refined. The
instrumental parameter called DIFC was refined, which relates
the theoretical time-of-flight to its d-spacing. Once again, all
isotropic atomic displacement parameters were refined. An
example of refinement for all five banks can be seen in Figure
S2, and details of the refinement results are shown in Table S2.

2.6 TE transport property measurements

High-temperature Hall and resistivity data of pellets were
measured under dynamic vacuum on a home-built setup using
a magnetic field of 1.25 T and the van der Pauw method.?*3°
High-temperature Seebeck coefficients were measured in a
dynamic vacuum on an in-house system similar to the one



Powder Bulk
MgGSb1 475Bi0 475T60.05 MgJSbi 47SBIO 475Teo 05
a c
i T (K) T(K)
b Vv, it
—— a0 e e L] —~
= —= S A VoA
=] — 350 3 e
3 I [ -y Y e\
S = — e Y
> A} > ~Naso
= — i S = A IS
2 o0 [ o=
== A = S e eer=
= e 7f5 = =T
= See =] SEEEseE=a
CH e o Vig,sb, i PO U i L i MggSh,
o KN sb | o 1 sb
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
26 (°) 26 (°)
b d
7 (K)
o =
=, A 500 -~ I
—~ H 400 =] 4 ¥
=} 3004 © " )
5 i 00 s 4 i
< i 00 > 5 y
2 .Y 600 =\ ™ |
B 1 725 (2 ] {
= '1‘ = 650 s M ke
[] IR 600 LY ] 1
< v 500 =RV - A
i 1% ¥R s
' MgsSbe IR
Sb
! |l L y I 1 I ! 1 L 1 .
4 6 8 10 12 14 16 18 20 22 10 12 14 16 18 20 22 24 26

20(°)

d-spacing (A)

Figure 1. (a,b) Multi-temperature PXRD patterns from powdered Mg3Sbi.475sBio475Teo.0s samples obtained in-house (a) and using a
synchrotron radiation (b). (c,d) Multi-temperature PXRD data from bulk Mg3Sbi1.475Bi0.475Teo.0s samples obtained in-house (c¢) and using

neutron TOF (d).

reported by Iwanaga et al3' Thermal conductivity was
determined by x = dDCp, where the density (d) was estimated
from the sample mass and volume, the thermal diffusivity (D)
was measured using the laser flash method (Netzsch, LFA457),
and the heat capacity (Cp) was indirectly derived using a
Pyroceram 9606 standard sample in the LFA457 setup.

3. RESULTS AND DISCUSSION
3.1 Thermal stability: bulk versus powder

In this section, we first revisit the thermal stability of the
Te-doped Mg3SbisBios powders studied by combining multi-
temperature synchrotron and in-house PXRD data. It is worth
noting that the multi-temperature synchrotron PXRD data
analyzed here were collected during another beam time at
SPring-8, and thus different from those previously reported by
Jergensen et al."® For all PXRD data collections, fresh samples
without a thermal history were used. The in-house and
synchrotron multi-temperature PXRD data from powder
samples are displayed in Figure lab. It is found that Bi
appears as a secondary phase at 500 K during the cooling
segment of the first thermal cycle. This can be understood as
the crystallization of Bi, which was expelled from the structure
and has a melting point of ~544 K. When the temperature is
higher than 544 K, Bi will melt, and the crystalline peak will
disappear. In addition, as revealed by the synchrotron PXRD
data a small amount of the secondary phase Sb appears as the
temperature increases above 500 K in the first heating segment.
The PXRD patterns of the first heating segment are different
from those of the first cooling segment and the following
thermal cycles, which fits well with the different behavior
during the first heating segment of the electrical properties.
After the first cycle, the PXRD data exhibits the same
behavior upon repeated heating cycles, consistent with
electrical properties remaining unchanged between thermal
cycles. High-resolution synchrotron PXRD captures the subtle
structural evolutions of the minor secondary phases of Bi and

Sb as a function of the temperature. The multi-temperature
synchrotron PXRD results presented here are in good
agreement with what was reported by Jergensen et al.'®
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Figure 2. Temperature dependence of the lattice parameters, a
and c, extracted from the Rietveld refinements of the multi-
temperature diffraction data from Mg3Sbi.475Bio475Teoos bulk
samples, recorded in-house (a) or using neutron TOF (b).

We next turn to investigate the thermal stability of bulk
samples using X-ray and neutron scattering. A densified pellet
of nominal composition Mg3Sb1.47sBio475Teo0s was exposed to



two heating cycles from 300 to 725 K, while diffraction data
were recorded using an in-house diffractometer. The
diffraction data are shown in Figure 1lc. Here, it is expected
that a secondary bismuth phase would appear when cooling
the sample after the first heating cycle, but interestingly, there
is no sign of a secondary bismuth phase in the bulk sample
even after two thermal cycles. In the study by Jergensen et
al.,” it was shown that the unit cell size of the MgsSbz-phase
is significantly influenced by the release of bismuth. In Figure
2a, the wunit cell parameters extracted from Rietveld
refinements are shown to quantitatively monitor the behavior
of the MgzSbo-phase during the heating cycles (see also Table
S1). Here, no apparent difference is observed between the first
and subsequent heating cycles, indicating a higher stability of
the Mg3Sbi.sBios-phase in bulk compared with fine powders.
The diffraction data shown in Figure 1¢ were collected using a
parallel beam in reflection geometry and a Co-Kq X-ray source,
and the penetration depth of the relatively low-energy X-rays
will be very limited due to the presence of heavy elements
such as bismuth and antimony. The observed diffraction
mainly originates from the surface of the sample.

To investigate the interior of the bulk sample, neutron
TOF diffraction data were measured during two thermal cycles,
and the data can be seen in Figure 1d. Neutrons interact
weakly with solid matter compared to X-rays, and thick
samples can therefore be measured in transmission geometry
without significant absorption issues. The weak interaction,
however, comes with the downside of a lower signal-to-noise
ratio compared to X-rays, despite having a longer exposure
time. During the two thermal cycles, the diffraction peaks
from the Mg3Sbo-phase become sharper, which is particularly
evident for the peaks at about 1.7 A and just below 1.5 A. This
is presumably due to the thermal release of residual
microstructural strain from the synthesis. This is further
supported by the stagnation of the evolution during cooling,
and continuation during the second heating. Just below 2.2 A,
a new peak seems to appear, which can be indexed to the
vanadium sample holder. Furthermore, there is no clear
diffraction peak from elemental bismuth detected during the
experiment. Once again, the unit cell parameters for the
MgsSbe-phase were extracted through structure refinement
(see Figure S2 and Table S2) and are shown in Figure 2b.
Similar to the PXRD experiment, we do not observe any
difference in the unit cell size between the first and subsequent
thermal cycles, indicating that no structural changes occur in
the period of this experiment.

The difference in thermal stability between powders and
bulks upon thermal cycling is a clear indication of a kinetic
effect. It should be noted that this phenomenon is not limited
to the MgsSbi.475Bio.475Teoos sample. In Figure 3 we show the
thermal  stability of powdered and bulk n-type
Mg3SbisBio4sSeoo2  and  MgsSbisBio49So.o samples
investigated by synchrotron and in-house multi-temperature
PXRD (see also Figures S3 and S4), where a similar result is
observed. The evolution of the secondary phases Bi/Sb is
further confirmed in powdered samples of MgzSbi.5Bio.asSeo.02
and Mg3Sbi.5Bio.49So.01 as well as MgiSbi.sBios and MgzSba by
synchrotron multi-temperature PXRD data recorded over ten
thermal cycles from 300 to 725 K (Figure SS5), which were
collected at the P21.1 beamline at DESY, Germany. One of
the obvious differences between finely ground powders and
densely compacted pellets is the surface-to-volume ratio,
which is much higher for fine powdered samples than for

pellets. In the literature, it has been suggested that Mg
evaporation occurs during high-temperature measurements in
a high vacuum.'® No diffraction data were presented for the
sample after stability tests, but it seems plausible that either Bi
or Sb is expelled from the Mg3SbisBios structure to rebalance
the stoichiometry of the phase. Such an effect must be heavily
dependent on the exposed surface area. In the powdered
samples presented by Jergensen et al.,"” the crystallites were
ground and floated before the experiment, which effectively
separate small crystallites from larger ones. As such, these
crystallites will have a large exposed surface area for the Mg
evaporation/loss to occur, opposed to the bulk sample. Even so,
long-term annealing experiments on bulk samples should still
eventually reveal bismuth formation on the surface of the
samples.
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Figure 3. Multi-temperature PXRD patterns of samples with the
compositions of (a, c¢) MgsSbisBiosSeoo2 and (b, d)
Mg3Sbi sBio.49So.01. The diffraction patterns were obtained from (a,
b) powders at a synchrotron and from (c, d) bulk samples using a
Rigaku Smartlab.
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Figure 4. PXRD of the Mg3Sbi.475Bio.475Teo.0s bulk sample after
air exposure at room temperature for more than one year.

In Figure 4, PXRD data are presented for a pellet, which
has been stored in air at room temperature for more than a year.
Surprisingly, the long-term storage at ambient conditions has
resulted in the elemental bismuth phase appearing on the
surface of the sample. This observation can certainly not be



simply explained by evaporative loss of magnesium from the
sample, as one does not expect magnesium to evaporate under
ambient conditions. Instead, the formation of MgO on the
surface is suggested as a mechanism that can resemble
magnesium evaporation since we observed a change in sample
surface after one-year exposure. This MgO on the sample
surface usually appears in the amphous phase as it has not
been through the heat treatment, and thus it is not detected by
the PXRD. After polishing the pellet, the bismuth phase
disappears completely, which further supports that bismuth is
only formed on the sample surface. A similar surface effect
has also been found in p-type MgsSbz samples,” suggesting
that it is a general effect in Mg3(Sb,Bi)2 compounds. In
practical devices, surface coating or encapsulation should
therefore be required to ensure stable applications.

3.2 Possible degradation mechanism

We next turn to discuss the possible degradation
mechanism of Mg3(Sb,Bi)2. The dominant native defects in the
Mgi(Sb,Bi) system are the negatively charged Mg
vacancies,>** which are the electron-capturing acceptors that
prevent the Fermi level from moving towards the conduction
bands. The defect formation energies of the negatively
charged Mg vacancies are very sensitive to the local Mg
concentration. As expected, when the Mgs(Sb,Bi): phase
becomes Mg-poor, the negatively charged Mg vacancies form
more readily due to lower formation energies, resulting in the
reduction of electron concentration and n-type properties. The
Mg loss from the bulk sample can be understood as two main
effects. One is the loss at the sample surface, which can be
attributed to evaporation/sublimation and/or the oxidation into
MgO. The second is the loss within the sample, which can be
attributed to migration/diffusion, which is reasonable
considering the small, light nature of Mg atoms. Considering
the mechanisms for the Mg loss above we can formulate a
three-step degradation process based on the Mg loss (see
Figure 5): (i) Mg leaves the Mgs3(Sb,Bi). grains through
migration/diffusion to the grain boundaries; (ii) then Mg
migrates from the grain boundaries to the surface; (iii) Finally
Mg is lost from the surface due to evaporation/sublimation or
lost as MgO in air through oxidation.

Step 3

i A -,:4ep q Mechanism for Mg loss/migration:
2 Step 1: from grains to grain boundaries
Grain

Step 3: from surface (evaporation/oxidation)

Sample

/ surface
Grain

boundary

Figure 5. Schematic of the three-step degradation mechanism for
the Mg loss/migration in Mg3(Sb,Bi)2.

Step (i) is the crucial step for property degradation, as the
electron concentration should be closely related to the Mg loss
from the Mgs(Sb,Bi)2 grains. The Mg loss from the structure,
especially upon heat treatment, likely originates from the
weaker bonding of Mg atoms in the octahedral sites.’>” The
grain boundaries have been studied by the atom probe
tomography, and are generally found to be Mg-deficient.*®
According to the classical diffusion/migration theory, the Mg

atoms will tend to migrate/diffuse from high concentration
regions (grains) to regions with a lower concentration (grain
boundaries). Similarly, step (ii) can also be understood using
the classical diffusion/migration theory, as the sample surface,
which is exposed to the atmosphere, would continuously
become Mg-poor over time. It should be noted that the grains
on the sample surface exposed to the atmosphere will directly
start the degradation from the step (iii), and thereby will show
a much faster degradation than those of the sample interior,
which explains the surface effect. The Mg loss through
evaporation or oxidation in step (iii) is strongly dependent on
the atmosphere (e.g. air, static/dynamic  vacuum,
static/dynamic inert gas, etc.) and temperature. A static
atmosphere and a lower operational temperature would
naturally result in enhanced stability as the Mg loss/migration
rate is suppressed. As the Mg loss/deficiency of the system
reaches a concentration limit, then Bi or Sb will be expelled
into the grain boundaries from the Mgs(Sb,Bi)2 structure to
rebalance the stoichiometry. The accumulation of the Bi or Sb
secondary phases will result in significant inhomogeneity.'?
Especially, the Bi phase, with its very low melting point of
~544 K, will become a liquid at high temperatures, and thus be
mobile within the grain boundaries. Furthermore, the molten
Bi phase could even act as a flux and dissolve part of the
grains or grain boundaries.

Note that step (i) is likely influenced by different
synthesis methods resulting in different microstructures, grain
sizes, and initial Mg content/distribution. Larger grains and a
more homogeneous Mg distribution in as-synthesized samples
are likely to result in improved thermal stability. It should be
noted that the degradation mechanism discussed here simply
provides a qualitative insight, which requires further detailed
experimental investigation. The underlying mechanism might
be more complicated than expected as it might involve a
combination of multiple effects.

3.3 Strategies for improving long-term thermal stability
3.3.1 Mg-vapor annealing
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Figure 6. SEM and SEM-EDS images and elemental mappings of
Mg on the surface of the Mg3sSco.04Sbi97Teo0s pellet after the
Mg-vapor annealing (a, b) at 635 °C for 3 days unpolished (a) and
polished (b) and (c, d) at 615 °C for 3 days unpolished (c) and
polished (d).

Considering Mg loss/migration as the main cause of the
property degradation, then Mg-vapor annealing could be a
straightforward approach to suppress the Mg loss/migration
and improve thermal stability. Mg-vapor annealing provides a
large magnesium reservoir that creates a Mg-rich environment,
and saturates the gains and grain boundaries with elemental
Mg in a relatively homogeneous manner. This ensures Mg-
rich conditions for most grains and grain boundaries, which in
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sample compared with the as-synthesized sample.

principle will set an energy barrier that suppresses the Mg
migration/loss from the grains and thereby improve the
stability. Previously, Mg-vapor annealing has been applied by
Wood et al. to improve low-temperature TE performance by
reducing the grain boundary resistance via increasing the grain
size.”** Here we investigate the effect of Mg-vapor annealing
on the thermal stability of n-type Mgs(Sb,Bi). We
demonstrate an improved thermal stability through Mg-vapor
annealing for two n-type bulk samples, Mg3.5Sco.04Sb1.97T¢€0.03
and Mg3Sbi.475Bio47sTeoos. The annealing experiments were
conducted using a process (Figure S1) similar to that described
by Wood et al.?® For Mgs5Sco.04Sb1.97Teo03, we show that the
Mg-vapor annealing does not result in a degradation of the n-
type performance. The Mg-vapor annealing results in a
slightly higher zT at low temperatures due to the decreased
resistivity and improved power factor, but a slightly lower zT
at high temperatures due to the increased thermal conductivity
(Figure S6).

We found three pieces of evidence supporting the Mg
migration/diffusion hypothesis. The first one is that the
superior n-type properties are recovered in a degraded sample
after Mg-vapor annealing, which demonstrates that elemental
Mg diffuses into the grains. This is consistently observed in
both this study and the report by Wood et al.> The second one
is a clear increase in the Mg content in the bulk sample after
Mg-vapor annealing and surface polishing revealed by SEM-
EDS (see Table S3). The third piece of evidence is that
elemental Mg diffuses further and in larger amounts through
the bulk sample when the temperature of the Mg-vapor
annealing is increased up to 635 °C (see Figure 6a,b). For bulk
samples annealed at 615 and 600 °C (Figure 6¢,d as well as
Figure S7), there were only few obvious Mg particles or
pieces on the surfaces, which could be removed by slightly
polishing the surface. However, increasing the annealing
temperature up to 635 °C, the Mg diffusion/migration into the
bulk sample significantly increased; the sample surfaces
completely changed color, and there were obvious regions of

elemental Mg even after a lot of polishing. The bulk
Mgs.5Sco.04Sbi.97Teo.03 sample after Mg-vapor annealing at 635
°C, but prior to polishing, shows a very low resistivity of ~0.5
mQ cm at 300 K, about nine times lower than (~4.4 mQ cm)
before Mg-vapor annealing. This is expected, as there is a
significant contribution from the elemental Mg to the
properties. Therefore, the Mg-vapor annealing temperature
should be lower than 635 °C to avoid making a
Mg/Mg3(Sb,Bi)2 composite. Below we demonstrate the impact
of Mg-vapor annealing on the thermal stability of n-type
Mgs3.5Sc0.04Sbi97Teoos and MgsSbi.a7sBioarsTeoos samples. For
Mg3Sbi.475Bio475Teoos the sample was Mg-vapor annealed at
600 °C consistent with Wood et al.® for 7 days, while for
Mgs5Sco.04Sbio7Teoos the sample was annealed at a higher
temperature of 615 °C for a shorter time of 3 days.

The PXRD data were recorded in each step of post-
treatment to keep track of the structural change after the Mg-
vapor annealing and long-term stability test. The PXRD
patterns in Figures 7a and 8a reveal that both
Mg35Sco0aSbio7Teoos and  MgiSbiarsBioarsTeoos pellets
maintain the main phase of MgsSbz, and show no clear
structural change after the Mg-vapor annealing and long-term
(L-T) Hall measurements. For MgssSco.04Sbi.97Teo0s the Mg-
vapor annealing was conducted on the as-synthesized pellet
after the L-T  Hall ~measurement, while for
Mg3Sbi.475Bio475Teoos the Mg-vapor annealing was conducted
on the degraded sample that has become p-type after exposed
to air at room temperature for a long time (> 1 year). After the
Mg-vapor annealing, a small amount of the Mg phase was
detected on the sample surface, which was easily removed
after polishing the sample surface.

L-T Hall measurements were conducted at 723 K in a
dynamic vacuum (< 10* mbar) in order to examine the
thermal stability through the changes in the electrical
resistivity, Hall carrier concentration, and mobility as
functions of the measurement time (see Figures 7b-d and 8b-d).



a Mg;Sb 475Blig 475Teq 5 Pellet 0:Mgo
1: Mg
— Polished
=]
E./ After L-T Hall
o Polished
2 4
5 Lk Mg-vapor annealed
2
c
= Polished
Bi
Exposed in air
| (>1 year)
Al | Loy Mg,Sb,
T T T
20 30 40 50

26 (%)

12 M3Sby45BiorsTeo s @ 723 K (96 h)

ny (10" em™)

80 100

Time (hours)

54+ o Mg-vapor Annealed
Mg;Sb, 475Big.475 €005 @ 723 K (96 h)

52

501

p (MQcm)

48+

46

0 20 40 60 80 100
Time (hours)

Mg5Sb; 475Big 475 T€0 05 @ 723 K (96 h)

50 20 40 60 80 100

Time (hours)

Figure 8. (a) PXRD patterns of the Mg3Sbi.475Bio.a7sTeo.os pellet after exposed in air for a long time (> 1 year), as well as after Mg-vapor
annealing at 600 °C for 7 days and long-term (L-T) Hall measurement. (b) Electrical resistivity, (c) Hall carrier concentration, and (d)
mobility as functions of the Hall measurement time for the Mg-vapor annealed Mg3Sbi.475sBio.475Teo.0s pellet. In (c), the data of the
Mgs.0sLao.01Sbi.sBio.s and Mgs.0sSbi.sBio.sTeo.o1 reported in ref. !¢ are presented for comparison.

We note that the stability can be greatly enhanced when the
temperature is lower than 673 K,!° but here we chose the
stability test at 723 K to accelerate the observation of property
degradation. In both Mgs3.5S¢0.04Sbi.g7Te0.03 and
Mg3Sbi.475Bio475Teo.0s, we observed a significant improvement
in thermal stability after the Mg vapor annealing. For
Mgs.5Sco.04Sb1.97Teo.03, L-T Hall measurements were performed
at 723 K for 3 days (72 hours) for the same sample before and
after the Mg-vapor annealing. As shown in Figure 7b, the Mg-
vapor annealed Mg3sSco.04Sb1.97Teo0s sample exhibits a much
slower increase in electrical resistivity than the as-synthesized
sample for the first ~40 hours. Only after around 50 hours
does the resistivity increase in the Mg-vapor annealed sample
become as rapid as the immediate increase observed prior to
the Mg-vapor annealing. In the context below, their absolute
values are used for discussion. As illustrated in Figure 7c,
when the measurement time is within 40 hours, the Hall
carrier concentration of the Mg-vapor annealed sample
decreases very slowly from 3.95 x 10" to 3.30 x 10" cm?,
while the as-synthesized sample shows an exponential decay
in the Hall carrier concentration from 3.25 x 10" to 1.0 x 10"
cm. Almost 50 hours later, the carrier concentration of the
Mg-vapor annealed sample starts to decrease relatively
quickly to 1.44 x 10" ¢cm™ at the end of a total of 72 hours.
Upon the Mg-vapor annealing, the carrier concentration is
increased to some extent, which might be explained by the
reduction of the number of electron compensating Mg
vacancies. Figure 7d shows that there is no significant change
in Hall mobility over the measurement time of 72 hours.
According to the results and analysis above, it can be
concluded that the stability of the representative n-type sample
(Mg3.5Sc0.04Sb1.97Teo03) is greatly enhanced through annealing
at 615 °C for 3 days in Mg-vapor.

The two distinct regions for the resistivity and carrier
concentration degradations of the Mg-vapor annealed
Mgs5Sco.04Sbio7Teoos sample can be explained using the

proposed degradation mechanism. The Mg-vapor annealing
suppresses the Mg migration/loss as the grains and grain
boundaries have been saturated with elemental Mg, but it does
not prevent the Mg loss from the surface. As the sample
surface becomes Mg-poor, the Mg will diffuse/migrate from
the grain boundaries to the surface. The relatively slow
degradation region is associated with the situation where the
grain boundaries do not become Mg-poor and the grains do
not show significant Mg loss/migration. However, when the
grain boundaries become Mg-poor, significant Mg loss
through the migration/diffusion from grains to grain
boundaries will happen and the property degradation will turn
to a rapid region as we observed in Figure 7b,c.

For the degraded sample of MgsSbi.475Bio.a75Teo.0s
exposed in ambient conditions for more than one year, the
Mg-vapor annealing was able to recover the n-type properties
(Figure 8b-d). As illustrated in Figure 8b for the Mg-vapor
annealed Mg3Sbi47sBioa7sTeoos pellet, there is only a very
small increase in the electrical resistivity from 4.65 to 5.20
mQ cm over the entire 96 h period with an increasing rate of
5.73 x 10 mQ cm h''. Figure 8c presents the time-dependent
Hall carrier concentration data for the Mg-vapor annealed
Mg3Sbi475Bioa7sTeoos pellet in  comparison with both
Mgs.0sLao01SbisBios and Mgs.0sSbisBiosTeoor reported in
reference %, Obviously, the Mg-vapor annealed
Mg3Sbi.475Bio475Teo.0s pellet shows no significant change in the
carrier concentration kept at about 8 x 10 cm™ over 96 h (at
723 K). In contrast, both the reported Mg3.0sLao.o1Sbi.sBio.s and
Mgs0sSbisBiosTeoor  samples!® show a linear decrease
followed by an exponential decrease in the carrier
concentration within 60 h (at 723 K). In addition, the Hall
mobility in the Mg-vapor annealed Mg3Sbi475Bio.475Teo.05
pellet is relatively stabilized at around 15 cm? V! s over 96 h
at 723 K (Figure 8d). Therefore, it is further confirmed that
Mg-vapor annealing leads to a considerable enhancement in



the thermal stability of the n-type Mgs(Sb,Bi).-based TE
materials.

3.3.2 Other strategies

Doping with heavy elements. Doping with larger, heavier
elements has been demonstrated as an effective approach for
enhancing thermal stability in many well-known TE materials
such as ZnsSbs.***! For n-type Mgi(Sb,Bi), doping or
substituting on the Mg sites with heavier elements will greatly
suppress the migration and evaporation loss of Mg from the n-
type Mgs(Sb,Bi)2 grains. This method has already been
confirmed to be effective with La, Yb, and Y dopants.!*!?
Other heavy lanthanide dopants are expected to show a similar
improvement in thermal stability. The effect of heavy dopants
is dependent on the Mg vacancy concentration as the
increasing amount of Mg vacancies with time would provide
void spaces and channels to facilitate the Mg migration/loss
within the grains. When the concentration of Mg vacancies
reaches a certain level, the degradation would return to a
relatively fast speed. This is confirmed in the time-dependent
Hall concentration of La-doped Mg3SbisBios (Figure 8c).'®
Therefore, doping with heavy elements should be combined
with the Mg-vapor annealing and surface coating for further
improvement of the long-term thermal stability.

Surface coating. As the Mgs(Sb,Bi). system shows a
notable surface effect, surface coating or encapsulation
naturally becomes an effective strategy for improving thermal
stability. The idea of surface coating is to suppress the Mg loss
(through evaporation or oxidation) from the sample surface.
The coating or encapsulation materials should be chemically
inert, showing no reaction with the Mg and Mgs(Sb,Bi)>.
Previously, BN coating has been applied and confirmed to be
an effective coating material for improving the thermal
stability of n-type Mgs(Sb,Bi).."” In addition to BN, other
coating materials such as MgO and SiC may be good options.

Mg-vapor annealing combined with surface coating. In
this study Mg-vapor annealing has been confirmed to be
effective in improving thermal stability; however, it does not
resolve the issues of the Mg migration from grain boundaries
to the surface and the Mg loss from the surface. Surface
coating with MgO would help suppress the Mg loss from the
sample surface. To suppress the Mg migration from grain
boundaries to the surface it might be a good idea to set a
migration barrier by depositing a thin layer of Mg on the
surface of TE legs. Hence, we expect a combined strategy of
Mg-vapor annealing and surface coating with Mg/MgO to
further improve the long-term thermal stability of n-type
Mg3(Sb,Bi)2 bulk materials.

4. CONCLUSIONS

Using multi-temperature X-ray and neutron scattering
techniques, we have studied the thermal stability of n-type
chalcogen-doped MgsSbisBios in both powdered and bulk
forms. We show that the powdered sample exhibits a much
faster degradation of being Mg-poor than the bulk sample due
to a much larger exposed surface-to-volume ratio, highlighting
a notable kinetic effect. The surface of the bulk sample is
found to slowly become Bi-rich after being exposed to
ambient conditions for a long time (longer than one year),
revealing a clear surface effect and the necessity of surface
encapsulation for practical applications. We then propose a

detailed three-step degradation mechanism based on the Mg
migration/loss for understanding the property degradation, and
highlight the Mg loss of grains as the essential step for the
degradation. Possible solutions for suppressing the
degradation are discussed and the Mg-vapor annealing is
found to be an effective, straightforward approach for
improving thermal stability since it can saturate the grains and
grain boundaries with the elemental Mg, which greatly
suppresses the Mg migration/loss. Finally, we briefly discuss
other promising strategies, and propose the combination of the
Mg-vapor annealing and Mg/MgO surface coating as a
potential approach for further improving the long-term thermal
stability of n-type Mgs(Sb,Bi)2 for practical applications.
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