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Abstract

Mg Sb, has been prepared by direct reaction of the elements. Powder X-ray diffraction, thermal gravimetric, differential scanning
calorimetery, and microprobe data were obtained on hot pressed samples. Single phase samples of Mg;Sb, were prepared and found to
contain oxygen at the grain boundaries and to lose Mg and oxidize at temperatures above 900 K. Thermoelectric properties were
characterized by Seebeck, electrical resistivity, and thermal conductivity measurements from 300 to 1023 K, and the maximum z7 was

found to be 0.21 at ~875K.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Thermoelectric materials devices have gained renewed
interest for environmentally benign power generation [1-3].
If sufficiently efficient, thermoelectric devices can be
developed to utilize waste heat sources, such as geothermal
vents or automotive exhaust heat, to produce electrical
power. Such power generation would require minimal
amounts of fossil energy consumption, and would produce
virtually no harmful emissions.

A good thermoelectric material requires the combination
of high electrical conductivity (o) or low electrical
resisitivty (p), low thermal conductivity (x), and high
thermopower or Seebeck coefficient (S), ultimately result-
ing in a high figure of merit (zT = S*>T/px, where T is
temperature) [3]. Materials that best meet these require-
ments are typically heavily doped, small band-gap semi-
conductors or semimetals. Such materials provide a
balance between the high Seebeck coefficient of semicon-
ductors and the low electrical resistivity of metals.
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The Zintl phase MgSb, which crystallizes with the
inverse a-La,O5 structure type (P-3ml, Z = 1) [4,5] has
been investigated in hopes of achieving a high figure of
merit for high temperature applications. MgzSb, was first
recognized as a potential thermoelectric material by Bredt
and Kendall [6], but this work was hampered by difficulties
with sample preparation. As a follow up, Verbrugge and
Zytveld showed that Mg—Sb alloys were found to be similar
to Pb-Te alloys with the advantages of a smaller mass
density and a lower vapor pressure [7]. However, their
investigation showed that Mg—Sb, at concentrations just
off stoichiometry, gave a z7~0.1, implying that these
materials are only marginally interesting for commercial
applications, and suggested that on—stoichiometry sam-
ples with the addition of third and fourth element
impurities, may improve the properties of this material
[7]. Motivation for this investigation was provided by a
report by Kajikawa et al. [8], who performed a similar
study on Mg;Sb, and Mg;Bi, in the medium temperature
range 300-773 K. Kajikawa et al. estimated a promising
dimensionless figure of merit, z7, for Mg;Sb, of 0.55 at
600 K. The reported zT, along with an improved compat-
ibility factor for segmented TE devices [9] provided
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incentive for more detailed studies. In the paper by
Kajikawa et al. the increased z7T was attributed to the
microstructure induced by hot pressing, however, no
microstructure data were presented. In addition, there
was no analysis given of the powder X-ray diffraction data.
Further motivation was provided by recent reports that
Ca,Yb,_,Zn,Sb,, which share the same structure as
Mg;Sb,, have promising z7 values, but lack stability at
high temperatures [10].

Powder samples of Mg Sb, were synthesized by direct
reaction of the elements Mg and Sb for high temperature
analysis. The microstructure and phase stability along with
thermoelectric properties analysis in the temperature range
300-1373 K will be presented and discussed.

2. Experimental section
2.1. Sample preparations

Mg;Sb, was synthesized by direct reaction of the
elements Mg (Aldrich, 99.98%), and Sb (Alfa Aesar,
99.9999%). The stoichiometric reaction always showed
unreacted Sb in the X-ray powder diffraction of the final
product. Therefore, excess of Mg was added to the reaction
to compensate for the unreacted Sb. It was found that the
minimum amount of excess Mg needed to obtain an X-ray
powder diffraction pattern of pure Mg;Sb, was 3.5 Mg to 2
Sb. Elements were loaded into boron nitride crucibles that
were capped, placed in a fused silica tube, and sealed under
1/5atm Ar. The reaction vessel was heated to 1073 K for 7
days. After 7 days the furnace was turned off and allowed
to cool to room temperature before reaction vessels were
removed. The reaction product was a mixture of powder,
polycrystalline material and single crystals. In order to
obtain a dense sample, finely ground polycrystalline
powder was hot-pressed in high-density graphite dies
(POCO). The hot-pressing was conducted at a pressure of
about 20,000psi and at 873K for 1.5h under argon
atmosphere. A cylinder about 10mm long and 8 mm in
diameter was thus obtained. Its density (calculated from
measured dimensions and weight) was found to be about
99% of the theoretical density.

2.2. Characterization

X-ray powder diffraction data were collected with an
INEL CPS 120, which performs the simultaneous collec-
tion of 20 diffracted X-rays over 120°. Data acquisition
was performed with WinAcq software.

Microprobe analysis were performed on polished pressed
pellets placed on carbon tape. The samples were placed in a
Cameca SX100 electron microscope equipped with a
wavelength-dispersive spectrometer. The microprobe was
operated at 15nA beam current at 20keV accelerating
potential. Net elemental intensities for Sb and Mg were
determined with respect to pure eclemental calibration
standards that were polished before the measurement to

ensure the elements were not oxidized. Totals for all
analyses were 100%.

A Netzsch Thermal Analysis STA 409 cell, equipped
with a TASC 414/2 controller and PU 1.851.01 power unit
was used to evaluate the thermal properties of Mg;Sb,
between 298 and 1373 K. After a baseline was established,
pieces of the hot pressed pellet (30-50 mg) were placed in
alumina crucibles and heated under vacuum at 2 K/min
with an acquisition rate of 5 pts/K.

2.3. Thermoelectric properties measurements

Samples in the form of discs (typically 1 mm thick and
8 mm diameter slice) were cut from the cylinder using a
diamond saw for electrical and thermal transport proper-
ties, while the Seebeck -coefficient measurement was
performed on the remaining cylinder. All these physical
properties were measured between room temperature and
1023 K.

The electrical resistivity (p) was measured using the van
der Pauw technique with a current of 100 mA using a
special high temperature apparatus [11]. The Seebeck
coefficient (S) was measured using a high temperature
light pulse technique [12]. Heat capacity and thermal
diffusivity were measured using a flash diffusivity techni-
que. The thermal conductivity (i) was then calculated from
the experimental thermal diffusivity and calculated values
for density and heat capacity of Dulong—Petit.

3. Results and discussion

Fig. 1 shows the structure of Mg;Sb, along with the
X-ray powder diffraction pattern of the product formed
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Fig. 1. Powder X-ray diffraction patterns of different reaction stoichio-
metries for the synthesis of Mg;Sb,. *(012) reflection of Sb. The inset
illustrates the crystal structure of Mg;Sb, along the [100] direction
(white = Mg, black = Sb). Crystal structure generated by Ozawa and
Kang [17].
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from the reaction stoichiometries (3+x) Mg:2 Sb (x =0,
0.25, and 0.5). All diffraction peaks from the products of
the reactions with x =0 and 0.25 could be indexed to
Mg;Sb, (inverse a-La,O;5 structure type) except the peak
attributed to the most intense reflection (012) of Sb. The
product formed from the reaction with x = 0.5 could be
completely indexed to Mg;Sb,.

The TG (mass%), and DSC versus temperature for a
piece of the hot pressed pellet of Mg;Sb, prepared with
stoichiometry x = 0.5 are shown in Fig. 2. The mass%
decreases gradually up to 900K then drops by approxi-
mately 17%. This weight loss is due to the Mg leaching out
of the structure at elevated temperature, as Mg was found
completely covering the sample crucible lid when it was
removed from the instrument, with a fine grey powder
remaining in the crucible itself. These results were
reproduced by sealing a piece of the pressed pellet in a
quartz ampoule and subsequently heating to 1423 K over
several hours. The X-ray powder diffraction pattern of the
resulting grey powder obtained from TGA/DSC is given in
Fig. 3, and is the same as the X-ray powder diffraction
pattern found after heating the sample under vacuum to
1423 K. The pattern can be indexed as a combination of
MgO, Sb, and Mg;Sb,. The X-ray powder diffraction
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Fig. 2. TG (O) and DSC (@) as a function of temperature for Mg;Sb,.
Data were obtained by heating at a rate of 2 K/min under vacuum.
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pattern is similar to that provided by Kajikawa et al.
indicating that hot pressing at elevated temperatures
(above 900 K) gives an inhomogeneous product [8]. The
sample prepared by Kajikawa et al. is likely an Mg;Sb,/Sb/
MgO composite and the measured properties will depend
strongly on the relative composition of these phases.

The DSC versus temperature displays a broad exotherm
from 300 to 800K, and several prominent exothermic
transitions in the temperature range of 800-1200 K. The
broad exotherm is attributed to the oxidation of the
sample, with the phase change and decomposition occur-
ring above the sharp exotherm at 800 K. The exotherms at
922, 967, and 1052 K are attributed to subsequent crystal-
lization.

Fig. 4 displays the back-scattered electron image (BSEI),
and X-ray maps of Mg, Sb, and O, respectively, for the
polished pressed pellet of Mg;Sb,. The BSEI as well as the
X-ray maps for Mg and Sb, show that the main phase,
Mg;Sbs,, is uniform with no oxygen. The bright and dark
regions in the BSEI image indicate a different phase is
present at the grain boundaries. The Mg X-ray map is also
uniform with light and dark regions in a similar pattern as
observed in the BSEI image. The light areas indicate a
higher concentration of Mg than the main phase, and the
dark areas indicate a lower concentration of Mg. Similarly,
the Sb X-ray map is mostly uniform with light regions that
are in the same pattern as the dark regions observed in the
Mg X-ray map. The very bright regions in the BSEI image
indicate a higher concentration of Sb in these regions. The
O X-ray map shows that the oxygen content occurs at the
grain boundaries with Mg. Fig. 4 displays the BSEI, and
X-ray maps of Mg, Sb, and O, respectively, for the powder
sample recovered from the crucible after TG/DSC. The
BSEI image in Fig. 5 shows large regions of inhomogene-
ity. The Mg and O X-ray maps clearly show the sample has
degraded and is mostly oxidized with isolated regions of Sb
as seen in the Sb X-ray map. This is consistent with the
powder pattern given in Fig. 3.

The temperature dependence of the electrical resistivity
and Seebeck coefficient, S, for hot pressed pellets of
Mg;Sb, are shown in Figs. 6(a) and (b), respectively. The
Seebeck coefficient increases with temperature up to 550K,
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Fig. 3. (a) Powder X-ray diffraction pattern of fine grey powder found after TG/DSC (# = MgO). (b) Expanded view between 20 and 50 20 showing that

Sb (*), and Mg;Sb, (¢), are present along with MgO.
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Fig. 4. Back-scattered electron image (BSEI) of Mg;Sb,, and X-ray maps at 20kV of Mg, Sb, and O, respectively, for the polished pressed pellet of
Mg;Sb,. Scale bar is 50 pm.
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Fig. 5. Back-scattered electron image (BSEI), and X-ray maps at 20kV of Mg, Sb, and O, respectively, for the resulting grey powder found after heating
under vacuum to 1423 K. Scale bar is 50 um.
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Fig. 6. Shows the temperature dependence of the (a) resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) dimensionless figure of merit for

Mg;Sb, hot pressed and sintered at 873 K.

then begins to decrease in temperature, and the electrical
resitivity decreases with increasing temperature, character-
istic of semiconducting behaviour. In comparing our data
with that presented by Kajikawa et al. [8] we note that both
the resistivity and Seebeck coefficient of our sample follow
the same trends, however, we do not obtain the same
values. For example, our maximum Seebeck coefficient of
~445uV/K at ~550K falls in between the values of the
sample sintered at 1273 K, and those sintered at 1213 and
1253 K reported by Kajikawa et al. Similarly, the electrical
resisitivy of our sample is higher and hence electrical
conductivity is lower than all three samples reported by
Kajikawa et al. Fig. 7 provides conductivity versus
temperature data in order to more easily compare this
work with that of Kajikawa et al. The differences in
conductivity and Seebeck between this work and Kajikawa
are presumably because our sample was hot pressed and
sintered at 873 K which is much lower than any of the
samples prepared by Kajikawa et al. By hot pressing at
873 K we are able to keep Mg;Sb, stoichiometric and free
from oxidation, with the exception of very small amounts
at the grain boundaries (Fig. 4), giving rise to a higher
resistivity and lower Seebeck coefficient. The micro-
structure of the pressed pellet is particularly important
for the electrical resistivity. The MgO at the grain
boundaries should increase the resistivity while the
presence of Sb should decrease the resistivity. Neither
MgO or Sb should have a significant effect on the Seebeck
coefficient. The relative amounts of these two phases will
greatly affect the resistivity, and perhaps the lower
resistivity values reported by Kajikawa et al. are due to
increased amounts of Sb. It might be useful to have a BSEI
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Fig. 7. Temperature dependence of the electrical conductivity.

study of the grain boundaries of samples prepared under
the same condictions as Kajikawa et al. in order to
correlate better the effect on thermoelectric properties.

In any case, some general conclusions concerning the
thermoelectric behaviour of Mgs;Sb, can be drawn: As
indicated in Ioffe’s theory [13], the temperature dependence
of the electrical conductivity suggests the Seebeck coeffi-
cient should decrease with increasing temperature. This,
however, contradicts the experimental results in the
temperature range 300-550 K, indicating the behaviour of
the Seebeck coefficient is highly affected by ionizing
impurity scattering, which reduces the value of the Seebeck
coefficient.
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Furthermore, in accordance with the TG data presented
earlier, by hot pressing at the temperatures used by
Kajikawa et al. MgsSb, will have degraded into a
combination of Mg3Sb,, Sb, and MgO. This hypothesis is
supported by the X-ray powder pattern presented by
Kajikawa et al. which is similar to the one provided in
Fig. 3, showing a mix of Mg;Sb,, Sb, and MgO.

Fig. 6(c) shows the thermal conductivity versus tem-
perature for hot pressed pellets of Mg;Sb,. There are two
components to the thermal conductivity, the electronic
component (k) depends on the electrical conductivity and
can be estimated using the Wiedemann—Franz law, k¢ =
LoT (where L is the Lorenz number, ¢ is the electrical
conductivity, and T is temperature). The second compo-
nent is the lattice component and depends on structural
details such as structure type and disorder. Thermal
conductivity of crystalline solids commonly displays 1/7-
type of temperature dependence. Nearly temperature-
independent thermal conductivities are indicative of
disordered and amorphous materials [14]. As shown in
Fig. 6(c), the thermal conductivity of Mg;Sb, is tempera-
ture independent above 500K and agrees well with the
value previously reported (4.2W/mK, at room tempera-
ture) [15], as well as the data presented by Kajikawa
et al. [8]

The temperature dependence of the dimensionless figure
of merit, zT = (S2T)/p1qotal is displayed in Fig. 6(d) and
increases with temperature to a maximum of 0.21 at
~875K. Therefore, although the thermal conductivity is
reasonably low and comparable to those of good thermo-
electric materials [16], the zT of these Mg;Sb, samples is
too low for thermoelectric applications.

4. Summary

Mg Sb, has been prepared by direct reaction of the
elements and characterized using powder X-ray diffraction.
Single phase samples of Mg;Sb, were hot pressed at about
20,000 psi and at 873 K for subsequent analysis. Microp-
robe analysis revealed that the hot pressed pellets
contained oxygen at the grain boundaries, and TG/DSC
shows that the hot pressed pellets lose Mg and oxidize at
temperatures above 900 K. Thermoelectric properties were
characterized by Seebeck, electrical resistivity, and thermal

conductivity measurements from 300 to 1023 K, and the
maximum z7 was found to be 0.21 at ~875 K. Since the zT
of Mg;Sb, is very low, and degrades above 900 K, the pure
phase is not a good candidate for thermoelectric applica-
tions. Further investigation of the composite phase, MgO/
MgsSb,/Sb, along with the correlation of microstructure to
thermoelectric properties might be worthwhile for optimi-
zation of this system.
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