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The development of thermoelectric (TE) materials to replace Bi,Te, alloys is emerging as a hot issue
with the potential for wider practical applications. In particular, layered Zintl-phase materials, which
can appropriately control carrier and phonon transport behaviors, are being considered as promising
candidates. However, limited data have been reported on the thermoelectric properties of metal-Sb
materials that can be transformed into layered materials through the insertion of cations. In this study,
we synthesized FeSb and MnSb, which are used as base materials for advanced thermoelectric materi-
als. They were confirmed as single-phase materials by analyzing X-ray diffraction patterns. Based on
electrical conductivity, the Seebeck coefficient, and thermal conductivity of both materials character-
ized as a function of temperature, the zT values of MnSb and FeSb were calculated to be 0.00119 and
0.00026, respectively. These properties provide a fundamental data for developing layered Zintl-phase
materials with alkali/alkaline earth metal insertions.
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1. Introduction

Thermoelectric (TE) technology is attracting attention for
energy production and efficient energy utilization. In particu-
lar, compared to other renewable energy sources, it is the
unique technology that can directly convert thermal energy
into electric energy or provide heating and cooling through
electricity without any driving part. Bismuth telluride (Bi,Te,)-
based alloys have been considered as representative materials
for practical TE applications [1-3]. That is due to suitable com-
bination between low thermal conductivity caused by their lay-
ered structure composed of Van der Waals bonds and a good
power factor (S°0, PF) resulting from the mixture of covalent
and ionic bonds in the temperature range of 273 - 500 K. These
characteristics result in a superior dimensionless thermoelec-
tric figure of merit (zT), calculated by the formula zT = (S’0T)/
K (S: Seebeck coefficient, o: electrical conductivity, k: thermal
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conductivity, and T: absolute temperature), in the room tem-
perature region compared to other materials [4-6]. However,
Bi,Te;-based materials are often limited in more wide applica-
tions due to their performance degradation outside the room
temperature range and the scarcity and toxicity of raw materi-
als. Therefore, various materials are being investigated as possi-
ble replacements for Bi,Te, alloy.

Among these studies, zintl phase materials such as Yb-Mg-
Sb and Na-Ga-Sn, which combine metals and nonmetals, are
attracting attention for their excellent charge transfer and con-
trollable thermal conduction [7-10]. Recently, zintl phase mate-
rials composed of alkali/alkaline earth metal-transition met-
al-pnictogen elements in atomic ratios of 1-1-1 and 1-2-2 are
known to exhibit a layered structure similar to Bi,Te,, which is
expected to result in thermoelectric performances [11-13].
Transition metals can easily accept electrons released by the
ionization of alkali/alkaline earth metals due to their various
oxidation numbers. In particular, transition metal-pnictogen
materials composed of d; and d,, ions such as Zn**, Fe™*, and
Mn®* have been reported to form layered structures with the
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insertion of alkali/alkaline earth metals. [14, 15]. In addition,
the energy bandgap of the material generally tends to decrease
as the atomic radius of the pnictogen element(As, Sb, and Bi) in
periodic table increases [16, 17]. Therefore, antimony (Sb)
rather than bismuth (Bi) can be typically utilized to achieve the
energy bandgap size of about a few hundred meV such as SnSe,
Bi,Se;, and Bi,Te,. Toberer et al. synthesized AZn,Sb, (A=Sr,
Ca, Yb, Eu) through vacuum tube encapsulation followed by 15
hours of melting at 1223 K [18]. Based on their thermoelectric
properties, the zT values of AZn,Sb, (A=Sr, Ca, Yb, Eu) were
calculated, resulting in maximum values of 0.35, 0.55, 0.4, and
0.9, respectively. Lian Wu et al. synthesized a material com-
posed of Mg, ,Sb, and CaZn,Sb, mixed in a specific ratio using
a ball mill process [19]. Based on thermoelectric characteriza-
tion results depending on the ratio of Mg;,Sb, to CaZn,Sb,, the
material with a 1:1 composition exhibited the maximum zT of
0.68 at 773 K. Although many recent studies have reported the
evaluation of properties of layered zintl phases with inserted al-
kali/alkaline earth metals, most of them are synthesized based
on ZnSb. As mentioned above, the d, and d,, transition metals
such as Fe and Mn are also expected to exhibit thermoelectric
properties, but there are no relevant studies so far despite high
potential as TE materials.

In this study, we synthesized FeSb and MnSb-based alloys
that can be used for the base materials of advanced TE materi-
als showing layered-zintl-phase. The synthesized FeSb and
MnSb ingots were powdered, and subsequently, single-phase
materials were successfully identified through XRD analysis.
The confirmed single-phase FeSb and MnSb ingots were then
polished to size for characterization. The Seebeck coeftficient,
electrical conductivity, and thermal conductivity of FeSb and
MnSb were measured to calculate zT as a function of tempera-
ture. The FeSb and MnSb fabricated by arc melting yielded
maximum zT values of 0.00026 and 0.00119 at 473 K, respec-
tively. We have successfully investigated TE properties of met-
al-Sb materials for cation insertion, although these values are
somewhat low.

2. Experimental

2.1.Fabrication of Fe-Sb and Mn-Sb Materials

A vacuum arc furnace (VAF) process was used to synthesize
transition metal-Sb ingot materials of FeSb and MnSb. The raw
materials used were Fe (0.1-1.7 mm, 3N, Kojundo Chemical
Laboratory CO., LTD), Mn (2-5 mm, 3N, Kojundo Chemical
Laboratory CO., LTD.), and Sb (2-6 mm, 5N, TASCO) shots.
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Referring to the phase diagrams of Fe-Sb and Mn-Sb [20, 21],
the raw materials were weighed in compositions of 56:44 and
52:48 at%, respectively. These weighed raw materials were then
placed in the arc melting machine and subjected to 120 V volt-
age for 5 repeated melting cycles.

2.2. Characterization

The as-synthesized ingots were ground using an induction
milling machine and then powdered by filtering the grounds
with a 50 um standard sieve. The as-prepared ingots and pow-
ders were analyzed for microstructure and crystalline phase
using scanning electron microscopy (SEM, SU-6600, HITA-
CHI) and X-ray diffraction (D/MAX-2500VL/PC, Rigaku).
The both ingots were machined to specification by a polishing
process for the measurement of electrical conductivity (o),
Seebeck coefficient (S), and thermal diffusivity (D). Thermo-
electric properties were measured by using Netzsch’'s SBA458
Nemesis equipment and laser flash analysis (LFA467 Hyper-
Flash, Netzsch) instruments, respectively, at temperatures
ranging from 298 K to 473 K. To calculate thermal conductivi-
ty, the density (p) of the material was measured by the Archi-
medes method, and the heat capacity (C,) was calculated using
the Dulong-Petit law (C,=3R/M) [22-24]. Thermal conduc-
tivity (k) was then calculated using the equation k=D,C, Ad-
ditionally, Hall analysis (HMS-5500, ECOPIA) at 298 K was
performed to evaluate the carrier concentration (n) and mo-
bility (i) to analyze the changes in the electrical properties of
the ingots.

3. Results and Discussion

Fig. 1(a) illustrates a schematic diagram of the fabrication
process of transition metal-Sb materials using the arc melting
process, along with actual photographs of the synthesized
MnSb and FeSb ingots. The coin-shaped ingots, approximately
20 mm in diameter, were successfully produced by irradiating
the raw materials with a high-energy arc, leading to rapid melt-
ing, followed by rapid cooling facilitated by a cold Cu plate with
flowing coolant. Figs. 1(b) and 1(d) depict the surface micro-
structure of the samples observed after polishing the MnSb and
FeSb ingots, respectively. Both materials underwent repeated
rapid melting and cooling, resulting in various internal defects
such as pores and cracks. Nevertheless, the EDS mapping re-
sults demonstrated that each element such as Fe, Mn, and Sb is
uniformly distributed overall. Figs. 1(c) and 1(e) display the
XRD patterns of the synthesized powders of MnSb and FeSb,
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Fig. 1. (a) Schematic illustration of the arc-melting process and a photograph of synthesized MnSb and FeSb ingots. (b, ¢) Surface scanning
electron microscopy (SEM), energy-dispersive spectroscopy (EDS) mapping image, and X-ray diffraction (XRD) patterns of synthesized
MnSb. (d, e) Surface SEM, EDS mapping image and XRD patterns of synthesized FeSb.

respectively. According to the phase diagram mentioned in the
experimental section [20, 21], the synthesis of single-phase
FeSb and MnSb cannot be achieved smoothly when the ratio of
Fe/Mn:Sb is 1:1. Materials synthesized with Fe-Sb and Mn-Sb
compositions of 56:44 and 52:48 at% reveal good single-phase
synthesis compared to the reference PDF card. This result sug-
gests that we have successfully performed the first step for syn-
thesizing a layered zintl phase.

Fig. 2 shows the results of the electrical properties of the in-
gots as a function of temperature ranging from 298K to 473K.
Fig. 2(a) shows the variation of electrical conductivity with
temperature for both synthesized FeSb and MnSb. The electri-
cal conductivity of MnSb decreased from 3085 Scm™ to 2145
Scm™ with increasing temperature, exhibiting behavior typical
of metals. This result is attributed to the metallic band structure
of the majority spin electrons, although MnSb is a semiconduc-
tor [25]. Conversely, the electrical conductivity of FeSb in-
creased from 330 Scm™' to 414 Scm™ with increasing tempera-
ture, exhibiting behavior typical of semiconductors. This result
matches well with studies that FeSb is a semiconductor with a
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band gap [26]. Fig. 2(b) shows the Seebeck coefficient for both
materials, showing a similar trend with negative values, con-
firming their N-type materials. Moreover, the mobility and car-
rier concentration of each material at room temperature were
evaluated by Hall measurements (Fig. 2(c)). The mobility and
carrier concentration of FeSb are 11.4 cm’V''s” and 2.88 x 10
cm’, respectively, while those of MnSb are 151 cm*V''s™ and
7.31x 10% cm”, respectively. The mobility of MnSb is about 10
times higher than that of FeSb, consistent with the substantial
difference in electrical conductivity between the two materials
observed in Fig. 2(a). Thus, it is feasibly confirmed that high
electrical conducting behaviors of MnSb is due to high carrier
concentrations and remarkably increased mobility compared to
those of FeSb. Fig. 2(d) shows the calculated power factors
based on the measured values of electrical conductivity and
Seebeck coefficient, yielding 6.24 and 1.34 yWm™'K” for MnSb
and FeSb at 473 K, respectively.

Fig. 3 shows the comparison of the thermal conductivity of
both alloys as a function of temperature. The density measured by
the Archimedes method and the C, value calculated by the Du-
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Fig. 2. Thermoelectric properties of MnSb and FeSb: (a) electrical conductivity, (b) the Seebeck coefficient, (c) carrier concentration and

mobility, and (d) the power factor.

long-Petit law are presented in Table 1. The maximum thermal
conductivity of MnSb was evaluated 2.74 Wm 'K at 298 K, while
the thermal conductivity of FeSb was evaluated 2.4 Wm 'K at
473 K(Fig. 3(a)). These results are consistent with the behavior
of the electrical conductivity depicted in Fig. 2(a).

Figs. 3(b) and 3(c) show the contribution of carrier (k) in
total thermal conductivity and lattice thermal conductivity (k.

) calculated using the following equations.

Kpea = LOT

1S
L=15+exp (-——
116

Ktot = Klat, cal+Ke, cal

L is the Lorentz constant, which has units of 10°® WQK? and
was derived based on a computational approximation based on
the single parabolic band model [27]. For both materials, a trend
of increasing electronic thermal conductivity with rising tem-
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perature was observed. In the case of MnSb, the electronic ther-
mal conductivity was calculated to reach up to 2.45 Wm K" as
the temperature increased, which closely matched the mea-
sured total thermal conductivity at 473 K (2.47 Wm'K). The
lattice thermal conductivity of MnSb approached almost zero
at 473 K, indicating that heat transfer inside the material
strongly relies on electrons. That is, in spite of high electrical
conductivity, it is analyzed that extremely low lattice thermal
conductivity leads to decreasing-tendency of total thermal con-
ductivity of the MnSb. Conversely, the calculated electronic
thermal conductivity of the FeSb ingot reached up to 0.48 Wm’
'K at 473 K, constituting 20% of the total thermal conductivity
evaluated in Fig. 3(a). This suggests that heat transfer in FeSb is
highly dependent on the carrier rather than lattice pho-
non-scattering because lattice thermal conductivity shows sim-
ilar values with increasing temperature. The analysis revealed
differences in the primary heat transfer mechanisms with in-
creasing temperature between FeSb and MnSb. MnSb exhibited
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Fig. 3. (a) Total, (b) electronic, (c) and lattice thermal conductivity. (d) Schematic of the main mechanism for thermal conductivity of MnSb

and FeSb.

Table 1. A comparison of measured density, calculated theoretical
density [28,29], and calculated CP between MnSb and FeSb

. 3 Theoretical Cren
Sample Density (g-cm™) D — (g K
MnSb 6.342 6.79 0.141
FeSb 8.059 8.42 0.140

increased phonon scattering with increasing temperature, lead-
ing to a reduction in lattice thermal conductivity and an overall
decrease in thermal conductivity. On the other hand, FeSb ex-
hibited minimal change in lattice thermal conductivity, but an
increase in electronic thermal conductivity due to enhanced
carrier mobility, resulting in an overall increase in thermal con-
ductivity (Fig. 3(d)).

Based on the evaluated electrical conductivity, Seebeck coef-
ficient, and thermal conductivity as shown in Figs. 2 and 3, a

dimensionless thermoelectric performances (zT) were calculat-
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ed (Fig. 4). MnSb exhibited higher zT values compared to FeSb
in all temperature range, with maximum zT values of 0.00119
and 0.00026 at 473 K, respectively. The maximum zT of MnSb
was approximately 4.5 times higher than that of FeSb. Consid-
ering our aim in this study to achieve thermoelectric behaviors
of two transition metal-Sb alloys as a function of temperature,
TE properties of base materials was successfully obtained.

4., Conclusion

In this study, FeSb and MnSb, transition metal-pnictogen
materials were synthesized and their fundamental thermoelec-
tric properties were characterized for developing advanced TE
materials through cation-insertion in base materials. The XRD
patterns of the powderized FeSb and MnSb shows successful
synthesis of single-phase materials. Subsequently, thermoelec-
tric property evaluation of the machined single-phase FeSb and
MnSb ingots produced zT values of up to 0.00026 and 0.00119

J Powder Mater 2024;31(3):236-242
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at 473 K, respectively. The higher mobility observed in MnSb
compared to FeSb aligns well with the results indicating high
electrical conductivity at 298 K. Despite the relatively low zT
values, this investigation into the thermoelectric properties of
transition metal-pnictogen materials provides basic informa-
tion for future advancements in layered zintl phase materials
with alkali/alkaline earth metal insertions.
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