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Mono- and di-anitimonide compounds between antimony and the first transition metals in group 8B
were synthesized by mechanical alloying method. All samples were investigated by the X-ray powder
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diffraction technique and differential thermal analysis. The single phase can be obtained only for CoSb,
NiSb and CoSb2 compounds. In this investigation, a single phase of a marcasite structure (FeSb2 and NiSb2)
and Fe0.56Sb0.44 compound cannot be detected in the XRD patterns after 60 h of milling because of the
instability of their structures at low temperature. They decomposed to their starting materials as seen
by the characteristic peaks of the starting materials in the XRD patterns after 60 h of milling.
ntermetallics
echanical alloying

. Introduction

Metal antimonides are advanced materials with various useful
hysical properties. Their binary compounds in their intermediate
hases allow for various compositions that depend on each sys-
em. In M–Sb (M = the first transition metal) binary phase diagrams,

ono- and di-antimonide compounds are usually found as inter-
ediate phases, however, neither of them have been reported in

he Cu–Sb binary system [1]. In addition di-antimonide compounds
re not present in the Mn–Sb [2] and Zn–Sb [3] binary systems. For
ntimonide compounds with the first transition metals in group
B, MSb3 is found only with the Co–Sb system and this compound
as found many applications for thermoelectric systems [4]. Di-
ntimonides (MSb2) have been of interest as negative electrodes
or lithium-ion batteries [5]. Mono-antimonides (MSb) have been
sed as the catalyst for the oxidative dehydrogenation of hydro-
arbons [6]. In general, transition metal mono-antimonides usually
rystallize in the NiAs-type structure but the ZnSb compound crys-
allizes in the CdSb structure [3]. Many structures such as pyrites,

arcasite or arsenopyrite-type stuctures, can be produced using

he annealing temperature for metal di-antimonides. A compila-
ion of the binary phases of MSb and MSb2 (M = Fe, Co and Ni) is
iven in Table 1 [7–9].
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In general, these compounds are prepared by physical thermal
processes in which the elements are melted in an evacuated or
Ar partially filled quartz tube and then annealed at a high tem-
perature for several days. Using this method, CrSb2, FeSb2, CoSb2
and NiSb2 crystallize in the orthorhombic marcasite structure. To
reduce the reaction steps and costs, several new methods such as
hydrothermal [10] and mechanical alloying (MA) techniques [11]
have been developed. Zhao and co-workers [12] reported a new
method to synthesize NiSb2 compound by a solvothermal route.
It shows the main diffraction peaks of NiSb2 in a marcasite struc-
ture with small NiSb and Sb diffraction peaks. The application of
MA for these systems has mainly focused on producing CoSb3. This
compound cannot be synthesized directly by MA [13]. The milled
mixture undergoes a further recrystallization by a hot pressing or
annealing process to obtain the required phase [14]. Although the
high-energy ball milling technique has been an intensively devel-
oped technology for preparing many materials for more than 30
years because it can be operated at low temperature and is suit-
able for mass production, its main disadvantage is that many metal
antimonide compounds such as CoSb3 and Zn4Sb3, cannot be syn-
thesized by this method.

In this study, we have tried to synthesize mono- and di-
antimonide compounds of the first transition metals in group 8B

using a mechanical alloying method.

2. Experimental

The starting material powders of Fe (99%, −325 mesh), Co (99.9%, −100 mesh), Ni
(99.99%, −100 mesh) and Sb (99.5%, −100 mesh) were milled in the stoichiometric

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ampongsa@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.04.051
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Table 1
Crystal structure data for MSb and MSb2 (M = Fe, Co and Ni).

Phase Pearson symbol Space group Strukturebericht
designation

Prototype

Fe0.56 Sb0.44 hP4 P63/mmc B81 NiAs
FeSb2 oP6 Pnnm C18 FeS2

CoSb hP4 P63/mmc B81 NiAs
CoSb2 (low T) mP12 P21/c – CoSb2

CoSb2 (high T) oP6 Pnnm C18 FeS2

NiSb hP4 P63/mmc B81 NiAs
NiSb2 oP6 Pnnm C18 FeS2
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Fig. 2. XRD pattern of the mixture at a mole ratio of Co:Sb = 1:1 after milling for 1,
5, 10, 20, 40 and 60 h.

Fig. 3. XRD pattern of the mixture at a mole ratio of Ni:Sb = 1:1 after milling for 1,
5, 10, 20, 40 and 60 h.
ig. 1. XRD pattern of the mixture at a mole ratio of Fe:Sb = 0.56:0.44 after milling
or 1, 10, 20, 40 and 60 h.

atio of Fe0.56Sb0.44, CoSb, NiSb, FeSb2, CoSb2 and NiSb2. The mechanical alloying
rocess was performed in a Pulverisette 7 FRITSCH planetary ball mill in an argon
tmosphere to prevent the powders from being oxidized during the milling process.
he weight ratio of the balls to the powders was keep at 10:1 and the rotational speed
as controlled at 650 rpm. The phase changes and crystal dimensions of the milled
owders were characterized by X-ray diffraction (XRD, PHILIPS X’Pert MPD) using
i-filled CuK� radiation. The thermal behavior of milled powders was performed by
ifferential thermal analysis (DTA, PerkinElmer DTA 7) at a heating rate of 10 ◦C/min,

n order to investigate the phase transformation after heating.

. Results and discussion

.1. Metal mono-antimonides (MSb, M = Fe, Co and Ni)

Figs. 1–3 show the XRD patterns of milled powders at differ-
nt times in the stoichiometric ratio of Fe0.56Sb0.44 and MSb when

= Co and Ni, respectively. The successful preparation of a sin-
le phase of mono-antimonides was obtained in only the Co–Sb
nd Ni–Sb systems as shown in Figs. 2 and 3, respectively. For
hese binary systems, the peak intensities of the starting materi-
ls decreased as the milling time increased. After 5 h of milling,
he XRD patterns of mono-antimonides corresponding to CoSb
nd NiSb were seen. The peaks of the starting materials were not
bserved and the XRD patterns show only the characteristic peaks
f CoSb and NiSb after the mixture was milled for 20 h. After 60 h of
illing, the CoSb and NiSb compounds do not change or decompose

o another compound so this confirmed the stability of the syn-
hesized compounds. Both compounds are crystallized in a nickel
rsenide (NiAs) structure of a P63/mmc space group. The CoSb

nd NiSb powders show the lattice parameters a = 0.3902(8) nm,
.3957(9) nm and c = 0.5182(8) nm, 0.5148(9) nm, respectively.

The DTA scans of CoSb and NiSb powders prepared from the
lemental powders after 60 h of milling are presented in Fig. 4. In
heating scan, the samples display a simple thermal behavior of Fig. 4. DTA curves of CoSb and NiSb powders after 60 h of milling in a heating scan.
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Fig. 6. XRD pattern of the mixture at mole ratio of Co:Sb = 1:2 after milling for 1, 10,
20, 30, 40 and 60 h.
ig. 5. XRD pattern of the mixture at mole ratio of Fe:Sb = 1:2 after milling for 5, 10,
0, 30, 40 and 60 h.

nly one endothermic peak indicating a congruent melting event.
ecause the peak is at about 630 ◦C which corresponds to the melt-

ng point of Sb was not observed, there was no amorphous pure
b that cannot be detected by XRD, in the final products. The melt-
ng points of CoSb and NiSb are 1209 and 1145 ◦C, respectively,
nd these are close to their reports in the binary phase diagrams
1120 ◦C for CoSb and 1147 ◦C for NiSb) [15,16].

The XRD patterns of mixtures between Fe and Sb powders are
ifferent from those two binary systems as seen in Fig. 1. When the
tarting materials were reacted together as indicted by a decrease
f their peak intensities, the mono- and di-antimonide compounds
s Fe0.56Sb0.44 and FeSb2, respectively, were observed in the XRD
atterns. As the milling time was prolonged, the intensities of
he characteristic peaks of FeSb2 tended to increase. However, a
ecrease of the peak intensities of Fe0.56Sb0.44 was observed and
ould not be detected after 60 h of milling. It is possible that this
hase decomposed to their starting materials and at that time the
haracteristic peaks of Sb are present in the XRD pattern. Similar
vidence can be seen when the mixture of Co:Sb at a mole ratio of
:3 was milled for more than 40 h [11]. The instability of Fe0.56Sb0.44
ay be explained by the presence of an extra Fe in the interstitial

ites 2d. Occupied atoms on the both sites probably increase the
train due to short interactomic distance between metal and met-
lloid atoms [17]. This structure may be less stable than the normal
Sb compound that crystallizes into the NiAs-structure.

.2. Metal di-antimonides (MSb2, M = Fe, Co and Ni)

Figs. 5–7 show the XRD patterns of milled powders at different
imes in the stoichiometric ratio = MSb2 when M = Fe, Co and Ni,
espectively. These figures, show that only the CoSb2 compound
an be successfully synthesized by the MA method. After 30 h of
illing, the diffraction pattern of this phase just appeared and the

ntensities of the starting material peaks had decreased. The start-
ng materials were no longer detectable after 40 h of milling as
hown in Fig. 6. The prepared powders are crystallized in the mon-

clinic arsenopyrite structure of a P21/c space group and do not
ransform to another phase after 60 h of milling. The lattice parame-
ers of the prepared CoSb2 show a = 0.6510(3) nm, b = 0.6341(4) nm
nd c = 0.6537(8) nm. In the phase diagram of the Co–Sb binary sys-
em [8], CoSb2 has two stable phases at different temperatures.
Fig. 7. XRD pattern of the mixture at mole ratio of Ni:Sb = 1:2 after milling for 1, 5,
10, 20, 40 and 60 h.

At a high temperature, this compound crystallizes in a marcasite
structure however an arsenopyrite structure is obtained at a lower
temperature.

Fig. 7 shows the XRD patterns of powders that were mixed in
an atomic mole ratio of Ni:Sb = 1:2, for different milling times. After
5 h of milling, some atoms of Ni and Sb have converted into the NiSb
compound. After prolonging the milling time to 40 h, this phase has
continued to increase and the residual Sb peaks have decreased.
Mixing of the NiSb and Sb phases was still apparent in the XRD
pattern when the powders were milled for 60 h. It indicates that
no NiSb2 phase can be formed in these conditions. On the other
hand, the FeSb2 phase can be detected in the XRD pattern after the
mixture was milled for 10 h. The XRD patterns of a powder that was
mixed with an atomic mole ratio of Fe:Sb = 1:2, for different milling
times, is presented in Fig. 5. After 10 h of milling, the Fe0.56Sb0.44

and the FeSb2 were formed together by the reaction between Fe
and Sb. After 30 h of milling, the peak intensity of FeSb2 increased
while the Fe0.56Sb0.44 was either not presented or showed as only a
very low peak in the XRD pattern. As the FeSb2 is an unstable phase
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t low temperature, the singles phase of this compound cannot be
ynthesized with these conditions.

.3. Stability of MSb and MSb2

For the mono-antimonide (MSb), the CoSb and NiSb compounds
an be synthesized by a direct MA method while the CoSb2 com-
ound is the only stable phase for di-antimonide (MSb2) preparing
y the MA method. Both FeSb2 and NiSb2 crystallize in a marcasite
tructure which is a stable phase at high temperature while CoSb2
an be crystallized in an arsenopyrite structure at low temperature
nd transforms to a marcasite structure at high temperature [18].
ecause of the existence of a stable phase at low temperature, the
oSb2 can be successfully prepared by the MA method.

Li and co-workers [15] calculated the formation enthalpies of
ll intermetallic compounds in the Ni–Sb binary system. At 800 K,
he NiSb structure is the lowest. As the marcasite structure (NiSb2)
s unstable at low temperature and NiSb is the prefered form, the
iSb phase must be observed in the XRD pattern when the mixture

s formed by milling at the mole ratio of Ni:Sb = 1:2. The residual
b comes from the stoichiometric reaction of the NiSb phase as
reaction: Ni + 2Sb → NiSb + Sb. On the other hand, the FeSb2 has

he lowest formation enthalpy at 893 K over all structures in the
e–Sb binary system as calculated by Pei et al. [16]. In fact, FeSb is
bsent in the Fe–Sb binary system, the composition of its structure
s Fe0.56Sb0.44 with the extra Fe being presence in the interstitial
ites 2d. The short interatomic Fe(2d)-Sb distance may increase the
train and the energy required offer its formation. The FeSb2 struc-
ure can be observed because it has lower formation enthalpies
ver Fe0.56Sb0.44. However, both structures are not stable at low
emperature. Neither Fe0.56Sb0.44 nor FeSb2 can be prepared in a
ingle phase by the MA method. Then, the mixtures that correspond
o the stoichiometric ratios of Fe0.56Sb0.44 and FeSb2 show similar
RD patterns after 60 h of milling.
. Conclusion

By mixing the elemental powders of Co, Fe, Ni and Sb at the mole
atios of six intermetallic compounds (MSb and MSb2) that occur
n the Co–Sb, Fe–Sb and Ni–Sb binary phase diagrams, only three

[
[
[

nd Compounds 501 (2010) 100–103 103

intermetallic compounds; CoSb, NiSb and CoSb2 can be synthesized
by the MA method. For mono-antimonide compounds, Fe0.56Sb0.44
has an extra Fe in its interstitial sites that perhaps increases the
energy of formation and is not stable at low temperature.

For the di-antimonide compounds, all intermetallic phases
occur with a marcasite structure and are usually observed at high
temperature. But only CoSb2 crystallizes in the arsenopyrite struc-
ture that is stable at low temperature. At the mole ratios of Fe or
Ni:Sb = 1:2, the presence of the NiSb and FeSb2 phases maybe be
related to their formation enthalpies.
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