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A new low temperature synthetic route to binary and ternary metal antimonides is reported. Binary
transition metal antimonides prepared include CoSbs, CoSb,, CoSb, NiSb, NiSb,, Cu,Sb and MosSb7; new
ternary compositions prepared include the series Co;_xNi,Sb (0.1 <x <0.9). The intermetallic SnSb has
also been prepared by this route. The synthetic method is simple and does not require the use of very
high temperatures, multi-step reactions or reaction under vacuum. Compounds were synthesised by the
reduction of mixed metal oxides under 10% hydrogen in argon at moderate temperatures (approx.450°C).
The route affords some control over the stoichiometry of the product. High purity binary phases formed
include CoSbs, CoSb, NiSb, Cu,Sb and SnSb. Owing to the significantly different reduction temperatures
of the starting metal oxides, Mo3Sb; was formed with impurities of MoO, and Sb metal. CoSb, and NiSb;
were formed with impurities of CoSbs and NiSb, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal antimonides have been shown to exhibit prop-
erties that can be utilised in a range of applications. Some of these
properties include thermoelectric behaviour [1], semiconductiv-
ity [2] and superconductivity [3]. There is also evidence which
demonstrates the potential for transition metal antimonides to be
used as lithium ion battery anode materials [4-6]. Transition metal
antimonides are therefore of great interest to industry and to the
academic community.

Current synthetic routes to transition metal antimonides vary,
but often involve the use of high temperatures, multi-step reactions
and/or reaction under vacuum. The traditional route to transition
metal antimonides is the direct reaction of the elements under
vacuum. A survey of current literature reveals that reaction temper-
atures of around 1000 °C are common [3,7], although temperatures
a little lower than this are sometimes employed [8]. Other alter-
natives which have been explored include metathesis [9], spark
plasma sintering (SPS) [10,11], co-precipitation [12], solvothermal
synthesis [13,14], mechanical alloying [15] and levitation melt-
ing [4]. The lattice enthalpy of the products is the driving force
for the metathesis reaction of Na3zSb with transition metal halides,
which is initiated at temperatures up to 500°C [9]. Spark plasma
sintering uses a pulsed DC current as the heat source for the reac-
tion. The formation of CoSbs in this way requires the use of an
argon atmosphere or a vacuum to prevent oxidation of the ele-
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mental starting materials [10,11]. The same condition is required
for the process of mechanical alloying, where elemental powders
are dry milled and violently deformed by grinding [15]. Levita-
tion melting, used to prepare CoSb, also requires the use of an
argon atmosphere, and, in addition, requires the use of moder-
ate temperatures (500 °C) for a prolonged period of time (7 days)
[4]. Co-precipitation of cobalt oxalate and antimony sesquioxide
provides another method of forming CoSbs [12]. However, co-
precipitation is a multi-step process, and also requires the use
of moderate temperatures (350-600°C) to calcine and reduce the
product. Solvothermal routes to transition metal antimonides also
require several synthetic steps [13,14].

There is considerable interest in finding low temperature routes
to these solids. We have developed a new synthetic route to
transition metal antimonides which eliminates the need for high
temperatures and reaction under vacuum, and potentially allows
access to materials which melt incongruently. The method is an
adaptation of previous work conducted on the reductive synthesis
of transition metal nitrides, where intimately mixed metal oxides
were reduced under an atmosphere of 10% hydrogen in nitrogen
[16-19]. Here we report the facile synthesis of transition metal
antimonides by the reduction of mixtures of metal oxides under
10% hydrogen in argon. We also demonstrate the ability to con-
trol product stoichiometry using this synthetic route. Frequently
in solid-state compounds, small changes in composition can lead
to large changes in physical properties. The synthesis and con-
trol of stoichiometry in new ternary intermetallics are therefore
fundamental to optimisation of their properties.

Compounds that we have targeted using this synthetic pro-
cedure include binary and ternary antimonides of cobalt, nickel,
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Table 1

Heating protocols for all compounds.
Compound Firing 1 Firing 2 Firing 3 Firing 4
CoSb 425°C(48h)  450°C(24h) - -
CoSb, 425°C(48h)  450°C(24h) - -
CoSbs 425°C(48h)  450°C(24h)  450°C(24h) -
NiSb 425°C(48h)  450°C(24h)  450°C(24h) -
NiSb, 425°C(48h)  450°C(24h)  475°C(24h)  475°C(24h)
CuySb 400°C (48h)  425°C(24h) - -
MosSb; 425°C(48h)  450°C(24h)  475°C(24h) 520°C(24h)
SnSb 425°C(48h)  425°C(24h) - -
Co;_xNiySb  425°C(48h)  450°C(24h)  450°C(24h) 500°C (24 h)

copper, molybdenum and tin; specifically CoSbs, CoSb,, CoSb, NiSb,
NiSb,, Cu,Sb, Mo3Sb, SnSb and the solid solution Co;_4NixSb. The
binary compositions have previously been investigated for their
potential use in technological applications. For example, CoSbs is
well known for its thermoelectric behaviour; ‘stuffing’ the structure
with weakly bonded atoms (such as Sn) increases the thermoelec-
tric figure of merit by reducing the thermal conductivity of the
material [20]. Similarly, Mo3Sb has attracted interest because it is
a high temperature thermoelectric material that is an outstanding
candidate for power generation [21,22]. In addition, CoSb, NiSb and
Cu,Sb have been investigated for their use as lithium ion battery
anode materials [4-6].

2. Experimental
2.1. Synthesis

Reagents were purchased from Alfa Aesar in the following purities: cobalt oxide
(Co304, 99.7%), nickel oxide (NiO, 99.998%), copper oxide (CuO, 99.995%), molybde-
num trioxide (MoOQj3, 99.9995%), tin oxide (SnO, 99%), antimony sesquioxide (Sb,03,
99.999%).

Stoichiometric amounts of the appropriate metal oxides were accurately
weighed, intimately ground until visibly homogeneous, and pelletised under a pres-
sure of 440-740 GPa. In each case the amounts of starting reagents were calculated
in order to form 1g of product. After pelletising, the samples were heated (at a
ramp rate of 3°C/min) using the heating protocols given in Table 1 under a flow
(1.7(1)m3 h~1) of 10% hydrogen in argon (Energas) at each stage. Furnaces were
allowed to cool radiatively to room temperature. Samples were handled in air with
no special precautions taken, and re-ground and re-pelletised in between firings in
order to maximise homogeneity.

2.2. Characterisation

Samples were analysed by X-ray powder diffraction using a Siemens D5000
diffractometer operating with Cu Ka radiation. Finely ground samples were
mounted with a minimum of grease (Dow Corning® High Vacuum Grease) on a
glass sample mount and rotated at 15 revolutions per minute during data collec-
tion. Diffraction patterns obtained for CoSbs, CoSb, NiSb and Cu,Sb were recorded
over the range 5 <26/° <120, with a step size of 0.020°, and a counting time of 9.3 s.
Diffraction patterns recorded for CoSb,, NiSb,, MosSb7, SnSb and for the ternary
compositions were collected for a shorter time (step size 0.020°, counting time 1.0s)
and were recorded over the narrower range of 5 <26/° < 70.

Rietveld refinement of the crystal structures was carried out using the GSAS suite
of programs [23]. Backgrounds were fitted using a shifted Chebyshev polynomial,
and peak shapes were modelled using a pseudo-Voigt function. Lattice parameters,
a zero point correction, profile parameters and atomic positions were refined. In
the majority of cases isotropic displacement parameters were also refined. In cases
where this led to an unstable refinement the parameters were fixed at small positive
values (U=0.025). For Mo3Sb; displacement parameters were set to zero. The peak
cut-off points were set to 0.15% of the peak maximum. The quality of the fit to
each observed diffraction pattern may be judged by the residual R(F?), defined as
X|F2 —F2 |/X|F% |

obs calc obs
3. Results and discussion

High purity samples of CoSbs, CoSb, NiSb and Cu,Sb were pre-
pared by the reduction of stoichiometric mixtures of metal oxides
under 10% hydrogen in argon. Samples of CoSb,, NiSb, and Mo3Sby
were also prepared, but with some impurities. Ternary antimonides
in the series Co;_xNixSb (0.1 <x<0.9) were also synthesised as

Fig. 1. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for CoSbs. Inset shows a representation of the skutteru-
dite structure with Co in black and Sb in grey.

pure phases. We believe that full crystallographic details for mate-
rials with these ternary compositions have not been reported
previously. Crystal structure and Rietveld refinement data for all
compounds are given in the Supplementary data.

3.1. CoSbs

CoSbs adopts the CoAss (skutterudite) structure, crystallising
in the cubic space group Im3. The unit cell can be considered to
be split into octants, with cobalt atoms positioned at the octant
corners. Planar Sb4 units, which are not quite square, occupy six out
of eight of the octants, with the other two octants in the unit cell
remaining empty. Filling of the empty octants with weakly bonded
atoms (such as Sn) can cause a decrease in the thermal conductivity
of the material, enhancing its thermoelectric behaviour.

CoSbs was made in good purity; a very small impurity peak was
present in the diffraction pattern at approximately 30° two theta,
that could be attributed to the phase SbgO13. The presence of this
phase is possibly a result of insufficient reduction. The Rietveld fit to
the observed data is shown in Fig. 1. Good quality fit to the observed
diffraction pattern was obtained as shown by an R(F?) value equal
to 0.0792. A broad feature can be seen in the pattern centred on
approximately 20-25° two theta. This was directly attributable to
the sample mounting and not due to a poorly crystalline impu-
rity in the sample. A diffraction pattern for the sample mount and
comparison with Fig. 1 is given in the Supplementary information.

3.2. CoSh,

CoSb, is the binary prototype for the arsenopyrite structure,
a superstructure of the marcasite structure type [24], which was
first established for FeAsS [25]. CoSb, crystallises in the monoclinic
space group P2q/c. The structure consists of distorted edge- and
corner-sharing CoSbg octahedra. The distortion of the octahedra
arises from a shifting of the Co atoms from the centres of the octa-
hedra, resulting in alternately shorter and longer Co-Co distances,
aligned almost parallel to the [10 1] direction [26].

The synthetic procedure yielded a product which was predom-
inantly CoSb,, but contained a small-scale impurity of CoSbs; the
product contained 82.2(9)% CoSb, by weight with 17.8(9)% CoSbs.
This reflects the great stability of CoSb; which forms under the
reaction conditions. It may be that a slight alteration of the heat-
ing protocol may yield pure CoSb, preferentially. Good quality fit
to the observed diffraction pattern was obtained as shown by an
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Fig. 2. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for CoSb,. The upper tick marks show the positions of
allowed reflections from the main phase; lower ticks are those for CoSbs. Inset shows
arepresentation of the CoSb, structure (arsenopyrite) in terms of CoSbg octahedra.

R(F?) value equal to 0.1547. The multi-component Rietveld plot is
shown in Fig. 2. The broad feature centred on 25° two theta is due
to the sample mounting. (See Supplementary information).

3.3. NiSb and CoSb

NiSb and CoSb both adopt the nickel arsenide structure, crys-
tallising in the hexagonal space group P63/mmc. The structure can
be described as an hcp array of antimony in which the metal fills all
of the octahedral holes.

The synthetic procedure yielded high purity NiSb and CoSb. The
Rietveld fit for NiSb is shown in Fig. 3. Good quality fit to observed
data was obtained as shown by an R(F2) value equal to 0.1062. We
note the existence of a small unidentified broad feature at about
18° two theta in the diffraction pattern. This possibly indicates the
presence of a poorly crystalline impurity. Good quality fit to the
observed diffraction pattern for CoSb was also obtained as shown
by an R(F?) value equal to 0.1367. Very small amounts of elemental
cobalt and antimony (~ 0.5% by weight) were present. The Rietveld
fit to CoSb is contained within the Supplementary data.

Fig. 3. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for NiSb. Inset shows a representation of the nickel
arsenide structure in terms of NiAsg (NiSbg) octahedra.

Fig. 4. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for NiSb,. The upper tick marks show the positions of
allowed reflections from the main phase; lower ticks are those for NiSb. Inset shows
a representation of the NiSb, structure (marcasite) in terms of NiSbg octahedra.

3.4. NiSh,

NiSb, adopts the marcasite structure, crystallising in the
orthorhombic space group Pnnm. The structure consists of corner-
sharing chains of edge-sharing NiSbg octahedra, which run parallel
to the c axis.

The synthetic procedure yielded a product which was predom-
inantly NiSb,, but contained a small-scale impurity of NiSb. The
multi-component Rietveld plot is shown in Fig. 4. A good quality
fit to the observed diffraction pattern was obtained as shown by
an R(F?) value equal to 0.1181. It is interesting to note that NiSb,
rather than NiSb,, was formed in the initial stages of the reaction
(450°C). Due to the stoichiometric ratio of the starting reagents,
unreacted antimony sesquioxide was also present after reaction
at 450°C. The formation of NiSb, began during reaction at 475°C,
and was accompanied by significant amounts of NiSb (40.5(5)%
by weight) and antimony sesquioxide (24.4(5)% by weight). The
final reaction at 475 °C resulted in a mixture of NiSb, (83.2(3)% by
weight) and NiSb (16.7(3)% by weight). The presence of NiSb at this
stage indicated that a small amount of antimony had been lost from
the reaction. It is likely that the relatively high temperatures used
to form NiSb, vapourised a small amount of antimony in the fur-
nace. Further experimentation to optimise the preparation of NiSb,
is underway.

3.5. CuySb

Cu,Sb adopts the anti-PbFCl structure, crystallising in the tetrag-
onal space group P4/nmm. The structure can be described in terms
of edge-sharing SbCug monocapped tetragonal antiprisms [7]. It
can also be described in terms of layers of atoms on two distinct
sites: the 2a and 2c Wyckoff positions. There are two copper sites
(2a and 2c¢) and one antimony site (2c) in the Cu,Sb structure. The
copper and antimony atoms located on the 2c sites are arranged in
a “corrugated” double layer, where the atom types alternate in all
directions. This double layer is sandwiched by two square planar
layers of copper atoms located on the 2a site. The copper atoms in
the double layer are displaced very slightly towards the atoms in
the all-copper plane, leading to the buckling of the layer [27].

Cu,Sb was formed in high purity. However, upon close inspec-
tion, small impurity peaks can be observed in the diffraction
pattern. These are too small to enable identification of the impu-
rity phases. The Rietveld fit is shown in Fig. 5. Good quality fit to
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Fig. 5. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for Cu,Sb. Inset shows a representation of the Cu,Sb
structure in terms of SbCug monocapped tetragonal antiprisms.

the observed diffraction pattern was obtained as shown by an R(F?)
value equal to 0.1085.

3.6. MO35b7

Mo3Sb7 adopts the Ir3Ge; structure [3], crystallising in the cubic
space group Im3m. Hiussermann et al. provide a detailed descrip-
tion of the structure of Mo3Sb7, which we have summarised below
[28]. The Ir3Ge;-type structure is composed of atoms situated on
three independent atomic positions, which are labelled T (12e),
E1 (12d) and E2 (16f), with Mo atoms occupying the T site, and
Sb atoms occupying the E sites. Two interpenetrating frameworks
form the basis of the structure: the first is composed of T-centred
square antiprisms, with E1 and E2 atoms at the vertices. Two of
these square antiprisms share a square face forming a structure
visually comparable to a ‘barrel’, with the rotation angle between
the two square antiprisms equal to 45°. This angle is the same for
all compounds adopting this structure. The ‘barrels’ are connected
in such a way that an empty cube is formed as a junction between
pairs of square antiprisms. The centres of these cubes are taken as
the corners of the unit cell. The second framework is equivalent to
the first, and is generated by the body-centring translation.

The synthetic procedure yielded a product which was pre-
dominantly Mo3Sb7, but contained impurities of MoO, (21(1)% by
weight) and Sb (3(1)% by weight). The Rietveld fit to the observed
data is shown in Fig. 6. Good quality fit to the observed diffraction
pattern was obtained as shown by an R(F?) value equal to 0.1140.
Attempts to refine displacement parameters within the main phase
led to small negative Ui, values. Setting these values to 0.025 led
to a clear and systematic mismatch with the observed data. The fit
was considerably better (both judged by eye and in terms of the
quality of fit parameters) when the Ujs, values were set to zero
and this model was retained in the final refinement. The presence
of impurities of MoO, and Sb is likely to be a result of the sig-
nificantly different temperatures at which molybdenum(VI) oxide
and antimony sesquioxide reduce: antimony sesquioxide reduces
at approximately 400 °C; molybdenum(VI) oxide reduces to molyb-
denum(IV) oxide quite easily at this temperature. However, the
reduction of molybdenum(IV) oxide only occurs at above approx-
imately 600°C. Performing this reaction at a higher temperature
than 600 °C leads to the reduction of antimony sesquioxide occur-
ring too quickly, therefore forming elemental antimony. At present
we have not been able to produce MosSb; without the presence of
impurities due to the significant difference in ease of reduction of
the metal oxides.

Fig. 6. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for Mo3Sb;. The upper tick marks show the positions of
allowed reflections from the main phase; middle ticks are those for MoO,; lower
ticks are those for Sb. Inset shows a representation of the Ir;Ge;-type structure.

3.7. SnSb

The structure of SnSb has recently been definitively studied [29].
The structure is incommensurate as a result of ordering of Sb and
Sn within the structure. The parent structure is very close to that
of a-Po. The 3-D space group is R3m although the structure is very
close to cubic (o= f=y=89.7°). The refinement used the 3-D space
group formalism on account of the unavailability of synchrotron
radiation to detect satellite reflections.

SnSb was formed in high purity. The isotropic displacement
parameters of the antimony atom and the tin atom were con-
strained in the refinement to be equal due to both atoms occupying
the same crystallographic site. The Rietveld fit is shown in Fig. 7.
Good quality fit to the observed diffraction pattern was obtained as
shown by an R(F2) value equal to 0.0959.

3.8. Ternary phases in the Co-Ni-Sb system

CoSb and NiSb both adopt the nickel arsenide structure. Owing
to this and the similar size of cobalt and nickel, it was proposed that
solid solutions in this system could be expected to form. Composi-
tions of Co;_xNixSb (0.1 <x <0.9), with x increasing in increments
of 0.1, were therefore synthesised. The Rietveld fit of one of the

Fig. 7. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for SnSb. Inset shows a representation of the SnSb struc-
ture.
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Fig. 8. Observed (crosses), calculated (grey line) and difference (black line) X-ray
powder diffraction profiles for CogsNig5Sb.

compositions in the series (CogsNig5Sb) is shown in Fig. 8. Good
quality fit to the observed diffraction pattern was obtained as
shown by an R(F?) value equal to 0.0577.

Full width at half maximum values for each phase (0<x<1)
were calculated for the (10 2) reflection located at approximately
44° two theta. Examination shows there is no significant variation
in full width at half maximum across the series, strongly suggesting
the presence of single phase products. R(F2) values for the series
were all in the range 0.0515 to 0.1221. To our knowledge this is the
first report of a crystallographic study of the solid solution of NiSb
in CoSb.

The X-ray diffraction data indicate full miscibility of NiSb in
CoSb. This is illustrated in the linear increase in unit cell volume
with increasing nickel content shown in Fig. 9. Fig. 10 shows how
the M-Sb and Sb-Sb bond lengths vary with composition.

Fig. 9. Plot showing how the unit cell parameters a and c, and the unit cell volume,
V, of Co;_xNi,Sb vary with composition (x). Filled triangles represent a, unfilled tri-
angles represent ¢, and circles represent the unit cell volume, V. Estimated standard
errors on the parameters are too small to be visible.

Fig.10. Plot of M-Sb and Sb-Sb bond lengths against composition (x) for Co;_xNi,Sb.
Filled triangles represent M-Sb bond lengths, and unfilled triangles represent Sb-Sb
bond lengths.

The plots of unit cell length a, unit cell volume and M-Sb bond
length against composition clearly show an almost linear relation-
ship between the two variables. The steady increase in volume
with increasing Ni content is mirrored in the M-Sb bond lengths
which vary smoothly across the series. The variation in Sb-Sb dis-
tances is more surprising and does not follow the same linear trend.
The Sb-Sb bond length reaches a minimum (3.4260(3)A) at the
composition NiCoSb,, which signifies the strongest Sb-Sb bonding
interaction in this phase. This is considerably longer than the Sb-Sb
distance in elemental antimony recorded at 298 K (2.9082(5)A)
[30]. The variation of unit cell length ¢ with composition does not
follow a linear trend, but follows a decreasing trend until approx-
imately x=0.5, above which the value of c changes very little. At a
similar value, the plot of the Sb-Sb bond length against composition
reaches a minimum.

3.9. Discussion

The method described here provides a relatively low temper-
ature route to binary and ternary antimonides by reduction of
mixtures of binary oxides. It is similar to work carried out by
Gopalakrishnan et al. [31] that describes the reduction of crys-
talline precursors with well-defined stoichiometry such as NiSb, Og
to give metal pnictides; a method applicable to a variety of binary
compounds where suitable precursors can be found.

The synthetic method described here is akin to that of Gopalakr-
ishnan, but does not require that precursors are made prior to
reduction. Secondly, where binary oxides are the starting materials
the synthesis of ternary or higher compounds is easily accom-
plished as in the case of Co;_4NixSb. Certainly in the case of the
metal phosphides the purity of products reported by Gopalakrish-
nan is good. It may be that by careful alteration of the heating
regime, the purity of products from our protocol can be further
improved.

4. Conclusion

A new low temperature synthetic route to binary and ternary
metal antimonides has been demonstrated. The binary phases
CoSbs, CoSb, NiSb, Cu,Sb and SnSb were synthesised to a high
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degree of purity. The phases CoSb,, NiSb, and Mo3Sb; were also
synthesised albeit with impurities. Work to optimise the syn-
thetic conditions and eliminate impurities is underway. The new
series of pure ternary transition metal antimonides, Co;_xNixSb
(0.1 <x<0.9), was also synthesized, and our results suggest there
is a full miscibility range of NiSb in CoSb. To demonstrate the fur-
ther utility of this method we are in the process of investigating
the synthesis of ternary compositions reported to display a misci-
bility gap. Similarly, we are examining other antimonides reported
to melt incongruently, such as NbIrSb and AuSb,.
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