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’ INTRODUCTION

During the past few decades transition metal antimonides
have attracted much industrial and academic interest. They are
among the parent compounds in crystal chemistry, and their
great variety of electrical and magnetic properties originating
from the variable compositions makes them interesting materials
in metallurgy and solid state science.

Their properties include, for example, superconductingbehavior1�4

and the potential for use as lithium ion battery anodematerials.5�7 In
addition, many binary and ternary antimonides have recently been
identified as promising thermoelectric materials.8�13 Material scien-
tists are currently working on the reinvestigation of known com-
pounds as well as on the de novo design of new compounds with the
desired physical properties, that is, a large Seebeck coefficient and
electrical conductivity and small thermal conductivity.14

Furthermore, low-dimensional materials and nanomaterials
are known to exhibit properties that are fundamentally different
from those of the corresponding bulk compounds, and many
research groups focus on the synthesis of tailor-made nanopar-
ticles with distinct chemical and physical properties. In the field
of thermoelectrics, for example, much interest has been devoted
to down-scaling well-known high performance bulk phases to
further improve the figure of merit.15�17

Binary transition metal antimonides adopt very different
crystal structures, thereby offering a wide variety of possible

thermoelectric systems.18,19 Compounds, such as CoSb3, FeSb2,
and Zn4Sb3, have long been characterized as promising materials
in thermoelectric devices.20�22 NiSb and ZnSb show promising
thermoelectric properties, as well.14,23,24 To further investigate
possible candidates within the antimonide family, phase pure
nanoparticular samples must be prepared and characterized. The
synthesis of intermetallic compounds usually requires high reac-
tion temperatures and long reaction times for the thermodynami-
cally stable phase to be formed. However, when this reaction
temperature exceeds the corresponding nucleation energy of an
intermediate phase, this phase is not accessible by classical solid
state reactions. Besides, nanoparticles are sensitive to heat because
of crystal growth during longer heating periods. The number of
low temperature synthesis methods for nanocrystalline interme-
tallic compounds of the late transition metals has increased
dramatically over the past few years. In situ reduction in high
boiling solvents, (modified) polyol processes,25,26 and solvother-
mal reaction processes allow the synthesis of metastable inter-
metallic phases.27,28 However, the preparation of nanocrystalline
antimonides has not been focused on extensively.5,29�31 There-
fore, we have optimized a low-temperature solution chemistry
route allowing the formation of intermediate and metastable
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ABSTRACT: The preparation of nanoengineered materials with controlled nanostructures,
for example, with an anisotropic phase segregated structure or a regular periodicity rather
than with a broad range of interparticle distances, has remained a synthetic challenge for
intermetallics. Artificially structured materials, including multilayers, amorphous alloys,
quasicrystals, metastable crystalline alloys, or granular metals, are mostly prepared using
physical gas phase procedures. We report a novel, powerful solution-mediated approach for
the formation of nanoparticular binary antimonides based on presynthesized antimony
nanoparticles. The transition metal antimonides M�Sb (M = Co, Ni, Cu2, Zn) were
obtained with sizes ranging from 20 and 60 nm. Through careful control of the reaction
conditions, single-phase nanoparticular antimonides were synthesized. The nanophases were
investigated by powder X-ray diffraction and (high resolution) electron microscopy. The
approach is based on activated metal nanoparticles as precursors for the synthesis of the
intermetallic compounds. X-ray powder diffraction studies of reaction intermediates allowed
monitoring of the reaction kinetics. The small particle size of the reactants ensures short diffusion paths, low activation barriers, and
low reaction temperatures, thereby eliminating solid�solid diffusion as the rate-limiting step in conventional bulk-scale solid-state
synthesis.
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antimony intermetallic phases. A new, metastable, and hitherto
unknown Zn�Sb compound has been synthesized and identified.28

In the present study, we have extended this synthetic approach
to the binary antimonides CoSb, NiSb, Cu2Sb, and ZnSb to
demonstrate its potential to access various compounds within the
metal antimonide family. In contrast to the well-established
polyol process, we start from metal particles and/or carbonyl
precursors; that is, no additional salts (from reducing agents) or
organic compounds are present in the syntheses (besides possi-
ble organic impurities in the used solvents). Therefore, this
method can yield products without further impurities. In addi-
tion, this synthesis route allows the production of macroscopic
masses of single-phase nanopowders and therefore allows further
investigations of the thermoelectric properties.

The antimonides M�Sb (M = Co, Ni) adopt the NiAs-type
crystal structure with the hexagonal space group P63/mmc. The
structure can be described as a hcp arrangement of antimony
atoms with the metal atoms filling the octahedral voids.32 Cu2Sb
crystallizes in the anti-PbFCl structure with the tetragonal space
group P4/nmm.32 ZnSb crystallizes in the orthorhombic ZnSb
structure (space group Pbca), as reported in 1948.33 Both Zn and
Sb adopt a 5-fold coordination by one like and four unlike
neighboring atoms.34

’RESULTS AND DISCUSSION

Synthesis. The synthetic approach we present here is based
on the reaction of activated metal nanoparticles in a high-boiling
solvent and has been described for the successful synthesis of
metastable Zn1+δSb before. Antimony nanoparticles are either
reacted with other metal nanoparticles or reacted with a molec-
ular metal precursor and are produced by reduction of SbCl3 in
lithium triethylboronhydride Li[Et3BH] at room temperature in
tetrahydrofuran (THF). Activated Sb nanoparticles are highly
reactive in ambient air, leading primarily to the formation of
Sb2O3.

1H NMR data of Sb nanoparticles kept in an inert gas

atmosphere show an intense signal according to surface bond
stibane (δ ≈ 1.05 ppm), which broadened when the particles
were in contact with air, cf. Figures SI-1 and SI-2 in the
Supporting Information. In the case of antimony, it is very
difficult to obtain well separated, monodisperse nanoparticles.
Nevertheless, this synthetic technique was studied to obtain
intermetallic binary antimonides for a proof of principal study
with a focus on the thermal conductivity. Note that we report
exclusively on the synthesis and characterization of the nano-
particles, which will be used for subsequent studies of lattice
dynamics. Therefore, the interface density is important. To
perform detailed physical property measurements, the powders
need to be compacted into a pellet. There are reports of well-
dispersed antimony nanoparticles and wires, prepared in high
dilution polyol processes,35 which might not be suitable for
further reactions with other transition metal nanoparticles or
carbonyls. Schlecht et al. reported the synthesis of ZnSb and
Zn4Sb3 nanoparticles from activated Sb nanoparticles in a fused
silica ampule.36 We are using these activated particles in solution
based syntheses, which allows us to study the influence of
additional reaction parameters on the forming antimonide
nanoparticles. Therefore, the activated nature of the nanoparti-
cles without any capping agents or polymers on their surface is of
great importance. A TEM image and a powder XRD profile of the
activated Sb nanoparticles are provided in Figure 1. The refined
lattice parameters (a = 4.29 nm, c = 11.29 nm, r_wp = 4.9,
r_Bragg = 0.57) fit well to the reported bulk parameters.37

Furthermore, the calculated average crystallite size of approxi-
mately 37 nm matches the crystallite sizes obtained from TEM
images.
Ni, Zn, and Cu nanoparticles were prepared from the corre-

sponding chlorides. The resulting elemental nanoparticles were
characterized by electronmicroscopy to verify the nanosize of the
corresponding elemental particles. For the synthesis of NiSb,
ZnSb, and Cu2Sb nanoparticles, the corresponding metal parti-
cles were dispersed in a high-boiling solvent and added to the
solution of antimony nanoparticles, and the mixture was heated
to temperatures between 150� and 300 �C. Antimony nanopar-
ticles and Co2(CO)8 were reacted with each other to form CoSb.
Starting from Co2(CO)8 as cobalt precursor eliminates the
reduction step and enables a high purity of the resulting CoSb
nanoparticles. Similar precursors for the other metals could not
be used in the reported synthesis. Presynthesized Co nanopar-
ticles did not lead to the formation of a phase pure compound.
With the help of the powder X-ray diffraction data of the

reaction intermediates, the reaction conditions for the formation

Figure 1. Antimony precursor particles: (a) TEM image showing agglomerated particles with sizes ranging 20�50 nm; (b) powder X-ray diffraction
data (black dots), Rietveld refinement (red line), and corresponding difference curve of antimony precursor nanoparticles.

Table 1. Reaction Conditions for the Synthesis of the Late
Transition Metal Antimonides

compd

metal

precursor solvent

reaction

temperature (�C)
heating rate

(�C/min)

CoSb Co2(CO)8 tetraethyleneglycol 280 5

NiSb Ni NP tetraethyleneglycol 180 5

Cu2Sb Cu NP trioctylamine 160 5

ZnSb Zn NP trioctylamine 300 15
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of the different antimonides were optimized in terms of
(shortest) reaction time, phase purity, and crystallinity. The
results are summarized in Table 1. In all cases, Sb nanoparticles

that react with different metal precursors at different reaction
temperatures were used. It should be noted that the reported
final reaction temperatures are the lowest possible ones allowing
the formation of phase pure nanoparticles within an acceptable
time frame (<12 h).
By starting from small metal particles, solid state diffusion is no

longer the rate-limiting step of the reaction and different phases
are accessible. In contrast to conventional solid state reactions
that allow the formation of the thermodynamically stable pro-
duct, nanostructured metastable28 and intermediate compounds
can be made by this approach. However, this synthesis approach
is highly sensitive to a variety of parameters, such as heating rate,
final temperature, reaction time, solvent, and precursor material.
On the other hand, this variety of reaction conditions also allows
an optimization of the reaction process to obtain the target phase.
In the case of NiSb, Cu2Sb, and ZnSb, metal nanoparticles could
be used as precursor materials, whereas CoSb could only be
obtained with Co2(CO)8 as starting compound. Additionally, for
CoSb, Cu2Sb, and ZnSb, only the solvent shown in Table 1 led to
the formation of phase pure material, whereas for NiSb the
solvent seems to have aminor influence. TheNiSb phase was also
obtained if other solvents (trioctylamine, triethylenegylcol) were
used. One reason for the higher flexibility of the synthesis
conditions for NiSb could be its rather broad phase width
compared to those of the other compounds described here. In
a typical synthesis of NiSb, tetraethyleneglycol was used as a
solvent.
Powder X-ray Diffraction. X-ray powder diffraction profiles

of all compounds recorded from the reaction intermediates and
the final products (Figure 2 and Figures SI-3 and SI-4 in the
Supporting Information) revealed that all target phases form
during the heating step.
For the synthesis of CoSb, Sb was consumed upon further

heating. The reaction yields pure CoSb at 280 �C. For NiSb,
Cu2Sb, and ZnSb the target phases and precursor compounds
were crystalline at the final temperature and subsequently reacted
to form the final product.
As mentioned above, the resulting nanoparticle phases and the

product distribution strongly depend upon the reaction conditions,

Figure 2. Formation of CoSb. Time-dependent and temperature-
dependent (ex situ) X-ray diffraction: experimental data (black dots),
Rietveld fits (red line), and corresponding difference plots (black line) at
different reaction temperatures and times.

Figure 3. Influence of the heating rate on the composition of the CoSb/CoSb2 system. Experimental data (black dots), Rietveld fits (red line), and
corresponding difference plots (black line). (a) Optimized heating rate, 5 K/min, yields phase pure CoSb. (b) Heating rate 15 K/min yields a mixture of
CoSb and CoSb2. Excess Co was removed with 1 M HCl.
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and they are sensitive toward variation of these variables. The
most important reaction parameters are (i) overall reaction
time, (ii) final temperature, and (iii) heating rate. The overall
reaction time seems to control the progress of the reaction
between the antimony nanoparticles and the metal precursors.
Thus, short reaction times result in impurities of unreacted
antimony. The final temperature and heating rate control the
phase formation and the phase purity as shown in Figure 3 for
the CoSb/CoSb2 system. In a similar way, variations of the
synthesis parameters lead to the formation of NiSb2 impurities
during the synthesis of NiSb. Although the MSb2 (M = Co, Ni)
phases often appeared as impurity phases, no appropriate reaction
conditions for the formation of phase pure compounds CoSb2 and
NiSb2 could be found so far. The synthesis of Cu2Sb is prone to
antimony impurities, but long reaction times (>180 min) could
solve this general problem and allow the synthesis of single-phase
Cu2Sb. For ZnSb, themajor impurity is the Zn1+δSb phase and the
corresponding, optimized reaction conditions have been
reported.28 The formation of antimony impurities is observed in
most cases, and the synthesis of ZnSb is, therefore, the most
delicate procedure reported here.
All quantitative phase analyses plotted in Figure 2 and Figures

SI-3, SI-4, and SI-5 in the Supporting Information were per-
formed by full pattern profile analyses of the corresponding X-ray
diffraction data using the published structural data for CoSb,
NiSb,38 Cu2Sb,

39 ZnSb,40 and Sb,37 respectively, using TOPAS
Academic V 4.1.41We considered the observed data with caution,
and the results of the refinements are given in Table 2. In all
refinements there were no hints of defects or nonstiochiometry
of the end products. Therefore, the atom positions were not
refined. In all cases the refined lattice parameters of the nano-
powders fit to the reported parameters of the corresponding bulk
phases (cf. Table 2).
Transmission Electron Microscopy. Transmission electron

microscopy images of the different nanoparticular compounds
shown in Figure 4 revealed the presence of highly agglomerated
nanoparticles. Despite intensive sonication during TEM sample
preparation, individual crystals were never observed, and even
the smallest aggregates consisted of several crystals.
The sizes of the nanoparticles ranged from 20 nm to approxi-

mately 60 nm. Most nanoparticles revealed isotropic shapes, but
anisotropic structures were found in the case of the Cu2Sb
(Figure 4c).

In general, the particle sizes observed by TEM are overesti-
mated with respect to the refined crystallite sizes. Taking into
account that the refined crystallite sizes of X-ray diffraction data are
average values and that the particle size is not strictly equal to the
crystallite size, there is a satisfactory agreement between the results
of the X-ray diffraction and electron microscopy studies.

’CONCLUSION

In this contribution, we have extended the strategy that was
demonstrated for the solution synthesis of nanoparticular Zn1+δSb
to a general solution-mediated synthesis of nanocrystalline binary
antimonides.28 Our approach, the result of ongoing investigations
of reaction pathways in the synthesis of intermetallics, involves a
low-temperature chemical conversion of preformed activated
antimony via reaction of (i) organometallic precursors such as
metal carbonyls or (ii) metal nanocrystals into intermetallics. This
strategy, yieldingmorphologically controllable nanocrystalline inter-
metallics starting from commercially available reagents, appears very
general. This work complements the previous work reported by
other groups30�32,36,42,43 for the synthesis of nanocrystalline inter-
metallics by providing an alternative access that is general and
robust. The small particle size of the reactants ensures short diffusion
paths, low activation barriers, and low reaction temperatures, there-
by eliminating solid�solid diffusion as the rate-limiting step in
conventional bulk-scale solid-state synthesis. The high flexibility of
this synthetic route in terms of reaction parameters allows for easy
control over accessible phases and structures. We think that this is a
powerful strategy for the synthesis of diverse nanoparticular inter-
metallics with a large potential in different applications.

’EXPERIMENTAL SECTION

Synthesis of the Metal Nanoparticles. ZnCl2 (ABCR,
99.999%), NiCl2 (Sigma-Aldrich, 99.99%), and CuCl (ABCR, 99.995%)

Table 2. Refined Lattice Parameters for the Obtained Com-
pounds and Literature Values (The corresponding references
are given in the text.)

compd
reported lattice

parameters

(bulk)

refined lattice

parameters

(nano) ( error

calcd avg

crystallite

size ( error
r_wp

(r_Bragg)

CoSb a = 3.890 a = 3.899 ( 0.001 16.14( 0.38 2.278

c = 5.186 c = 5.207 ( 0.002 (1.31)

NiSb a = 3.934 a = 3.934 ( 0.001 12.75( 0.14 5.481

c = 5.138 c = 5.145 ( 0.001 (1.53)

Cu2Sb a = 4.001 a = 4.008 ( 0.0003 33.84( 0.60 2.805

c = 6.104 c =6.112 ( 0.001 (0.89)

ZnSb a = 6.202 a = 6.214 ( 0.0003 82.13( 1.82 5.17

b = 7.742 b = 7.756 ( 0.0004 (2.07)

c = 8.100 c = 8.098 ( 0.0004

Figure 4. TEM micrographs of the nanostructured compounds: (a)
CoSb, (b) NiSb, (c) Cu2Sb, and (d) ZnSb.
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were first dried with thionylchloride, washed with toluene, dried in vacuum,
and stored in a glovebox under N2 atmosphere. Tetrahydrofuran was dried
with CaCl2 and Na/K and freshly distilled before use. Lithium triethylbor-
onhydride Li[Et3BH] (Aldrich, 1M in THF, referred to as “superhydride”)
and SbCl3 (ABCR, 99.99%) were used as obtained, and SbCl3 was stored in
a glovebox. Zn particles were synthesized by the reaction of ZnCl2 with
2 equiv of the 1 M solution of superhydride in THF at ∼65 �C. The
particles were washed several times with THF, dried in a vacuum, and
stored in a glovebox. Sb particles, Ni particles, and Cu particles were
produced by reducing SbCl3, NiCl2, andCuClwith 3, 2, and 1 equiv of the
1 M superhydride solution at room temperature, respectively. The black
particles were repeatedly redispersed in THF and decanted from the
solution, dried in a vacuum, and kept in a glovebox.
Synthesis of Binary Antimonide Nanoparticles. Trioctyla-

mine and tetraethyleneglycol (Aldrich, 98%) were degassed and stored
under Ar before use.
CoSb. In a typical synthesis, nanoparticles of the nominal composition

CoSb were prepared by heating of Sb-nanoparticles (1 mmol) and
Co2(CO)8 (0.5 mmol) in tetraethyleneglycol (ultrasound bath for 10
min) with a heating rate of about 5 K/min. The reaction mixture was
heated to ca. 280 �C. For intermediate products, 2 mL of the solution
was extracted by syringe at approximately 150, 200, 250, and 280 �C.
After the solution was cooled to room temperature, the resulting black
product was collected by centrifugation (9000 rpm), washed with
ethanol, and dried under a steady Ar flow.
NiSb. In a typical synthesis, nanoparticles of the nominal composition

NiSb were prepared by heating of Sb-nanoparticles (1 mmol) and Ni-
nanoparticles (1 mmol) in tetraethyleneglycol (ultrasound bath for
10 min) with a heating rate of about 5 K/min. The reaction mixture was
heated to ca. 170 �C and held there 210 min. For intermediate products,
2 mL of the solution was extracted by syringe at approximately 70, 80,
140, and 170 �C. After the solution was cooled to room temperature, the
resulting black product was collected by centrifugation (9000 rpm),
washed with ethanol, and dried under a steady Ar flow.
Cu2Sb. In a typical synthesis, nanoparticles of the nominal composi-

tion Cu2Sb were prepared by heating of Sb-nanoparticles (1 mmol)
and Cu-nanoparticles (2 mmol) in tricotylamine (ultrasound bath for
10 min) with a heating rate of about 5 K/min. The reaction mixture was
heated to ca. 160 �C and held there for 180 min. For intermediate
products, 2 mL of the solution was extracted by syringe at approximately
50 and 100 �C. After the solution was cooled to room temperature, the
resulting black product was collected by centrifugation (9000 rpm) and
washed with ethanol. Afterward, the black powder was washed two times
with 1 M HCl in saturated NH4Cl solution to remove possible Cu
residues. The powder was then again washed with ethanol and dried
under a steady Ar flow.
ZnSb. In a typical synthesis, Sb- and Zn-nanoparticles were heated to

300 �C at a rate of ca. 15 K/min in a polar, strongly coordinating solvent
(trioctylamine) to prevent nanoparticle aggregation. The reaction
mixture was held at ca. 300 �C for 60 min before it was allowed to cool
down. Products were collected by centrifugation, washed with ethanol,
and subsequently dried in vacuo. The syntheses had to be carried out
using an excess (3:1) of zinc metal to ensure all Sb reacted to form the
desired product. The additional Zn can be removed after the reaction by
repeated treatment of the solid residue with dilute acetic acid. The
product was then washed with ethanol and dried with streaming Ar to a
dry powder.
X-ray Powder Diffraction. X-ray powder diffraction data were

collected with a Bruker-AXS D8-Discover diffractometer in reflection
geometry equippedwith aHiStar detector using graphitemonochromatized
Cu KR radiation. Samples were glued on top of glass and (111) silicon
substrates, respectively, using VP/VA copolymer (vinylpyrrolidone/
vinylacetate). Rietveld refinements were performed with TOPASAcademic
v4.141 applying the fundamental parameter approach.

Transmission Electron Microscopy. For TEM investigations
the sample was suspended in ethanol and dropped onto a carbon coated
copper grid. The images were obtained using a Philips EM420 instru-
ment with an acceleration voltage of 120 kV.

For HRTEM investigations the sample was also suspended in ethanol
and sprayed onto a carbon coated copper grid using the sonifier
described in ref 44. The TEM work was carried out with a Tecnai F30
S-TWIN transmission electron microscope equipped with a field emis-
sion gun working at 300 kV. High-resolution (HR-) TEM and electron
diffraction patterns were acquired with a CCD camera (14-bit GATAN
794MSC).

’ASSOCIATED CONTENT

bS Supporting Information. (1) 1H NMR data of Sb,
measured under Ar; (2) 1H NMR data of Sb, measured under
ambient air; time-dependent and temperature-dependent
(ex situ) X-ray diffraction plots of (3) formation of NiSb and
(4) formation of Cu2Sb; (5) X-ray diffraction, Rietveld refine-
ments, and corresponding difference plots of the final ZnSb
product. This material is available free of charge via the Internet
at http://pubs.acs.org.
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