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ABSTRACT: Understanding how solids form is a challenging task, and few strategies -
allow for elucidation of reaction pathways that are useful for designing the synthesis of fm
solids. Here, we report a powerful solution-mediated approach for formation of 8
nanocrystals of the thermoelectrically promising FeSb, that uses activated metal nano-
particles as precursors. The small particle size of the reactants ensures minimum 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. A time- and temperature-dependent study of formation of nanoparticular

Sb-Hp

Molecular
precursor

FeSb, by X-ray powder diffraction and iron-57 Mossbauer spectroscopy showed the incipient formation of the binary phase in the

temperature range of 200—250 °C.

B INTRODUCTION

Intermetallic compounds are among the most prominent
materials in industry because their crystalline order gives rise
to superior physical properties in comparison to less-ordered
alloys." Additionally, reducing the particle size allows further
changes and adjustment of the nanoparticle properties as op-
posed to their bulk behavior.”

Within the antimonide group of compounds researchers can
find materials with a wide variety of possible applications, for
example, as battery anode materials** and in superconducting®~®
and thermoelectric devices.” "* These properties make them
useful compounds from an industrial point of view as well as
important and interesting systems to study from an academic
point of view.

With regard to its thermoelectric properties, FeSb, has been
shown to exhibit a colossal Seebeck coefficient at temperatures of
around 10 K. This colossal Seebeck coefficient was related to the
electronic structure of the strongly correlated FeSb, semiconductor.
The drawback of FeSb, is its relatively high thermal conduc-
tivity which reduces its overall thermoelectric performance
signiﬁcantly.m*18 The findings of Dresselhaus and Hicks in
the early 1990s'”*° sparked numerous studies of nanoparti-
cular systems. In recent years, several groups have successfully
reported improved performances for nanostructured materials.”' ¢
To further contribute to this field of research, synthetic routes
toward nanostructured antimonides need to be explored and
optimized.

v ACS Publications ©2011 american chemical Society

Synthesis of intermetallic compounds usually requires high
reaction temperatures as well as long reaction times. Possible
synthetic routes include arc melting in an inert atmosphere,””
heating for an extended period of time in a fused silica ampule,*®
or flux growth techniques.”” ' Due to the intrinsically meta-
stable state of nanosized materials such reaction conditions are
not practicable. Therefore, the number of low-temperature
synthetic approaches to nanocrystalline intermetallic compounds
has increased over the past few years. Elegant synthetic strategies
based on in situ reduction in high-boiling solvents, (modified)
polyol processes,>** and solvothermal reactions allow the
synthesis of binary and ternary as well as metastable inter-
metallic phases.>**> However, while top-down approaches
such as ball milling have been used to fabricate antimonide nano-
particles,***® the bottom-up synthesis of these materials has not
been focused on intensively.

Using a wet chemical approach, it could be demonstrated that
nanoparticular zinc antimonide is formed at temperatures below
300 °C through reaction of activated metal nanoparticles.*”
Inspired by this work, we recently extended that approach to a
solution-based synthetic route in which Sb and Zn nanoparticles
subsequently react in trioctylamine to form a binary antimonide
phase. Through these particular experimental conditions a new
Zn—Sb compound (Zn,,sSb) was identified, and its structure
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Figure 1. Time-dependent (ex situ) X-ray diffraction (experimental
data, black circles), Rietveld fits (red line), and corresponding difference
plots (black line) at different reaction temperatures and times. Data
from samples taken at (a) ~200 °C, (b) ~250 °C, (c) ~300 °C, and
(d) ~300 °C after 60 min; (e) calculated diffractogram of FeSb,.

was determined by electron diffraction tomography.®> The flex-
ibility and potential of this approach have been demonstrated by
the syntheses of other related binary nanoparticular antimonides.*

With regard to potential applications of these compounds based
on their electronic structure and their semiconducting behavior,
the presence of impurities is of utmost importance to understand
and judge the performance of the materials. While organic
components, such as long chain solvents and surfactants, can be
removed by ligand exchange reactions,* ~* possible impurities
and residues from the reactants themselves might not be removed
that easily. An important part of addressing these issues is
identification of the present compounds, their role during the
reaction process, and their presence in the final product.

In this contribution we present a wet chemistry route toward
nanoparticular FeSb, starting from antimony nanoparticles and a
molecular iron precursor. Furthermore, we show a 2-fold study of
the reaction process: X-ray diffraction allows identification of
crystalline phases at intermediate stages of the reaction, while
iron-57 Mossbauer spectroscopy elucidates the remaining Fe-
containing species during the formation process and determines
the purity of the final FeSb, nanoparticles.

B RESULTS AND DISCUSSION

For the FeSb, synthesis, Sb nanoparticles were dispersed in
tetraethylenglycol and then heated at a rate of 15 °C/min under an
inert Ar atmosphere. At ~100 °C a dispersion of the Fe precursor
(cyclopentadienyl iron(II) dicarbonyl dimer) in tetraethylenglycol
was added, and the mixture was heated to 300—310 °C at a rate
of 10 °C/min. Reaction intermediates were taken from solution at
200, 250, and 300 °C and after 60 min at that temperature. The
products were collected by centrifugation, washed with ethanol,
and subsequently dried in an Ar flow.

X-ray Diffraction. X-ray powder diffraction patterns of the
reaction intermediates and the final product (Figure 1) reveal that
the crystalline FeSb, phase forms in the temperature interval
between 200 and 250 °C. After decomposition of the iron
precursor,™* diffusion of Fe into Sb seems to be the rate-limiting
step of the reaction at lower temperatures. At reaction temperatures

Figure 2. (a) Overview TEM images of the final FeSb, product
consisting of 20—60 nm agglomerates of nanoparticles. (b) TEM image
showing FeSb, particles surrounded by smaller iron oxide particles.

A

Figure 3. HRTEM image and FFTs of the larger FeSb, particles (I) and
one Fe;0, particle (II).

0f 300 °C FeSb, was the only crystalline phase observed. Even after
prolongated heat treatment, no decomposition products were
detected.

According to a quantitative phase analysis by Rietveld
refinement'”* the samples prepared at 200, 250, and 300 °C
contain pure Sb, a mixture of approximately 20% Sb and 80%
FeSb,, and virtually pure FeSb,, respectively. These values
correspond to the crystalline components of the intermediate
samples at the respective stage of the reaction. The refined lattice
parameters of the final product are in good agreement with values
reported before (a = 5.8333(5) A, b = 6.5389(6) A, and
¢=3.2042(3) A, cf. ref 46). The average crystallite sizes as deter-
mined from full pattern refinement are approximately 39(1) nm
(cf. Table SI-1, Supporting Information).

TEM Overview. Overview TEM images of the final product
(Figure 2) obtained after heating the reaction mixture at
~300 °C for 30 min show porous agglomerates of particles with
particle sizes of ca. 20—60 nm. They are in good agreement with
the average particle size of about 40 nm, which was determined
from refinement of the X-ray diffraction data. Despite intensive
sonication during TEM sample preparation, individual particles
were never observed, and even the smallest aggregates consisted
of several particles.

High-resolution TEM images reveal the presence of smaller
particles covering the rim of larger particles (Figure 3). Accord-
ing to the d values determined from the fast Fourier transform
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Figure 4. Iron-57 Mossbauer spectra of reaction intermediates mea-
sured at 295 K in the pristine state, left, and at 90 K, taken at (a) 200,
(b) 250, (c) 300, and (d) 300 °C after 60 min.

(FFT) of the HR-TEM micrographs, the larger particles consist
of a FeSb, core and a comparably thin shell of Fe30,. Due to the
low crystallinity and corresponding weak scattering, these im-
purities are not found in powder X-ray diffraction experiments.
However, the Fe30, shell can easily be removed by treatment
with 1 M HCI, and the resulting product is virtually free of
magnetic impurities (see Figures SI-1 and SI-2, Supporting
Information).

Iron-57 Mossbauer Spectroscopy of Intermediate and
Final Products. Iron-57 Mossbauer spectra were measured at
90 and 295 K for a batch of reaction intermediates that were
trapped from the reaction vessel at different temperatures
(Figure 4) and at five temperatures between 90 and 295 K for
the final product of a second batch (Figure S). Note that the data
in Figure 4 were collected from small and varying amounts of
samples of about 10—50 mg, which does not allow a quantitative
comparison of the iron content for the different spectra. Owing
to the small iron amount, the statistics for samples a and b is
limited even after long data acquisition (>1 week).

The onset of FeSb, formation according to the 295 K iron-57
Mossbauer spectra is around 300 °C, and after a subsequent
reaction time of 60 min 78% of the iron is transformed to FeSb,
(Figure 4(1) and Table 1). These spectra were collected about 1
or 2 weeks after the synthesis of the samples that were stored in
ambient conditions. A second series of spectra of the same
samples, again stored under ambient conditions, was measured
3 months later at 90 K, see Figure 4(2), in order to acquire more
information about possible superparamagnetic particle impuri-
ties. Within statistical error, the spectra of a and b are equivalent
and the 90 K measurements reveal that this sample has not
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Figure S. a) Temperature-dependent Fe—Mossbauer data and (b)
isomer shift (circles) and quadrupole splitting (squares) of FeSb,
nanoparticles (full symbols) and of bulk FeSb, (open symbols).>*.

decomposed and there is no evidence for possible superpara-
magnetic iron or iron oxide. Except for a somewhat larger
quadrupole splitting, AEq, for the pristine sample a, which has
only marginal statistical significance, all spectra for samples a and
b are indicative of a similar Fe(III) compound that could not
been identified. A comparison with literature data showed that
this compound has hyperfine parameters very different from the
(CpFe(CO),), precursor, for which the quadrupole splitting of
~1.9 mm/s*” was reported. This unidentified species could be
the intermediate compound with the empirical formula Fe-
C,H, 0y identified by Allan*® for which no Méssbauer spectra
seem to be available. The hyperfine parameters are very close to
those obtained by Caric et al.*” for the decomposition product of
FeC,0,2H,0 after heating at 435 K (0(a-Fe) = 0.41(3) and
AEq = 0.82(3) mm/s at 80 K, respectively). The apparent iron
content in the samples of the preliminary stages of the reaction,
samples a and b, is surprisingly low, which might be due to the
iron being weakly bound, i.e., having a low recoil free fraction,
in this Fe(IIT) decomposition product. By comparing the spectral
area of the data at 295 and 90 K, i.e, from the temperature
dependence of the Lamb—Mossbauer factor, we can estimate
the Debye temperature to be 190(50) and 260(50) K for samples
aand b.
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Table 1. Mossbauer Spectral Parameters Obtained from the Data in Figures 4 and 5

sample T (K) 0“F (mm/s) AEq (mm/s)
FeSb, 295 0.458(5) 1.286(5)
240 0.497(5) 1.359(5)
190 0.534(5) 1.448(S)
140 0.557(5) 1.520(5)
90 0.571(5) 1.542(85)
pristine A 295 0.29(3) 0.98(5)
pristine B 295 0.25(5) 0.76(8)
pristine C 295 0.458(5S) 1.29(1)
pristine C 295 0.22(5) 0.66(1)
pristine D 295 0.455(2) 1.286(2)
pristine D 295 0.30(5) 0.84(1)
aged A 90 0.40(2) 0.84(4)
aged B 90 0.40(3) 0.77(5)
aged C 90 0.564(6) 1.56(1)
aged C 90 0.45(3) 0
aged D 90 0.561(7) 1.548(4)
aged D 90 0.43(1) 0
aged D 90 0.22(3) 1.08(6)

percentage phase I' (mm/s) H™ (T)
100 FeSb, 0.36(1)
100 FeSb, 0.31(1)
100 FeSb, 0.30(1)
100 FeSb, 0.33(1)
100 FeSb, 0.35(1)
100 Fe(III) 0.49(8)
100 Fe(III) 0.56(9)
48(1) FeSb, 0.25(1)
52(4) Fe(III) 0.86(9)
78(2) FeSb, 0.25(1)
22(2) Fe(IIT) 0.78(6)
100 Fe(1I1) 0.64(6)
100 Fe(III) 0.51(8)
29(1) FeSb, 0.38(1)
71(1) Fe—Ox 1.44(8) 49.4(2)
48(1) FeSb, 0.34(1)
49(1) Fe—Ox 0.72(2) 50.7(1)
3(1) Fe(III) 0.34

The spectra for ¢ and d shown in Figure 4(2) reveal the
presence of a large amount of iron oxide with hyperfine para-
meters similar to those of maghemite nanoparticles.*>>" The
iron(IIlI) impurity seen in the spectra of pristine ¢ and d,
Figure 4(1), are thus likely to contain superparamagnetic iron
oxide particles. In contrast to sample c, for sample d the amount
of iron(III) impurity (in Figure 4(1d)) is much smaller than the
amount of iron(III) oxide in Figure 4(2d), and a small amount of
another nonspecific iron(I11) compound is retained at 90 K. The
scenario extracted from these spectra is thus that the dwell time
of 60 min promotes progressive formation of FeSb, but that over
a longer period of time only part of this compound is stable
against oxidation, whereas for compound c oxidation was likely
much faster and the FeSb, content did not change with time,
most likely because of formation of a passivating oxide layer.

The results of the Mossbauer spectroscopic investigations
seem at variance with the formation scenario of the crystalline
phases deduced from the X-ray diffraction data. As mentioned
before the statistics of samples a and b are limited and a reliable
statement about the amount of FeSb, is not possible due to the
signal-to-noise ratio. This discrepancy between X-ray diffraction
and iron-57 Mossbauer spectroscopy is not unusual as both
methods are sensitive to different characteristics.>> The X-ray
diffraction data indicate an onset of the reaction at 250 °C,
whereas the Mossbauer spectra do not reveal a measurable
amount of FeSb, for sample b. Because the amorphous content
is not observed by XRD, the phase fractions obtained by the
Rietveld fits in Figure 1 correspond only to the crystalline
fraction, and it is possible that the majority of the iron in sample
b is still in molecular or amorphous form, i.e., that the observed
78% of the crystalline fraction correspond to less than the
detectable amount of FeSb, in the Mossbauer spectra of com-
pound b, which we did estimate to be ~10% from a fit where we
constrained the presence of this phase.

The temperature-dependent Mossbauer spectroscopic data in
Figure Sa for the second batch of the final product were fitted
with a doublet corresponding to FeSb,, and if any, the amount of
iron impurities is lower than 5%. The temperature-dependent

isomer shift and quadrupole splitting of the FeSb, nanoparticles
are shown in Figure Sb. They are in excellent agreement with the
results of Steger and Kostiner for the bulk material.>*** The
temperature dependence of the isomer shift was fitted with the
Debye model for the second-order Doppler shift (Herber, 1984)
for our data and that of Steger and Kostiner and yield similar
Lamb—Mossbauer temperatures of 430(50) and 400(20) K,
respectively, as indicated by the solid and dashed line fit to the
isomer shift data in Figure Sb.

The temperature variation of the quadrupole splitting was
shown to be related to thermally activated electron delo-
calization and the magnitude of the gap in bulk FeSb, is
380 K.>***%7 Doping of the compound, e.g,, with 25% Co can
modify this gap significantly to 480 K.>* The fit of the data for
nano-FeSb, with the model from ref 5S yields a gap of 460(80) K
(Figure Sb). This larger gap could be related either to a modified
electronic band structure in the nanoparticles or to a nonideal
stoichiometry.

B CONCLUSION

A solution-based synthesis of FeSb, nanoparticles was pre-
sented, starting from antimony nanoparticles and a molecular
iron precursor. This solution synthesis allowed taking “snap
shots” of reaction intermediates by evaluating time-dependent
X-ray diffraction data. The XRD data revealed the incipient
formation of (marcasite-type) FeSb, between 200 and 250 °C.
TEM micrographs exhibit small particles of about 20—60 nm in
size covered by a thin “shell” of iron oxide, as indicated by
HRTEM studies. The iron oxide could be removed by HCI
treatment as shown by SQUID measurements of an as-prepared
and a washed sample. The samples are subject to partial
degradation under ambient conditions.

To provide a more detailed insight into the formation process
and the final product, iron-57 Mossbauer spectral measurements
were conducted on reaction intermediates as well as on the final
FeSb, nanoparticles. The Mossbauer spectroscopic data of the
reaction intermediates show an increasing FeSb, content in the
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samples with increasing reaction temperature and time. Samples
taken at 200 and 250 °C showed either no or only small amounts
of FeSb,, respectively. Together with the results of the X-ray
diffraction study, these data show the presence of crystalline
antimony and, most likely, molecular iron species at tempera-
tures of around ~200—250 °C which react to form the final
FeSb, nanoparticles.

Due to its sensitivity to all iron-containing compounds
including possible amorphous phases not detectable by XRD,
the Mossbauer spectroscopic data not only contribute to an
understanding of the formation of the FeSb, nanoparticles but
also provide further proof of the quality of the prepared sample.

B EXPERIMENTAL SECTION

Synthesis. Tetrahydrofuran was dried with CaCl, and Na/K and
freshly distilled before use. Lithium triethylboronhydride Li[Et;BH]
(Aldrich, 1 M in THF) and SbCl; (ABCR) were used as obtained; SbCl;
was stored in a glovebox. Trioctylamine (Aldrich) was degassed and
stored under Ar before use.

Sb particles were produced by reducing SbCl; with 3 equiv of the 1 M
Li[Et;BH] solution at room temperature. The black particles were
repeatedly redispersed in THF and decanted from solution, dried in
vacuum, and kept in a glovebox.

In a typical synthesis, nanoparticles of the nominal composition
FeSb, were prepared by reacting Sb nanoparticles (1 mmol) in tetra-
ethyleneglycol with a heating rate of ~15 °C/min. A dispersion of
cyclopentadienyl iron(II) dicarbonyl dimer (0.5 mmol) in approxi-
mately 3 mL of tetraethyleneglycol was added to the reaction when
the Sb solution reached a temperature of around 100 °C. The reaction
mixture was then heated to 300—310 °C at a rate of 10 °C/min and held
at that temperature for 60 min. For intermediate products, 2 mL of the
solution was extracted by a syringe at approximately 200, 250, and
300 °C and after 60 min.

After cooling to room temperature, the resulting black product was
collected by centrifugation (9000 rpm), washed with ethanol, and dried
under a steady Ar flow.

X-ray Powder Diffraction. X-ray powder diffraction data were
collected with a Bruker-AXS D8-Discover diffractometer in reflection
geometry equipped with a HiStar detector using graphite monochromatized
Cu Ka radiation. Samples were glued on top of glass and (111) silicon
substrates, respectively, using VP/VA copolymer (vinylpyrrolidone/
vinylacetate). Le Bail fits and Rietveld refinements were performed with
TOPAS Academic v4.1°® 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 59. 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).

Mossbauer Spectroscopy. Approximately 10 mg of the powder
sample was mixed with boron nitride in order to obtain a homogeneous
absorber. The iron-57 Mossbauer spectra, at temperatures ranging
from 90 to 295 K, were measured on a constant-acceleration spectro-
meter that utilized a rhodium matrix cobalt-57 source. The instrument
was calibrated at 295 K with alpha-iron powder. The sample temperature
in the Janis SV-300 cryostat was controlled with a Lake-Shore 330
temperature controller and a silicon diode mounted on the copper

sample holder. The accuracy of the sample temperature is better
than £1%.

B ASSOCIATED CONTENT

© Supporting Information. Refined lattice parameters for
the obtained phases and corresponding literature values (Table 1),
field cooled and zero field cooled magnetic behavior of a
pristine and a cleaned FeSb, sample (MPMS, Quantum Design;
Figure 1), and hysteresis loops at S and 300 K of a pristine and a
cleaned FeSb, sample. This material is available free of charge via
the Internet at http://pubs.acs.org.
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