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A variety of binary intermetallic compounds of late transition metals with low-melting post-transition
metals have been synthesized in bulk quantities by reacting molten metal dispersions with fine metal
powders in hot polyalcohol solvents. Fourteen distinct intermetallics were formed using this technique:
SbSn, FeSn2, Cu6Sn5, CoSn3, Ni3Sn4, FeGa3, NiGa4, Cu9Ga4, CoGa3, Ni2In3, InSb, In5Bi3, InBi, and Bi3Ni.
Notable among these are a low-temperature phase (R-CoSn3), textured intermetallic powders with
anisotropic morphologies (R-CoSn3 and FeSn2), and superconductors (Bi3Ni and In5Bi3). Reaction pathway
studies suggest that the molten low-melting metals diffuse into the larger higher melting powders, forming
intermetallic compounds directly in a liquid-phase medium from bulk-scale powders of the constituent
elements.

Introduction

Intermetallic compounds comprise a large family of crystal-
line solids that generally contain two or more metallic
elements and have crystal structures that differ from those
of their constituent elements. These materials are widely used
in technological applications because of their important
physical properties, which include superconductivity,1,2 shape
memory effects,3,4 permanent magnetism,5 catalytic activity,6

and lithium and hydrogen storage capacity.7 Traditionally,
intermetallics are synthesized using high-temperature meth-
ods such as arc melting, powder metallurgy, and induction
heating. Such reaction conditions, combined with long
annealing times and frequent regrinding steps for powder
preparations, are necessary to overcome the limitations of
solid–solid diffusion.

Alternative strategies that yield intermetallics at lower
temperatures are becoming increasingly common. For ex-
ample, work by Johnson and co-workers has shown that new
and metastable antimonides, including FeSb3, NiSb3, and
RuSb3, can be accessed at low annealing temperatures (<500
°C) through controlled diffusion of layered, elementally
modulated precursors.8 Additional low-temperature ap-
proaches include molten flux synthesis,9 solvothermal tech-
niques,10 electrodeposition,11 high-energy ball milling,12

chemical vapor deposition (CVD),13 and gas-phase conden-
sation routes.14 Solution-mediated routes have also proven
to be viable strategies for low-temperature synthesis, yielding
many known intermetallics as well as several new and
metastable phases.15,16 There are many reasons for develop-
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ing and utilizing these lower temperature methods for the
synthesis of intermetallic compounds. In addition to facilitat-
ing exploratory synthesis and stabilizing low-temperature
phases, these synthetic routes provide different processing
capabilities and sometimes allow kinetic control over phase
formation. This is often accomplished by minimizing dif-
fusion lengths and increasing reactivity. By overcoming the
rate-limiting diffusion step, these methods can access materi-
als unattainable through traditional high-temperature syn-
thetic methods.

Here, we describe a new strategy for synthesizing bulk-
scale microcrystalline powders of intermetallic compounds
using “beaker chemistry” reactions. This approach bridges
the gap between molten metal flux techniques9 that yield
bulk crystals of intermetallic compounds and solution
chemistry techniques that yield metal and intermetallic
nanocrystals.15,16 Dispersions of molten metals are prepared
by heating low-melting metals (Ga, Sn, In, and Bi) in high-
boiling polyalcohol (polyol) solvents with vigorous stirring,
in direct analogy to the method used by Xia and co-workers
to obtain single-metal colloids (Bi and In).17 In addition to
providing a heat source, the solvent helps to maintain a
reducing atmosphere. These dispersions are reacted with bulk
powders of late-transition metals and p-block metals under
flowing argon and annealed in solution to yield the final
intermetallic phase. This method has proven to be general
for a wide range of binary phases and provides facile access
to low-temperature structures (R-CoSn3), superconducting
phases (In5Bi3, Bi3Ni), and textured or highly anisotropic
intermetallics (FeSn2, R-CoSn3). Polycrystalline samples can
be rapidly obtained in bulk form, potentially providing a

pathway for rapid exploratory synthesis of intermetallics and
alloys in an underexplored, low-temperature regime.

Experimental Section

Materials. The following chemicals were used as purchased
without further purification: Co (99.8%), Cu (99%), Sn (99.8%),
In (99.99%), Sb (99.5%), Ni (99.8%), and Bi (99.5%) powders
(-325 mesh, Alfa Aesar); Fe powders (-325 mesh, 99%, Alfa
Aesar; 1–3 µm, 98%, Alfa Aesar); Ga shot (6 mm shot broken
into ∼1 mm pieces, 99.9999%, Alfa Aesar), tetraethylene glycol
(TEG, 99%, Alfa Aesar), diethylene glycol (DEG, 99%, Alfa
Aesar), and poly(vinyl pyrrolidone) (PVP; MW ) 40 000, Alfa
Aesar).

Synthesis. In a typical, one-pot synthesis, stoichiometric amounts
of the two constituent metals (approximate total mass of 0.15 g)
are added to a flask with 30 mL of TEG (bp ) 314 °C) or DEG
(bp ) 245 °C) depending on the desired maximum attainable
temperature. After purging the system with Ar, the solution is
rapidly heated (∼5–10 °C/min) with continuous stirring (500–1000
rpm) and then maintained at the peak temperature until the reaction
is complete. No polymers or additional surfactants are used in the
synthesis, unless otherwise noted.

The relevant synthetic details for each system are given in Table
1. Powders of intermetallics are obtainable at temperatures ranging
from 85 to 300 °C, and complete reaction can require as few as
3 h or as many as 18 h at the peak temperature. Typically, formation
of intermetallics is detectable by powder X-ray diffraction (XRD)
in 1–3 h. A slight excess of the low-melting metal remains unreacted
when magnetic elements are used (Fe, Co, Ni) due to magnetic
attraction to the stir bar, which affects the available stoichiometry.
The excess low-melting metal is easily removed by briefly
sonicating in ∼2 M HCl.

Larger (∼50 µm) rod-shaped crystals of FeSn2 were grown by
adding a 2-fold excess of Sn powder to the initial solution,
discontinuing stirring after formation of the intermetallic phase, and
annealing in the hot solvent (260 °C) for 48 h under flowing Ar.
Fe powders (1–2 µm) were used for the crystal growth to facilitate
rapid Sn diffusion. FeSn2 rods were collected from the obtained
shot by dissolving the excess Sn matrix in dilute HCl for 1 h.

Characterization. Powder XRD data were collected using a
Bruker-AXS D8 Advance Diffractometer with a scintillation counter
and a Bruker D8 Advance Diffractometer with a LynxEye 1D-
detector (both using Cu KR radiation). XRD patterns were obtained
from powdered samples at room temperature. Scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and elemental mapping data were collected using a JEOL JSM 5400
SEM operating at 20 kV. Magnetic characterization of supercon-
ducting phases was performed using a Quantum Design SQUID
magnetometer.

Results and Discussion

Synthesis of Polycrystalline Intermetallics. Fourteen
distinct binary intermetallic compounds were synthesized by
reacting molten metal dispersions with fine metal powders
in hot polyalcohol solvents. The synthesis approach requires
that the molten metals melt below the solvent reflux
temperature. This criterion is met by Sn (231.9 °C), Ga (29.8
°C), In (156.6 °C), and Bi (271.4 °C). In order to provide
evidence for the formation of molten metal dispersions, Bi
and Ga colloids were prepared by heating the elemental
powders above their respective melting temperatures with
vigorous stirring in TEG, mimicking the conditions of a(17) Wang, Y.; Xia, Y. Nano Lett. 2004, 4, 2047.

Table 1. Synthetic Conditions for Binary Intermetallicsa

intermetallic phase reaction temp. (°C) time at reaction temp. (h)

SbSn 280 12.0
FeSn2 260 5.0
Cu6Sn5 280 2.5
R-CoSn3 260 2.5
Ni3Sn4 270 4.0
FeGa3 270 12.0
NiGa4 260 3.0
Cu9Ga4 280 18.0
CoGa3 250 18.0
Ni2In3 260 3.0
InSb 290 6.0
In5Bi3 80 16.0
InBi 105 16.0
Bi3Ni 260 4.0

a All intermetallics were synthesized in TEG except InBi and In5Bi3,
which were synthesized in DEG.

Figure 1. SEM images of PVP-stabilized (a) Ga and (b) Bi colloids obtained
by dispersing Ga shot and Bi powder in hot tetraethylene glycol and rapidly
quenching in ethanol.
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typical synthesis. These single-metal dispersions, similar to
those obtained by Xia and co-workers,17 were stabilized with
poly(vinyl pyrrolidone) (PVP; MW ) 40 000) and quenched
in ethanol. As shown in Figure 1, the single-metal dispersions
are comprised of small spherical droplets (<3 µm), which
are much smaller in size than the starting materials (<45
µm for Bi, ∼1 mm for Ga), and provide indirect evidence
that the metal is molten and suspended in the hot polyol
solvent.

Binary intermetallic phases are obtained when the molten
dispersions are formed in the presence of transition metal
and p-block metal powders. Figure 2 shows XRD data for
fourteen M-Sn, M-Ga, M-In, and M-Bi intermetallic
compounds that were synthesized using this strategysSbSn,
FeSn2, Cu6Sn5, CoSn3, Ni3Sn4, FeGa3, NiGa4, Cu9Ga4, Co-
Ga3, Ni2In3, InSb, In5Bi3, InBi, and Bi3Ni. A few of these
are highlighted in more detail below. Most compounds are
phase pure within the detection limits of our laboratory X-ray
diffractometer. However, diffraction patterns for NiGa4 and
InBi display small impurity peaks (∼5%) attributable to other
binary phases. Additionally, SbSn possesses a slight (∼5%)
excess of Sb, though this is consistent with known variations
in stoichiometry for �-SbSn.18 Representative SEM micro-
graphs of NiGa4, FeGa3, and Ni3Sn4 are shown in Figure 3
along with element mapping data for Ni3Sn4 to confirm the
composition (42% Ni, 58% Sn) and uniform elemental
distribution. The crystallite sizes are generally between 5 and
30 µm, though this can vary for each system and with
different annealing times. By altering the synthetic condi-
tions, it is possible to obtain polycrystalline intermetallics

as both fused millimeter-sized shots (Figure 3c) and bulk-
scale powders (Figure 3d). Though typical synthesis involves
a one-step addition of both elemental precursors, intermetallic

(18) Noren, L.; Withers, R. L.; Schmid, S.; Brink, F. J.; Ting, V. J. Solid
State Chem. 2006, 179, 404.

Figure 2. Powder XRD patterns of M-Sn, M-Ga, M-In, and M-Bi intermetallics formed by reacting molten metal dispersions in TEG with transition
metal and p-block metal powders. Corresponding simulated patterns are shown below each observed pattern. With the exception of SbSn, all simulated
patterns were calculated from crystallographic data. The simulated diffraction pattern for SbSn was taken from the JCPDS database (33-0118).

Figure 3. Representative SEM images of (a) NiGa4, (b) FeGa3, and (e)
Ni3Sn4 powders. Elemental mapping data for (f) Ni and (g) Sn, along with
EDS analysis, verify the composition of Ni3Sn4. Digital photographs of
bulk-scale amounts of intermetallics obtainable through this synthetic
method: (c) millimeter-scale shot (In5Bi3) and (d) bulk powder (NiGa4).
Scale bars in c and d are both 2 mm.
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formation was also observed when the transition metal and
higher melting p-block metal powders were added to
preformed dispersions of molten metal.

The FeSn2 system provides an instructive example of the
synthetic process and nature of the products that form. Upon
inspection of the XRD data for FeSn2 in Figure 2, it is evident
that the intensities of the experimental data do not match
those of the simulated XRD pattern. Figure 4a shows these
XRD data in more detail along with several SEM micro-
graphs (Figure 4b,e,f). In the observed diffraction pattern,
the 020, 112/220, 330, and 040 reflections are noticeably
more intense than the corresponding reflections in the
simulated pattern. Though slight preferred orientation effects
are not uncommon in the synthesis of intermetallics,19 the
large disparity of diffraction intensity suggests the presence
of a significant amount of morphological anisotropy. Figure
4b shows a SEM micrograph of the FeSn2 product synthe-
sized with a 2-fold excess of Sn (in order to facilitate growth
of larger crystallites). Element mapping data for this sample,
shown in Figure 4c (Fe) and 4d (Sn), indicate that the Fe is
localized in rod-like crystallites, while the Sn is present
everywhere. The typical reaction workup involves dissolving
the excess Sn with dilute HCl, leaving behind FeSn2 without

Sn impurities. Accordingly, Figure 4e shows a SEM micro-
graph of the FeSn2 product after dissolving the Sn matrix.
Element mapping and EDS data for another rod (Figure
4f-h) confirm the 1:2 Fe:Sn ratio. As anticipated from the
data in Figure 4a, the FeSn2 crystallites are anisotropic and
predominantly rod shaped. The FeSn2 rods are observed to
have an octagonal cross-section, which correlates well with
growth along the [001] direction. The XRD data are
consistent with this assignment, showing enhanced diffraction
intensity for the {hk0} and {0k0} families of planes that
would preferentially be parallel to the incident beam when
the rods are oriented along their [001] growth direction.

Returning to the XRD data in Figure 2, preferred orienta-
tion is significant for FeSn2 and R-CoSn3 and to a lesser
extent Ni3Sn4. CoSn3 is a recently discovered layered
intermetallic compound with two known polymorphs (R-
CoSn3 and �-CoSn3), which differ primarily in stacking
order.20 CoSn3 has been prepared using a lengthy peritectic
reaction of CoSn2 and excess Sn as well as through a Sn
flux method.20 Previously, we observed formation of nanoc-
rystalline R-CoSn3 by reacting �-Sn nanocrystals with
CoCl2 ·6H2O in TEG at 180–195 °C under reducing condi-
tions.21 Here, we observe formation of bulk quantities of
R-CoSn3 at 260 °C in less than 3 h. Figure 5a compares the
observed and simulated powder XRD patterns for R-CoSn3,
which show enhanced intensities corresponding to the {h00}
family of planes. The SEM micrograph of R-CoSn3 powder,
shown in Figure 5b, confirms the platelet morphology of the
crystallites and is consistent with the crystal structure of
R-CoSn3 and preferred orientation parallel to [100]. The XRD
and SEM data clearly indicate that this synthetic method can
produce textured microcrystalline powders of intermetallic
compounds. Furthermore, the facile formation of R-CoSn3

shows that low-temperature phases can be readily accessed
using this synthetic method. For Ni3Sn4, the 200 reflection
is more intense than the corresponding peak in the simulated
diffraction pattern, suggesting some preferred orientation as
well.

(19) (a) Suh, J. O.; Tu, K. N.; Tamura, N. J. Appl. Phys. 2007, 102, 063511.
(b) Chen, C.; Ho, C. E.; Lin, A. H.; Luo, G. L.; Kao, C. R. J. Electron
Mater. 2000, 29, 1200. (c) Stout, J. J.; Crimp, M. A. Mater. Sci. Eng.
A 1992, 152, 335.

(20) Lang, A.; Jeitschko, W. Z. Metallkd. 1996, 87, 759.
(21) Chou, N. H.; Schaak, R. E. J. Am. Chem. Soc. 2007, 129, 7339.

Figure 4. (a) Comparison between simulated and observed powder XRD
patterns for crystalline FeSn2 rods, highlighting the enhanced intensity for
the 020, 112/220, 330, and 040 reflections, indicated by asterisks in the
simulated pattern. SEM imaging and elemental mapping (b-d) show that,
following synthesis, FeSn2 rods with octagonal cross-sections are embedded
in a matrix of Sn metal. As shown in c and d, Fe is found mostly in rod-
shaped crystals and Sn is everywhere. Following chemical removal of the
excess Sn matrix, additional microscopy work confirms that the FeSn2 rods
are highly anisotropic (e,f). Elemental mapping of a single rod (f) shows
that the particle is composed entirely of Fe (g) and Sn (h) in a 1:2 ratio.

Figure 5. (a) Comparison between simulated and observed powder XRD
patterns for CoSn3. The 600, 800, and 12 00 reflections, indicated by
asterisks, are much more intense than the corresponding peaks in the
simulated pattern, suggesting preferred orientation parallel to [100]. This
is supported by SEM imaging (b), which shows the plate-like morphology
of the CoSn3 particles.
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Closer examination of the InBi and In5Bi3 diffraction
patterns reveals impurities of In2Bi, which is a known
superconductor.22 (Unfortunately, attempts to isolate phase-
pure In2Bi by increasing the amount of In have failed.) In5Bi3

is also a known superconducting phase.23 Figure 6a shows
powder XRD data for a representative sample of In-rich
In-Bi, which includes InBi, In2Bi, and In5Bi3. Figure 6b
shows a plot of magnetic moment vs temperature for this
mixed-phase In-Bi sample. The drop in magnetic moment
at 5.8 K is consistent with the superconductor In2Bi (Tc )
5.8 K). Likewise, the further drop at 4.2 K is consistent with
the superconductor In5Bi3 (Tc ) 4.2 K). InBi is not a known
superconductor and does not contribute to the observed
features in the low-temperature susceptibility data. Bi3Ni is
also a known superconductor (Tc ) 4.06 K)24 and readily
accessible through this synthetic process. Figure 7 shows a
plot of magnetic moment vs temperature for Bi3Ni, showing
a single superconducting transition near 4.0 K, which is
consistent with that expected for Bi3Ni. Importantly, obser-
vation of superconductivity in these samples, as-prepared and
without additional annealing, shows that this synthetic
method is viable for producing superconducting intermetallics.

Investigation of the Reaction Pathway. Given the experi-
mental details, there are two primary reaction pathways that
could be involved in formation of intermetallics using this
beaker-chemistry method. One possibility, in analogy to
standard metal flux reactions, is that the molten metal droplets
dispersed in the polyol solvent dissolve the other higher
melting metal powders and subsequently precipitate the
intermetallic powders. Another possibility is that the small
droplets of molten metal attack the higher melting metal
powders and form intermetallics via a diffusion-based

process. Several control experiments imply that the latter
pathway is more likely.

SEM images were obtained for the Ni precursor (Figure
8a) and Ni2In3 powder (Figure 8b) synthesized by reacting
the Ni powder in a TEG dispersion of molten In. Prior to
the reaction, the Ni grains are coarse, generally 10–20 µm
in diameter, and possess sharp protrusions. After the reaction,
the Ni2In3 grains remain similar in size and overall morphol-
ogy to the Ni powder precursor, although the rough edges
appear more smooth and contoured. The size retention and

(22) Schirber, J. E.; Van Dyke, J. P. Phys. ReV. B 1977, 15, 890.
(23) Canegallo, S.; Bicelli, L. P.; Serravalle, B.; Demeneopoulos, V. J.

Alloys Compd. 1994, 216, 149.
(24) Jayaram, B.; Ekbote, S. N.; Narlikar, A. V. Phys. ReV. B 1987, 36,

1996.

Figure 6. (a) Comparison between the observed powder XRD pattern for mixed-phase In-Bi and simulated patterns for InBi, In2Bi, and In5Bi3. (b) Plots
of magnetic moment vs temperature show superconducting transitions at 5.8 and 4.2 K, which are attributable to In2Bi and In5Bi3, respectively.

Figure 7. Plot of magnetic moment vs temperature for Bi3Ni powder
obtained by reacting Ni powder with dispersed molten Bi, showing a
superconducting transition at 4.0 K, which is attributable to Bi3Ni.
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conservation of morphology imply that the molten In droplets
diffuse into the Ni powders rather than leaching away the
Ni.

Further support for this hypothesis comes from investiga-
tions in the Co-Sn system. Large pieces of Co shot (∼5
mm diameter) were added to a TEG dispersion of molten
Sn. After reaction, a shell of R-CoSn3 platelets was observed
surrounding smaller Co cores (Figure 8c,d). The composi-
tions of both the platelets and the core remnant were
confirmed by powder XRD. Taken together, the size and
morphology retention in the Ni-In system and the CoSn3

coating on the surface of a millimeter-scale Co shot suggest
that the process is diffusion based rather than occurring
through leaching or solvation of the transition metal, as would
occur in a traditional metal flux reaction.

Conclusions

By reacting molten metal dispersions with fine transition
metal and p-block metal powders, it is possible to access a
variety of binary intermetallic systems at temperatures below
300 °C. The synthetic approach described here bears many
similarities to traditional flux methods, which provide for
low-temperature synthesis through the use of molten salts
or metals as growth media.9 Traditional flux routes often

yield high-purity, crystalline products and have also resulted
in the discovery of new ternary and quaternary phases.25

Similarly, we found that dispersions of molten metals in hot
solvents can react at low temperatures with higher melting
metal powders to form intermetallics, although the products
are polycrystalline. Use of reactive molten metal dispersions
in solution allows for rapid synthesis of the low-temperature
phase R-CoSn3, which is typically accessed through a lengthy
peritectic reaction or with a large excess of Sn flux.20 This
synthetic method is also a viable means of obtaining
crystalline, textured intermetallics, such as FeSn2, and bulk-
scale quantities of the superconducting phases Bi3Ni, In2Bi,
and In5Bi3.

While this method has proven to be general for the
synthesis of a large number of intermetallics, it is limited to
systems that contain a low-melting metal and is not likely
to provide access to other frequently used flux metals (e.g.,
aluminum, copper, zinc) with melting temperatures above
the boiling point of TEG. Additionally, the diffusion-based
growth necessitates inclusion of the molten metal into the
final intermetallic phases, precluding synthesis of some of
the more exotic phases obtainable through nonreactive flux
techniques. Despite these limitations, the presented synthetic
strategy is a versatile, robust, and simple means for bulk-
scale synthesis of several families of intermetallics. Refluxing
TEG also provides slightly reducing conditions,26 which
likely minimize formation of oxide impurities. The ease of
sample processing eliminates the need for synthesis in
evacuated silica ampoules, facilitates rapid synthesis and
time-resolved aliquot studies, and helps to circumvent
thermodynamic traps associated with high-temperature syn-
thetic techniques. While it does not yield large single crystals
and is not as general as traditional flux methods, this
alternative approach yields bulk-scale powders and provides
for high-throughput, exploratory intermetallic synthesis in
an underexplored low-temperature regime.
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Figure 8. SEM images of the Ni powder (a) before and (b) after reaction
with dispersed molten In. The general size and shape retention suggest that
In diffuses into the surface of the Ni particles. (c,d) SEM images of CoSn3

formed by reacting molten dispersed Sn with Co shot (∼5 mm diameter).
The central core of Co remains unreacted, while the surface forms CoSn3

through Sn diffusion into the shot. The white rectangle in c represents the
area viewed with greater magnification in d.
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