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Abstract: The ability to control the shape of metal nanocrystals is critical to applications such as catalysis,
magnetism, and plasmonics. Despite significant advances in controlling the shapes of single-metal
nanocrystals, rigorous shape control of multimetal nanocrystals remains challenging, and has been limited
largely to alloy systems of similar metals. Here we describe a robust strategy that produces shape-controlled
intermetallic nanocrystals involving elements of notably different reduction potentials, reduction kinetics,
and reactivity. The approach utilizes shape- and size-controlled â-Sn nanocrystals as reactive templates
that can be converted into binary M-Sn (M ) Fe, Co, Ni, Pd) intermetallic compounds by reaction with
appropriate metal salt solutions under reducing conditions. The result, demonstrated in detail for the FeSn2

system, is a variety of nanostructures with morphologies that include spheres, cubes, hollow squares,
U-shaped structures, nanorods, and nanorod dimers. Our experiments demonstrate a size- and shape-
dependent reactivity toward the formation of hollow FeSn2 nanostructures and provide empirical guidelines
for the formation of other intermetallic nanocrystals. In addition to those of FeSn2, nanocrystals of intermetallic
PdSn, CoSn3, and NiSn3 can be formed using this same chemical conversion strategy.

Introduction

Template-based strategies are becoming increasingly common
for synthesizing nanoscale inorganic solids with complex
morphologies. For example,nonreactiVe templates, such as
colloidal crystals1 and porous alumina membranes,2 can serve
as physical molds for the deposition of many types of materials.
Likewise, metal nanoparticles can serve asreactiVe templates
that help to define the shape and composition of derivative
nanostructures after carrying out appropriate chemical trans-
formations.3 Some of the many recent examples of the latter
include hollow Au nanoboxes formed by templating against Ag
nanocubes,4 Ag2Se nanowires formed by reacting Se nanowires
with a solution of AgNO3,5 hollow cobalt sulfide nanospheres
formed by reacting Co nanoparticles with sulfur,6 and hollow
CoPt alloy nanospheres formed from the reaction of Co
nanoparticles with aqueous K2PtCl6 under reducing conditions.7

The strategies that utilize metal nanoparticle templates generally
succeed at producing shape-controlled nanostructures with

morphologies that can be difficult or impossible to prepare using
other synthetic methods, including 1D nanowires, cube-shaped
nanocrystals, and hollow nanostructures.

The ability to control the shape of metal nanocrystals is
important because it is central to applications such as catalysis
and plasmonics.8 For example, cubes and tetrahedra expose
different crystal facets, and each shows unique catalytic
capabilities that may be exploited to fine-tune catalytic activity
and selectivity.9 Likewise, dense spheres, hollow spheres, cubes,
rods, and triangles each have unique plasmonic properties that
can be fine-tuned by changing their shape.10 Despite significant
advances in controlling the shape of metal nanocrystals,11

particularly through template-based strategies, rigorous shape
control of multimetal nanocrystals remains challenging. To date,
there have been no examples of rigorous shape control in
multimetal intermetallic systems with elements of notably
different reduction potentials, reduction kinetics, and reactivity.

Here we show thatâ-Sn nanocrystals can serve as templates
for the formation of shape-controlled intermetallic nanocrystals
using solution-mediated reactions with transition metal salts.
In addition to accessing nanocrystal morphologies that have not
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yet been achieved for multimetal intermetallic systems, this
template-based strategy also appears to yield crystal structures
that can be difficult to access by traditional solid-state synthetic
methods. To demonstrate this approach and to generate guide-
lines for the formation of shape-controlled intermetallic nanoc-
rystals, we focus initially on FeSn2, which is an antiferromagnet
that is sometimes used as a component in exchange-biased
films.12 We then extend the strategy to intermetallic PdSn, which
is a known catalyst.13 Finally, we show that the same approach
also generates nanocrystals of CoSn3 and NiSn3. CoSn3 is a
low-temperature intermetallic phase that was only recently
discovered,14 and it can be difficult to synthesize using
traditional high-temperature solid-state methods. NiSn3 does not
appear on the Ni-Sn phase diagram.15

Experimental Section

Chemicals.All chemicals were purchased from Alfa Aesar and were
used as received without further processing or purification: FeCl3‚
6H2O (97.0-102.0%), SnCl2 (anhydrous, 99% min.), CoCl2‚6H2O
(98.0-102.0%), NiCl2‚6H2O (99.95%), and Pd(acac)2 (Pd 34.63%). The
reducing agent, surface stabilizer, and solvent were NaBH4 (98%), poly-
(vinyl pyrrolidone) (PVP, MW) 40 000, 630 000, or 1 300 000), and
tetraethylene glycol (TEG, 99+%), respectively. 1,2-Dichlorobenzene
(98+%) was also used in some cases, as described below.

Synthesis of Intermetallic Nanostructures. Intermetallic M-Sn
(M ) Fe, Co, Ni, Pd) nanocrystals were synthesized by sequential
NaBH4 reduction of the metal salts in tetraethylene glycol (TEG),
followed by heating to 170-205 °C under Ar in the presence of PVP
(MW ) 40 000) and/or other polymers such as poly(2-ethyl-2-
oxazoline) (PEO; MW) 50 000). In a typical synthesis of FeSn2

nanocrystals, 0.7 g of PVP and 0.3 g of PEO were dissolved in 45 mL
of TEG at room temperature. The solution was heated to 170°C, and
then SnCl2 (0.130 g in 4 mL of TEG) was added. A freshly prepared
solution of NaBH4 (0.264 g in 8 mL of TEG) was then added dropwise
while stirring. After 12-15 min at 170°C, FeCl3‚6H2O (0.090 g in 4
mL of TEG) was added. The resulting solution was heated to 170-
205 °C for 1-2 h, resulting in a black colloidal solution. The FeSn2

nanocrystals were isolated by centrifugation and washed with ethanol.
The same approach was used for PdSn, except that SnCl2 (0.13 g in

4 mL of TEG) and Pd(acac)2 (0.10 g in 4 mL of 1,2-dichlorobenzene)
were used, and the final solution was heated to 170-190 °C for 30
min before isolating the black colloidal PdSn solution. For CoSn3, SnCl2
(0.13 g in 4 mL of TEG) and CoCl2‚6H2O (0.05 g in 4 mL of TEG)
were used, and the final solution was heated to 180-195°C for 1.5 h,

resulting in a black colloidal CoSn3 solution. For NiSn3, SnCl2 (0.13 g
in 4 mL of TEG) and NiCl2‚6H2O (0.05 g in 4 mL of TEG) were used,
and the final solution was heated to 150°C for 1.5 h.

Synthesis ofâ-Sn Nanocrystal Shapes.Unless otherwise noted,
0.7 g of PVP (MW) 40 000) and 0.3 g of PEO (MW) 50 000) were
dissolved in 45 mL of TEG at room temperature. The solution was
heated to various temperatures (described below), and then SnCl2 (0.13
g in 4 mL of TEG) was added. A freshly prepared solution of NaBH4

(0.264 g in 8 mL of TEG) was then added dropwise while stirring.
After 12-15 min, the resulting solution was removed from the heat,
and the black-coloredâ-Sn nanocrystals were isolated by centrifugation
and washed with ethanol. For the synthesis of predominantly large (>30
nm) cube-shapedâ-Sn nanocrystals, the temperature was 170°C. To
generate a mixture of large (>30 nm) and small (<15 nm) cube-shaped
â-Sn nanocrystals, the temperature was 140°C. To generate predomi-
nantly large (>20 nm) sphericalâ-Sn nanocrystals, PVP with a
molecular weight of 630 000 was used, and the temperature was
170°C. For smaller (<10 nm)â-Sn nanocrystal spheres, 0.4 g of PVP
(MW ) 630 000) was used without any PEO present, SnCl2 was added
at 80°C, and the final solution temperature was 140°C.

To accessâ-Sn nanorods, 0.4 g of PVP (MW) 630 000) was
dissolved in 45 mL of TEG at room temperature. SnCl2 (0.08 g in 4
mL of TEG) was then added, along with a freshly prepared solution of
NaBH4 (0.264 g in 8 mL of TEG) while stirring. The temperature was
gradually increased to 120°C over 40 min. Concurrently,â-Sn seed
nanocrystals were prepared by sequentially adding 0.15 g of PVP, 0.025
g of SnCl2, and 0.13 g of NaBH4 to 8 mL of TEG. This solution of
â-Sn seed nanocrystals was added to the originalâ-Sn nanocrystal
solution at 120°C before increasing the temperature to 160°C for 1 h,
and then another solution ofâ-Sn seed nanocrystals was added. The
temperature was increased to 190°C, and then the solution was removed
from the heat. The predominantly rod-shapedâ-Sn nanocrystals were
isolated by centrifugation and washed with ethanol.

Characterization. Powder X-ray diffraction (XRD) data were
collected on either a Bruker GADDS three-circle X-ray diffractometer
using Cu KR radiation or on a Bruker D-8 Advance powder diffrac-
tometer. Transmission electron microscopy (TEM) images, selected area
electron diffraction (SAED) patterns, and energy dispersive X-ray
spectroscopy (EDS) were collected using a JEOL JEM-2010 TEM.
Samples for TEM analysis were prepared by dropping an ethanol
solution containing theâ-Sn orM-Sn nanoparticles onto the surface of
a carbon-coated copper or nickel grid. Elemental analysis was performed
using a Perkin-Elmer DRCII inductively coupled plasma mass spec-
trometer (ICP-MS).

Results and Discussion

Generation of Hollow Cube-Derived FeSn2 Nanostruc-
tures. TEM images of representative FeSn2 nanocrystals are
shown in Figures 1 and 2. SAED (Figure 1a), XRD (Figure
1b), and EDS (Figure S1) data confirm that the composition
and structure match that of CuAl2-type FeSn2. Interestingly, the
nanocrystals adopt a variety of shapes that consist predominantly
of hollow squares, U-shaped structures, and nanorods that are
typically associated as dimers (Figure 2). Most of the FeSn2

shapes consist of single-domain crystals (Figure 1c). Because
the nanocrystals are predominantly cube-shaped and roughly
uniform in size (although not rigorously monodisperse), they
have a tendency to align into one-dimensional superstructures
(Figure 2a-e). The FeSn2 nanocrystals are each generally
capped with a 1-2 nm SnOx shell, as determined by TEM and
XPS.

A closer look at the reaction provides important insights into
how the intermetallic FeSn2 nanocrystal shapes are formed and
how their shape and size can be influenced by adjusting the
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reaction conditions. During the reaction, Sn nanocrystals are
formed first by NaBH4 reduction of Sn2+; then Fe3+ is added
to the Sn nanocrystals under reducing conditions (excess NaBH4)
to form FeSn2. A representative TEM image of the Sn
nanoparticle seeds is shown in Figure 3a; SAED (Figure 3a,
inset) and XRD (Figure S2) data confirm the formation ofâ-Sn.
Careful control over the synthetic conditions can lead to
predominantly (∼90%) single-domain cube-shaped nanocrystals
(Figure 3a) ofâ-Sn, although some spherical particles are
usually observed.

These cube-shapedâ-Sn nanocrystals serve as reactive
templates for chemical transformation into FeSn2 with retention
of the cubic morphology. Importantly, theâ-Sn nanocrystals
can be isolated, redispersed in TEG without any excess Sn salts,
and then reacted with Fe3+ under reducing conditions (NaBH4)
to form FeSn2. This confirms that theâ-Sn nanocrystals serve
as seeds for transformation into FeSn2. Chemical analysis (ICP)
of the FeSn2 solution after removing the FeSn2 nanocrystals by
centrifugation confirms that only trace amounts of Sn are present
in the supernatant, which indicates that all of the Sn in theâ-Sn

nanocrystal seeds is incorporated into the FeSn2 product. Thus,
the reaction is not likely to be a galvanic replacement reaction,
which would eject Sn2+ back into the supernatant as predicted
by the reaction necessary to generate FeSn2 by this route:

Rather, it is more likely to be a diffusion-based process where
Fe diffuses into Sn. This assignment is also supported by the
fact that CoSn2 and Ni3Sn4 can be generated using the same
route (Figure S2):â-Sn nanocrystals are synthesized by NaBH4

reduction of Sn2+ in TEG, then isolated, redispersed in fresh
TEG with no NaBH4, and reacted with Co2+ to form CoSn2
after heating to∼200 °C. Ni3Sn4 can be formed similarly by
reacting Sn nanocrystals with Ni2+ in TEG with no NaBH4

present. While FeSn2 could in principle be formed via a galvanic
displacement reaction between Sn nanoparticles and Fe3+ based
on the reduction potentials of the Fe3+/Fe0 (-0.037 eV) and
Sn2+/Sn0 (-0.1375 eV) redox couples, CoSn2 and Ni3Sn4 could
not, since the reduction potentials of the Co2+/Co0 (-0.28 eV)
and Ni2+/Ni0 (-0.257 eV) couples are more negative than that
of Sn2+/Sn0.

The shape-conserving reactivity and the formation of hol-
lowed-out nanostructures can be rationalized by considering the
crystal structure, morphology, and diffusion characteristics of
theâ-Sn nanoparticle templates (Figure 3d). The lattice fringes
of the single-crystalâ-Sn nanocubes (Figure 3b,c) indicate that
the 〈100〉 crystallographic faces are exposed, consistent with
previous reports ofâ-Sn nanowires.16 The structure ofâ-Sn is
highly anisotropic: the top and bottom faces have a low density
of surface atoms, while the four side faces have a much higher
atomic density (Figure 3d).â-Sn is known to have different
diffusion rates along thea- andc-axes as well, with the rate of
diffusion along each axis being dependent upon the metal that
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Figure 1. (a) TEM micrograph and SAED pattern (inset) of FeSn2

nanocrystal shapes; (b) powder XRD pattern (top: experimental; bottom:
simulated); (c) HRTEM image of a single-domain FeSn2 nanocrystal.

Figure 2. TEM micrographs of (a-e) assemblies of cube-derived FeSn2

nanocrystals and (f) representative nanocrystal shapes (each∼50 nm),
including hollow squares, U-shaped structures, and nanorod dimers. Scale
bars in (a-d) are 15 nm.

Figure 3. (a-c) TEM micrographs for Sn nanocrystal seeds (SAED pattern
shown in the inset) and (d) crystal structure ofâ-Sn (purple represents
surface atoms; gray represents interior atoms), showing the atom density
on the side and top/bottom surfaces.

7 Sn0 + 2 Fe3+ f 2 FeSn2 + 3 Sn2+
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is diffusing into theâ-Sn crystal.17 Furthermore, because of the
higher atomic density of Sn atoms on the four side faces relative
to the top and bottom faces (Figure 3d), the top and bottom
faces are likely to be more reactive in solution than the sides,
with the polymer being better able to adsorb to and stabilize
the side faces, helping to inhibit their reactivity.

On the basis of all of these considerations, it is surmised that
Fe absorption and diffusion intoâ-Sn is more likely to occur
via the top and bottom faces. Consistent with this, theâ-Sn
cubes tend to transform into hollow cube-derived nanostructures
(Figure 1 and 2), hollowing out from the center. The schematic
shown in Figure 4 rationalizes the formation of each of the
observed shapes based on this reaction pathway, which considers
both preferential stabilization of the four side faces and the
known anisotropic diffusion characteristics ofâ-Sn. In a few
cases, reaction intermediates can be isolated and observed by
TEM (Figure 4), providing some support for the proposed
formation pathway. We can roughly control the degree of
reactivity to create predominantly hollow structures vs nanorods.
However, we are unable at this point to control, to a large extent,
which morphologies are favored during the reaction. This
implies that it is dependent on subtle reaction conditions and
possibly on variations in the size and shape of the Sn precursors,
for which there are no reports of highly monodisperse shape-
controlled nanocrystals in the literature. Consistent with this,
all morphologies are accessible in statistically similar yields.
Additional work to identify the reaction conditions necessary
to preferentially access each of the morphologies is in progress.

This reactivity provides further evidence of the mechanism
that is likely to be responsible for the formation of hollow cube-
derived FeSn2 nanostructures. Chemical analysis, discussed
earlier, argues against galvanic replacement, since Sn is not
removed during the deposition of Fe. Also, standard reduction
potentials are inconsistent with a galvanic replacement mech-
anism, since control experiments (discussed earlier) confirm that
CoSn2 and Ni3Sn4 can form under conditions identical to those
used for FeSn2. Furthermore, excess Sn would be required for
FeSn2 to form via a galvanic replacement reaction, since some

Sn would have to be sacrificially oxidized as Fe3+ reduces. The
fact that Fe and Sn are present in a stoichiometric (1:2) ratio
both before the reaction and in the final product also argues
against a galvanic replacement mechanism, since such a reaction
would yield a product composition that differs from the nominal
reaction stoichiometry. Another possible mechanism involves
the formation of oxide particles or an oxide layer, e.g., SnO2 or
Fe2O3, during the reaction. All of the Sn nanocrystals and many
of the FeSn2 nanocrystals are capped with a 1-2 nm SnOx shell,
as determined by TEM and XPS. However, it is likely that the
oxide coating forms as a result of oxidation of the Sn metal
nanocrystals rather than as a result of a reaction between the
transition metal and Sn. Similar SnOx shells have been observed
on many Sn-containing nanocrystals synthesized using related
polyol-based techniques that do not rigorously exclude air,18,19

and the oxide shells tend to remain inert despite subsequent
chemistry that modifies the compositions and structures of the
metal cores.19

Thus, considering all of the available data that argue against
galvanic displacement, the mechanism is most likely to be a
Kirkendall process, where Fe metal deposits onto the Sn
nanoparticles and the different diffusion rates of the different
species in an anisotropic manner cause a depletion of material
in the center of the nanostructure.6 This is also consistent with
the known diffusion characteristics of Sn and Fe, where Sn
would be expected to diffuse faster than Fe.17 Kirkendall effects
have previously been implicated in the synthesis of hollow
spherical structures,6,20-21 but not the complex cube-derived
structures shown here. Our results with the FeSn2 system imply
that anisotropic Kirkendall effects can lead to quite elaborate
nanostructures with a range of shapes.

Size- and Shape-Dependent Reactivity.Since the chemical
transformation ofâ-Sn into FeSn2 conserves the cubic shape
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Figure 4. Schematic outlining a hypothesized pathway for the formation of the observed FeSn2 cube-derived nanostructures via an anisotropic Kirkendall-
type mechanism. All structures can be derived from preferential Fe absorption on the top and bottom100 faces ofâ-Sn nanocrystal cubes, with subsequent
anisotropic diffusion into the structure. In (a), uniform outward diffusion from the center of the cube produces slabs (nanorods or nanoplates) which, if not
held together by residual surface oxide or by FeSn2 bridges, can dissociate to form free-standing particles. (They often remain associated as dimers, which
follows directly from this proposed hollowing process.) In (b), diffusion initially occurs fastest from the center, hollowing out from the center toform
square-shaped structures. In (c), the diffusion and hollowing process is not uniform, proceeding in one direction faster than the other (possibly caused by
subtle kinetic or steric effects), resulting in partially hollow (U-shaped) structures. Several morphologies are possible, depending on subtle and as-yet
uncontrollable details about how the reaction proceeds. TEM micrographs of aliquots taken during reactions show examples of reaction intermediates that
are consistent with the proposed formation pathway. Selected examples are shown to the right and labeled according to the schematic drawing that theymost
closely match.
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of the â-Sn nanocrystal seeds, it is reasonable to expect that
FeSn2 nanocrystals with other shapes and sizes could be
accessed by controlling the morphology of theâ-Sn template.
As a first step toward this goal, we have been able to vary the
synthetic conditions to yield samples of theâ-Sn nanocrystal
precursors with predominantly large (>30 nm) cubes, mixtures
of large (>30 nm) and small (<15 nm) cubes, and nanorods
with diameters of 10-20 nm and aspect ratios of 2-4 (formed
in ∼60% yield), as well as large (>20 nm) and small (<10
nm) spheres. The FeSn2 nanocrystals derived from predomi-
nantly large (>30 nm) cubes were shown in Figures 1 and 2,
and this type ofâ-Sn precursor reproducibly yields hollowed-
out cube-derived structures as discussed earlier. In contrast, the
mixture of both large and small cube-shapedâ-Sn nanocrystals
generates FeSn2 nanocrystals with a bimodal size distribution
similar to that observed for theâ-Sn seeds that are used as
precursors (Figure 5a, Figure S3). In this bimodal sample, the
large (∼30 nm)â-Sn cubes transform to partially hollow FeSn2

cube-derived nanostructures as expected. However, the small
(<15 nm)â-Sn cubes transform to dense FeSn2 cubes with no
evidence of material depletion in the interior of the particles.
(On the basis of careful SAED and EDS studies, both the small
dense cubes and large etched cubes appear to be FeSn2.) In both
cases, the shape of theâ-Sn precursors is conserved in the FeSn2

product, but there is no formation of hollow structures for the
smallerâ-Sn cubes, implying a size-dependent reactivity regard-
ing the hollowing-out process. Consistent with this, single-crystal
â-Sn nanorods (Figure 5b,c) convert to single-crystal FeSn2

nanorods (Figure 5d) with retention of the aspect ratio of the
precursors. Since the nanorod diameters (e.g., the〈100〉 faces)
are<15 nm, no hollow structures are expected on the basis of
the size-dependent observations discussed above, and none are
observed.

Building on these observations of size-dependent reactivity,
there also appears to be a shape-dependent reactivity associated
with the Sn f FeSn2 transformation. For example,â-Sn
nanocrystal spheres of>20 nm diameter (Figure 6a) form FeSn2

nanocrystals with predominantly dense (not hollow) cube shapes
when reacted with Fe3+ under reducing conditions (Figure 6b).
Small (<10 nm)â-Sn spheres (Figure 6c, inset) also transform
into cube-shaped FeSn2 nanocrystals (Figure 6c) during the
chemical transformation, but with no evidence of hollow
particles. Apparently,â-Sn spheres transform into FeSn2 cubes,
whereasâ-Sn cubes retain their cube-like structure. Cubes are

the dominant products in both cases. However, large (>20 nm)
â-Sn spheres tend to convert to dense (not hollow) FeSn2 cubes,
while â-Sn cubes of similar size convert to hollow or partially
hollow FeSn2 cubes. This means that FeSn2 cubes can be
generated from either spheres or cubes ofâ-Sn, but hollow
FeSn2 nanostructures can only be obtained from single-crystal
â-Sn nanocube templates. The proposed pathway for the
formation of hollow FeSn2 cube-derived nanostructures requires
single-crystalâ-Sn nanocubes as precursors, and the shape-
dependent reactivity we observe is consistent with this. Similar
shape-dependent reactivity has been observed in a few other
systems that undergo chemical transformations.22 The FeSn2
system appears to have both size- and shape-dependent reactiv-
ity, which is summarized schematically in Figure 6d.

Extension to Other Systems.This reaction strategy can also
be applied to the synthesis of shape-controlled nanocrystals in
other Sn-containing intermetallic systems. For example, hollow
cube-derived nanocrystals of intermetallic PdSn can be formed
by reacting cube-shapedâ-Sn nanoparticles with Pd2+ under
reducing conditions similar to those used to synthesize the
hollow FeSn2 nanostructures. Figure 7a shows a TEM image
of intermetallic PdSn nanocrystals with predominantly hollow

(22) Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. P.Science2004, 306,
1009-1012.

Figure 5. (a) TEM micrograph of bimodal FeSn2 nanocrystals (>30 nm
and<15 nm) synthesized by reacting similarly bimodalâ-Sn nanocrystals
with Fe3+ under reducing conditions. The larger (>30 nm) FeSn2 nanocubes
are partially hollow, while the smaller (<15 nm) nanocrystals are dense.
TEM micrographs of (b,c)â-Sn nanocrystals that are predominantly rod-
shaped and (d) FeSn2 nanorods formed from theâ-Sn nanorods in (c). SAED
patterns forâ-Sn nanorods and FeSn2 nanorods are shown in (e) and (f),
respectively.

Figure 6. TEM micrographs and SAED patterns (insets) of (a)â-Sn
nanospheres (mostly>20 nm), (b) FeSn2 nanocubes formed from theâ-Sn
nanospheres in (a), and (c) FeSn2 nanocubes (∼10 nm) formed from the
â-Sn nanospheres (<10 nm) shown in the inset. A schematic summary
(qualitative, not drawn to scale) of the variousâ-Snf FeSn2 transformations
is shown in (d).

Figure 7. (a-c) TEM micrographs of cube-derived PdSn nanostructures
and (d) the corresponding XRD pattern (top: experimental; bottom: pattern
from PDF card #4-0803). Scale bars are 20 nm in (b) and (c).
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square and nanorod structures (Figure 7b,c), and these are
generally single-domain crystals (Figure S4), as observed for
FeSn2 under similar conditions. SAED (Figure 7a) and XRD
(Figure 7d) data confirm the FeB-type structure of PdSn, and
EDS confirms a 1:1 Pd/Sn ratio (Figure S1).

Similarly, â-Sn reacts with Co2+ under reducing conditions
to form binary intermetallic Co-Sn nanocrystals with a mixture
of spherical and cubic morphologies (Figure 8a) that matches
the morphologies of the mixed cubic/sphericalâ-Sn precursors
that were used as reactive templates (Figure S3). However, on
the basis of XRD (Figure 8b), SAED (Figure 8a, inset), and
EDS analysis (not shown), the Co-Sn intermetallic phase that
forms is found to beR-CoSn3, which is a recently discovered
compound that does not appear on the originally published Co-
Sn phase diagram.14 R-CoSn3 is only stable up to 275°C, and
to date, it has only been synthesized using peritectic reactions
or tin flux methods.14 When we reactâ-Sn nanocrystals with a
stoichiometric amount of Co2+ under reducing conditions,
R-CoSn3 is reproducibly the first phase that forms in this system
although, as mentioned earlier, CoSn2 can also be formed when
appropriate stoichiometries are used. This result shows that, in
addition to forming shape-controlled intermetallic nanocrystals,
this chemical conversion strategy can be used to routinely
generate nanocrystals of solids that can be somewhat challenging
to make using traditional solid-state synthesis methods.

Cube-shaped nanocrystals of intermetallic NiSn3 can also be
formed by reactingâ-Sn nanocrystals with Ni2+ under reducing
conditions in a 1:3 stiochiometric ratio (Figure 8c). Like
R-CoSn3, NiSn3 does not appear on the published Ni-Sn phase
diagram.15 However, to our knowledge, NiSn3 has not been
previously reported as an isolatable solid. The XRD pattern for
NiSn3 (Figure 8d) matches closely with that reported for PtSn3

(PDF card # 37-1197), which was reported to be a metastable
high-pressure phase that also does not appear on the equilibrium
Pt-Sn phase diagram.23 NiSn3 indexes to a cubic unit cell with
a ) 8.75 Å, which is contracted relative to the literature report

for PtSn3 (a ) 9.002 Å),23 as expected for the replacement of
Pt with Ni. The simulated XRD pattern for NiSn3, shown in
Figure 8d, was generated by retaining the intensities reported
for PtSn3 and shifting the peaks to match those of the 8.75 Å
unit cell of NiSn3. The crystal structure of PtSn3 has not been
solved,23 and because our NiSn3 sample is nanocrystalline with
very broad XRD peaks, our data are not of high enough quality
to propose or refine a structure, or to eliminate the possibility
of oxygen incorporation. However, the agreement between the
simulated and experimental data strongly implies that the
structure of NiSn3 is closely related to that reported for PtSn3.
Importantly, this result shows that our chemical conversion
strategy succeeds in stabilizing compounds that, to our knowl-
edge, have not previously been reported using other methods.
Thus, in addition to providing the ability to generate shape-
controlled nanocrystals, this approach represents a potentially
powerful tool for solid-state synthesis and materials discovery.
Work is in progress to more fully characterize the CoSn3 and
NiSn3 nanocrystals.

Conclusions

In this paper, we demonstrated thatâ-Sn nanocrystals can
be used as reactive templates for the formation of intermetallic
FeSn2, PdSn, CoSn3, and NiSn3 nanocrystals via a simple
solution-mediated chemical conversion strategy. This builds on
other recently reported chemical conversion strategies for
accessing interesting nanomaterials and represents one of only
a few examples of single crystal-to-single crystal transformations
in nanocrystals. The successful formation of intermetallic line
compounds with narrow composition ranges highlights the
degree of composition control that is achievable using this
strategy and shows that ideas that are well established for
intermetallic phase formation in ultrathin films and diffusion
couples24 are also applicable to the formation of bulk-scale
nanocrystalline intermetallic compounds. As shown for the
FeSn2 system, a variety of complex cube-derived nanostructures
are accessible by consideration of the size- and shape-dependent
reactivity of theâ-Sn precursors, as well as the anisotropic
diffusion characteristics ofâ-Sn. For cases whereâ-Sn nano-
crystal cubes are used as precursors, the shape is conserved in
the derivative intermetallic nanocrystals, and this represents a
rare single crystal-to-single crystal conversion that is likely
facilitated by the similar structures ofâ-Sn and FeSn2 (Figure
S5).

While not yet exhaustive, these results provide a set of
empirical guidelines for controlling the shapes of intermetallic
nanocrystals that contain elements of notably different reduction
potentials, reduction kinetics, and reactivity. This is especially
useful because the techniques that have been developed in the
past few years for perfecting the synthesis of shape-controlled
metal11 and semiconductor25 nanocrystals do not generally
appear to work well with these multimetal intermetallic systems
for the reasons noted above. By combining these new guidelines
for shape-controlled synthesis with our earlier studies on the
synthesis and reactivity of intermetallic nanocrystals,19,26-27 it

(23) Larchev, V.; Popova, S.Inorg. Mater.1984, 20, 804-806.
(24) (a) Dufner, D. C.Ultramicroscopy1993, 52, 276-281. (b) Xu, L.; Cui, Y.

Y.; Hao, Y. L.; Yang, R.Mater. Sci. Eng. A2006, 435-436, 638-
647.

(25) Murray, C. B.; Kagan, C. R.; Bawendi, M. G.Annu. ReV. Mater. Sci.2000,
30, 545-610.

Figure 8. (a) TEM micrograph, SAED pattern (inset), and (b) XRD pattern
(top: experimental; bottom: PDF card #48-1813) forR-CoSn3 nanocrystals.
(c) TEM micrograph, SAED pattern (inset), and (d) XRD pattern (top:
experimental; bottom: modified from PDF card #37-1197 [PtSn3], as
described in the text) for NiSn3.

A R T I C L E S Chou and Schaak

7344 J. AM. CHEM. SOC. 9 VOL. 129, NO. 23, 2007



is reasonable to anticipate that complex binary and ternary
intermetallic nanocrystals in a variety of technologically useful
systems may be accessible as nanoscale rods, wires, cubes,
spheres, triangles, platelets, and other morphologies that are
available for the elemental systems that this chemical conversion
strategy utilizes as reactive templates.

In addition to its utility for generating intermetallic nanoc-
rystals with a variety of shapes, this chemical conversion strategy
has also proven to be useful for generating intermetallic
compounds that can be challenging to prepare using traditional
solid-state synthesis techniques. As such, it could serve as an
interesting alternative to other non-equilibrium strategies for the
synthesis of new, metastable, and low-temperature phases.
Importantly, the temperature range in which this strategy is most
successful (100-250 °C) is one that is difficult to access for
intermetallics using other solid-state methods, and therefore it
is reasonable to anticipate that this technique may open the door
to the discovery of new compounds as nanocrystals. The ability
to combine unique synthetic capabilities with shape-controlled
nanocrystal synthesis using simple solution-chemistry techniques
has the potential to greatly expand the complexity of solid-state
materials that are accessible as nanostructures. This, in turn,

will be important for accessing many technologically relevant
nanomaterials, including anisotropic magnets, highly faceted
nanoparticle catalysts, and nanostructures with interesting size-
and dimension-dependent optical, electronic, and structural
properties.
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