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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 5-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 FeSn,
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 FeSn, nanostructures and provide empirical guidelines
for the formation of other intermetallic nanocrystals. In addition to those of FeSn,, nanocrystals of intermetallic

PdSn, CoSns, and NiSn; can be formed using this same chemical conversion strategy.

Introduction

Template-based strategies are becoming increasingly commo
for synthesizing nanoscale inorganic solids with complex
morphologies. For examplejonreactve templates, such as
colloidal crystal$ and porous alumina membrarfesan serve
as physical molds for the deposition of many types of materials.
Likewise, metal nanoparticles can servereactive templates
that help to define the shape and composition of derivative
nanostructures after carrying out appropriate chemical trans-
formations® Some of the many recent examples of the latter
include hollow Au nanoboxes formed by templating against Ag
nanocube$ Ag,Se nanowires formed by reacting Se nanowires
with a solution of AgNQ,® hollow cobalt sulfide nanospheres
formed by reacting Co nanoparticles with sulfuand hollow
CoPt alloy nanospheres formed from the reaction of Co
nanoparticles with aqueousRtCk under reducing conditiors.
The strategies that utilize metal nanopatrticle templates generally

morphologies that can be difficult or impossible to prepare using

Pther 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 plasmonic&.For example, cubes and tetrahedra expose
different crystal facets, and each shows unigue catalytic
capabilities that may be exploited to fine-tune catalytic activity
and selectivity’. Likewise, dense spheres, hollow spheres, cubes,
rods, and triangles each have unique plasmonic properties that
can be fine-tuned by changing their shapBespite significant
advances in controlling the shape of metal nanocryé&tals,
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.

succeed at producing shape-controlled nanostructures with H€re we show that-Sn nanocrystals can serve as templates
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yet been achieved for multimetal intermetallic systems, this

resulting in a black colloidal CoSmsolution. For NiSg, SnCk (0.13 g

template-based strategy also appears to yield crystal structuredn 4 mL of TEG) and NiC}-6H0 (0.05 g in 4 mL of TEG) were used,

that can be difficult to access by traditional solid-state synthetic

and the final solution was heated to 1%50 for 1.5 h.

methods To demonstra‘te th|s approach and to genera‘te gu|de_ SyntheSIS Ofﬂ-Sn NanOCI‘ySta| ShapeSUn|eSS otherwise nOted,

lines for the formation of shape-controlled intermetallic nanoc-
rystals, we focus initially on FeSpwhich is an antiferromagnet
that is sometimes used as a component in exchange-biase
films.12We then extend the strategy to intermetallic PdSn, which
is a known catalyst Finally, we show that the same approach
also generates nanocrystals of Ce@and NiSn. CoSn is a
low-temperature intermetallic phase that was only recently
discovered? and it can be difficult to synthesize using
traditional high-temperature solid-state methods. Blifres not
appear on the NiSn phase diagraft.

Experimental Section

Chemicals.All chemicals were purchased from Alfa Aesar and were
used as received without further processing or purification: #eCl
6H,0 (97.0-102.0%), SnGl (anhydrous, 99% min.), Co&€6H,O
(98.0-102.0%), NiC}-6H,O (99.95%), and Pd(acadPd 34.63%). The
reducing agent, surface stabilizer, and solvent were N¢B8%), 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
NaBH, reduction of the metal salts in tetraethylene glycol (TEG),
followed by heating to 176205 °C under Ar in the presence of PVP
(MW = 40000) and/or other polymers such as poly(2-ethyl-2-
oxazoline) (PEO; MW= 50 000). In a typical synthesis of FeSn
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°C7@Gnd
then SnCJ (0.130 g in 4 mL of TEG) was added. A freshly prepared
solution of NaBH (0.264 g in 8 mL of TEG) was then added dropwise
while stirring. After 12-15 min at 170°C, FeC}-6H,0 (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 FeSn
nanocrystals were isolated by centrifugation and washed with ethanol.

The same approach was used for PdSn, except that 8hC8 g in
4 mL of TEG) and Pd(acagf0.10 g in 4 mL of 1,2-dichlorobenzene)
were used, and the final solution was heated to—1I@0 °C for 30
min before isolating the black colloidal PdSn solution. For GpSnCh
(0.13 g in 4 mL of TEG) and Co@6H,0O (0.05 g in 4 mL of TEG)
were used, and the final solution was heated to-1886°C for 1.5 h,
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0.7 g of PVP (MW= 40 000) and 0.3 g of PEO (M\A 50 000) were
dissolved in 45 mL of TEG at room temperature. The solution was
eated to various temperatures (described below), and then @3

in 4 mL of TEG) was added. A freshly prepared solution of NaBH
(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-coloref-Sn nanocrystals were isolated by centrifugation
and washed with ethanol. For the synthesis of predominantly large (
nm) cube-shapef-Sn nanocrystals, the temperature was 1Z0To
generate a mixture of large-80 nm) and small<€15 nm) cube-shaped
B-Sn nanocrystals, the temperature was 4@0To generate predomi-
nantly large €20 nm) sphericals-Sn nanocrystals, PVP with a
molecular weight of 630 000 was used, and the temperature was
170°C. For smaller €10 nm)S-Sn nanocrystal spheres, 0.4 g of PVP
(MW = 630 000) was used without any PEO present, sn@k added

at 80°C, and the final solution temperature was 40

To access3-Sn nanorods, 0.4 g of PVP (MW 630 000) was
dissolved in 45 mL of TEG at room temperature. SnL08 g in 4
mL of TEG) was then added, along with a freshly prepared solution of
NaBH, (0.264 g in 8 mL of TEG) while stirring. The temperature was
gradually increased to 12 over 40 min. Concurrently3-Sn seed
nanocrystals were prepared by sequentially adding 0.15 g of PVP, 0.025
g of SnC}, and 0.13 g of NaBHto 8 mL of TEG. This solution of
B-Sn seed nanocrystals was added to the origih@h nanocrystal
solution at 120°C before increasing the temperature to 260for 1 h,
and then another solution @¢FSn seed nanocrystals was added. The
temperature was increased to @) and then the solution was removed
from the heat. The predominantly rod-shagk8n 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 Ko 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 thg-Sn orM-Sn nanopatrticles 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 FeSa Nanostruc-
tures. TEM images of representative FeSmanocrystals are
shown in Figures 1 and 2. SAED (Figure la), XRD (Figure
1b), and EDS (Figure S1) data confirm that the composition
and structure match that of CuAllype FeSp 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 FeSn
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 FeSp nanocrystals are each generally
capped with a £2 nm SnQ shell, as determined by TEM and
XPS.

A closer look at the reaction provides important insights into
how the intermetallic FeSmanocrystal shapes are formed and
how their shape and size can be influenced by adjusting the
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Figure 1. (a) TEM micrograph and SAED pattern (inset) of FeSn
nanocrystal shapes; (b) powder XRD pattern (top: experimental; bottom:
simulated); (c) HRTEM image of a single-domain Fe8anocrystal.

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

nanocrystal seeds is incorporated into the hgoduct. Thus,
the reaction is not likely to be a galvanic replacement reaction,
which would eject S#i" back into the supernatant as predicted
by the reaction necessary to generate Rdfnthis route:

7SH + 2 Fé" —2FeSp+ 3 Sif"

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 CoSpand NgSny can be generated using the same
route (Figure S2);3-Sn nanocrystals are synthesized by NaBH
reduction of SA™ in TEG, then isolated, redispersed in fresh
Figure 2. TEM micrographs of (ge) assemblies of cube-derived FeSn  TEG with no NaBH, and reacted with Gd to form CoSn
ranocystals, and () reresentatue nanocrysal shapes (S80I, after heating (0-200 °C. NisSny can be formed simiary by
bars in (a-d) are 15 nm. reacting Sn nanocrystals with iin TEG with no NaBH

present. While FeSrecould in principle be formed via a galvanic
reaction conditions. During the reaction, Sn nanocrystals are displacement reaction between Sn nanoparticles afidtfesed
formed first by NaBH reduction of SAt; then Fé* is added on the reduction potentials of the &€’ (—0.037 eV) and
to the Sn nanocrystals under reducing conditions (excess WaBH Sr#*/SrP (—0.1375 eV) redox couples, CoSand NgSn could
to form FeSp. A representative TEM image of the Sn not, since the reduction potentials of the?C€d (—0.28 eV)
nanoparticle seeds is shown in Figure 3a; SAED (Figure 3a, and N#*/Ni° (—0.257 eV) couples are more negative than that
inset) and XRD (Figure S2) data confirm the formatiorBeBn. of Sre*/Srf.
Careful control over the synthetic conditions can lead to  The shape-conserving reactivity and the formation of hol-
predominantly £90%) single-domain cube-shaped nanocrystals lowed-out nanostructures can be rationalized by considering the
(Figure 3a) of3-Sn, although some spherical particles are crystal structure, morphology, and diffusion characteristics of
usually observed. the 5-Sn nanoparticle templates (Figure 3d). The lattice fringes

These cube-shaped-Sn nanocrystals serve as reactive of the single-crystgh-Sn nanocubes (Figure 3b,c) indicate that
templates for chemical transformation into FeSith retention ~ the L100crystallographic faces are exposed, consistent with
of the cubic morphology. Importantly, thé&-Sn nanocrystals ~ Previous reports of-Sn nanowires® The structure of-Sn is
can be isolated, redispersed in TEG without any excess Sn saltshighly anisotropic: the top and bottom faces have a low density
and then reacted with Feunder reducing conditions (Nag)y ~ Of surface atoms, while the four side faces have a much higher
to form FeSp. This confirms that th@-Sn nanocrystals serve ~ atomic density (Figure 3d)3-Sn is known to have different
as seeds for transformation into FeSBhemical analysis (Icp)  diffusion rates along the- andc-axes as well, with the rate of
of the FeSmsolution after removing the Fegsnanocrystals by ~ diffusion along each axis being dependent upon the metal that
centrifugation confirms that only trace amounts of Sn are present
in the supernatant, which indicates that all of the Sn inpt&n

(16) (a) Hsu, Y.-J.; Lu, S.-YJ. Phys. Chem. BR005 109, 4398-4403. (b)
Hsu, Y.-J.; Lu, S.-Y.; Lin, Y.-FSmall2006 2, 268-273.
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Figure 4. Schematic outlining a hypothesized pathway for the formation of the observed &a@Snderived nanostructures via an anisotropic Kirkendall-
type mechanism. All structures can be derived from preferential Fe absorption on the top andlfififaces off3-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 nanophatiésjowhic

held together by residual surface oxide or by Felsnidges, 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 céoter to
square-shaped structures. In (c), the diffusion and hollowing process is not uniform, proceeding in one direction faster than the other (pesbibjy ca
subtle kinetic or steric effects), resulting in partially hollow (U-shaped) structures. Several morphologies are possible, depending onl sisylet an
uncontrollable details about how the reaction proceeds. TEM micrographs of aliquots taken during reactions show examples of reaction mitbahediate
are consistent with the proposed formation pathway. Selected examples are shown to the right and labeled according to the schematic drawmasthat they
closely match.

M\
‘”g;

is diffusing into theB-Sn crystalt” Furthermore, because of the  Sn would have to be sacrificially oxidized as®Feeduces. The
higher atomic density of Sn atoms on the four side faces relative fact that Fe and Sn are present in a stoichiometric (1:2) ratio
to the top and bottom faces (Figure 3d), the top and bottom both before the reaction and in the final product also argues
faces are likely to be more reactive in solution than the sides, against a galvanic replacement mechanism, since such a reaction
with the polymer being better able to adsorb to and stabilize would yield a product composition that differs from the nominal
the side faces, helping to inhibit their reactivity. reaction stoichiometry. Another possible mechanism involves
On the basis of all of these considerations, it is surmised that the formation of oxide particles or an oxide layer, e.g., 500
Fe absorption and diffusion in{6-Sn is more likely to occur FeOs, during the reaction. All of the Sn nanocrystals and many
via the top and bottom faces. Consistent with this, fR8n of the FeSpnanocrystals are capped with &2 nm SnQ shell,
cubes tend to transform into hollow cube-derived nanostructuresas determined by TEM and XPS. However, it is likely that the
(Figure 1 and 2), hollowing out from the center. The schematic oxide coating forms as a result of oxidation of the Sn metal
shown in Figure 4 rationalizes the formation of each of the nanocrystals rather than as a result of a reaction between the
observed shapes based on this reaction pathway, which considertsansition metal and Sn. Similar Spehells have been observed
both preferential stabilization of the four side faces and the on many Sn-containing nanocrystals synthesized using related
known anisotropic diffusion characteristics #fSn. In a few polyol-based techniques that do not rigorously excludégdft,
cases, reaction intermediates can be isolated and observed bgnd the oxide shells tend to remain inert despite subsequent
TEM (Figure 4), providing some support for the proposed chemistry that modifies the compositions and structures of the
formation pathway. We can roughly control the degree of metal cores?
reactivity to create predominantly hollow structures vs nanorods.  Thus, considering all of the available data that argue against
However, we are unable at this point to control, to a large extent, galvanic displacement, the mechanism is most likely to be a
which morphologies are favored during the reaction. This Kirkendall process, where Fe metal deposits onto the Sn
implies that it is dependent on subtle reaction conditions and nanoparticles and the different diffusion rates of the different
possibly on variations in the size and shape of the Sn precursorsspecies in an anisotropic manner cause a depletion of material
for which there are no reports of highly monodisperse shape- in the center of the nanostructUt&his is also consistent with
controlled nanocrystals in the literature. Consistent with this, the known diffusion characteristics of Sn and Fe, where Sn
all morphologies are accessible in statistically similar yields. would be expected to diffuse faster than!F&irkendall effects
Additional work to identify the reaction conditions necessary have previously been implicated in the synthesis of hollow
to preferentially access each of the morphologies is in progress.spherical structure®2°-2! but not the complex cube-derived
This reactivity provides further evidence of the mechanism structures shown here. Our results with the Fes§stem imply
that is likely to be responsible for the formation of hollow cube- that anisotropic Kirkendall effects can lead to quite elaborate
derived FeSp nanostructures. Chemical analysis, discussed nanostructures with a range of shapes.

earlier, argues against galvanic replacement, since Sn is not gjze- and Shape-Dependent Reactivitince the chemical
removed during the deposition of Fe. Also, standard reduction transformation of8-Sn into FeSp conserves the cubic shape
potentials are inconsistent with a galvanic replacement mech-

anism, since control experiments (discussed earlier) confirm that(18) cable, R. E.; Schaak, R. Ehem. Mater2005 17, 6835-6841.

CoSn and NS, can form under conditions identical to those (19) (a) Leonard, B. M.; Bhuvanesh, N. S. P.; Schaak, R. Bm. Chem. Soc.
. 2005 127, 7326-7327. (b) Leonard, B. M.; Schaak, R. E.Am. Chem.
used for FeSpn Furthermore, excess Sn would be required for S0c.2006 11475-11482.

FeSn to form via a galvanic replacement reaction, since some (20) (a) Liu, B.; Zeng, H. CJ. Am. Chem. So@004 126, 16744-16746. (b)
7 9 P ! H. J.; Knez, M.; Scholz, R.; Nielsch, K.; Pippel, E.; Hesse, D.;

Zacharlas M Gsele U Nat. Mater 2006 5, 627 631.

(17) (a) Seitz, F.; Turnbull, D.; Ehrenreich, Bolid State Physi¢csAcademic (21) (a) Henkes, A. E.; Vasquez, Y.; Schaak, RJEAm. Chem. So2007,
Press: New York, 1968; Vol. 22. (b) Van Beek, J. A.; Stolk, S. A.; Van 129 1896-1897. (b) Chiang, R.-K.; Chiang, R.-Tnorg. Chem.2007,
Loo, F. J.Z. Metallkundel982 73, 439-444. 46, 369-371.
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Figure 5. (a) TEM micrograph of bimodal FegSmanocrystals 30 nm o
and <15 nm) synthesized by reacting similarly bimogaSn nanocrystals n u u Il
with Fe¢* under reducing conditions. The larger30 nm) FeSpnanocubes

are partially hollow, while the smaller<15 nm) nanocrystals are dense. ——
TEM micrographs of (b,cp-Sn nanocrystals that are predominantly rod- Fe Fe
shaped and (d) Fegnanorods formed from th&Sn nanorods in (c). SAED I — I . i .

patterns fors-Sn nanorods and Fegnanorods are shown in (e) and (f),
respectively.

Sn FeSn, Sn FeSn,

N 5e o5 m
of the -Sn nanocrystal seeds, it is reasonable to expect that Sn  FeSn, Sn FeSn,
FeSn nanocrystals _W'th other shapes and sizes could be Figure 6. TEM micrographs and SAED patterns (insets) of fapn
accessed by controlling the morphology of #h«Sn template. nanospheres (mostky20 nm), (b) FeSpnanocubes formed from theSn
As a first step toward this goal, we have been able to vary the nanospheres in (a), and (c) FeSmanocubes~+10 nm) formed from the
synthetic conditions to yield samples of theSn nanocrystal ~ #-Sn nanospheres<(0 nm) shown in the inset. A schematic summary
. : . (qualitative, not drawn to scale) of the varigissn— FeSn transformations
precursors with predominantly large 80 nm) cubes, mixtures  ig shown in (d).
of large >30 nm) and small €15 nm) cubes, and nanorods
with diameters of 1620 nm and aspect ratios of-2 (formed
in ~60% yield), as well as large>20 nm) and small €10
nm) spheres. The Fegmanocrystals derived from predomi-
nantly large &30 nm) cubes were shown in Figures 1 and 2,
and this type of3-Sn precursor reproducibly yields hollowed-
out cube-derived structures as discussed earlier. In contrast, the
mixture of both large and small cube-shage8n nanocrystals
generates FeSmanocrystals with a bimodal size distribution 20 30 40 50 60 70 80
similar to that observed for th8-Sn seeds that are used as 2-Theta (degrees)
precursors (Figure 5a, Figure S3). In this bimodal sample, the Figure 7. (a—c) TEM micrographs of cube-derived PdSn nanostructures
large (~30 nm)B-Sn cubes transform to partially hollow FeSn  and (d) the corresponding XRD pattern (top: experimental; bottom: pattern
cube-derived nanostructures as expected. However, the smalffom PDF card #4-0803). Scale bars are 20 nm in (b) and (c).
(<15 nm)S-Sn cubes transform to dense Fe8uabes with no he domi q in both |
evidence of material depletion in the interior of the particles. € omrllnant products in bot czses. Hower:/e”r, anmé;gl)
(On the basis of careful SAED and EDS studies, both the small /3-S_n spheres tend to <_:or_1vert _to ense (not holiow) ke S,
dense cubes and large etched cubes appear to be FeSoth while 8-Sn cubes of similar size convert to hollow or partially
cases, the shape of tieSn precursors is conserved in the Fesn  ollow FZSf@ CUb_ei' Th'sh means thabt F%‘?uubbes ﬁan be
product, but there is no formation of hollow structures for the generated from either spheres or cu _938 n, uf[ oflow
smallers-Sn cubes, implying a size-dependent reactivity regard- FeSn nanostructures can only be obtained from single-crystal

ing the hollowing-out process. Consistent with this, single-crystal p-Sn _nanocube templates. The_ proposed pathway fof the
$-Sn nanorods (Figure 5b,c) convert to single-crystal FeSn formation of hollow FeSpcube-derived nanostructures requires

nanorods (Figure 5d) with retention of the aspect ratio of the Single-Crystal-Sn nanocubes as precursors, and the shape-
precursors. Since the nanorod diameters (e.g.[t0& faces) dependent reactivity we observe is consistent with this. Similar
are <15 nm, no hollow structures are expected on the basis of shape-dependent reactivity has been observed in a few other

the size-dependent observations discussed above, and none afystems that undergo chemlc_al transformatiSrighe FeSp )
observed. system appears to have both size- and shape-dependent reactiv-
Building on these observations of size-dependent reactivity, iy, Wh'Ch_ is summarized schemgtlcally n Figure 6d.
there also appears to be a shape-dependent reactivity associated EXtension to Other SystemsThis reaction strategy can also
with the Sn— FeSn transformation. For example3-Sn be applied to the synthesis of shape-controlled nanocrystals in
nanocrystal spheres 020 nm diameter (Figure 6a) form FeSn other Sn-containing intermetallic systems. For example, hollow
nanocrystals with predominantly dense (not hollow) cube shapesC”be'der'Ved nanocrystals of |ntermeta_1ll|c Pd_Sn (;aan be formed
when reacted with Fé under reducing conditions (Figure 6b). PY reacting cube-shapg@tSn nanoparticles with Pd under

Small (<10 nm)B-Sn spheres (Figure 6c, inset) also transform reducing conditions similar to .those used to synthesi.ze the
into cube-shaped FeSmanocrystals (Figure 6c) during the hollow FeSn nanostructures. Figure 7a shows a TEM image

chemical transformation. but with no evidence of hollow °f intermetallic PdSn nanocrystals with predominantly hollow

particles. Apparently-Sn spheres transform into FeSbes, o) s, b 1. Hughes, S. M.: Yin, Y.: Alivisatos, A. Brience2004 306
whereas3-Sn cubes retain their cube-like structure. Cubes are 1009-1012.

(d)

Intensity (a.u.)
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(®) for PtSry (a = 9.002 A)23 as expected for the replacement of
Pt with Ni. The simulated XRD pattern for Nignshown in
Figure 8d, was generated by retaining the intensities reported
for PtSry and shifting the peaks to match those of the 8.75 A
unit cell of NiSn. The crystal structure of Ptgihas not been
solved? and because our Nigsample is nanocrystalline with
Wb very broad XRD peaks, our data are not pf _high enough q_uz_;ll_ity
: 1 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
(d) structure of NiSgis closely related to that reported for P§Sn
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
b b power_ful_ tool for solid-state synthesis and materials discovery.
Work is in progress to more fully characterize the Co8nd
NiSng nanocrystals.

Intensity (arb. units)

e —
20 25 30 35 40 45 50 55 60
2-Theta (degrees)

Intensity (arb. units)

20 25 30 35 40 45 50 55 60
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Figure 8. (a) TEM micrograph, SAED pattern (inset), and (b) XRD pattern Conclusions
(top: experimental; bottom: PDF card #48-1813)de€oSn nanocrystals.

(c) TEM miclrograph, SAEE;_fpéthfm (in;gt'):, ant(ij (g)3 f?%f?ﬂ\[té%n (top: In this paper, we demonstrated th&Sn nanocrystals can

experimental; bottom: modifie rom car - as . . . .

described in the text) for Nign be used as reactive templates for the formation of intermetallic
FeSn, PdSn, CoSgy and NiSn nanocrystals via a simple

square and nanorod structures (Figure 7b,c), and these arsolution-mediated chemical conversion strategy. This builds on
generally single-domain crystals (Figure S4), as observed for other recently reported chemical conversion strategies for
FeSn under similar conditions. SAED (Figure 7a) and XRD accessing interesting nanomaterials and represents one of only
(Figure 7d) data confirm the FeB-type structure of PdSn, and a few examples of single crystal-to-single crystal transformations
EDS confirms a 1:1 Pd/Sn ratio (Figure S1). in nanocrystals. The successful formation of intermetallic line
Similarly, 5-Sn reacts with C& under reducing conditions ~ comMpounds with narrow composition ranges highlights the
to form binary intermetallic CeSn nanocrystals with a mixture ~ degree of composition control that is achievable using this
of spherical and cubic morphologies (Figure 8a) that matches Strategy and shows that ideas that are well established for
the morphologies of the mixed cubic/spherieSn precursors intermetallic phase formation in ultrathin films and diffusion
that were used as reactive templates (Figure S3). However, oncouples® are also applicable to the formation of bulk-scale
the basis of XRD (Figure 8b), SAED (Figure 8a, inset), and nanocrystalline intermetallic compounds. As shown for the
EDS analysis (not shown), the €6n intermetallic phase that FeSn system, a variety of complex cube-derived nanostructures
forms is found to bex-CoSn, which is a recently discovered &€ accessible by consideration of the size- and shape-dependent
compound that does not appear on the originally published Co "€activity of the3-Sn precursors, as well as the anisotropic
Sn phase diagraft.a-CoSn; is only stable up to 275C, and diffusion characteristics g8-Sn. For cases whe¢é~$n nano- .
to date, it has only been synthesized using peritectic reactionsCryStal cubes are used as precursors, the shape is conserved in
or tin flux methodsi When we reacB-Sn nanocrystals with a the derivative intermetallic nanocrystals, and this represents a
stoichiometric amount of G& under reducing conditions, '€ single crystal_-tq-single crystal conversion that_is likely
a-CoSnis reproducibly the first phase that forms in this system facilitated by the similar structures $£Sn and FeSn(Figure
although, as mentioned earlier, Ce®an also be formed when ) ) )
appropriate stoichiometries are used. This result shows that, in  While not yet exhaustive, these results provide a set of
addition to forming shape-controlled intermetallic nanocrystals, €mpirical guidelines for controlling the shapes of intermetallic
this chemical conversion Strategy can be used to routine|y nanOnySta'S that contain elements of notably different reduction
generate nanocrystals of solids that can be somewhat challengingPotentials, reduction kinetics, and reactivity. This is especially
to make using traditional solid-state synthesis methods. useful because the techniques that have been developed in the
Cube-shaped nanocrystals of intermetallic Ni§an also be ~ past few years for perfecting the synthesis of shape-controlled
formed by reactingg-Sn nanocrystals with Rt under reducing ~ metat! and semiconductét nanocrystals do not generally
conditions in a 1:3 stiochiometric ratio (Figure 8c). Like appear to work well with these multimetal intermetallic systems
a-CoSn, NiSns does not appear on the publishecH$in phase for the reasons noted above. By combining these new guidelines
diagram’® However, to our knowledge, Nigrhas not been  for shape-controlled synthesis with our earlier studies on the
previously reported as an isolatable solid. The XRD pattern for Synthesis and reactivity of intermetallic nanocrysta#; 2" it
NiSn (Figure 8d) matches closely with that reported for BtSn
(PDF card # 37-1197), which was reported to be a metastable(23) Larchev, V.; Popova, Snorg. Mater. 1984 20, 804-806.

. ... _(24) (a) Dufner, D. CUIltramicroscopyl993 52, 276-281. (b) Xu, L.; Cui, Y.
high-pressure phase that also does not appear on the equilibrium " v.; Hao, Y. L.; Yang, R.Mater. Sci. Eng. A2006 435-436, 638

_ ; TP ; ; ; 647.
Pt=Sn phase d_lagraﬁ?'lerb mdexes_to a CUbIC_umt cell with (25) Murray, C. B.; Kagan, C. R.; Bawendi, M. @nnu. Re. Mater. Sci.200Q
a=8.75 A, which is contracted relative to the literature report 30, 545-610.
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is reasonable to anticipate that complex binary and ternary will be important for accessing many technologically relevant
intermetallic nanocrystals in a variety of technologically useful nanomaterials, including anisotropic magnets, highly faceted
systems may be accessible as nanoscale rods, wires, cubewanoparticle catalysts, and nanostructures with interesting size-
spheres, triangles, platelets, and other morphologies that areand dimension-dependent optical, electronic, and structural
available for the elemental systems that this chemical conversionproperties.

strategy utilizes as reactive templates.

In addition to its utility for generating intermetallic nanoc-
rystals with a variety of shapes, this chemical conversion strategyS
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 al oundation (Young questlgatgr Award), ar!d DuPont (Young
interesting alternative to other non-equilibrium strategies for the Professor Grant). This material is based in part upon work
synthesis of new, metastable, and low-temperature phasesSUPPOrted by the Texas Advanced Research Program under
Importantly, the temperature range in which this strategy is most Grant No. 010366-0002-2006. We thank Meg Godin for help
successful (108250 °C) is one that is difficult to access for in translating ref 23. Electron microscopy was performed at the
intermetallics using other solid-state methods, and therefore it Microscopy and Imaging Center at Texas A&M University.
is reasonable to anticipate that this technique may open the door
to the discovery of new compounds as nanocrystals. The ability ~Supporting Information Available: EDS element mapping
to combine unique synthetic capabilities with shape-controlled for FeSn and PdSn nanocrystals; XRD data for Sn, Co@nd
nanocrystal synthesis using simple solution-chemistry techniquesnji;Sn, nanocrystals; TEM micrographs for additionaiSn
has the potential to greatly expand the complexity of solid-state nanocrystals; HRTEM micrograph of a PdSn nanocrystal; and
materials that are accessible as nanostructures. This, in turng comparison of the crystal structuresfsn and FeSn This

(26) () Sra, A K.: Schaak, R. B. Am. Chem. So@004 126 66676672 material is available free of charge via the Internet at
(b) Sra, A K. ’

) Sra, A. K.; Ewers, T. D.; Schaak, R. Ehem. Mater2005 17, 758— http://pubs.acs.org.
766. (c) Schaak, R. E.; Sra, A. K.; Leonard, B. M.; Cable, R. E.; Bauer, J.
C.; Han, Y.-F.; Means, J.; Teizer, W.; Vasquez, Y.; Funck, EJ.SAm.
Chem. Soc2005 127, 3506-3515.
(27) Cable, R. E.; Schaak, R. E. Am. Chem. So@006 128 9588-9589. JA069032Y
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