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Most inorganic solids are unreactive at low temperatures,
requiring high temperatures to disrupt their long-range bonding
networks and to overcome the solid-solid diffusion barrier that is
necessary to mix the reactants. Bulk metallurgical solids, including
alloys and intermetallic compounds, are especially inert. Indeed,
many are known for their resistance to oxidation and corrosion,
even at high temperatures.1 However, the surfaces of metallurgical
compounds may be quite reactive, often forming thin layers of
passivating phases.2 This implies that if the surface area of
metallurgical compounds is greatly increased by forming nano-
crystals, their reactivity may also be greatly increased, lending
themselves to chemical transformation. To date, a few metals and
semiconductors have been shown to exhibit enhanced reactivity as
nanocrystals. For example, Co nanocrystals can be reacted to form
Co oxides, sulfides, and selenides,3 and CdSe quantum dots undergo
reversible ion exchange with Ag+ to form Ag2Se.4 However,
analogous studies with alloys and intermetallic compounds, which
can be structurally and compositionally more complex, have not
been reported. The ability to modify the composition and structure
of metallurgical solids rationally and predictably would be impor-
tant, as these parameters are fundamentally tied to their physical
and chemical properties.

Here we report that nanocrystals of intermetallic compounds
undergo facile solution-mediated reactions to form derivative
phases. Furthermore, these reactions are reversible, allowing
stepwise and cyclic interconversion using a simple chemical process.
We previously synthesized a library of nanocrystalline intermetallic
compounds,5,6 and here we show that these intermetallics can also
be used as reagents for the low-temperature solution synthesis of
other intermetallic phases, including some that are difficult to make
using direct one-pot reactions.

Nanocrystalline PtSn and AuCu were synthesized by NaBH4

reduction of the appropriate metal salts in tetraethylene glycol
(TEG), followed by heating to 245-310 °C, as described previ-
ously.5,6 These nanocrystalline solids were then isolated by
centrifugation, washed several times, and fully characterized (see
Supporting Information for details). Serving as out-of-the-bottle
reagents, the nanocrystalline intermetallics were then redispersed
in TEG and thermally reacted with metal salt solutions. No added
surfactants, surface stabilizers, or reducing agents were used.

Figure 1 shows an overview of the chemical transformations that
can be accomplished using nanocrystalline PtSn as a solid-state
reagent. In the first reaction, NiAs-type PtSn is successfully
converted to CaF2-type PtSn2 by reacting nanocrystalline PtSn with
a TEG solution of SnCl2 at 280°C for 40 min. Figure 2a shows
XRD patterns for the PtSn starting material, as well as phase-pure
PtSn2 that forms at 280°C. While the XRD data convincingly
support the conversion from PtSn to PtSn2, the melting point of tin
is 231°C, and it is possible that molten tin could provide a localized
flux to facilitate diffusion. Thus, we also studied the reaction of

PtSn with Pt. PtSn can be converted to Cu3Au-type Pt3Sn by
reacting nanocrystalline PtSn with K2PtCl6 at 260°C for 20 min
(Figure 2b). The diffraction pattern of Pt3Sn has broad peaks; the
small superlattice peaks at 22 and 32° 2θ, which are diagnostic of
the 3:1 intermetallic, are not resolvable. However, annealing this
product at 600°C under Ar sinters the particles, making the ordering
reflections resolvable. Comparison to the simulated XRD pattern
for Pt3Sn confirms that the 3:1 intermetallic was indeed formed
(Figure S2).

In addition to converting PtSn to PtSn2 and Pt3Sn at low
temperatures, the reactions are reversible. The XRD data in Figure
2a show that PtSn2, formed by the reaction of PtSn with SnCl2,
can be converted back to PtSn by reaction with K2PtCl6. Likewise,
Pt3Sn, formed by reacting PtSn with K2PtCl6, can be converted
back to PtSn by reaction with SnCl2 (Figure 2b). The ability to
reversibly interconvert these intermetallics highlights the unusual
reactivity inherent in nanoscale metallurgical systems and demon-
strates the level of control over composition and structure that is
achievable using simple solution reactions.

The XRD data in Figure 2 show that the peak widths decrease
and, consequently, the particle sizes increase as the conversion
reactions progress. The increase in particle size is necessary from

Figure 1. Schematic of the intermetallic interconversions that can be carried
out using nanocrystalline PtSn as an out-of-the-bottle reagent.

Figure 2. Powder XRD data for (a) the conversion of PtSn to PtSn2 and
the reverse reaction that converts PtSn2 to PtSn and (b) the conversion of
PtSn to Pt3Sn, Pt3Sn annealed at 600°C to show the superlattice peaks,
and the reverse reaction that converts Pt3Sn to PtSn. The data shown are
for sequential reactions, e.g., each reaction uses the previous product. Tick
marks below each pattern represent the expected peak positions.
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a mass balance perspective, because each reaction involves the
addition of more material to the nanocrystals. Sintering, caused by
the high-temperature solution reaction, is also likely to play a role
in particle growth.

TEM images of the PtSnf Pt3Sn f PtSn reaction sequence
(Figure 3) provide additional insight into the progressive change
in morphology and crystallite size, in addition to confirming the
structures based on the SAED patterns. The nanoparticles of the
PtSn reagent are approximately 2-5 nm (Figure 3a), which is
consistent with the XRD data shown in Figure 2b. After conversion
to Pt3Sn, the particles grow to approximately 3-7 nm (Figure 3b),
which is consistent with both the XRD data in Figure 2b and the
expected volume expansion inherent in converting PtSn to Pt3Sn.

Upon converting Pt3Sn back to PtSn, the particle size increases
dramatically (Figure 3c). The particle sizes are difficult to quantitate
because of significant coalescence. However, when the TEM
micrographs for Pt3Sn (Figure 3b) and PtSn that were synthesized
using Pt3Sn as a reagent (Figure 3c) were compared, the PtSn
particles appear to have formed from the coalescence of aggregates
of smaller Pt3Sn particles, perhaps facilitated by the reaction with
low-melting tin. In addition to controlling the composition and
crystal structure, this solution-mediated reaction appears to produce
systematic increases in particle size, which implies that this
approach could be useful for fine-tuning the morphological
characteristics of nanocrystalline intermetallics.

In an effort to generalize the approach, a similar chemical
transformation was attempted with the Au-Cu system. Figure 4
shows XRD data for the nanocrystalline AuCu reagent as well as
AuCu3 that was formed by reacting AuCu with Cu(C2H3O2)2‚H2O
in TEG at∼315 °C. This result is particularly important, as both
Au and Cu are high-melting metals (relative to Sn) and support
the idea that the low-temperature diffusion is facilitated by the
decreased particle size of the nanocrystals.

The discovery that nanocrystalline intermetallics undergo facile
interconversion in solution has several important implications. First,
it provides a robust toolkit for systematically modifying the
compositions and structures of multi-metal nanocrystals, which
could help fine-tune magnetic, optical, and catalytic properties and
could possibly allow access to structures that are not accessible
using traditional methods. Along those lines, while Pt3Sn was
readily accessible using nanocrystalline PtSn as a reagent, our
attempts at synthesizing this compound using direct one-pot
reactions failed. Thus, this conversion strategy produces nanocrys-
tals of important compounds that are difficult to make by other
methods. In particular, Pt3Sn and related Pt-Sn alloys are emerging
as important catalysts for fuel cell reactions,7 and this strategy
readily produces these materials as nanocrystals. Also, while the
size dependence of the reactivity and details of the reaction
mechanism have yet to be established, it may be possible to use
this solution approach to interconvert nanoscale intermetallics
formed by other methods, including ball milling and thin film
deposition. Finally, this work adds to a growing toolbox of low-
temperature reactions for accessing nanocrystalline alloys and
intermetallics8-15 and, as such, could aid in the formation of new
and complex solids and challenge our thinking about the reactivity
of materials traditionally considered as inert and unreactive.
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Figure 3. TEM micrographs and SAED patterns for (a) NiAs-type PtSn
reagent, (b) Cu3Au-type Pt3Sn formed by reacting PtSn with K2PtCl6, and
(c) NiAs-type PtSn formed by reacting Pt3Sn with SnCl2.

Figure 4. Powder XRD data and schematic for the conversion of
nanocrystalline AuCu into AuCu3 by reaction with Cu(C2H3O2)2‚H2O.
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