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Abstract: Understanding how solids form is a challenging task, and few strategies allow for the elucidation
of reaction pathways that are useful for designing new solids. Here, we describe an unusual multistep
reaction pathway that leads to the formation of AuCuSn2, a new ternary intermetallic compound that was
discovered as nanocrystals using a low-temperature solution route. The formation of AuCuSn2 using a
modified polyol process occurs through a multistep pathway that was elucidated by taking aliquots throughout
the course of the reaction and studying the products using a variety of techniques. The reaction proceeds
through four distinct steps: (a) formation of Au nanoparticles at or near room temperature, mediated by a
galvanic reaction between Au3+ and Sn2+ (forming Au0 and Sn4+, precipitated as SnO2 that forms a shell
around the nanoparticles), (b) formation of NiAs-type AuSn nanoparticles, along with Cu and Sn, upon
addition of NaBH4, (c) aggregation and thermal interdiffusion to form AuCuxSny alloy nanoparticles, and
(d) nucleation of intermetallic AuCuSn2, which has an ordered NiAs-derived structure. The proposed
mechanism was tested by starting the reaction with the AuSn intermediate. AuSn nanoparticles were
synthesized separately and reacted with Cu and Sn nanoparticles, and ordered AuCuSn2 formed as
expected. Elucidation of this reaction pathway has important implications for guiding the design of new
intermetallic solids, as well as for controlling the synthesis of complex multimetal nanocrystals.

Introduction

The ability to understand how solids form is critically
important for rationally designing new materials, yet the
elucidation of reaction pathways remains one of the most widely
recognized challenges in solid-state chemistry. Solid-solid
diffusion is generally the rate limiting step in solid-state
reactions, and as a result, high temperatures and long heating
times are usually needed to drive the reactions to completion.
Consequently, it is difficult to piece together the interactions
among the reactants, including the formation of important
intermediates that may be crucial for successfully forming a
desired product. Furthermore, high-temperature reactions often
preclude the formation of metastable and low-temperature phases
that are not accessible under such conditions. The high-
temperature reactions that are required for traditional solid-state
syntheses, although important for generating many useful
materials, have clear limitations in terms of understanding
reaction pathways and stabilizing low-temperature and meta-
stable structures.

A few general strategies exist for understanding and control-
ling reaction pathways in solid-state systems, and these typically
involve alternative low-temperature techniques. For example,
Johnson and co-workers have used elementally modulated
reactants as a platform for understanding and controlling reaction
pathways in thin films1 and also for generating new solids that
are inaccessible using traditional methods.2 Topochemical

strategies that modify the structures of framework solids in a
stepwise and predictable manner can also be used to generate
new solids via consideration of reaction pathways.3 Understand-
ing how low-temperature and metastable phases form could
provide solid-state chemists with mechanistic guidelines for
rationally designing new solids, in analogy to the retrosynthetic
strategies routinely used by organic chemists.

The development of low-temperature solution routes to solid-
state materials,4-7 including strategies that yield colloidal and
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nanocrystalline solids, provides intriguing opportunities for
studying solid-state formation mechanisms and accessing new
structures. Along those lines, we8-12 and others13-15 have
recently begun to explore the formation of nanocrystalline alloys
and intermetallic compounds using low-temperature strategies
that differ significantly from traditional high-temperature metal-
lurgical techniques. Building on extensive work by many groups
on the synthesis of metal nanoparticles using the polyol
process,6,15-18 we have been able to access a growing library
of binary11,12 and ternary10 intermetallic compounds using
modifications of this approach. The polyol process provides a
low-temperature medium for precipitating reduced multimetal
compounds as nanoparticles and, like most successful strategies
for low-temperature solid-state synthesis, avoids solid-solid
diffusion as the rate-limiting step. As anticipated from the low-
temperature nature of the technique, the polyol process can also
be used to generate metal and multimetal nanocrystals with new
structures, includingε-Co19 and AuMSn2 (M ) Cu, Ni).10

AuCuSn2 is a new ordered ternary intermetallic compound
that was discovered during our initial attempts to synthesize
ternary metal nanocrystals using the polyol process.10 The Au-
Cu-Sn system has been studied in detail under bulk-scale
equilibrium conditions because of its importance in solder
applications,20 and interestingly, the ordered polymorph of
AuCuSn2 has not been observed at low temperatures (150-
400°C).10 However, we discovered that AuCuSn2 forms readily
in solution below 200°C using an unusual multistep process;10

more common one-step polyol reactions do not yield the new
intermetallic phase (Supporting Information, Figure S1). Im-
portantly, we have been able to probe the formation mechanism
by taking aliquots from the solution at various stages of the
reaction and studying the crystalline and noncrystalline products,
as well as the species that remain in solution. The result,
presented here, is a detailed understanding of an unusual
multistep reaction pathway that yields nanocrystals of a new

intermetallic compound. In addition to elucidating a solid-state
reaction pathway and providing a new way of thinking about
the synthesis of intermetallic compounds, this work also has
important implications for controlling the synthesis of complex
nanocrystals.

Experimental Section

Chemicals.All chemicals were purchased from Alfa Aesar and were
used as received without further processing or purification: HAuCl4‚
3H2O (99.99%), Cu(C2H3O2)2‚2H2O (98.0-102.0%), SnCl2 (anhydrous,
99+% min), poly(vinyl pyrrolidone) (PVP, MW) 40 000), NaBH4

(98%), and tetraethylene glycol (TEG, 99+%).
Synthesis of AuCuSn2. AuCuSn2 was synthesized using a modified

polyol process similar to our previous report.10 Briefly, PVP (175.0
mg), Cu(C2H3O2)2‚2H2O (21.8 mg, 0.1089 mmol), SnCl2 (70.2 mg,
0.3703 mmol, 4-fold excess), and HAuCl4‚3H2O (35.0 mg, 0.0887
mmol) were dissolved sequentially in 20 mL of TEG with sonication.
This solution was stirred vigorously under bubbling Ar for a few min.
The solution was then heated to 70°C, and a freshly prepared solution
of NaBH4 (35 mg in 2-3 mL TEG) was added dropwise to the solution
while stirring. After the metals were reduced (within 5 min), the solution
was further heated to 120-200°C. Aliquots were extracted during the
reaction in order to characterize the species present at each step.
Powders were collected by centrifugation and washed several times
with ethanol. Acetonitrile was also used occasionally as a cosolvent to
aid in precipitating all of the nanocrystalline powder from solution.

Characterization. Powder X-ray diffraction (XRD) data were
collected on a Bruker GADDS three-circle X-ray diffractometer using
Cu KR radiation. Transmission electron microscopy (TEM) images,
selected area electron diffraction (SAED) patterns, and energy-dispersive
X-ray analysis (EDS) were collected using a JEOL JEM-2010 TEM.
Elemental mapping images were acquired using a semi-STEM (STEM
) scanning transmission electron microscopy) attachment. Samples
were prepared by sonicating the isolated nanocrystalline powders in
ethanol and dropping a small volume onto a carbon-coated nickel grid
or by dropping the reaction solution directly onto the grid. Optical
spectroscopy measurements were taken on a Jasco V-530 UV-visible
spectrometer. Solid-state composition analysis was carried out on a
four spectrometer Cameca SX50 electron microprobe.

Results and Discussion

Reaction Pathway for the Formation of AuCuSn2. Figure
1 shows a schematic of the proposed multistep reaction pathway
that was derived from the detailed studies that follow. Initially,
the metal salt precursors and polymer stabilizer are dissolved
in a high-boiling glycol solvent. Next, the polyol solvent is
heated to 70°C. This facilitates reduction of the Au3+ to Au0

nanoparticles and concomitant oxidation of some of the Sn2+

to Sn4+, which precipitates as SnO2 nanocrystals that ultimately
anneal to form a shell around the Au-containing nanoparticles.
Next, NaBH4 is added, which is a strong reducing agent that
immediately reduces the remaining Sn2+ to Sn0 and converts
the Cu2+ to Cu0. In this step, the Au nanoparticles appear to
quickly react with the Sn to form nanocrystals of intermetallic
AuSn. With further heating, the Cu0 nanoparticles begin to
aggregate and interdiffuse into the intermetallic AuSn nano-
crystals, along with the remaining Sn. AuCuSn2 nanocrystals
form once the reaction is allowed to proceed to completion,
either by controlling reaction temperature or time.

Step 1: Formation of Au Nanoparticles.After dissolving
the metal salts and polymer stabilizer in TEG, the solution has
a pale-yellow color (Figure 2a). Upon heating to 70°C, the
solution containing Au3+, Cu2+, Sn2+, and PVP develops an
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intense-purple color (Figure 2a), which suggests the formation
of metal nanoparticles that have a visible surface plasmon
resonance (SPR) peak. This is confirmed by UV-visible
spectroscopy (Figure 2a). Interestingly, when a solution contain-
ing only Au3+ and PVP is heated to 70°C in TEG, no visible
reaction occurs. However, when reduced with NaBH4, the
solution turns wine red and exhibits a SPR peak centered around
520 nm (Figure 2a), which is consistent with the well-known
SPR peak of spherical Au nanoparticles.21 The optical data
suggests subtle but important differences between the Au-Cu-
Sn sample (purple) and the pure Au sample (red), and these
differences are probed and understood by utilizing several
complementary techniques that are described below.

The powder XRD pattern for the solid product isolated from
the purple Au-Cu-Sn solution by solvent-induced precipitation
and centrifugation, yielding a clear colorless solvent, shows only

nanocrystalline Au (Figure 2b). However, electron microprobe
analysis of the solid product shows the presence of both Au
and Sn in a 1.00:0.96 ratio. The Cu content of this sample is
below the detection limit of the instrument, which indicates that
Au and Sn are incorporated into the product but Cu is not.

Careful analysis by TEM reveals several additional details.
The TEM micrograph in Figure 3, prepared by dropping the
purple-colored Au-Cu-Sn solution directly onto a TEM grid,
shows high-contrast nanoparticles that range in size from 5 to
30 nm. The SAED pattern (Figure 3d) shows an fcc pattern
that is consistent with that expected for Au and also agrees with
the XRD data shown in Figure 2b. However, a significant
amount of diffuse contrast surrounding the Au nanoparticles
implies that other smaller nanoparticles are present in the solid

(21) (a) Mulvaney, P.Langmuir1996, 12, 788-800. (b) Link, S.; Wang, Z. L.;
El-Sayed, M. A.J. Phys. Chem. B1999, 103, 3529-3533.

Figure 1. Schematic of the proposed multistep reaction pathway for the formation of AuCuSn2 nanocrystals: (a) metal salt reagents (with PVP in TEG),
(b) formation of Au and SnO2 nanoparticles (the small orange spheres represent SnO2, resulting from a galvanic reaction between Au3+ and Sn2+ that forms
Au0 and Sn4+, which precipitates as SnO2), (c) formation of NiAs-type AuSn nanoparticles, along with Sn and Cu, (d) aggregation and thermal interdiffusion
to form AuCuxSny alloy nanoparticles, and (e) nucleation of intermetallic AuCuSn2. In (c), (d), and (e), the orange-colored shell on the AuSn, AuCuxSny, and
AuCuSn2 nanoparticles, respectively, represents the SnO2 coating that forms from annealing the SnO2 nanoparticles in solution, and it persists throughout
the entire reaction.

Figure 2. (a) Visible absorption spectra showing that the SPR band for
the red-colored solution of Au nanoparticles is centered around 520 nm
and the SPR band for the purple-colored Au-Cu-Sn solution heated to
70 °C is centered at 555 nm. The SPR peak for the Au-Cu-Sn solution
is red-shifted relative to that of Au due to the presence of SnO2 nanoparticles
in solution, which interact with the surface of the Au nanoparticles. The
inset shows a photograph of (i) the metal salts (Au3+, Cu2+, Sn2+) dissolved
in solution, (ii) the purple-colored solution after heating to 70°C, (iii) the
heated solution reduced by NaBH4, and (iv) a control (red-colored) solution
of Au nanoparticles formed by NaBH4 reduction. (b) Powder XRD patterns
for the solid product precipitated from the Au-Cu-Sn reaction solution
heated to 70°C (bottom) and the same powder annealed at 300°C in a
tube furnace under Ar (top), showing the formation of intermetallic AuSn
from the Au-Sn nanocomposite. Tick marks below each pattern represent
the allowed Bragg reflections for Au (bottom) and NiAs-type AuSn (top).

Figure 3. (a) TEM micrograph for the Au-Cu-Sn reaction solution heated
to 70 °C, showing the presence of Au (larger, high contrast) and SnO2

(small, medium contrast) nanoparticles. (b) and (c) Semi-STEM elemental
mapping data for the TEM micrograph in panel (a), showing that Au is
present in the high contrast areas (b) and Sn is present in the areas of medium
contrast (c). (The lowest contrast regions represent the background.) The
SAED pattern in (d) shows an fcc pattern matching that of Au. The TEM
micrograph in (e) shows a close-up of Au nanoparticles surrounded by
smaller SnO2 particles (facilitated by solution-phase annealing), and the
micrograph in (f) shows Au nanoparticles that were isolated without a SnO2

coating by using low-speed centrifugation.
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product. Qualitative EDS analysis shows that both Au and Sn
are present, consistent with the electron microprobe data.
Elemental mapping of the TEM micrograph in Figure 3a shows
that Au is only present in the high-contrast regions (Figure 3b),
whereas Sn is also present in the regions of diffuse contrast
that surround the Au particles (Figure 3c). This indicates that
the Au nanoparticles are loosely surrounded by smaller Sn-
containing nanoparticles.

Interestingly, if the TEG solution containing Au3+, Sn2+, and
Cu2+ is not heated, it also turns purple over a short period of
time (Supporting Information, Figure S2). The same color
change occurs when no Cu is present. Considering the standard
reduction potentials of Au3+/Au [E° ) 1.498 eV vs. standard
hydrogen electrode (SHE)] and Sn4+/Sn2+ (E° ) 0.151 eV vs.
SHE), we hypothesize that a spontaneous galvanic reaction
occurs, in which Au3+ is reduced to Au0 as Sn2+ is oxidized to
Sn4+, precipitated as SnO2 (because the reaction is not performed
under rigorously air-free conditions). Furthermore, a higher-
magnification TEM image confirms the presence of 2-3 nm
SnO2 particles (Supporting Information, Figure S3). Apparently,
Au and SnO2 nanoparticles are mixed in solution, and they form
a nanoscale composite when the solution is dropped onto a TEM
grid (Figure 3a). Importantly, when this solid composite product
is annealed under Ar at 300°C, the XRD pattern matches that
of intermetallic AuSn (Figure 2b), which is further evidence
that the Au and Sn are mixed in a 1:1 ratio in the solid product
and in solution. We speculate that the SnO2 remains unreactive
and does not participate in the subsequent steps (as will be
shown below). However, its presence (the result of a galvanic
reaction between Sn2+ and Au3+) is the result of a critical
reaction that helps to reduce the Au3+ to Au0 at a much lower
temperature than would normally occur in a standard polyol
reaction. Furthermore, the fact that Au and SnO2 nanoparticles
can be generated at room temperature implies that the polyol
solvent is not the reducing agent. Rather, this further supports
the hypothesis that a galvanic reaction is responsible for the
formation of Au nanoparticle seeds.

Returning to the UV-visible spectroscopy data shown in
Figure 2a, the red-shift in the SPR peak for the Au-Cu-Sn
sample relative to that of the Au sample, making the Au-Cu-
Sn solution purple instead of red, can be explained by the
nanostructure of the sample. The Au nanoparticles are sur-
rounded by smaller SnO2 nanoparticles in a pseudo core-shell
composite arrangement. Mulvaney and co-workers have studied
this in detail, observing a red-shift of the SPR band as Au
nanoparticles are coated by a SnO2 shell; the shift in the SPR
peak is related to the thickness of the SnO2 coating.22 In their
system, the SnO2@Au nanoparticle solution is purple instead
of red,22 which matches what we observe. Indeed, after solution-
phase annealing of our SnO2/Au nanoparticle mixture, core-
shell SnO2@Au aggregates are clearly observed (Figure 3e).
However, if a low centrifugation speed is used prior to
annealing, the constituent Au nanoparticles can be removed
without the SnO2 coating (Figure 3f), implying that the core-
shell structure is dynamic in solution rather than fully passivating
the surface. Furthermore, at the intermediate centrifugation
speeds typically used, the SnO2 that is attached to the Au
nanoparticles can be isolated along with the Au, but some
remains in solution because of its small size. Thus, the amount

of SnO2 present in the centrifuged sample is less than the total
amount of SnO2 present in the system. Although a complete
galvanic reaction between Sn2+ and Au3+ would require 1.5
mol of Sn2+ for every mole of Au3+, the centrifuged sample
does not isolate all of the SnO2. Consequently, the electron
microprobe data that shows a 1.00:0.96 ratio of Au/Sn for the
centrifuged sample is reasonable, based on this analysis.

Taken together, the UV-vis, XRD, TEM, and electron
microprobe data are consistent with the initial formation of Au
nanoparticles via a galvanic reaction between Au3+ and Sn2+,
which ultimately forms SnO2 nanoparticles. Also, the data imply
that Cu is does not participate in the initial reaction.

Step 2: Formation of AuSn Nanoparticles. When the
reaction solution turns purple (e.g., reaches 70°C or is allowed
to react at room temperature), a solution of NaBH4 is added
dropwise and the Au-Cu-Sn solution immediately turns dark
brown (Figure 2a), which implies reduction of other species in
solution. In control experiments, Cu2+ and Sn2+ can both be
reduced to Cu0 and Sn0 nanoparticles, respectively, under these
conditions (70°C in TEG upon addition of NaBH4). The powder
XRD pattern of the precipitate from this reaction, isolated by
centrifugation, shows exclusively the formation of intermetallic
NiAs-type AuSn (Figure 4a). Indeed, electron microprobe
analysis of the centrifuged product finds a Au/Sn/Cu ratio of
1.00:1.32:0.15, which is consistent with the presence of nano-
crystalline AuSn, some of the SnO2 generated in the first step
(specifically, the approximate fraction of the total SnO2 that is
incorporated into a core-shell structure as described below),
and very little Cu or extra Sn. Indeed, after centrifuging all of
the solid products, the supernatant retains a brown color, which
is consistent with the presence of small nanoparticles of Cu and
Sn that remain in solution. No well-defined SPR band is(22) Oldfield, G.; Ung, T.; Mulvaney, P.AdV. Mater. 2000, 12, 1519-1522.

Figure 4. (a) Powder XRD and (b) SAED pattern of the solid product
isolated after heating to 70°C and reducing by NaBH4. Tick marks below
the XRD pattern in (a) represent the allowed Bragg reflections for NiAs-
type AuSn. The TEM micrograph in (c) shows the morphology of the AuSn
nanocrystals, and (d) shows a representative single AuSn nanocrystal, which
has a single-crystal core and a 1-2 nm SnO2 shell.
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observed by UV-visible spectroscopy, but this is not unex-
pected, because Cu nanoparticles smaller than 4 nm do not show
a distinct SPR peak23 and the SPR band for Sn nanoparticles is
primarily in the UV.24 Taken together, these data imply that
the Cu remains in solution and does not appreciably incorporate
into the AuSn product and that reduced Sn nanoparticles are
also present in solution.

TEM micrographs of the AuSn nanoparticles are shown in
Figure 4c. The nanoparticles, which are mostly∼20 nm but
range in size from 5 to 40 nm, are generally single-crystal AuSn
and have a clearly defined core-shell structure (Figure 4d) that
results from solution-phase annealing of the SnO2 nanoparticles
onto the AuSn surface. (Our previous work with the FeSn2

system showed analogous SnO2 shells on most Sn-based
nanoparticles synthesized using a similar polyol-based ap-
proach.12) SAED (Figure 4b) shows the hexagonal NiAs
structure expected for the AuSn core. Furthermore, XPS analysis
(not shown) shows the presence of primarily oxidized Sn on
the surface with very little signal from Au or Cu, consistent
with a thin coating of SnO2 on the majority of the particles.
Based on these data, we propose that the core is intermetallic
AuSn and the shell is amorphous SnO2.

This step in the reaction pathway is surprising but important,
and it is significant for several reasons. First, intermetallic AuSn
forms very quickly at 70°C, which is a lower temperature than
is required to crystallize most other related intermetallics we
have synthesized using similar methods.10-12 Second, the fact
that Au forms first and then converts to AuSn when NaBH4 is
added implies that the Au nanoparticles are highly reactive with
the reduced Sn, and that the presence of Au seeds may catalyze
the nucleation of intermetallic AuSn. Finally, AuSn crystallizes
in the NiAs structure, which is the structure from which ordered
AuCuSn2 is derived. The NiAs-type AuSn intermediate may
provide a structural template for the formation of ordered
AuCuSn2 at low temperatures. Taken together, the data presented
above are consistent with the formation of a core-shell
SnO2@AuSn intermediate with small Cu and Sn nanoparticles
present in solution.

Step 3: Interdiffusion to Form an AuCu xSny Alloy. At
this point in the reaction (at 70°C and after NaBH4 is added),
the solution appears to contain a mixture of SnO2@AuSn, Cu,
and Sn nanoparticles. As a control experiment, we confirmed
that SnO2 nanoparticles dispersed in TEG with NaBH4 do not
convert to Sn0 at temperatures up to 300°C (Supporting
Information, Figure S5). Thus, we conclude that the SnO2

nanoparticles do not react or incorporate into the product, so
they remain inert in solution. The remainder of the Sn necessary
to convert AuSn into AuCuSn2 comes from the Sn2+ that is
reduced to Sn0 by NaBH4. This conclusion is also consistent
with the large 4-fold excess of Sn2+ that is used to form
AuCuSn2. Per mole of AuCuSn2, 1.5 mol of Sn are required to
reduce all of the Au3+ to Au0, concomitantly oxidizing Sn2+ to
Sn4+. An additional mole of Sn is required to reduce and react
with the Au nanoparticles to form AuSn. Another mole of Sn
(along with one mole of Cu) is required to form AuCuSn2 from
AuSn. Thus, 3.5 mol of Sn are required based on our proposed
reaction pathway, and 4.0 mol are routinely used. Experimen-
tally, we found that AuCuSn2 will not form with less than 3.6

mol of Sn, which agrees well with the proposed reaction
pathway and the amount of Sn it requires.

As heating continues in the presence of reduced Sn and Cu,
the particles continue to interact and react, which is similar to
the reaction of Au with Sn to form AuSn. The result is the
evolving formation of AuCuxSny alloy nanoparticles, which have
variable compositions that change with temperature (Figure 5a)
and time (Supporting Information, Figure S6) as the reaction
progresses. Continual incorporation of Sn and Cu into the alloy
nanoparticles is likely facilitated by the enhanced diffusivity
and reactivity inherent in nanoparticle systems.25 The thermal
interdiffusion of Cu and Sn into AuSn can be monitored using
powder XRD of the solid products that are isolated from aliquots
taken at different temperatures (Figure 5a). At 130°C, the lattice
constants area ) 4.29 Å andc ) 5.34 Å, and the unit cell
becomes progressively smaller as the temperature is increased
to 160°C (a ) 4.24 Å,c ) 5.25 Å) and 190°C (a ) 4.23 Å,
c ) 5.23 Å). This is consistent with the diffusion of Cu into
the structure, because Cu is smaller than both Au and Sn. (The
lattice constants of the AuCuxSny alloy at 190°C agree with
those of ordered AuCuSn2, implying that diffusion is nearly
complete by this point and that the composition is close to
AuCuSn2.)

TEM micrographs of the Au-Cu-Sn particles in the 85-
120 °C range show larger 30-40 nm particles surrounded by
smaller particles that are typically 5-10 nm in diameter (Figure
5b,c). EDS mapping confirms that Au, Cu, and Sn are present
in the clusters of particles (Figure 6). Thus, based on the
available data, we hypothesize that the smaller particles on the
periphery of the larger ones are Cu, Sn, or Cu-Sn alloys, and
that they continually interdiffuse and incorporate into the larger
particles as a function of time and temperature, consistent with
the available data.

Step 4: Formation of Intermetallic AuCuSn2. As the
solution continues heating, diffusion continues until the stoi-
chiometry reaches AuCuSn2, and the ordered ternary structure
forms. The XRD pattern in Figure 7a shows the characteristic
superlattice peaks of the ordered AuCuSn2 structure, which
appear above 190°C. Ordered AuCuSn2 can also be accessed
at temperatures as low as 120°C, if the solution is heated at
this temperature for at least 1 h (Figure S6). Importantly, the

(23) Lisiecki, I.; Pileni, M. P.J. Phys. Chem.1995, 99, 5077-5082.
(24) Henglein, A.; Giersig, M.J. Phys. Chem.1994, 98, 6931-6935.

(25) (a) Yin, Y.; Rioux, R. M.; Erdonmez, C. K.; Hughes, S.; Somorjai, G. A.;
Alivisatos, A. P.Science2004, 304, 711-714. (b) Son, D. H.; Hughes, S.
M.; Yin, Y.; Alivisatos, A. P.Science2004, 306, 1009-1012.

Figure 5. (a) Powder XRD patterns for the products isolated as a function
of increasing temperature. The progressive shift of the lattice constants
highlights the diffusion of Cu and Sn into the AuSn nanoparticles. TEM
micrographs of the aliquots taken at (b) 85°C and (c) 120°C show larger
AuSn particles that are surrounded by smaller particles, which are likely
Cu, Sn, and CuxSny.
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AuCuSn2 nanocrystals have a core-shell structure (Figure 7b),
which implies that the SnO2 coating does indeed persist
throughout the reaction, as shown schematically in Figure 1.

Testing and Confirming the Reaction Pathway.The results
above, characterizing each of the steps involved in the formation
of ordered AuCuSn2 nanocrystals, provide compelling evidence
that AuCuSn2 forms by (a) nucleating Au nanoparticles from
Au3+ via a galvanic reaction with Sn2+, (b) reacting the Au
nanoparticles with Sn to form intermetallic AuSn nanocrystals,
(c) incorporating the additional Sn and Cu into the AuSn
nanocrystals via solution-mediated interdiffusion, and (d) nucle-
ation of the ordered AuCuSn2 structure when the 1:1:2 stoichi-
ometry has been reached. If this is indeed the correct reaction
pathway, it should be possible to begin the reaction at any of
the intermediate steps and drive the reaction to completion, e.g.,
formation of ordered AuCuSn2. Accordingly, Figure 8 shows

that ordered AuCuSn2 can be formed by first synthesizing AuSn
nanocrystals (in the presence of excess Sn as discussed earlier),
then thermally reacting them in solution with Cu nanoparticles
that are formed ex situ.

In this alternate scenario, HAuCl4 and SnCl2 are dissolved
in TEG with PVP as a surface stabilizing agent. This solution
is heated to 70°C to form a purple solution similar to that
formed when all three metal salts were present. As expected
from the reaction pathway, the XRD pattern for the solid product
isolated from this solution by centrifugation matches that of
nanocrystalline Au. Furthermore, TEM micrographs show a
mixture of Au and SnO2 nanoparticles that look similar to the
product isolated from the original three-component system
(Supporting Information, Figure S4). This unambiguously
establishes that Cu is not implicated in the first step of the
reaction. When NaBH4 is added, AuSn nanoparticles are formed,
again without any Cu present in the solution. In a separate vial,
a solution of Cu(C2H3O2)2 and PVP in TEG are reduced with
NaBH4, forming a brown solution of Cu nanoparticles. This
solution is then added to the solution of AuSn nanoparticles
(containing excess Sn) and heated to 215°C. Both the XRD
pattern (Figure 8) and the SAED pattern (Figure 9a) for the
product of this reaction match that of the ordered ternary
AuCuSn2 structure, which forms after the Cu nanoparticles react
with the AuSn nanoparticles. Furthermore, the progression of
XRD patterns from 130 to 215°C in Figure 8 shows the same
evidence for interdiffusion (e.g., progressive evolution of the
lattice constants) as the original sample. Finally, the AuCuSn2

nanoparticles made by this method also contain a SnO2 shell,
consistent with the proposed reaction pathway (Figure 9). Taken
together, these results prove that AuCuSn2 can be made directly
from a physical mixture of AuSn and Cu nanoparticles (in the
presence of excess Sn), and provide compelling evidence that
the reaction pathway described in Figure 1 is reliable.

Applicability to Other Systems. Although our proposed
multistep reaction pathway is clearly applicable to the formation
of AuCuSn2, it is important to consider its generality for other
systems. As a first step toward this goal, we studied the
formation of AuNiSn2. Although AuNiSn2 is structurally similar
to AuCuSn2,10 the synthesis, stability, and reactivity of metal

Figure 6. (a) TEM micrograph of the product isolated at 85°C, and semi-
STEM elemental mapping data that shows the presence of (b) Au, (c) Cu,
and (d) Sn in each of the aggregates.

Figure 7. (a) Powder XRD pattern of intermetallic AuCuSn2 isolated at
190 °C. Tick marks below the pattern show the positions of the allowed
Bragg reflections, and the reflections in boldface type highlight the most
prominent superlattice peaks of AuCuSn2 (see ref 10 for details). (b) TEM
micrograph of the AuCuSn2 powder isolated at 190°C. The inset reveals
that the core-shell structure is still present on the final product.

Figure 8. Powder XRD patterns for the products isolated from the reaction
of a physical mixture of AuSn (along with excess Sn) with a solution of
Cu nanoparticles that were formed ex situ. The patterns show temperature-
dependent changes in lattice constants that are similar to those seen in the
original reaction that began with all of the metal salts in solution.
Intermetallic AuCuSn2 is formed by 215°C, and the reflections in boldface
type highlight the most prominent superlattice peaks of AuCuSn2.
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nanoparticles can often be different for each element,26 so it is
worthwhile to compare the Ni and Cu systems. Like AuCuSn2,
ordered AuNiSn2 appears to only form in solution from a careful
multistep reaction sequence that is analogous to the one shown
in Figure 1. After dissolving appropriate amounts of HAuCl4‚
3H2O, Ni(C2H3O2)2‚xH2O, and SnCl2 in TEG, the color of the
solution changes from yellow to red-brown as the temperature
is increased to 85°C. Powder XRD data for the solid product
isolated from this reaction shows the presence of nanocrystalline
Au (Figure 10), consistent with the first step of the pathway
required to form AuCuSn2. After adding NaBH4, the color
changes to black, and the XRD and SAED patterns are
consistent with those expected for AuSn (Supporting Informa-
tion, Figure S7), although the particles are significantly smaller
than those observed for the AuCuSn2 system. As the temperature
is further increased, the XRD peaks sharpen and shift systemati-
cally with temperature (Figure 10), suggesting diffusion to form
disordered AuNixSny nanoparticles. Finally, by 210°C, the
characteristic superlattice peaks are clearly evident (Figure 10),
indicating the formation of ordered AuNiSn2.

The isolation of intermediates that are similar to those
obtained for the AuCuSn2 system imply that the reaction
pathway of AuNiSn2 is also similar, which gives an indication
of its generality to other new, yet related, systems. We are
currently in the process of testing this reaction pathway with
other systems, and preliminary evidence suggests that it will

indeed result in the formation of new nanocrystalline alloys and
intermetallic compounds, including in systems that are structur-
ally and compositionally distinct from the AuMSn2 phases. Thus,
we reasonably anticipate that this reaction pathway will be
applicable to other systems. However, even if this particular
reaction pathway turns out not to be overly general, it still
provides important new insights into how nanoparticles combine
in solution, in a controllable manner, to form derivative
compounds with more complex structures and compositions.
As such, it provides guidelines for systematically modifying
the structures and compositions, and thus the properties, of
nanocrystalline intermetallic compounds.

Conclusions

In this paper, we identified and tested a plausible multistep
reaction pathway that results in the formation of a new ternary
intermetallic compound, AuCuSn2, as nanocrystalline particles.
Our experiments identified four key reaction steps: (a) formation
of a mixture of Au and SnO2 nanoparticles mediated by a
spontaneous galvanic reaction between Au3+ and Sn2+, (b)
formation of SnO2-coated AuSn nanoparticles, along with small
particles of Cu and Sn, upon NaBH4 reduction, (c) temperature-
controlled interdiffusion to form AuCuxSny nanoparticles, and
(d) nucleation of the ordered ternary structure of AuCuSn2,
which retains a coating of SnO2. Consistent with this mecha-
nism, AuCuSn2 can also be formed by starting with the AuSn
intermediate and reacting it with Cu and Sn.

Elucidation of the reaction pathway that is required to form
AuCuSn2 has several important implications. First, it provides
a rare look at the steps involved in the formation of a new solid-
state compound, and these mechanistic insights could provide
valuable tools for the guided design of other new intermetallic
solids. In particular, the formation of NiAs-type AuSn as an
intermediate is important and may help to template the low-
temperature formation of AuCuSn2, which is an ordered variant
of the NiAs structure. Second, it demonstrates a novel strategy
for studying mechanistic details of solid-state phase formation
at the nanometer scale by combining data from multiple
complementary techniques, including microscopy, spectroscopy,
and diffraction. Although the approach and tools are quite
different from those necessary to elucidate molecular reaction
mechanisms, the result is analogoussa systematic piece-by-

(26) (a) Ely, T. O.; Amiens, C.; Chaudret, B.; Snoeck, E.; Verelst, M.; Respaud,
M.; Broto, J.-M.Chem.Mater.1999, 11, 526-529. (b) Hyeon, T.Chem.
Commun.2003, 927-934. (c) Cushing, B. L.; Kolesnichenko, V. L.;
O’Connor, C. J.Chem. ReV. 2004, 104, 3893-3946. (d) Green, M.Chem.
Commun. 2005, 3002-3011.

Figure 9. (a) SAED pattern and (b) TEM micrograph of the intermetallic
AuCuSn2 powder isolated at 215°C from the reaction of AuSn with Sn
and Cu.

Figure 10. Powder XRD patterns for the products isolated as a function
of increasing temperature for the Au-Ni-Sn system. (Bottom) Au
nanoparticles isolated at 85°C, (Middle) AuNixSny isolated at 165°C, and
(Top) ordered AuNiSn2 isolated at 210°C (the arrow highlights one of the
key superlattice peaks). The dashed lines highlight the peak shifting that
occurs with heating, indicative of interdiffusion.
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piece look at the interactions of small building blocks to form
a larger structuresand has similar implications in terms of
applying the mechanism to other systems. Third, the reaction
pathway provides a strategy for fine-tuning the composition and
structure of multimetal nanocrystals in a more systematic and
controllable manner than is routinely achievable using one-pot
reactions. Indeed, the ability to react metal and intermetallic
nanoparticles in solution to form derivative phases could open
up new doors for the guided design of compositionally and
structurally complex nanocrystals, and preliminary evidence with
other systems suggests that it can. Fourth, there are several
strategies for controlling the shape and size of single-metal
nanocrystals,18,27 but analogous achievements for multimetal
systems remain rare. Because the formation of AuCuSn2 begins
with the nucleation of Au nanoparticles, it may be possible to
control nanocrystal size and shape of this ternary intermetallic
compound (or other complex phases) by starting with pre-made
Au nanocrystals that have the appropriate morphological
characteristics.

Finally, this study effectively merges what were thought to
be two distinct strategies for synthesizing alloys and intermetallic
compounds using low-temperature “metallurgy in a beaker”
techniques. In one approach, metal nanoparticles are mixed in
known ratios in solution to form nanocomposites, which
precipitate and are heated as dry powders to form alloys and
intermetallics of predetermined compositions.8,9 In this case, the
rapid low-temperature reactivity is attributed to the nanoscale
diffusion distances afforded by the self-assembled precursors
that form in solution, which mimic the mixing achieved by the
high temperature melting step usually required in traditional
metallurgical synthesis. In the other approach, alloy and
intermetallic nanocrystals are formed using modifications of the
polyol process, which traditionally uses the polyol solvent as
the reducing agent, but in some cases can also utilize stronger

reducing agents (e.g., NaBH4).10-12 The multistep reaction
pathway presented here provides compelling evidence that a
nanocomposite forms in solution and transforms into alloy and
intermetallic nanocrystals via solution-mediated reactions. Es-
sentially, the two approaches are the samesboth involve the
formation and interdiffusion of nanoscale composites of two
or more distinct phases. The approaches appear to differ only
in the method used to interdiffuse the components, e.g., dry
powder processing vs solution annealing. A similar mechanism
may end up being implicated in the formation of other
multimetal nanocrystals formed by reacting metal salt precursors
in high-boiling solvents, and may possibly turn out to be general
for the formation of other multimetal nanocrystals using low-
temperature solution routes.
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