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A modified polyol process has been used to synthesize intermetallic nanocrystals and nanowire networks
directly in solution using a one-pot reaction. The synthesis of AuCu nanocrystals in tetraethylene glycol
shows that atomically ordered intermetallic nanocrystals form abové@5@hile atomically disordered
alloy nanocrystals form at lower temperatures. The particle size increases with increasing solvent
temperature, and there is a gradual shift from spherical to ellipsoidal morphology. Fully ordered
intermetallic AuCu nanocrystals synthesized at 3@have an average particle width and height of
10 +£ 3 and 8+ 2 nm, respectively, and exist with faceted ellipsoidal, hexagonal, and cubic shapes.
Replacing tetraethylene glycol with ethylene glycol, diethylene glycol, triethylene glycol, and glycerol
yields highly branched nanowire networks. The morphology of the nanowire networks remains the same
for all of the solvents, but the structure can be tuned from fully disordered alloy to fully ordered
intermetallic AuCu, based on the boiling point of the solvent. The nanowire networks synthesized in
ethylene glycol show that they likely form through a nanoparticle coalescence mechanism. By changing
the stoichiometry of Au and Cu in solution, intermetallic AuGwnocrystals and nanowire networks
can also be synthesized using tetraethylene glycol and glycerol, respectively. These results establish that
it is possible to simultaneously control the structure, size, shape, and composition of intermetallic
nanocrystals using solution chemistry, which has important implications for both fundamental scientific
studies and future technological applications.

Introduction devices® Likewise, many alloy nanoparticles are known to
be highly active catalysts't and several related intermetallic
compounds show high catalytic activity as bulk materials
and are predicted to be excellent candidates for nanoscale
catalystsi2-15

Most of the successful strategies for synthesizing high-
quality nanocrystals with controlled shape and size focus on
jsemiconducting quantum dditss oxidest’ 19 sulfides?0-22

Controlling the synthesis of inorganic nanocrystals is an
important prerequisite for advancing nanotechnological ap-
plications, and also for understanding the fundamental
interrelationships among structure, properties, and size in the
nanometer size reginié.Significant progress has been made
in this area in the past few years, and the ability to correlate
the structures and morphologies of nanocrystals with physical
properties is yielding a new level of understanding and is )
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and simple metal&®2° As far as multimetallic materials are
concerned, many examples of alloy nanoparticles are
known2°-39 put intermetallic nanocrystals are rare. Inter-
metallic FePt nanocrystals are routinely synthesfz€d'?

and intermetallic CoPt**and FeP¢f nanocrystals have been
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deposited alloy nanoparticles. Such postsynthesis conversion
often leads to irreversible sintering. Most other examples of
intermetallic nanocrystals involve mechanical methods such
as ball milling# which yield polydisperse and irregularly
shaped particles, or vacuum deposition and evaporation

reported. However, the ordered intermetallic structures are methods'® which are limited to planar supported films. No

only accessible after high-temperature transformations of
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direct solution routes exist for synthesizing well-defined
intermetallic nanocrystals, which limits future applications
and scientific studies of this important class of solid-state
materials.

We recently reported a new multistep approach for
synthesizing solution-dispersible intermetallic nanocrystals
of AuCu and AuCy.*’#8 This strategy relies on binary
nanocomposite precursors that are annealed in powder form
to induce interdiffusion and nucleation at low temperatures.
The low-temperature processing and polymer stabilization
minimize sintering, and the nanocrystals can be readily
redispersed back into solution. While this approach yields
excellent control over composition and structure, it tends to
form polydisperse nanocrystals with irregular shapes, and
as such is not generally amenable to size and shape control
because of the powder processing step. Such nanocrystals
are appropriate for some applications (e.g., catalysis and
reinforced structural nanocomposites), but intermetallic
nanocrystals with controlled shape and size are necessary
for device integration and fundamental structupeoperty
studies.

The Au—Cu system is an ideal target for developing new
nanocrystal synthetic routes. In bulk systems, the-8u
binary phase diagram is well understood, and several distinct
intermetallic phases are knowhIn particular, AuCu and
AuCuy; are textbook-type models of order/disorder phase
transitions in solids, and many other important intermetallic
compounds adopt these structure tygfeSeveral theoretical
studies have addressed the structure and ordering of Au and
Cu in binary cluster8! and numerous theoretical predictions
concerning equilibrium composition distributiotfsphase
separatioff? surface segregatié#> and nanocrystal shajjés®
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have been reported. Furthermore, one study of the order/isolated by centrifugation, washed several times with ethanol to
disorder phase transition in AuCu and AuChanocrystals ~ remove any excess polymer, and then dried under ambient
demonstrated a suppression of the ordering temperature witheonditions. The samples were resuspended in ethanol by sonicating
decreasing particle size for lithographically fabricated nano- 1 Mg of nanocrystal powder in 2 mL of ethanol. AuGanocrystals
islandss® and another study showed that a critical size exists ere Prepared in a similar way, using 13.4 mg of GI{(D,),

for atomic ordering in Aa-Cu nanoparticle®’ Clearly, the and 13.3 mg of HAUGHHO to yield a 2:1 ratio and refluxing

ilability of hiah lity chemicall thesized int for 30—60 min. AuCu nanowire networks were synthesized in a
availabiiity of high-quaiity chemically Synthesized Inter- — manner, using other high boiling solvents (ethylene glycol,

metallic AuCu and AuCgnanoparticles will be critical for  giethylene glycol, triethylene glycol, and glycerol) instead of tetra-

unraveling the size-dependence of a variety of fundamental gthyiene glycol.

physical phenomena, as well as to test the theories that have powder X-ray diffraction (XRD) data were collected on a Bruker

been proposed for the model ACu system. GADDS three-circle X-ray diffractometer using CuKadiation.
Interestingly, while uniform nanocrystals of atomically High-resolution transmission electron microscopy (TEM), energy-

disordered AuCu and AuGlalloys have been reported by dispersive X-ray spectroscopy (EDS), and selected area electron

intermetallic nanocrystals exist. From our previous work with TEM samples were prepared by placing one drop of the resuspended

15-30 nm AuCu and AuCsinanocrystals synthesized from nanocrystal solution onto a carpon-coated Cu_grid, and aIIQWi_ng it
binary nanocomposite precursors, we observed that nucle-© d.r y. Samples for EDS fmalys's were depos'.t?d onto a Ni grid to
. avoid erroneously detecting Cu from the traditional Cu grids.
ation of the ordered phases occurs at temperatures that are
similar to those expected for bulk systefi4® Solution Results and Discussion
routes, particularly the polyol proce¥$°generally are more Synthesis of Intermetallic AuCu Nanocrystals.In our
amenable to controlling nanocrystal size and shape thanprevious work, binary At-Cu nanocomposites were se-
solvent-free syntheses. Recognizing that the nuclea-quentially converted into AuCu alloy and intermetallic
tion temperatures for intermetallic AuCu and AuCu nanocrystals by annealing them as powdéféWe found
(200-300 °C) fall within a temperature range accessible that atomically disordered (alloy) AuCu formed by 175
using high-boiling solvent¥, we speculated that it would  and that ordered (intermetallic) AuCu began to form at
be possible to directly synthesize uniform intermetallic 200°C. Fully ordered AuCu was present by 3TD. To study
nanocrystals in solution. Accordingly, we report here a the temperature dependence of intermetallic nanocrystal
modified polyol synthetic route to ordered intermetallic AuCu formation in solution, we chose tetraethylene glycol
and AuCu nanocrystals. By carefully matching solvent (TEG, BP=310°C) as a high boiling solvent. The reagents
temperature to the binary equilibrium phase diagram, we [Cu(C,Hs0,), HAuCu,-3H:0, PVP] were first dissolved in
show that appropriate conditions exist for stabilizing both TEG and reduced with NaB}&t room temperature, and then
alloy and intermetallic nanocrystals with controlled structures heated to a variety of temperatures between 100 and@10
and shapes. Furthermore, under appropriate conditions, interto map out the phase behavior of their nanocrystal formation.
metallic nanowire networks can also be synthesized in a XRD data for AuCu nanocrystals synthesized in TEG at
single step. This ability to simultaneously control structure, different temperatures are shown in Figure 1. At F&)
size, shape, and composition is unprecedented for inter-the XRD data show a single-phase face-centered cubic (fcc)

metallic nanomaterials. pattern witha = 3.88 A, which is contracted relative to Au
(aay = 4.078 A)5° This indicates the formation of an alloy
Experimental Section between Au and Cu. At 208C, the pattern still resembles

Nanocrystals of AuCu were synthesized using a modification of f"‘ single fgc phase witla - 3.84 A, consistent with the
the polyol process. CuBz0,), (6.8 mg), HAUCK3H,0 (13.3 mg), incorporation of more Cu into the AQu. alloy. Between
and poly(vinylpyrrolidone) (PVP, MW= 630 000, 100 mg) were 290 and 280C, weak superlattice reflections begin to appear,
dissolved in 50 mL of tetraethylene glycol under sonication. After and these can be assigned to the tetragonal structure of
stirring under Ar for 26-30 min, 25 mL of freshly prepared intermetallic AuCu. By 290C, intermetallic AuCu is clearly
0.01 M NaBH, dissolved in tetraethylene glycol was added, and formed, and the lattice constans+ 3.93 A, c = 3.64 A)
the solution was heated to reflux and held there for 15 min. After agree well with those expected for tetragonal AuCu
being cooled to room temperature, the AuCu nanocrystals were (3, = 3.963 A, ¢y = 3.671 A)%°

The degree of atomic ordering can be quantified using the

(33) fghggsge”igzv?fib%go'tze' P.; Norskov, J.JKPhys.: Condens. Matter  chemijcal order paramete®)( which is determined from the

(54) Ruban, A. V.; Skriver, H. L.; Norksov, J. ®hys. Re. B 1999 59, ratio of the intensity of the superlattice peak®{and110)
55 %5)9%(*;6000- . M. 1 Monteiano.Carrizales. J. M. Pal U to the fundamental peaks (e.gl11).*%80 For a fully
a oariguez-Lopez, . J. ontejano-Carrizales, J. ., Pal, U] . _ . .
Sanchez-Ramirer 3 F- Troiani. b, B : Garda. b.: Miki-yoshida M. disordered alloyS= 0, and for a fully ordered intermetaliic,
Jose-Yacaman, MPhys. Re. Lett. 2004 92, 196102. S= 1. Below 200°C, no superlattice peaks are evident, so
(56) f’gt'i“ggoTz*gée%'?,raig“""“h' I.; LeBolloc, D.; Dosch, Burophys. 5= 0 and AyCuy_ exists as an atomically disordered alloy.
(57) (a) Tadaki, T.; Koreeda, A.; Nakata, Y.; Kinoshita,Surf. Re. Lett. Between 250 and 290C, superlattice peaks are evident.

1996 1, 65-69. (b) Tadaki, T.; Kinoshita, T.; Nakata, Y.; Ohkubo,  However, the chemical order parameter, which is difficult
T.; Hirotsu.Z. Phys. D: At., Mol. Cluster&997, 40, 493-495.

(58) Fievet, F.; Lagier, J. P.; Blin, B.; Beaudoin, B.; Figlarz, 84lid State
lonics 1989 32/33, 198-205. (60) Cebollada, A.; Farrow, R. F. C.; Toney, M. F. Magnetic Nano-

(59) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan, structures Nalwa, H. S., Ed.; American Scientific Publishers: Steven-
C. R.IBM J. Res. De. 2001, 45, 47-56. son Ranch, CA, 2002; p 93.
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Figure 2. TEM micrographs and corresponding SAED patterns for AuCu
nanocrystals synthesized in tetraethylene glycol at (a)°C5@b) 250°C,

270°C and (c) 310°C.
250 °C , _ ,
of the predicted size-dependence of ordering. Of course, our

Intensity (arbitrary units)

280 °C

200°C data do not rigorously establish a size-dependence to
150 °C ordering, because both the size and the structure change with
temperature. Further synthetic optimization and purification
10 20 30 40 50 60 70 80 90 to yield monodisperse nanocrystals will be critical for
2-Theta (degrees) unraveling the nature of this phenomenon.

Figure 1. Powder XRD patterns for AuCu nanoparticles synthesized in Representative TEM |mages_ Of_alloy and 'mermetam?
tetraethylene glycol at a variety of temperatures. AuCu nanocrystals are shown in Figure 2, along with their

corresponding SAED patterns. AuCu nanocrystals synthe-
to quantitate due to the weak superlattice peaks, ranges fronsized at 150, 250, and 31C are shown in Figure 2ec.
0.2 to 0.7. This clearly indicates that there is only partial The SAED patterns confirm that the AuCu nanocrystals
ordering. At 310°C, S ~ 1, which indicates long-range synthesized at 150 and 258G are predominantly disordered
atomic ordering in intermetallic AuCu. These data indicate alloys, which is consistent with the bulk XRD data in Figure
that solution synthesis using TEG as a solvent allows the 1. The SAED pattern of the AuCu nanocrystals synthesized
structure to be systematically tuned between alloy and at 310°C confirms the atomic ordering that was observed
intermetallic phases. in the XRD data. The reflections characteristic of the face-

Particle size analysis of the XRD data in Figure 1 using céntered tetragonal structure of AuC20(, 110, 200002,

the Scherrer formufd for the 111 reflection shows thatthe =~ 220202 are clearly visible in the SAED pattern. No
crystallite size varies as a function of annealing temperature.impurities are detectible in either the XRD or the SAED data.
At 150°C, the average particle size is 2.9 nm, and it increasesEDS analysis on several intermetallic AuCu nanocrystals
systematically to 9.3 nm by 31C. Some crystal growth is ~ '€veals an average composition of 45:55 (Au:Cu), which is
occurring as the temperature is increased. Some previougVithin experimental error of the nominal 1:1 stoichiometry
reports on intermetallic AuCu nanocrystals (synthesized @and also within the thermodynamic stability window for
as thin films using vacuum deposition or evaporation intermetallic AuCu based on the equilibrium phase diagifam.
methods) suggested that there is a size dependence to The disordered AuCu alloy nanoparticles synthesized at
nucleating the ordered pha%eand also that there may be a 150 °C appear small, uniform, and generally spherical,
critical size, around 4 nm, below which ordering does not although closer inspection indicates that many of the particles
occur’” The data presented here suggest that ordering doesre elongated. The size distribution histogram in Figure 3a
not occur below 250C, which is a higher temperature than Shows that the particles range in size from 3 to 7 nm. To
is necessary to induce ordering in nanocomposite powderduantify the ellipsoidal character of the nanoparticles, the
samples with larger particle sizes. At the same time, the Width and height were considered separately to yield two-
particle sizes for the disordered nanocrystals synthesized indimensional histogram data. For AuCu synthesized at
TEG between 150 and 23€ are below 5 nm, so if a critical 150 °C, the average nanoparticle widths and heights are
size for ordering does exist, ordering may not be expected.5.0= 1 and 4.6+ 1 nm, respectively. These data show an
Thus, the fact that we do not observe ordering below overall spherical shape for the AuCu alloy nanoparticles. A

250°C is interesting and could possibly be a manifestation two-dimensional particle size analysis for the AuCu nano-
crystals synthesized at 25C is shown in Figure 3b. The

(61) Klug, H. P.; Alexander, L. EX-ray Diffraction ProceduresJohn average par_tICIe widths and helgh_ts aret?Z and _6:|:_ _1
Wiley: New York, 1959. nm, respectively. Although there is still not a significant
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Figure 4. Low-resolution (a) and high-resolution (b) TEM micrographs
2 of AuCu nanocrystals synthesized in tetraethylene glycol at 310
0 Representative examples of individual nanocrystals are shown in (c) and
1 3 5 7 9 11 13 15 17 19 21 include nanocrystals with remarkably straight edges, and others that adopt
hexagonal and cubic shapes. Two ellipsoidal nanoparticles in (b) are outlined

Particle Size (nm) for clarity.

Figure 3. Particle size distribution histograms for AuCu nano- ) o
crystals synthesized in tetraethylene glycol at (a) 16p(b) 250°C, and dispersed and not aggregated. (Apparent aggregation in some

(c) 310°C. The width and height are plotted separately. The reported particle of the TEM images is primarily a result of TEM grid
sizes and distributions (see text) are based on measurements of ca. 150 . .
individual nanoparticles for each sample. Large regions of overlapping Preparation.) Furthermore, Figure 4 shows that some of the

particles were not analyzed to avoid miscalculations. nanocrystals are spherical, but many also adopt an ellipsoidal
. , ) shape that is characterized by well-defined facets. Figure 4c,
difference between the average widths and heights, theor eyample, shows representative nanocrystals that have
ellipsoidal distortion appears to increase slightly. The size remarkably straight edges, and others that adopt hexagonal
distribution histogram for intermetallic AuCu nanocrystals 4.4 cubic morphologies. Several theoretical studies have
synthesized at 310C (Figure 3c) shows that the sizé  5q4ressed the issue of crystallite shape for AuCu nano-
distribution is broader and that there is clearly a greater crystalsslss The results in Figure 4 provide experimental
population of heights (relative to widths) at small particle gjgence that intermetallic AuCu nanocrystals synthesized

sizes and the reverse at large particle sizes. While there ISusing chemical methods do indeed exist as faceted nano-
not a bimodal distribution, the average widths and heights crystals that are not uniformly spherical, although higher-

(10 + 3 and 8+ 2 nm, respectively) suggest an overall  ogqiytion imaging will be necessary to directly observe

ellipsoidal morphology for the intermetallic AuCu nano-  yinning and more complex atomic arrangements within the
crystals. A few ellipsoidal nanoparticles are outlined for . 4ividual nanocrystals.

clarity in Figure 4b. The average particle sizes determined g tions of alloy nanoparticles tend to have optical

by TEM analysis agree well with the crystallite sizes ppqqmtion spectra that show a single plasmon band with a
estimated from the bulk XRD data using the Scherrer ,o . maximum that is intermediate between those of the
equation, which suggests that a majority of the ”a”Opart'Clesmonometallic specie®. For Au—Cu alloy nanoparticles

are single crystals. _ _ _ reported previously, the plasmon absorption maxima
The lattice fringes evident in the higher resolution TEM fall between that of Au (ca. 520 nm) and that of Cu

images in Figure 4b confirm that the nanoparticles are (ca. 570 nm¥° To our knowledge, optical absorption spectra
generally single crystals. Likewise, the low-resolution TEM

image in Figure 4a highlights the overall monodispersity of (62) (a) Mulvaney, PLangmuir1996 12, 788-800. (b) Link, S.; Wang,
the sample and the fact the nanoparticles are generally well-  ~ z.L.; EI-Sayed, M. AJ. Phys. Chem. B999 103 3529-3533.
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Figure 5. Visible absorption spectra for dilute solutions of AuCu
nanoparticles synthesized in TEG at a variety of temperatures.
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for intermetallic nanocrystals have not been studied in detail.

Figure 5 shows the visible absorption spectra for AuCu
nanoparticles synthesized in TEG at temperatures between
150 and 31CC. All of the spectra show a single plasmon
band, which confirms the formation of a single metallic *Au
nanocrystalline phasg. Fpr t_he lower-temperature sgmpl_es, 10 2'0 3'0 4'0 5'0 6'0 7'0 8'0 90
the plasmon band is significantly broadened, which is 2-Theta (degrees)
expected for the smallest partic$2 This follows directly g
from theory, which describes broadening of the plasmon bandFigure 6. Powder XRD patterns for AuCu nanoparti_cles synthesized in

: . . . . ethylene glycol (198 C), diethylene glycol (246C), triethylene glycol
as a function of decreasing particle sf2€2The increasing (2g5-), and glycerol (290C).
sharpness of the plasmon band with annealing temperature
is also consistent with the particle size analysis, which showslliterature reports, but are not without precedent, and they
that the nanoparticle sizes increase systematically with may be related to either the change in size, morphology, or
temperature. All of the absorption maxima are between 565 aggregation state of the nanoparticles, or the influence of
and 585 nm, which is significantly higher than the absorption atomic ordering on the surface plasmon bands.
maximum for Au nanoparticles, and near that expected for Synthesis of Intermetallic Nanowire Networks. TEG
pure Cu nanoparticleg:53The wavelengths of the absorption was initially used as a high-boiling solvent because it has a
maxima are also higher than those reported for AuCu alloy sufficiently high boiling point to allow us to carefully study
nanoparticles synthesized at significantly lower temperaturesthe temperature-dependent formation of intermetallic AuCu
(e.g., 548 and ca. 560 n/{9. There is also a small blue  nanocrystals without varying any other synthetic parameters.
shift in the absorption maxima as the annealing temperatureThere are, however, a variety of solvents with intermediate
increases. Interpreting these features is difficult, becauseboiling points in the temperature range we studied. For
many factors are known to shift the absorption maxima to example, ethylene glycol (EG), diethylene glycol (DEG),
higher and lower energies. Surface scattering effects andtriethylene glycol (TREG), and glycerol (GLY) have boiling
interactions of the solvent molecules and surface stabilizerspoints of 198, 246, 285, and 29C, respectively. Figure 6
with the metal particles are well-known to cause variable shows XRD data for AuCu nanocrystals synthesized in the
absorption spectr&? Likewise, nanoparticle aggregation is above solvents. AuCu synthesized in ethylene glycol
known to cause a red-shift in the absorption maxifaA (198 °C) yields a mixture of phases: Au and disordered
report of AuCu alloy nanocrystals confined in a Si@atrix AuCu alloy. (Refluxing for a longer time yields pure AuCu
also showed higher-wavelength absorption maxima alloy, suggesting that the reaction kinetics are slower in
(580-594 nm), and these absorption maxima shift to smaller ethylene glycol than in TEG or in other solvents at higher
wavelengths with increasing temperat&i€The reason for ~ temperatures.) DEG (24%®C) yields nanocrystalline AuCu
this is unknown and may be attributable to scattering, but with some short-range ordering, indicating the onset of
nonetheless is consistent with our data. Regardless, thentermetallic formation. TREG (28%C) and GLY (290°C)
absorption features we observe (blue-shift with increasing yield fully ordered intermetallic AuCuS~ 1), as expected.
temperature, superimposed on an overall red-shift due toThese results are consistent with our earlier observations
some nanoparticle aggregation) are different than someusing TEG as a solvent (Figure 1).
TEM images and corresponding SAED patterns for nano-
(63) Lisiecki, I.; Pileni, M. P.J. Phys. Chem. B995 99, 5077-5082. crystalline AuCu alloy and intermetallic phases synthesized
(64) Fleming, D. A.; Williams, M. ELangmuir2004 20, 3021-3023. in DEG, TREG, and GLY are shown in Figure 7. Surpris-
(65) Ramanath, G.; D'Arcy-Gall, J.; Maddanimath, T.; EIliS, A V. 5,0 discrete nanocrystals are not observed. Rather, highly

Ganesan, P. G.; Goswami, R.; Kumar, A.; Vijayamohanan, K. | : .
Langmuir2004 20, 5583-5587. interconnected and branched nanowire networks form in-

Ethylene glycol

*

*
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Figure 7. A TEM micrograph of an AuCu nanowire synthesized in
diethylene glycol is shown in (a). TEM micrographs and corresponding

SAED patterns for AuCu nanowire networks synthesized in diethylene ; ; : :
glycol. triethylene glycol. and glycerol are shown in (b), (), and (d), interconnected and highly branched intermetallic nanowire

respectively. networks in our system was unexpected. The only difference
between these syntheses and the synthesis in TEG is the

stead. Interestingly, many of the nanowire networks exhibit solvent; all other synthetic parameters remained unchanged.
three-fold branch points with spokes that are separated byClearly the solvent and its interaction with the growing
12C¢°. An example of a 140< 15 nm wire synthesized in  nanoparticles contribute significantly to the dramatic differ-
DEG is shown in Figure 7a. ence in morphology. Some insight into the growth mecha-

The SAED patterns show that the AuCu nanowire network nism can be gained from analysis of the nanowire networks
formed in DEG is predominantly a disordered alloy, while formed in EG (Figure 8). The inset in Figure 8 shows a well-
those synthesized in TREG and GLY exist as the inter- formed nanowire network, along with discrete nanoparticles
metallic form of AuCu. This indicates that the internal crystal and small nanoparticle aggregates. The enlarged image in
structure of the nanowire networks can be systematically Figure 8 shows nanoparticles that appear to be coalescing
tuned from alloy to intermetallic with no change in morphol- into aggregates. This suggests that individual AuCu nano-
ogy. The average diameters of the nanowires synthesized inparticles form initially and that the solvent does not stabilize
DEG, TREG, and GLY (as determined by analysis of the the surface as well as TEG, allowing the surfaces to interact,
TEM micrographs) are 15 4, 16 + 5, and 25+ 8 nm, coalesce, and grow into larger extended networks. High-
respectively. These compare favorably with the crystallite resolution TEM shows that the nanowire networks are
sizes estimated from XRD data using the Scherrer formula polycrystalline, and there is no evidence for oriented attach-
(15.2, 21.0, and 21.2 nm for DEG, TREG, and GLY, ment, which is known to occur during nanoparticle aggrega-
respectively). The increase in particle size with increasing tion in some other systenis.The exact reason for the
annealing temperature is consistent with our earlier observa-difference in reactivity among TEG, TREG, DEG, and GLY
tions in TEG. is not yet known, but is most likely correlated with the

Variations of the polyol process have been shown to yield number of coordinating groups available on the solvent
nanostructured powde?t$%® nanocomposite®, and high molecules. TEG has more oxygen atoms available to
aspect ratio nanowire$ Likewise, the formation of nano-  coordinate to the nanoparticle surface, so it may stabilize
wires and interconnected structures from nanoparticle ag-the nanoparticles better than the solvents that contain fewer
gregation is knowi§>%% 72 However, the formation of  coordinating oxygen atoms.

The morphology of the intermetallic nanowire networks
(66) (a) Kurihara, L. K.; Chow, G. M.; Schoen, P. Banostruct. Mater. appears similar to that of Au nanowire networks recently
iggﬁféfw_ﬁﬂ (b) Yin, H.; Chow, G. MJ. Mater. Res2003 18, reported by Ramanath et @lIn their report, Au nanowire
(67) Chow, G. M.; Kurihara, L. K.; Kemner, K. M.; Schoen, P. E.; Elam, networks form spontaneously through coalescence at room

W. T.; Ervin, A.; Keller, S.; Zhang, Y. D.; Budnick, J.; Ambrose, T.  temperature without the use of templates or polymeric surface
J. Mater. Res1995 10, 1546-1554.

(68) (a) Sun, Y.; Gates, B.; Mayers, B.; Xia, Mano Lett.2002 2, 165—

168. (b) Sun, Y.; Xia, Y Adv. Mater. 2002 14, 833—-837. (c) Sun, (71) He, T.; Chen, D.; Jiao, XChem. Mater2004 16, 737—743.
Y.; Mayers, B.; Herricks, T.; Xia, YNano Lett.2003 3, 955-960. (72) Mao, C.; Solis, D. J.; Reiss, B. D.; Kottmann, S. T.; Sweeney, R. Y.;
(69) Korgel, B. A.; Fitzmaurice, DAdv. Mater. 1998 10, 661—-665. Hayhurst, A.; Georgiou, G.; Iverson, B.; Belcher, A. Btience2004

(70) Tang, Z.; Kotov, N. A.; Giersig, MScience2002 297, 237—240. 303 213-217.
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Figure 9. Visible absorption spectra for dilute solutions of AuCu hanowire 60 min
networks synthesized in ethylene glycol (EG), diethylene glycol (DEG),

triethylene glycol (TREG), and glycerol (GLY).
30 min

stabilizers®® Similar nanoparticle coalescence mechanisms
have been exploited to form nanowires of metaland
semiconductorg? While our system is different, the similar . | . | . . ‘
results suggest that nanopatrticle coalescence may be a general 400 450 500 550 600 650 700 750 800

method for synthesizing self-supporting nanowire networks Wavelength (nm)

of complex solid-state materials. Our intermetallic nanowires Figure 10. (a) Powder XRD patterns and (b) visible absorption spectra
also appear similar to those synthesized by Belcher and co-for AuCus nanocrystals synthesized in tetraethylene glycol at 1.0
workers using biological templatésin their study, virus- _ _ S

based scaffolds selectively template the formation of inter- Increasing absorbance. This is in contrast to the spectra of
metallic FePt and CoPt nanowir&s3 Like our nanowire  (he discrete nanoparticles, which show a sharp drop in
networks, the biologically templated nanowires tend to be @bsorbance over this same range. The absorption features
highly branched and coiléd. The formation of similar are consistent with those observed for coalescing Au nano-
nanowire networks from direct solution synthesis is interest- partgleé“ and Au nanowire networks of similar morphol-
ing and shows that these complex morphologies can be®9Y: specifically low-intensity plasmon bands, shifts to
accessed using different methods. Unlike the biologically hlghe£4vg/:1velength§, and broad bands in the-6800 nm
templated intermetallic nanowires reported by Belcher and fange:*® These higher-wavelength bands have been at-
co-workers, however, ours are not single crystals. tributed to longitudinal components of the surface plasmon,

The visible absorption spectra for dilute solutions of the which are not usually observed unless aggregation oéurs.

AuCu nanowire networks are shown in Figure 9. The spectra  Synthesis of Intermetallic AuCus Nanocrystals. By

for all of the nanowire networks show broad features without adjusting the ratio of Au:Cu to between 1:2 and 1:3,
the sharp plasmon bands that were present for the discreté'@nocrystals of intermetallic AuGare formed. Figure 10
nanoparticles (Figure 5). The absorption spectrum for the Shows the time-dependent formation of Au@t 310°C in
partial nanowire network formed in EG at 198 (refer to ~ TEG. Within 30 min, partially ordered AuGus observed.
Figure 8) shows several notable features. There is anAfter 60 min, fully ordered intermetallic AuGus formed.
absorption maximum near 580 nm, which could be due to (The slower rate of nucleation is consistent with what we
either the AuCu alloy phase or pure Cu nanoparticles. observed in powder-based systeff)Every reflection in the
Likewise, a weak absorption maximum around 520 nm XRD pattern shown in Figure 10a can be indexed to the cubic
matches that expected for pure Au nanoparticles, which areAUCUs phase ¢ = 3.75 A), which agrees well with the
observed in the XRD data (Figure 6). Thus, the optical literature value &: = 3.749 A)* TEM micrographs and
absorption spectrum for the nanowire network formed in EG the corresponding size distribution histogram for the AsCu
is consistent with the presence of multiple types of nano- nanocrystals are shown in Figure 11, and the SAED pattern
particles, which are the precursors to the nanowire network confirms the ordered intermetallic structure. The visible
that forms through nanoparticle coalescence. The visible @bsorption spectra in Figure 10b show a single plasmon band
absorption spectra for the other three nanowire networks consistent with the formation of a single metallic phase. The
(DEG, TREG, and GLY) appear similar, showing broad absorption maxima near 575 nm are red-shifted slightly from
features between 460175 nm and 556700 nm. These those of AuCu, which is consistent with the higher concen-
spectra are clearly different from those of the discrete tration of Cu in AuCy relative to AuCw*® The absorption
nanoparticles. Most notable is the region from 650 to Maximum is essentially identical to that expected for pure

800 nm, which generally shows a constant or slightly Cu (rather than a CtAu alloy), and this likely results from
the same effects that were discussed earlier for the AuCu

(73) Reiss, B. D.; Mao, C.; Salis, D. J.; Ryan, K. S.; Thomson, T.; Belcher, samples. The TEM micrographs in Figure_z 11 Sh_OW that the
A. M. Nano Lett.2004 4, 1127-1132. AuCu; nanocrystals are generally spherical, with average

Absorbance (arb. units)
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to simultaneously control structure, size, shape, and com-
position is unprecedented for intermetallic nanomaterials and
has important implications both for fundamental scientific
studies of structureproperty relationships in complex nano-
materials and for future applications in cataly<ibjological
sensing? and nanoscale electronic and magnetic deVi¢és.
Extending this approach to other important intermetallic
compounds of the late transition metals (e.g., FePt, CoPt) is
feasible, because it is well-established that ordered inter-

EWidth metallic phases can nucleate at significantly lower temper-
W Height atures using element substitution methéds.
The realization of large quantities of intermetallic nano-
crystals using a one-step high-yield solution route lays the
l Il groundwork for a number of important scientific studies of
- inla. fundamental physical phenomena at the nanoscale. For
13687 91113151719212325 p y p A )
Particle Size (nm) example, unresolved issues concerning the occurrence and

size-dependence of phase transitions in nanocr§fstatsuld
be studied experimentally by analyzing size-selected nano-
crystals synthesized using this direct solution approach. Issues
of surface segregation, composition, structure, and reactivity
in intermetallic nanocrystals are of paramount importance
for catalysis and could be addressed experimentally for the
first time, because large quantities of high-quality inter-
metallic nanocrystals were previously unavailable. This is
especially important considering the recent interest in inter-
metallic compounds as superior catalytic materi&ls>
Theoretical models of atomic ordering and crystallite mor-
Figure 11. A TEM micrograph of AuCy nanocrystals synthesized in phology in intermetallic (gspemally AtCu) nanocrystatd
tetraethylene glycol at 31€C is shown in (a), and a high-resolution TEM ~ could be tested experimentally using these nanocrystals.
micrograph of a single AuGtnanocrystal is shown in (b). The correspond-  Finally, solution routes are known to influence the crystal
ing size distribution histogram is shown in (d). A TEM micrograph of an  strictures of several classes of solid-state matefibiscause
AuCus nanowire network synthesized in glycerol (290) is shown in (e), . . . "
along with the corresponding SAED pattern (c). surface interactions play a key role in structural stability and
can be fine-tuned by judicious choice of ligands and solvent
widths and heights of 1% 4 and 104+ 3 nm, respectively. interactions. The direct solution route to intermetallic nano-
Note that the intermetallic AuGunanocrystals are generally  crystals reported here could open the door to new metastable
more spherical than the intermetallic AuCu nanocrystals, andintermetallic structures with new or enhanced physical
this may be influenced in part by the symmetries of the properties. Research aimed at extending this approach to
AuCus (cubic) and AuCu (tetragonal) crystal structures. other intermetallic systems, as well as fully exploring the
Clearly, this direct solution approach yields exquisite control physical properties, is currently in progress.
over the composition and crystal structure of intermetallic
nanocrystals. Furthermore, using glycerol as a solvent yields Acknowledgment. This work was supported by startup funds
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