
S
d

Z
D

a

A
R
R
A
A

K
N
I
C

1

a
t
t
[
n
g
c
t
t
s
D
s
a
p
t
o
g
e
g
a

I
P

0
d

Journal of Alloys and Compounds 490 (2010) 98–102

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

olution chemistry synthesis, morphology studies, and optical properties of five
istinct nanocrystalline Au–Zn intermetallic compounds
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a b s t r a c t

Au–Zn was used as a prototype binary system for exploring intermetallic phase accessibility in nanopar-
ticle systems using low-temperature solution chemistry methods. By reacting Au nanoparticles with
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diethylzinc (Et2Zn) in oleylamine at temperatures of 250–300 C, nanoparticles of five distinct binary
intermetallic compounds were accessible: Au3Zn, Au5Zn3, AuZn, Cu5Zn8-type �-(Au,Zn), and Mg-type
�-(Au,Zn). A variety of nanoparticle shapes, including spheres, triangles, hexagons, and rods, are acces-
sible in the Au–Zn system via a pseudomorphic reaction of Au nanocrystal shapes with Et2Zn. The
Au–Zn nanoparticles have optical properties that vary with Zn content, ranging from a surface plas-
mon resonance peak at ∼495 nm for Au3Zn to absorption in the ultraviolet region for the Zn-rich phases.
hemical synthesis

. Introduction

While intermetallic compounds of the late transition metals
re typically synthesized using high-temperature metallurgical
echniques, alternative low-temperature methods have opened
he door to new phases [1–13], high-quality single crystals
5,7,9,11,12], thin films [2,14,15], and materials with a variety of
ano- and micro-structures [16–18] that the traditional methods
enerally cannot access. Among these, low-temperature solution
hemistry techniques have emerged as a useful platform for syn-
hesizing intermetallic compounds as nanocrystals, often with
he capability of controlling particle shape and size [19–27] and
ometimes providing access to non-equilibrium phases [10,13,28].
espite these benefits, one of the key challenges inherent in using

olution chemistry techniques to synthesize intermetallics is the
bility to access multiple stable phases in a binary system. One
hase tends to form first, and while in some cases it may be possible
o access other phases directly after appropriate system-dependent
ptimization, it is often necessary to use multi-step reactions to
enerate other stable phases [29]. To date, there have been no

xtensive studies on a single binary intermetallic system with the
oal of defining the parameters that allow multiple phases to form
s nanocrystals using solution chemistry synthesis techniques.
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Au–Zn is an excellent prototype system for studying phase
accessibility using solution chemistry methods. The Au–Zn phase
diagram has been studied extensively, both computationally [30]
and experimentally [31–37], and a large number of phases exist.
The structural and compositional diversity of this binary system,
coupled with the useful properties of some of the phases, make
it a prudent system to study from a solution chemistry perspec-
tive. For example, AuZn is a prototype shape memory alloy [38–40],
and nanostructured AuZn could serve as a model system for low-
temperature nanoscale actuation. Au3Zn has also been reported to
undergo a martensitic transformation [41]. The surface plasmon
resonance of Au is known to vary by alloying and incorporat-
ing zinc [21], which could allow composition-induced tuning of
color in Au–Zn alloy nanoparticles [42–44]. The Au–Zn system is
also important in the development of new low-melting solders
to replace lead based solders for electronic packaging applications
[45–47].

In this paper, we explore intermetallic phase formation in
the Au–Zn system using solution-based nanocrystal synthesis
techniques. Using high-boiling long-chain amine solvents (e.g.
oleylamine), as well as the Au and Zn reagents chloroauric acid
(HAuCl4) and diethylzinc (Et2Zn), respectively, we are able to
synthesize nanoparticles of five distinct Au–Zn intermetallic com-
pounds, which represents the largest number of phases reported
to date that have been accessible in a single binary system using

solution chemistry methods. The accessible intermetallics, targeted
to span a range of Au–Zn compositions and not intended to be
exhaustive, are Au3Zn, Au5Zn3, AuZn, Cu5Zn8-type �-(Au,Zn), and
Mg-type �-(Au,Zn). All of these phases are accessible as stable
colloidal dispersions of largely spherical particles, most with diam-
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Table 1
Detailed synthesis parameters for Au–Zn phases.

Au3Zn Au5Zn3 AuZn �-(Au,Zn) �-(Au,Zn)

HAuCl4·xH2O (mmol) 0.05 0.05 0.05 0.05 0.05
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Et2Zn (mmol) 0.15 0.20–0.25 0.25–0.30 0.30–0.40 0.50
Zn:Au ratio 3:1 4–5:1 5–6:1 6–8:1 10:1
Temperature (◦C) 250–280 250–280 300–320 280–300 280–300
Time (min) 30 30 30 30 30

ters of 10–30 nm. Consistent with their compositional variation,
he Au–Zn nanoparticles exhibit surface plasmon bands ranging
rom 495 nm to ultraviolet wavelengths.

. Experimental

.1. Materials

All solvents were de-gassed by freeze–thaw-pump cycles and chemicals were
sed as received and stored in a dry box under Ar. The following solvents were used:
H3(CH2)7CHCH(CH2)8NH2 [oleylamine, TCI America, min. 40.0%] and (C6H5)2O
diphenyl ether, Sigma–Aldrich, 98%]. The following metal reagents used were:
AuCl4·xH2O [chloroauric acid, Sigma–Aldrich, 99.9%] and Zn(C2H5)2 [diethylzinc,
t2Zn, Sigma–Aldrich, 1 M solution in hexane].

.2. Synthesis

Each intermetallic product was made using a one-pot reaction in which metal
recursors were thermally decomposed in hot organoamine solvent. All metal pre-
ursors were prepared in an Ar-filled drybox using small scintillation vials, while the
eactions were carried out in a 3-neck round bottom flask fitted with a condenser,
hermometer adapter, thermometer, and rubber septum. All reactions were carried
ut under an Ar atmosphere using standard Schlenk techniques. First, Au nanoparti-
les were made in situ by dissolving HAuCl4·xH2O (20 mg, 0.05 mmol) in oleylamine
2 mL) by sonication for 10 min (forming an orange-colored solution), followed by

njection of the Au solution into hot oleylamine (5 mL) at ∼220 ◦C (forming a wine-
ed colored solution). This solution was then allowed to age until the necessary
emperature for Et2Zn injection was reached (typically 5–10 min, see Table 1 for
emperatures). Once this temperature was reached, a 1-mL Et2Zn–oleylamine solu-
ion was added drop wise to the Au nanoparticle solution, causing an immediate
olor change to form a black/purple solution. The reaction was allowed to heat for

ig. 1. Powder XRD patterns of Au, Au3Zn, Au5Zn3, AuZn, �-(Au,Zn), and �-(Au,Zn). Sim
earson’s Handbook. The simulated pattern for �-(Au,Zn) is based on the crystal structure
Compounds 490 (2010) 98–102 99

approximately 30 min and then slowly cooled by removing the flask from the heat-
ing mantle. Specific details for synthesizing each intermetallic product are included
in Table 1. The nanoparticle shapes shown in Fig. 4 were made in a similar manner
to that described above, except that HAuCl4·xH2O was dissolved in diphenyl ether
(2 mL) containing oleylamine (0.0167 mL, 0.05 mmol) and diphenyl ether (5 mL) was
substituted as the solvent.

2.3. Characterization

Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-
ray diffractometer using Cu K� radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were collected using
a JEOL JEM 1200 EXII microscope operating at 80 kV. Samples for TEM analysis were
prepared by sonication of the nanoparticles in toluene or hexanes and drop coating
onto the surface of a carbon coated copper grid. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) data were collected using a JEOL JSM
5400 scanning electron microscope. UV–Visible spectroscopy data were collected
on nanoparticle samples dispersed in toluene using an Ocean Optics DH-2000-BAL
spectrometer with quartz cuvettes.

3. Results and discussion

The synthetic process, described previously for PdZn, Cu5Zn8,
Au3Zn, and highly impure AuZn [21], involves the reaction of Au
nanoparticles, formed either in situ or ex situ, with Et2Zn at ele-
vated temperatures in a high-boiling organoamine solvent. This is
an example of “conversion chemistry,” where pre-formed nanopar-
ticles can serve as a template for chemical transformation into a
derivative phase, often with retention of key morphological fea-
tures [24]. In this case, Au nanoparticles react with the Zn that
is liberated following the decomposition of Et2Zn, forming Au–Zn
intermetallics upon diffusion of Zn into the Au particles. In our
investigations of the Au–Zn system, Au nanoparticles were formed

in situ, followed by the addition of different amounts of Et2Zn
to access five distinct intermetallic phases (Table 1). Powder XRD
patterns for the accessible Au–Zn intermetallics – Au3Zn, Au5Zn3,
AuZn, �-(Au,Zn), and �-(Au,Zn) – are shown in Fig. 1. The exper-
imental data agree well with the simulated data, confirming the

ulated patterns are shown below the experimental data and are based on data in
of Pd2Zn9, as described in the text.



1 ys and Compounds 490 (2010) 98–102

p
1
2
t
A
[
t
t
(
b
�
s
w

w
Z
l
f
s
f
T
o
[
f
s
m
a
a
o
e
l
a
t
d
u

n
n
s
a
p
p
a

F
a
l
T

00 Z.L. Schaefer et al. / Journal of Allo

hase identification. Au3Zn, Au5Zn3, and AuZn match patterns 65-
630, 65-9647, and 65-5430, respectively, in the PDF-2 database,
006 edition, and the simulated XRD patterns are based on the crys-
al data in Pearson’s Handbook. The XRD patterns for AuZn and
u5Zn3 appear similar, but based on the prior literature reports

31,33,48] and comparison with the simulated data, both are dis-
inct phases that are each accessible using this solution chemistry
echnique. The XRD pattern for �-(Au,Zn) matches that of Au1.2Zn8.8
65-8027) in the PDF-2 database, and the simulated XRD pattern is
ased on a standard hcp lattice (Mg structure type). Cu5Zn8-type
-(Au,Zn) has a small (≤5%) AuZn impurity and �-(Au,Zn) shows
ome crystalline ZnO (5–10%), but the others appear phase pure
ithin the detection limits of our laboratory powder XRD.

Cu5Zn8-type �-(Au,Zn) appears on the Au–Zn phase diagram
ith a wide composition window that ranges from 62.5% to ∼76%

n, and its formation and stability have been questioned in the
iterature [36]. To confirm the formation of this phase, we per-
ormed a full-pattern decomposition using the Le Bail method [49]
ince crystal data and experimental powder XRD patterns were not
ound in either Pearson’s Handbook or the PDF-2 2006 database.
he powder XRD pattern for �-(Au,Zn) matched well with that
f Cu5Zn8-type Pd2Zn9, which has been extensively characterized
50] and serves as an effective structural model. The results of the
ull-pattern decomposition using the Le Bail method, based on the
pace group for Pd2Zn9 (I43m, #217) and the experimentally deter-
ined lattice constant for our sample of �-(Au,Zn) [a = 9.2528(2) Å],

re shown in Fig. 2. The Le Bail fit yielded Rexp = 2.36%, Rwp = 4.85%,
nd Rp = 3.57%, and included both �-(Au,Zn) and a ∼10% impurity
f AuZn (marked by asterisks in Fig. 2). The lattice constant of our
xperimental phase compares favorably with that of the reported
attice constant for �-(Au,Zn) (a = 9.245 Å) [34], and the Le Bail fit
ccounted for every observed reflection. It is worth noting that over
ime at room temperature, the nanoparticles of �-(Au,Zn) begin to
ecompose to AuZn and Zn (evident as ZnO by XRD because of the
navoidable oxidation of nanocrystalline Zn).

Fig. 3 shows TEM images and SAED patterns for the Au–Zn
anoparticles, as well as the Au templates. The as-made Au
anoparticle samples are generally polydisperse spheres, with
ome faceting present. (The focus of this study is on phase

ccessibility, not on synthesizing monodisperse nanoparticles. The
olydisperse Au nanoparticle templates are sufficient for this pur-
ose, and particle size and dispersity can be improved as needed,
s shown previously [21].) The Au3Zn, AuZn, and Au5Zn3 parti-

ig. 2. Le Bail fit of the powder XRD data for �-(Au,Zn) [space group I43m,
= 9.2528(2) Å], showing the experimental data (crosses), calculated pattern (solid

ine), and difference curve (bottom). AuZn impurity peaks are indicated by asterisks.
he inset shows a representative TEM image of the �-(Au,Zn) nanoparticles.
Fig. 3. Representative TEM images and SAED patterns for nanoparticles of (a) Au,
(b) Au3Zn, (c) Au5Zn3, (d) AuZn, and (e) �-(Au,Zn).

cles have similar morphologies, sizes, and size distributions, and
are similar in these characteristics to the Au nanoparticles used as
templates. The SAED patterns corresponding to the TEM images
match the XRD patterns for the bulk samples, and thus confirm the
phase identification. Representative TEM images of the �-(Au,Zn)
and �-(Au,Zn) particles are shown in Figs. 3e and 2, respectively.
These Zn-rich particles tend to be larger, more polydisperse, and
faceted with a greater proportion of cube-shaped morphologies
than the Au-rich and equiatomic phases, indicating additional par-
ticle growth and coalescence as more zinc is added.
With the exception of the Zn-rich phases, the morphologies of
the Au–Zn products closely match those of the Au particle tem-
plates. This pseudomorphic relationship implies that other Au–Zn
shapes could be accessible if appropriate Au templates are avail-
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ig. 4. TEM images of nanocrystal (a) triangles, (b) hexagons, and (c) rods of Au (to
nd (e) highlight the change in nanostructure upon reaction of Au nanocrystal shap

ble. Fig. 4 shows TEM images that include triangles, hexagonal
latelets, and rods from a sample of Au nanoparticle shapes pro-
uced when 5 mL of diphenyl ether is used as the hot solvent

nstead of 5 mL of oleylamine. Even though the templates are quite
arge (750 nm to 3 �m) after reaction with Et2Zn, the products
mostly AuZn with some Au3Zn regions) maintain the shapes of the

u nanoparticle templates, as shown in Fig. 4. An enlarged region
f one of the hexagon-shaped Au nanocrystal templates (Fig. 4d)
nd the hexagon-shaped Au–Zn product (Fig. 4e) shows morpho-
ogical evidence of the reaction, with rougher edges and a more

ig. 5. UV–visible absorbance spectra (nanoparticles dispersed in toluene) for Au,
u3Zn, Au5Zn3, AuZn, �-(Au,Zn), and �-(Au,Zn).
AuZn (bottom, after reaction of the Au nanocrystal shapes with Et2Zn). Panels (d)
with Et2Zn (e).

polycrystalline nanostructure.
As a preliminary investigation of the characteristic properties of

these Au–Zn nanoparticles across the range of accessible compo-
sitions, UV–Visible spectroscopy was used to determine the shift
of the surface plasmon peak of Au upon incorporation of Zn. Au
is well known to have a visible-wavelength surface plasmon reso-
nance peak that is near 530–535 nm for isotropic spherical particles
in toluene [51,52]. Zn has a surface plasmon resonance in the UV
[53,54], so alloying Au with Zn would be expected to produce a
blue shift. UV–Vis data for the Au–Zn nanoparticles in toluene are
shown in Fig. 5. The Au nanoparticles absorb at 535 nm, as expected.
Au3Zn is blue shifted relative to Au, absorbing at 495 nm and con-
sistent with what we observed previously [21]. Au5Zn3 is further
blue shifted, with �max = 485 nm. AuZn, �-(Au,Zn), and �-(Au,Zn)
appear black and have nearly flat UV–Vis spectra, consistent with
what is expected based on the higher Zn content.

4. Conclusions

In this paper, we have expanded the capabilities of solution-
based “conversion chemistry” strategies for synthesizing nanopar-
ticles of binary intermetallic compounds. Specifically, using Au–Zn
as a prototype system, we were able to access nanocrystals of
five distinct Au–Zn phases – Au3Zn, Au5Zn3, AuZn, Cu5Zn8-type
�-(Au,Zn), and Mg-type �-(Au,Zn) – by reacting Au nanoparticles

with Et2Zn in oleylamine at 250–300 ◦C. This represents the largest
number of distinct intermetallic compounds reported to date that
can be accessed in a single binary system using low-temperature
solution chemistry methods. From these studies, it appears that
multiple phases can indeed be accessed in a single binary system
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sing solution chemistry methods by careful control of reagent
toichiometry and temperature, although additional studies with
ifferent systems will be necessary to generalize this conclusion.
or the case of AuZn, shape retention appears feasible and repre-
ents the first example of nanocrystal shapes in shape memory alloy
ystems. While preliminary, this could open the door to interesting
tudies of size- and morphology-dependent mechanical properties
t nanometer length scales. The Au–Zn nanoparticles have optical
roperties that vary with Zn content, ranging from a surface plas-
on resonance peak at 495 nm for Au3Zn to UV-absorption for the

n-rich phases.
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