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Intermetallic phases in Au-Cu nanoparticles has been synthesized chemically in liquid phase. The heat-
treatment of these nanoparticles at 180 �C for 1 h in solution phase led to the formation of Au-Cu alloy
nanoparticles with nearly spherical shapes and monodispersed size of �10 nm. Subsequent heat-
treatment at 300 �C for 30 min of these Au-Cu alloy nanoparticles not only revealed structural transfor-
mation to intermetallic phases (tetragonal AuCu (tP4) and cubic Cu3Au (cP4)) but also shape change
occurs from spherical to rods having average aspect ratio �3.0. The structural determination at the par-
ticle has been carried out through nano-beam electron diffraction coupled with simulation of electron
diffraction patterns and high resolution phase contrast images. These Au–Cu intermetallic nanoparticles
exhibit an excellent surface enhanced Raman spectroscopic activity with methylene blue compared to
that of Au-Cu alloy nanoparticles.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Intermetallic nanocrystals of controllable shape, size and chem-
istry are important for their applications in catalysis, plasmonics,
and Surface Enhanced Raman scattering (SERS) [1–3]. Liquid phase
chemical synthesis is the most common strategy to obtain inter-
metallic nanoparticles of well-defined shapes and chemistry at rel-
atively lower temperatures compared to their bulk counterpart
[1,3,4]. To this end, seeded growth has gained a lot of impetus to
synthesize intermetallic nanoparticles [4–6]. The Au-Cu inter-
metallic nanoparticles have been synthesized by several groups
and their catalytic properties have been reported to be superior
than that of corresponding random alloys [3,6]. Despite numerous
reports on synthesis and characterizations of Au-Cu intermetallic
NPs, structural investigation at particle level seems to be scarce
[5,7]. Moreover, Au-Cu alloy/intermetallic nanoparticles as SERS
substrate is lacking in literature. Herein, we report a non-
aqueous solution phase method for synthesis of Au-Cu intermetal-
lic nanoparticles comprised of two step heat-treatment. The heat-
treatment temperatures are 180 �C and 300 �C respectively for the
formation of Au-Cu solid solution (step I) and Au-Cu intermetallic
nanoparticles (step II). Nano-beam electron diffraction (NBD) tech-
nique has been adopted to reveal the structures at particle level.
SERS activity of random alloy and intermetallic nanoparticles have
been investigated for methylene blue molecules.
2. Material and methods

2.1. Synthesis of Au-Cu nanoparticles

Two grams (2 g) hexadecylamine (HDA) (Alfa Aesar) and
125 mg cetyltrimethyl ammonium bromide (CTAB)(Alfa Aesar)
were melted at 180 �C [8,9]. This mixture was cooled down to
120 �C in an oil bath. The AuCl3 (Sigma Aldrich) (0.1 mmol) was
dispersed in ethanol and was added to the above mixture. The
solution turned into dark pink immediately indicating the forma-
tion of Au nanoparticles. In this, 0.3 mmol of copper (II) acetylace-
tonate (Sigma Aldrich) dispersed in ethanol was mixed. The
temperature of the bath was raised to 180 �C and solution was
heated for about 1 h. The aliquot was taken for the microscopic
analysis. In the second step, the temperature was further raised
to 300 �C and heat treatment was given for 30 min. The samples
were investigated extensively through transmission electron
microscope (FEI, Tecnai G2 T20 operating at 200 kV) for their mor-
phology, structures and chemistry. The nano-beam electron
diffraction (NBD) technique was employed to probe the structures
at single particle level coupled with computed diffraction patterns
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by JEMS. For investigating the SERS activity of the substrates Ren-
ishaw inVia RM2000 Raman spectrometer was used to collect
Raman spectra using 785 nm laser, 50X objective, 10 s exposure
and 1.5 mW power.

2.2. Preparation of SERS substrates

A 100 mM stock solution of methylene blue (MB) was prepared
in ethanol and was further diluted in ethanol to lower the concen-
tration to 1 mM. The 0.3 mL of 1 mMMB was added to Au-Cu
nanopowders. The mixture was then re-dispersed using an ultra-
sonicator and left undisturbed for 24 h. Finally, the mixture was
drop cast on Si-substrate and dried using hot air blower prior to
the SERS measurements.

3. Results and discussion

Nearly spherical and monodispersed NPs of average size
�10 nm was observed at 180 �C for 1 h (Fig. 1a and c). Magnified
image revealed faceted morphology of the NPs (inset Fig. 1a). Poly-
crystalline rings was indexed based on FCC with average lattice
parameter of�3.89 Å (Fig. 1b). The reduction in d-values compared
to standard FCC-Au and absence of Cu reflections indicates the for-
mation of a single phase solid solution of Cu in Au. The average ele-
mental composition based on STEM-EDS results, of Au and Cu in
the Au-Cu nanoparticles was found to be �66 atom % and
�34 atom % respectively (Fig. 1d). The lattice parameter derived
from Vegard’s law for this composition was �3.92 Å. This conforms
Fig. 1. (a) TEM image with high magnification as inset, (b) corresponding SAD patter
synthesized at 180 �C for 1 h.
to observed lattice parameter within experimental error. The TEM
and STEM-EDS results therefore establishes formation of Au-Cu
alloy.

The representative TEM image with aspect ratio (length/width)
as inset and corresponding SAD pattern of Au-Cu nanoparticles
processed at 300 �C for 30 min are presented in Fig. 2(a) and (b)
respectively. Fig. 2(c) shows high resolution phase contrast image
from a rod shaped particle along with FFT (top left) and magnified
image (bottom right) as insets. The Au and Cu elemental maps and
line scans of a rod shaped particle obtained by HAADF-STEM-EDS
are shown in Fig. 2(d)–(i) respectively. Statistics on shape suggests
that �85% of particles change their shape from spherical to rod
with average aspect ratio of �3.0 and remaining to polyhedral
shapes with average size of �80 nm. The polycrystalline diffraction
pattern in Fig. 2(b) shows additional rings along with those
observed in Fig. 1(b). These extra reflections {100}, {1 10}, {2 10}
correspond to ordered cubic AuCu3 (a ¼ 3:75Å) (cP4) phase (ICDD
card no. 035-1357). The fringe spacing of �0.36 nm and
�0.26 nm corresponding to {100} and {110} planes of intermetal-
lic AuCu3 phase substantiates that rods are intermetallic in nature.
The average chemistry was found to be �50 atom % both for Au as
well as Cu. The composition of Cu therefore, has increased substan-
tially from 34 atom % to 50 atom % owing to heat treatment at
300 �C for 30 min. The unreacted Cu precursor (at 180 �C for 1 h)
seems to have reduced along with promoting diffusion of reduced
Cu atoms into already present Au-Cu alloy nanoparticles. The Au
and Cu maps of particles as well as line scan across one of rod
depict uniform distribution of Au and Cu within the particle (cf.
n, (c) size distribution histogram, and (d) STEM-EDS of Au-Cu alloy nanoparticles



Fig. 2. (a) TEM image with length: width aspect ratio as inset, (b) indexed rings corresponding to Au-Cu intermetallic nanoparticles, (c) high resolution phase contrast image
of a nanorod, and STEM-EDS elemental maps (d–f) and line scans of particles (g–i) synthesized at 300 �C for 30 min.
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Fig. 2(d)). This further substantiates alloying of Au and Cu in the
particles. To probe the structure from single particle, NBD patterns
acquired from two such particles coupled with computed patterns
is shown in Fig. 3. The indexing of NBD shown in Fig. 3(a) and (b)
revealed intermetallic tetragonal AuCu (tP4) (ICDD card no.
03–065-2798) and cubic AuCu3 (cP4) phases with lattice parame-
ters of a = 3.96 Å, c = 3.67 Å and 3.75 Å respectively. The computed
patterns shown in Fig. 3(c) and (d) substantiated our indexing of
experimentally obtained NBD patterns.

Fig. 3e(i) shows Raman spectrum of 100 mM methylene blue
(MB) using Si as a standard substrate. The MB peaks appear at
1622 cm�1, 1380 cm�1, 1180 cm�1 and 448 cm�1 corresponding
to ring stretching of C–C, symmetrical stretching of C-N, stretching
of C-N and skeletal deformation of C-N-C respectively. The SERS
activity of Au-Cu alloy NPs and

Au-Cu intermetallic NPs is investigated using 1 mMMB as
shown in Fig. 3e(ii) and e(iii) respectively. It can be seen from
Fig. 3e(ii), weak peak appears at 1441 cm�1(asymmetrical stretch-
ing of C–N), 1300 cm�1 (in-plane ring deformation of C–H) and
448 cm�1 suggesting that Au-Cu alloy NPs does not act as a promis-
ing SERS substrate. The dormant nature of Au-Cu alloy NPs towards
SERS activity may be attributed to particle size and distribution
profile as shown in the TEM image (Fig. 1(a)). It is apparent that
the particles are nearly spherical and are monodispersed in nature
with average size �10 nm. The SERS activity is possible for systems
where the NPs are present as clusters which act as a ‘hotspot’ for
the enhancement of the Raman signal. Additionally, NPs with
asymmetric shape is highly desired for SERS as it facilitates ampli-
fication of electromagnetic field present in high concentration at
the edges and corners of NPs [10,11]. In contrast, Au-Cu inter-
metallic NPs shows striking SERS activity as evident from the
appearance of strong Raman signatures of MB shown in Fig. 3e
(iii). As mentioned earlier, Au-Cu intermetallic NPs have �85% of
facetted and or rod like morphology. In addition, they are uniquely
distributed in the form of clusters, which allows for Raman signal
enhancement via amplification of electromagnetic radiation. The
Raman enhancement factor was calculated to quantitatively exam-
ine the enhancement ability of Au-Cu intermetallic NPs using
Enhancement Factor (EF) = ISERSCNRS/INRSCSERS, where ISERS and INRS
is the intensity of the peak with and without SERS substrate corre-
sponding to the concentration CSERS and CNRS of MB used, respec-
tively. The enhancement factor is calculated based on the peak
located at 448 cm�1, as it is the strongly enhanced peak within
the entire energy range and is found to be 1.2 X 103. Authors would
further like to point out that SERS activity may considerably
change by the adsorption of organic surfactant at the interfaces



Fig. 3. NBD patterns (a), (b) and corresponding simulated diffraction patterns (c),
(d) from two single particles. 3(e) shows Raman spectra (1.5 mW laser power) of
100 mMMB stain on bare Si substrate (i), Raman spectra of 1 mMMB with (ii) Au-Cu
alloy, and (iii) Au-Cu intermetallic nanoparticles as a SERS substrate.
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between NPs. Adsorption of organic surfactants on particle sur-
faces and interfaces has been reported earlier by other groups
[12,13]. However, the authors would like to argue that the NPs
were thoroughly rinsed before SERS experiments in the present
work. Additionally, detailed analysis of the TEM results do indicate
that the contrast in the NPs is not due to the presence of surfactant
at the interface. It is purely due to shape and thickness variation.

In summary, we have reported a facile non-aqueous synthesis
of rod-shaped Au-Cu intermetallic nanoparticles of average aspect
ratio �3.0 through solution phase heat-treatment at 300 �C for
30 min. The NBD and simulated DPs revealed tP4 AuCu and cP4
AuCu3 phases at particle level. The rod-shaped Au–Cu intermetallic
nanoparticles performed superior SERS enhancement compared to
that of nearly spherical Au–Cu alloy nanoparticles of average size
�10 nm.
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