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Gold—-copper nanoparticles (Au;_,Cu, NPs) have been reported as a versatile system to study various
aspects related to the colloidal synthesis of bimetallic nanoparticles. In this work, Au;_,Cu, NPs are
synthesized via a one pot approach using equimolar amounts of Au and Cu. Different compositions are
obtained by changing the reaction temperature. By taking aliquots at crucial stages of the synthesis and
combining several techniques, such as elemental analysis, X-ray diffraction and X-ray photoelectron
spectroscopy, it was possible to shed light on the synthesis mechanism: the formation of Au NPs occurs
at low temperature, then the higher the synthesis temperature the higher the Cu content in the NPs. In
parallel to the Au NPs formation, results of energy-dispersive X-ray spectroscopy analyses carried out in

scanning transmission electron microscopy mode suggest the formation of a Cu-rich phase at the early
Received 22nd January 2016 t f the synthesis. Such a ph t detectable by X-ray diffracti t ir of C
Accepted 18th February 2016 stages of the synthesis. Such a phase, not detectable by X-ray diffraction, acts as a reservoir of Cu
species that are slowly released to form the Au; ,Cu, alloy NPs through a digestive ripening-like

DOI: 10.1039/c6ra02027e process. The reaction temperature and annealing time affect the final Au : Cu ratio but had no significant
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1. Introduction

Advances in the synthesis of nanomaterials have contributed to
significant development in fields such as sensors, photonics,
drug-delivery systems and, especially, to fulfil the increasing
demand for new materials and technologies for energy.'?

Among the huge variety of nanostructured materials, it is
important to highlight the use of metallic nanoparticles (NPs),
where the metal confined in a small portion has distinct prop-
erties from those of the bulk. In this context, the control of size,
shape and composition of the metal NPs represents an impor-
tant way to obtain new materials for many applications.**

The synthesis of gold NPs by colloidal methods has been
extensively described using different approaches, enabling
accurate control of their properties.>® The use of Au-based
bimetallic NPs has also been presented in the literature as an
interesting strategy for the design of new materials.”® In this
context, the AuCu alloy is an interesting example of how the
electronic properties of the alloy differ from the simple sum of
the properties of Au and Cu.®* For example, the Au : Cu ratio
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effect on the final size of the particles, which for all compositions is approximately 14 nm.

reflects directly on the position of the d-band center relative to
the Fermi level, which has a strong correlation with the reac-
tivity of materials, especially for applications in catalysis."
Another point to be featured in the case of the AuCu alloy is the
possible formation of chemically ordered alloys. Some metallic
nanoparticles such as CoPt," FePt'* and AuCo™ are able to form
chemically ordered structures at specific compositions. This
ordering can affect different properties of the materials since
the distinct symmetry alters the resulting density of states.’® In
the case of AuCu, it is possible to observe chemically ordered
alloys of Au;Cu, AuCu and AuCu; compositions.

AuCu NPs can find interest in many fields of applications.
Their tunable optical properties, which depend on the shape
and composition of NPs, have been explored, for example, in
biosensors applications,'**® SERS detection'® and photothermal
therapy,* showing exciting results. Another important research
field in which AuCu NPs have showed interesting and unique
properties is heterogeneous catalysis, where supported bime-
tallic NPs are more active and stable than the monometallic
ones.*"*?

The study of nanoalloys formation and growth mechanisms
has been investigated by different groups because of the
applicability of these systems in several areas.**>* Among the
methods to obtain nanometric metallic alloys reported in the
literature, a widely used strategy is the formation of a metallic
seed followed by the incorporation of a second metal, in a two-
step growth mechanism.>**” By using a seed of the metal with

RSC Adv., 2016, 6, 22213-22221 | 22213
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lowest reduction potential, the second metal can be incorpo-
rated by galvanic replacement as nicely explored by Xia and co-
workers to produce a large library of nanoalloys starting from Ag
seeds.”® In the case of CuAu system, Liu et al.*® firstly synthe-
sized Cu NPs, and then by partial replacement of Cu by Au they
obtained a Cu@Au core-shell structure. The alloy formation
took place by heating the core-shell NPs, through a unidirec-
tional diffusion mechanism in solid state. In a more general
case, when the galvanic replacement is not favored, the reduc-
tion of the second metal can be done by using a reducing agent.
Chen et al.*® successfully obtained intermetallic CuAu NPs using
Au seeds.

In this work, we explore a one-pot strategy (i.e. all reagents
are brought into contact at the beginning of the reaction) to
synthesize AuCu NPs with different compositions. In this
approach, characteristics such as the final size, composition
and chemical ordering can be varied by tuning the reaction
parameters, i.e. metal : metal ratio, metal : ligand ratio and
temperature. We produced Au,_,Cu, spherical NPs of 14 nm in
diameter, with a fine control of their composition obtained by
optimization of the final reaction temperature; we probed in
detail the alloy formation by combining different methods of
characterization.

2. Experimental section
2.1 Chemicals

HAuCl,-3H,0 (99%), and Cu(acac), (99%) were used as metal
precursors. Oleylamine (Oley, 70%) and oleic acid (OlAc, 90%)
were used as protective agents. 1,2-Hexadecanediol (90%) was
used as reducing agent and 1-octadecene (1-ODE, 90%) as
solvent. All reactants were purchased from Sigma-Aldrich and
used without further purification.

2.2 Synthesis of bimetallic gold-copper NPs

The synthesis of bimetallic AuCu NPs was adapted from the
literature." Briefly, 45 mg of HAuCl;-3H,0 and 30 mg of
Cu(acac), (molar ratio Au:Cu 1:1) were added to a three-
necked round-bottom flask containing 5 mL of 1-ODE, 800 uL
of OlAc, 600 pL of Oley and 100 mg of 1,2-hexadecanediol. The
mixture was magnetically stirred at room temperature under
vacuum for 30 min, generating a green solution. The mixture
was heated under vacuum up to 120 °C. After holding at 120 °C
for 30 min (step 1), the solution was heated to the final
temperature. At about 200 °C, N, was fed to the system. The
final temperature was set at 225, 260 or 280 °C to obtain
different compositions of Au;_,Cu, NPs (Fig. 1). The reaction
was annealed at the corresponding final temperature for 30 min
(step 2) and then cooled down. The purification was carried out
by adding a toluene : isopropanol (1 : 5 volume ratio) mixture,
followed by centrifugation at 4000 rpm for 10 min. Precipitated
NPs were dispersed by adding 2 mL of hexane and centrifuged
at 2000 rpm for 10 min to remove any undispersed material.
This procedure was repeated twice and the particles were then
dispersed in hexane. The samples were named based on the
final synthesis temperature as AuCu_225, AuCu_260 and
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AuCu_280 (280 °C/ 30 min)
AuCu_260 (260 °C/ 30 min)

AuCu_225 (225°C/ 30 min)

Temperature (°C)

Room
temperature

Reaction evolution

Fig. 1 Heating protocol adopted in the Au;_,Cu, NPs synthesis. The
letters | and F indicate the initial and final points of each step. Step 1
corresponds to 120 °C for 30 min and step 2 to the final temperature
for 30 min. See text for more details.

AuCu_280. To follow the alloy formation, aliquots were taken at
different stages of the synthesis, and named by the temperature
(100, 120_I, 120_F, 225_I, 225_F, 260_I, 260_F, 280_1, 280_F).
The letters I and F indicate, respectively, the beginning and end
of steps (1 and 2), on which the temperature was hold for
30 min.

2.3 Characterization

Aliquots of approximately 20 pL were collected along the
synthesis and diluted in hexane using a quartz cell of 10 mm
path length to characterize the Au,_,Cu, NP growth by UV-Vis
analysis, using a Varian Cary 5000 UV-Visible-NIR spectropho-
tometer in single path configuration within the wavelength
range of 200-800 nm with a scanning rate of 10 nm s .

Overview bright-field transmission electron microscopy (BF-
TEM) analyses were carried out using a JEOL JEM-1011 instru-
ment (thermionic W source, 100 kV high tension). High-angle
annular dark field-scanning TEM (HAADF-STEM) analyses
were performed using a JEOL JEM-2200FS microscope (Schottky
emitter, 200 kv high tension) equipped with a CEOS spherical
aberration corrector of the objective lens and an in-column
image filter (Q-type). The shown values for NP diameter and
uncertainty were obtained as average and standard deviation
over 500 NPs, respectively. Elemental mapping over the
Au, _,Cu, NP samples was carried out by energy-dispersive X-ray
spectroscopy (EDS) performed in STEM mode with a Bruker
Quantax 400 system with a 60 mm? silicon-drift detector (SDD).
The reported elemental maps of Cu and Au were obtained by
integration of the Cu Ka and Au La after background subtrac-
tion and peak deconvolution. For BF-TEM analyses, ~10 uL of
the samples were deposited onto carbon-coated Cu grids. For
EDS analyses, carbon-coated molybdenum grids and an
analytical holder with a Be specimen retainer were used.

The elemental analysis of the colloidal NPs was done by
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP) using an iCAP 6000 Thermo Scientific spectrometer. Each
sample was obtained by quenching the reaction at the selected
temperature, followed by purification. Samples were dissolved
in HCI/HNO; 3/1 (v/v) overnight, diluted with deionized water
(14 pS), and filtered using a PTFE filter before measurement.

This journal is © The Royal Society of Chemistry 2016
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The yield of Au and Cu was defined as %yeta1 and calculated by
the eqn (1).

N final

initial

YoMetal = x 100 6))]
where %petal is the final yield of Au or Cu, Ngpg is the molar
amount of metal determined by ICP and Nipita the molar
amount of metal initially added.

X-ray diffraction (XRD) measurements were performed using
a Rigaku SmartLab X-ray diffractometer equipped with a 9 kW
Cu Ka (A = 1.542 A) rotating anode, operating at 40 kv and
150 mA. A zero diffraction silicon substrate was used to collect
XRD data on colloidal NPs. The diffraction patterns were
collected at room temperature over an angular range of 20-90°,
with a step size of 0.05°. XRD data analysis was carried out using
PDXL 2.1 software from Rigaku. As for the ICP measurements,
each sample was obtained by quenching the reaction at the
selected temperature, followed by purification. XRD data were
used to estimate the Au, ,Cu, alloy composition. We used the
equation (eqn (2)) proposed by Okamoto et al,* based on
experimental values described in the literature for the Au; _,Cu,
solid solution phase with face-centered cubic (fcc) structure:

a = 0.40784(1 — x) + 0.36149x + 0.01198x(1 — x) )

where a is the Au,_,Cu, lattice parameter and x is the copper
atomic fraction, defined as N¢y/(Ncy + Nau), where N, is the
number of atoms of the element x. Since the Au,_,Cu, alloy
system shows a positive deviation from the Vegard's law, the
equation proposed by Okamoto et al.** gives a more accurate
estimation of the alloy composition.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Kratos Axis Ultra DLD spectrometer, using
a monochromatic Al Ko source (15 kV, 20 mA). Wide scans were
acquired at an analyzer pass energy of 160 eV. High-resolution
narrow scans were performed at constant pass energy of 10 eV
and steps of 0.1 eV. Photoelectrons were detected at a takeoff
angle of @ = 0° with respect to the surface normal. The pressure
in the analysis chamber was maintained below 7 x 10~° Torr for
data acquisition. The samples were prepared by drop-casting
a few microliters of purified NPs solutions onto a graphite
substrate (HOPG, ZYB quality, NTMDT), which was then
transferred to the XPS setup. Data were converted to VAMAS
format and processed using CasaXPS 2.3.16 software. The
binding energy scale was internally referenced to the C 1s peak
(BE for C-C = 285 eV). Semi-quantitative analysis was per-
formed by measuring the areas under selected Au and Cu XPS
peaks and by applying appropriate atomic sensitivity factors, as
obtained by the instrument manufacturer.

3. Results

Au and Cu NPs exhibit a characteristic absorption band in the
visible region due to plasmon excitation.’* Plasmon band arises
from the collective oscillation of the free electrons induced by
the interaction with visible light.*®* While Au NPs characteristic
plasmon band is centered at approximately 520 nm, the Cu NPs

This journal is © The Royal Society of Chemistry 2016
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plasmon appears at 560 nm, and the Au,_,Cu, NPs alloy plas-
mon is observed between these two values.*® For this reason, we
firstly followed the evolution of synthesis products by UV-Vis
spectroscopy, as shown in Fig. 2. At 100 °C (black lines in
Fig. 2a—c) the characteristic plasmon resonance of Au NPs is
observed around 520 nm, indicating that the formation of Au
NPs already occurr before reaching this temperature. In fact,
around 70 °C the color of the solution changes from orange to
deep red and TEM images at 100 °C confirm the formation of
NPs (Fig. S1at). By increasing the temperature, it is possible to
observe a similar profile at 120 °C in all the three tests per-
formed. Above this temperature, a red shift occurs and the
plasmon peak becomes asymmetric, indicating the incorpora-
tion of copper into the Au NPs. Among the samples, the red shift
increases as a function of final temperature: AuCu_225 shows
a plasmon band at 540 nm (Fig. 2a), AuCu_260 at 550 nm
(Fig. 2b) and AuCu_280 at 552 nm (Fig. 2¢). In contrast, there is
no significant change in the peak width, indicating that the NPs
remain stable by the incorporation of Cu.**

Fig. 3 shows the BF-TEM images and corresponding size
distribution histograms of the final particles. According to the
BF-TEM analyses, the AuCu_225 sample shows spherical and
uniform NPs, with a diameter of 14 + 1 nm. Despite small
variations from batch to batch, the average particle size did not
significantly change with the reaction temperature: we
measured 13 £ 1 nm for AuCu_260 and 14 + 1 nm for
AuCu_280. For AuCu_260, it is possible to observe also some
less isotropic particles, which become the dominant population
for the AuCu_280 sample. The lower isotropy in these samples
may be due to a structural rearrangement upon incorporation of
a higher fraction of Cu atoms in the initial Au structure and/or
to the higher final temperature.

Elemental analysis by ICP was performed on the final prod-
ucts and on all the aliquots collected during the syntheses to get

Normalized Absorption (Arb. Units.)

400 500 600 700 800
Wavelength (nm)

Fig. 2 UV-Vis spectra following the Au; ,Cu, NPs synthesis at
different final temperatures: (a) AuCu_225, (b) AuCu_260 and (c)
AuCu_280. The red dashed line indicates the position of Au plasmon
and the blue dashed line the Cu plasmon position.

RSC Adv., 2016, 6, 22213-22221 | 22215
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(c)

Fig. 3 BF-TEM images and size distribution of (a) AuCu_225, (b) AuCu_260 and (c) AuCu_280.

more information about the growth mechanism of the
Au,_,Cu, NPs. The results are presented in Table 1.

ICP values for 100, 120_I and 120_F aliquots are common for
the three syntheses. It is possible to verify that around 100 °C,
only a small amount of Cu is detected in the final product,
reaching 22% after 30 min at 120 °C. This is about 44% of the
Cu added at the beginning of reaction. In line with UV-Vis
spectroscopy data, the increase of the synthesis final tempera-
ture results in higher amounts of copper in the final product,
going from 24.5% at 225 °C up to 48.8% at 280 °C. The
annealing time at the final temperature is also important to
increase the Cu incorporation. This is evident especially for the
AuCu_260 and AuCu_280 samples, where an increase of the
copper content of about 11% is found with the annealing. It is
interesting to mention that the yield of Au is also affected by the
final temperature, decreasing from 40% in case of the
AuCu_225 sample, to 20% for AuCu_280. At a given tempera-
ture, longer annealing increases further the Cu fraction in the
final product, but the yield of the synthesis decreases consid-
erably. The dependence of the yield with time and temperature
can be related to an increased collision of the formed particles,
forming larger aggregates that were removed in the purification

22216 | RSC Adv., 2016, 6, 22213-22221
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step and/or to a poor stability of the NPs with higher content of
copper. Attempts to form Cu enriched alloy NPs, such as
Aug,5Cug 75 by changing the amount of Cu added at the
beginning of the synthesis failed under these synthesis condi-
tions. It is worth to point out that other authors report the
formation of Au,,5Cug ;5 NPs* and Au, 33Cuy 57 (ref. 34) using
different conditions, but the yields were not reported.

Table 1 Cu (at%) at different temperatures by ICP

Sample
Temperature AuCu_225 AuCu_260 AuCu_280
100¢ 9.4
120_I¢ 14.3
120_F“ 22.3
225_1 31.6
225_F 24.5 — —
260_1 — 27.7 —
260_F — 37.8 —
280_1 — — 36.1
280_F — — 48.8

% Common steps for the three samples.

This journal is © The Royal Society of Chemistry 2016
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Table 2 shows the quantitative XPS results, wherein the
amount of Cu increases with temperature. Interestingly,
although XPS is a surface technique, probing a few atomic
layers (<2 nm for Cu and Au),* it shows Cu at% similar to those
measured by ICP. These results indicate a homogeneous
distribution of both metals in the synthesis product, at all
stages, ruling out the formation of a core-shell structure with,
for example, a Cu-rich shell. However, it is important to note
that a similar result could also be found, for example, if Au and
Cu single-metal particles were formed. This hypothesis is
excluded by STEM-EDS mapping over individual particles (see
Fig. S2t), showing a homogeneous distribution of both metals
in the NPs.

The amount of Cu that was effectively alloyed with Au was
quantified by XRD analyses. Both metals exhibit a fcc structure,
and the variation in lattice parameter is related to the Au: Cu
ratio in the alloy (eqn (2)).** Fig. 4 shows the corresponding
diffractograms in which a clear shift of the peak positions can
be seen as the synthesis proceeds. The dashed lines in Fig. 4
correspond to the (111) peak position of metallic Au (a = 4.08 A,
red line) and metallic Cu (a = 3.61 A, blue line). It can be seen
that during the first reaction step (120 °C), common to all
samples, XRD confirms the formation of monometallic Au NPs,
in agreement with the UV-Vis results. By increasing the
temperature, the peak positions shift to larger Bragg angle
values showing a decrease of the lattice parameter in agreement
with the incorporation of Cu into the Au lattice. The results also
show that the higher the temperature, the larger the shift,
indicating higher Cu incorporation. Interestingly, in the case of
AuCu_280 sample the superlattice peaks related to the chemi-
cally ordered tetragonal structure of AuCu can also be seen.*
Therefore, although the yield of NPs decreases with tempera-
ture and annealing time, keeping the system at 280 °C for 30
min lead to NPs with Au : Cu molar ratio of 1 : 1, matching the
initial metals ratio, and favoring the formation of the chemi-
cally ordered bimetallic AuCu phase.

Table 3 presents the Cu at% obtained by the analysis of the
lattice parameter. It is possible to confirm the increase in the
copper amount as a function of the temperature, similarly to
what was observed by ICP and XPS analyses. However, while
ICP/XPS showed that the total amount of Cu raises steadily, e.g.

Table 2 Cu (at%) at different temperatures obtained by XPS

Sample
Temperature AuCu_225 AuCu_260 AuCu_280
100° 3.4
120_I° 5.7
120_F¢ 22.3
225_1 29.5
225_F 26.5 — —
260_1 — 28.6 —
260_F — 40.3 —
280_1 — — 36.2
280_F — — 40.4

“ Common steps for the three samples.

This journal is © The Royal Society of Chemistry 2016
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2-Theta (°)

Fig. 4 XRD patterns of Au;_,Cu, NPs at different stages of the
synthesis: (a) AuCu_225, (b) AuCu_260 and (c) AuCu_280. The red
dashed line indicates the (111) peak position of Au (a = 4.08 A, JCPDS
no. 00-004-0784) and the blue one indicates the (111) position of Cu
(@ = 3.61 A, JCPDS no. 00-901-3023). The superlattice peaks of the
chemically ordered AuCu phase (JCPDS no. 01-071-5026) are indi-
cated by *in (c).

from about 10% when reaching 120 °C (120_I) up to 20% after
30 min at this temperature (120_F), XRD gives no indication
that the Cu is incorporated in the Au lattice at this temperature.
In all stages, the Cu contents found by XRD are smaller than
those measured by ICP/XPS, with the exception of the final
stages at 260 °C (260_F) and 280 °C (280_F).

Fig. 5 compares the results found by ICP and XRD. It is
possible to observe that, as the syntheses proceed, the values
obtained by the two techniques tend to converge toward the
same values. These results likely indicate that part of the Cu
species present at the beginning of the synthesis, which
precipitate together with the Au NPs during the purification
process, are not detectable by XRD, not even as a separate phase
(e.g- metallic Cu or crystalline copper oxides).

RSC Adv., 2016, 6, 22213-22221 | 22217
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Table 3 Cu (at%) derived from the lattice parameter, obtained by XRD
(ean (1))

Sample
Temperature AuCu_225 AuCu_260 AuCu_280
100 0
120_1¢ 0
120_F* 0
225_1 15.0
225_F 19.2 —_ —
260_1 — 21.9 —
260_F — 38.1 —
280_1 — — 30.1
280_F — — 50.0
% Common steps for the three samples.
300
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Fig. 5 Comparison of the Cu (at%) obtained by ICP and XRD as
a function of the synthesis temperature of (a) AuCu_225, (b)
AuCu_260 and (c) AuCu_280.

In order to understand this difference, a detailed analysis
was performed by HAADF-STEM imaging and STEM-EDS
elemental analysis on samples 280_I and 280_F as shown in
Fig. 6 and S2.7 Besides the high-contrast (i.e., high thickness
and/or mean atomic number) of the Au,_,Cu, NPs, a fainter
contrast region can be observed in HAADF-STEM images
around the particles for the sample 280_I, as indicated by
arrows in Fig. 6. This region is mainly composed by copper, as
shown by the corresponding STEM-EDS analysis. Although this
type of analysis is local, this result, associated to the similar
quantification of Au and Cu provided by ICP and XPS, is strong
evidence that the reduction of Cu leads initially to the

22218 | RSC Adv., 2016, 6, 22213-22221
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Fig.6 HAADF-STEM image of 280_I sample, showing the presence of
a lower contrast phase (indicated by arrows) surrounding the Au; _,Cuy
NPs, mainly composed by copper as demonstrated by the comparison
between STEM-EDS spectra collected on NPs and on the surrounding
phase (identical area and acquisition time).

formation of a Cu-rich phase that cannot be identified by
means of XRD.

4. Discussion

In the one-pot synthetic method, both metals precursors are
added together to the initial solution and, depending on the
reaction conditions, one may expected the formation of an alloy
already in the early stages of the synthesis process. Previous
works in the Au;_,Cu, system found, however, that in fact Au
nucleates first.'™*” Destro et al.*® probed the formation of the
AuCu alloy (in air) by in situ X-ray absorption fine structure
spectroscopy (XAFS) and confirmed that Au reduction starts
already at 70 °C. In the present work, where the synthesis was
performed in vacuum/inert atmosphere, the results confirmed
that Au precursor is reduced first, and alloy formation is highly
dependent on the temperature. Considering the experimental
conditions implemented in the present work, the early reduc-
tion of Au can be rationalized considering that 1,2-hex-
adecanediol is not a strong reducing agent, in particular at low
temperature, and that Au®* is reduced easier than Cu*" due to
the higher reduction potential (+1.5 and +0.3 eV respectively).*

One interesting consequence of the formation of mono-
metallic Au NPs at the early stages of the synthesis is that the
Au, _,Cu, NPs, characterized by different compositions, show

This journal is © The Royal Society of Chemistry 2016
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similar sizes. This is in agreement with the results reported by
Motl et al;*° they implemented a one-pot synthesis approach
where the amount of Cu in the NPs was controlled by the Au : Cu
ratio of the precursors. They analyzed eight samples with copper
contents ranging from 0 to 50 (at%) and seven of them showed
an average size in the 10-13 nm range. Recently, Sinha et al.,*”
explored the one-pot strategy for the synthesis of Au,;_,Cu, NPs
by varying the (Oley + OlAc)/metal and Oley/OlAc ratios seeking
to control the average particles size. They reported that a 40 : 1
total ligand : metal ratio led to the smallest average size of the
NPs (i.e. about 14 nm). This value is in line with our results,
where the total ligand : metal ratio is 50 : 1. According to Sinha
et al.,”” it was not possible to decrease the particle size below this
value just by increasing the amount of ligands. Smaller Au;_,-
Cu, NPs were only obtained by using a seed mediated approach
where pre-formed Au NPs are added to solution containing the
copper precursor.*® We have also found similar results, where
the final temperature of the synthesis impact both the Au : Cu
ratio and the eventual chemical order of the alloy without
affecting significantly the average particles size. In fact, at 100 °C
when most of the Au ions have already been reduced forming
the NPs, the mean size is 14 nm (see Fig. S17). It is worth to point
out that the increase of the Cu content in the NPs from 25%
(AuCu_225) to 50% (AuCu_280) should lead to an increase of
about 11% in size. This small increase would be hardly detected
by TEM due to the size distribution of the particles. Different
parameters such as total ligand/metal ratio, heating ramp and
temperature of step 1 were also varied but did not impact
significantly in the final particle size (results not reported).
More interestingly, how the Cu atoms are generated and
incorporated to form the alloy is still not clear and there are
some possible mechanisms that can lead to the Au,_,Cu, alloy
formation. Chen et al.®® proposed that in the seed mediated
synthesis, a diffusion-based mechanism takes place. They
proposed that Cu*>* ions were reduced to Cu atoms and/or small
cluster in solution. Then, by colliding with the Au NPs Cu
species diffuses into the core of the NPs forming the alloy. No
evidence of a core-shell structure was found. On the other hand,
Shore et al.*® observed a core-shell structure in AuAg system at
low temperature (<200 °C) and the alloy formation was achieved
by increasing the temperature. They also showed that similar
AuAg alloy NPs could be directly obtained by heating Au NPs in
the presence of Ag precursor at higher temperatures (~250 °C).
In our work, the combination of XPS, ICP, TEM, XRD and
STEM-EDS does not indicate the formation of a core-shell
structure or the direct formation of atomic species of copper
that would collide and diffuse into the Au NPs. We showed that
the Au NPs are formed at low temperature and that the amount
of Cu in the final product progressively increases with the
reaction temperature. Moreover, the copper content inferred
from XRD analysis was systematically smaller than that
measured by ICP and XPS at all reaction stages except at the end
of the annealing step. Our results strongly indicate that a Cu-
rich phase, undetectable by XRD, was initially formed and
then progressively digested in the reaction medium at high
temperatures. This Cu phase, amorphous or formed by few nm-
sized Cu or CuO, nanocrystals, acts as a reservoir of Cu species
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Fig. 7 Proposed growth mechanism of Au;_,Cu, alloy NPs. Yellow =
Au atom, red = Cu atom, gray = solid Cu-rich phase.

that are released as the synthesis proceeds and that are incor-
porated into the Au NPs through a solid state diffusion process.

The growth mechanism of our Au;_,Cu, NPs resembles the
mechanism called digestion ripening described by Smetana
et al.** in which AuCu and AuAg alloy NPs were obtained by
mixing and heating preformed single metal colloidal NPs in the
presence of alkanethiol under reflux. This mechanism is highly
dependent on the ligand and temperature, and core-shell NPs
have also been prepared by this method at lower tempera-
tures.”*** We speculate that the large excess of ligands and the
high temperature achieved in our synthesis can promote the
digestion of the Cu-rich phase leading to the formation of the
Au, _,Cu, alloy, as proposed in Fig. 7.

It is interesting to note that we did not find indication of the
formation of core-shell Au@Cu NPs in any stage of the
synthesis (Fig. S17). Recently, Liu et al.*® studied Cu@Au NPs
and nicely proposed the formation of CuAu alloy through
a unidirectional diffusion route of Au atoms into to Cu core. The
driving force for the Au diffusion was proposed to be the
structural disorder of the shell, enhanced by temperature. The
unidirectional diffusion mechanism was associated instead to
the structural stability of an Au-diluted CuAu alloy front. In our
case, since Au NPs formed first, we could expect initially the
formation of Au@Cu NPs that would then be converted to
Au, _,Cu, alloy. This would happen if enough copper species
were available in solution at low temperatures and metal
diffusivities were limiting the alloy formation. In fact, Destro
et al.*® showed by in situ XAFS that the reduction of copper starts
already at about 120 °C. As a consequence, our results suggest
that the digestion of a Cu-rich phase forming species available
in solution is the limiting factor, and the temperature controls
the final composition of the Au;_,Cu, NPs.

The possibility of an accurate composition control by the
colloidal method keeping the same size distribution is an
interesting and useful approach for several applications, for
example in heterogeneous catalysis,** since it makes possible to
analyze the effect of the alloy composition using particles of
similar size and shape.

5. Conclusions

We evaluated the effect of the temperature on the synthesis of
Au,_,Cu, alloy colloidal NPs via one-pot approach. By changing
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the final reaction temperature it was possible to obtain uniform
spherical particles, with size of about 14 nm, with different
composition: Aug ;5Cug s at 225 °C, Aug oCug 49 at 260 °C and
Au, 50Cuy 50 at 280 °C. By combining different techniques, it was
possible to propose a growth mechanism, where Au NPs are
formed at low temperatures together with a Cu-rich phase. This
intermediary Cu-rich phase acts as a reservoir of Cu atoms that
are incorporated into the Au NPs at a given temperature through
a digestive ripening like-process.

The results presented here clearly point out the important
role played by the temperature in the formation of bimetallic
Au,_,Cu, NPs. Despite the efforts, we still lack deeply studies on
the phase diagrams at nanoscale, as well as the main mecha-
nisms that determine atomic diffusion and phase segregation at
nanoscale. This is of crucial importance in several areas, such as
catalysis, where the interaction with supports and reaction
medium can further affect the stability of nanoalloys. We hope
that our results will contribute to motivate further theoretical
and experimental studies in this direction.
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