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Abstract 
 

Gold-copper nanoparticles (Au-Cu NPs) were elaborated by both chemical (polyol reduction 

method) and physical (laser deposition) routes. The size, composition and crystal structure 

of these bimetallic nanoalloys were then characterized by aberration corrected transmission 

electron microscopy (TEM). Using a one-pot polyol method, Au-Cu nanocubes (NCs) with 

nominal compositions Au3Cu and AuCu3 were synthesized. The size and composition of the 

NCs were tuned by varying the amount and ratio of the Au(III) and Cu(II) ions used as 

metallic precursors in the reaction. While particle shape and size were well-controlled, single 

particle X-ray spectroscopy showed that, irrespective of the targeted compositions, the Cu 

content in all NCs was about 11-12 at. %, i.e. in both samples, the real composition was 

different from the nominal one. This was ascribed to an incompletely alloying of the two 

constituent metals of the alloy in the cubes due to the different reduction kinetics of the two 

metallic precursors. To shed light on the alloying of gold and copper at the nanoscale, Au-Cu 

NPs with targeted compositions Au3Cu and AuCu3 were deposited on amorphous carbon by 

laser ablation of two monometallic sources and their structural properties studied by TEM. 

These studies show that Au-Cu nanoalloys were synthesized in both samples and that the 

complete mixing of Au and Cu atoms achieved with this synthesis technique led to the 

production of Au-Cu NPs with well-controlled compositions. These results constitute a first 

but major step towards a complete understanding of the details of the kinetics and 

thermodynamics determining the mixing of gold and copper atoms at the nanoscale. Such an 

understanding is essential for producing Au-Cu bimetallic nanoalloys with well-defined 

structural properties via wet chemical synthesis. 
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1. Introduction 
 

In recent years, nanoscience and nanotechnology have grown extensively to such a point 

that nanomaterial study is nowadays a fast growing area of research. Among the wide range 

of nanosystems being studied, metallic nanoparticles (NPs) arouse considerable scientific 

and technological interests since they usually exhibit novel chemical and physical properties 

due to their much higher surface to volume ratio than bulk materials. The remarkable 

properties of metallic nanoparticles can be modified and finely tuned by adjusting their size, 

their shape and their composition. Pertaining to composition-dependent control of 

properties, several studies have shown that the association of two metals within a 

nanoparticle, i.e. forming bimetallic solids or so called nanoalloys, could lead to very 

important synergistic effects of interest in fields such as catalysis of industrially important 

reactions, optics, optoelectronics and medical applications1.  

 

Because of their potential impacts in the field of catalysis and optics and since they 

constitute a model bimetallic system, there has been immense interest in gold-copper (Au-

Cu) nanoalloys. In heterogeneous catalysis, it has been shown that Au-Cu nanoalloys 

generally display synergistic effects in the oxidation and selective oxidation of carbon 

monoxide (CO) to carbon dioxide at ambient temperature2,3, in the selective oxidation of 

benzyl alcohol to benzaldehyde4 and in the epoxidation of propene by nitrous oxide5 among 

others. More precisely, in the oxidation and the preferential oxidation of CO in excess of 

hydrogen, partially substituting gold with copper leads to an increase in activity as compared 

to monometallic Au NPs2. As for applications in nano-optics, it has been shown that by 

alloying copper into gold, the resulting Au-Cu NPs can display strong surface plasmon 

resonances (SPRs) with the copper content determining the energy and linewidth of the 

SPRs6,7.  

 

In bulk samples, gold and copper are completely miscible at any proportion at high 

temperature. At lower temperature, Au-Cu alloys form a tetragonal L10 superstructure for  

the AuCu stoichiometry and a cubic L12 superstructure for the Au3Cu and AuCu3 

stoichiometries8. At the nanoscale, such a perfect knowledge of the phase diagram of Au-Cu 

alloy is still lacking. This limits the rational design of Au-Cu NPs for potential applications and 

for their study as a model system. Despite this major limitation, a broad range of preparation 

methods have been successfully implemented in recent years to synthesize Au-Cu 

nanosystems with various shapes and compositions6,7,9-16. Chemical methods have led to the 

production of Au-Cu NPs with spherical7, pentacle9, rod-like6,10 and cubic shapes11. 

Pentacle gold–copper alloy nanocrystals with five-fold twinning in the size range from 45 to 

200 nm have been recently synthesized by R. He et al. by a facile aqueous phase route 

involving the co-reduction of gold and copper salts9. Spatially-resolved X-ray spectroscopy 

elemental mapping confirms the formation of nanoalloys. The global Au content, measured 

by inductive coupled plasma-atomic emission spectroscopy, equals to 87.4 at. %. 
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Monodispersed pentagonal Au-Cu nanorods with controlled size and composition have also 

been developed by a seed-mediated growth route10. Likewise, Au-Cu nanocubes (NCs) with 

remarkable size control were synthesized by Y. Liu and A. R. H. Walker with a one-pot polyol 

reduction method11, formerly developed by Fievet et al.17. By adjusting the reaction 

parameters, the authors claimed that they could control both the edge length between 3.4 

nm to 85 nm and the particle composition between AuCu3 and Au3Cu. While it is 

indisputable that high shape and size control can be achieved by chemical methods, it is still 

unclear whether particle composition too can be tuned precisely. This results from the lack 

of systematic studies undertaken on chemically-grown Au-Cu NPs to determine their 

composition at single particle level and thus, to distinguish clearly between nominal and real 

compositions. 

 

In comparison, physical methods offer better control of composition in the fabrication of 

bimetallic NPs. Au-Cu bimetallic NPs have been fabricated by ion implantation12 or under 

ultra-high vacuum by thermal evaporation13,14,15 and laser deposition16. For example, in the 

work of B. Pauwels et al., Au-Cu nanoalloys were deposited on amorphous carbon and 

magnesium oxide substrates by laser vaporization of bulk alloy targets with different 

stoichiometric compositions (AuCu, AuCu3 and Au3Cu)16. By using electron diffraction on 

cluster assemblies and high-resolution transmission electron microscopy imaging of 

individual clusters, they showed that the Au-Cu clusters formed solid solutions with their 

chemical composition matching that of the target material. In the case of cluster deposition 

on amorphous carbon, various cluster morphologies such as cuboctahedra, decahedra and 

more spherical geometries were observed. For clusters deposited on MgO, only truncated 

octahedral morphologies were observed. As exemplified by this work, with physical 

techniques, high composition control is achieved in the absence of size and morphological 

homogeneity. 

 

Herein, we first report the synthesis of Au-Cu NCs using a chemical route adapted from the 

polyol method developed by Y. Liu and A. R. H. Walker for producing cubic geometries11 and 

the structural characterization of the as-synthesized NPs using transmission electron 

microscopy (TEM) techniques. TEM analysis undertaken at single particle level enables us to 

highlight and discuss the influence of reaction conditions such as the nominal amount of 

reactants on the NP structure. In the second part of this paper, the structural properties of 

Au-Cu NPs synthesized by pulsed laser deposition (PLD) are presented. Comparison of the 

morphology, size distribution, composition and crystal structure of chemically and physically 

synthesized NPs then allow us to better understand the reaction mechanisms which take 

place during the Au-Cu bimetallic nanoparticles synthesis by different routes. 
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2. Experimental  
 

2.1 Preparation methods 

 

Chemical syntheses of Au-Cu NCs were adapted from the polyol protocol described by Y. Liu 

and A. R. H. Walker11. Gold(III) chloride trihydrate (HAuCl4.3H2O; 99.9%), copper(II) 

acetylacetonate (Cu(acac)2; 99.99%), 1,2-hexadecanediol (HDD; 90%), 1-dodecanethiol (DDT; 

99%), 1-adamantane carboxylic acid (ACA; 99%), 1-hexadecylamine (HDA; 90%) and 

diphenylether (DPE; 99%) were purchased from Sigma-Aldrich and used without any further 

purification. In a typical chemical synthesis, HAuCl4.3H2O, Cu(acac)2, HDD (1.6g; 6.19mmol), 

DDT, ACA (270mg; 1.50mmol), HDA (2g; 8.28mmol) were simultaneously introduced in a 

three-necked flask and dissolved in DPE (10mL). The amounts of metallic precursors and DDT 

were varied according to particles targeted composition. The mixture was stirred with a 

magnetic bar and refluxed at 180°C with a ramp of 8°C.min-1 under N2 flow after 5 degassing 

cycles. After cooling to room temperature, the as-synthesized particles were collected and 

washed with 4 successive centrifugation runs (run 1 with chloroform (CHCl3) and ethanol 

(C2H6O or EtOH) at 4,000 rpm during 5 min, run 2 with EtOH at 16,000 rpm for 10 min, run 3 

with CHCl3 at 16,000 rpm for 10 min and run 4 with dried acetone at 16,000 rpm for 10 min). 

The particles were finally dispersed in CHCl3.  

 

Au-Cu nanoparticles (NPs) were also produced by physical route via pulsed laser deposition 

(PLD) in a high-vacuum chamber at a pressure of about 10-7mbar. This physical synthesis 

method is based on alternated irradiation of very high purity (99.9999%) Au and Cu 

monometallic targets by a KrF excimer Compex Pro 102F laser at 248 nm with a repetition 

rate of 5 Hz, pulse duration of 25 ns and energy between 125 and 500 mJ. Based on a 

continuous thin film approximation, deposition rate of each metal was controlled using an in 

situ quartz crystal monitor indicating the nominal thickness deposited on the quartz surface. 

Knowing the ablation rates of each metal, the composition and size of the nanoparticles can 

be precisely adjusted. The nanoparticles growth was performed at room temperature and 

home-made amorphous carbon TEM grids were used as substrate.  

 

2.1 Characterization methods 

 

For TEM grid preparation, an amorphous carbon film was first deposited on freshly cleaved 

mica in an Edwards Auto 306 evaporator pumped at a pressure of 10-6 mbar. A current range 

up to 10 A was applied to extract carbon atoms of the graphite stick. The amorphous carbon 

film was then delaminated from mica in water and transferred onto commercial 

molybdenum 300-mesh TEM grids (Agar Scientific). The carbon supports used were typically 

4-5 nm thick which is ideal for Transmission Electrons Microscopy (TEM) studies of small 

metallic NPs. Aberration-free high-resolution transmission electron microscopy (HRTEM), 
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STEM high-angle annular dark-field (STEM-HAADF) and energy-dispersive X-ray spectroscopy 

(EDS)  were carried out on a JEOL ARM 200F microscope, equipped with a cold field emission 

gun and a CEOS aberration corrector of the objective lens, operated at 200kV18. Particle 

composition was determined by energy dispersive X-ray spectroscopy on assemblies of NPs 

(TEM-EDS) and in scanning mode (STEM-EDS) on single NPs or assemblies. For these 

measurements, a beryllium sample holder was used to avoid spurious Cu X-ray emissions 

from the sample holder. Particle composition was determined by analyzing the intensities 

under the Au-Lα,β (9.71-11.44 keV range)  and Cu-Kα,β (8.03-8.91 keV range) edges by the Cliff-

Lorimer method19 with an experimentally-determined K-factor. 

 

3. Results and discussion 
  

3.1 Structure of Au-Cu nanocubes synthesized by polyol protocol 

 

In order to synthesize Au-Cu NCs with Au3Cu and AuCu3 nominal compositions, the ratio of 

metallic precursors was tuned as indicated in the Table 1. In these syntheses, the amount of 

Au precursor was kept fixed at 0.07 mmol and that of Cu precursor was varied accordingly to 

achieve the targeted compositions. The total amount of metallic precursors in the synthesis 

of AuCu3 NCs was three times more important than that of Au3Cu NCs. Moreover, the 

amount of DDT was also increased from 0.1 mL (for Au3Cu NCs) to 0.3 mL (for AuCu3 NCs) 

between the two syntheses. The amounts of other reactants were kept unchanged. In 

these conditions, the concentration of metal ions was higher for the synthesis of AuCu3 

NCs than for Au3Cu. As a Figures 1a and 1b display low-magnification TEM images of Au-Cu 

NPs with Au3Cu and AuCu3 nominal compositions respectively. In these images, NPs with 

cubic in-plane morphologies are clearly evidenced. analyses of the two sets of NCs show that 

the average size of the NCs is 4.8 ± 1.3 nm in the sample with Au3Cu nominal composition 

NCs (insert of figure 1a) whereas, owing to the increase of the metallic precursors amount 

from 0.10 mmol to 0.30 mmol, the AuCu3 NCs have a mean size of 22.9 ± 1.5 nm (insert of 

figure 1b). As inferred from the comparison of TEM images in figures 1a and 1b, the 

polydispersity (mean particle size divided by the standard deviation) is about five times 

higher in the population of smaller NCs. To determine the structure of the NCs and the 

nature of their facets, high-resolution TEM imaging was performed on single NCs. Figures 1c 

and 1d show the HRTEM images of two NCs with Au3Cu and AuCu3 nominal compositions 

respectively. The corresponding fast Fourier transforms (FFTs) are displayed in the inserts 

and in both cases, they are consistent with chemically-disordered face-centered cubic (FCC) 

structures imaged along the [001] zone-axis and with major truncations along the [100] 

directions. Moreover, HRTEM images give clear evidence of cubic morphology of the as-

synthesized NPs (figure S1). 
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To precisely characterize the shape of the NCs from each synthesized sample, the length (L), 

width (W) and diagonal (D) (figure 1c) of about 60 NCs from each synthesis batch were 

measured. The mean aspect ratio of each population was provided by calculating the 

averaged value of L/W ratio. Averaged L/W ratios of 1.06 ± 0.06 and 1.04 ± 0.02 were 

calculated respectively for the NC population with Au3Cu and AuCu3 targeted compositions. 

These results are then consistent with the cubic shape observed on the bright field images 

since each NPs population presented an average aspect ratio near to 1. Moreover, by 

comparing the experimentally-measured diagonal (D) to its theoretical value (Dtheo) expected 

in the case of a perfect cubic shape, the truncation factor (T) of the NCs in each batch can be 

deduced via the following relation: 

 

� =
����� − �
�����

																										
1� 

whereby 

����� = 
�� +	��																				
2� 

 

T is equal to 0 for a non-truncated cube and its value increases toward 1 as the truncation 

increases. From the TEM image analyses, truncation factors of 0.22 ± 0.05 and 0.03 ± 0.02 

were calculated for the Au3Cu and AuCu3 NCs population respectively. The near-zero 

truncation  the AuCu3 NCs is consistent with TEM images that show that they sustain sharper 

corners in comparison to Au3Cu NCs. 

 
 

STEM-EDS analyses of the NPs were performed to determine their real composition. Figure 

2a shows the variation of Cu content as a function of particle size in the NCs with Au3Cu 

nominal composition. No size-dependence is evidenced. The Cu content varies randomly 

between 6 and 23 at. % for sizes up to 8 nm with a mean composition equals to 11 ± 3 at. % 

Cu (insert of Figure 2a). A similar analysis undertaken on the NCs with AuCu3 nominal 

composition shows again the absence of any relationship between size and composition and 

surprisingly, the NCs are rich in gold. Here, the composition is bound between 8 and 19 at. % 

Cu with an average composition of 12 ± 2 at. % Cu (Figure 2b). From composition analyses, it 

seems that the amount of copper content in alloyed Au-Cu NCs is limited to about 11-12 at. 

% Cu and thus, irrespective of the targeted composition, the real composition of the NC is 

always close to Au8Cu. Such partial alloying between gold and copper has also been 

observed experimentally in earlier works12,20,21 dealing with the synthesis of Au-Cu 

nanoalloys by chemical routes. However, the transformation of the non-alloyed copper ions 

was investigated in none of them. Here, in addition to nanocubes, STEM-HAADF 

investigations allow us to identify very small particles with an average size of 2 nm. Figure 3a 

displays a STEM-HAADF image of nanoparticles for the sample with AuCu3 nominal 

composition in which these spherical NPs are clearly visible around NCs. STEM-EDS 

characterization of an assembly of these seeds over the region delimited by the green 

square in figure 3b, clearly demonstrates that they are pure copper nanostructures. For 
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comparison, an EDS spectrum acquired over a single Au-rich NC (over an area enclosed by 

the red square) is presented in Figure 3c. These results clearly illustrate that EDS 

characterization of a wide area of the samples would not only take into account the 

composition of NCs but would also include that of all the very small copper particles, leading 

to an overestimation of the real copper content of the nanocubes. Therefore, it is critically 

important to measure the composition of the synthesized NCs very locally such that the 

contribution of the spherical Cu seeds can be excluded. Our experimental observations tend 

to indicate that it is challenging to produce Au-Cu NPs with well-controlled composition via 

the bottom-up chemical method followed in this work. 

 

The incomplete alloying of gold and copper in the Au-Cu NCs can be plausibly explained on 

the basis of the reactions kinetics associated with the chemical synthesis of these 

nanosystems. The synthesis of Au-Cu alloys via this method involves the following reactions:  

 

��
���	
�� + 3��	 	→ 	��
��

� 															
3� 
 

��
���	
�� + 2��	 	→ 	��
��

� 															
4� 

 

The redox potential E°(Au3+/Au) associated with reaction (3) equals to +1.50V22. For the 

reduction reaction of Cu ions, the corresponding potential E°(Cu2+/Cu) is equal to +0.34V22. 

The redox potential of the reduction of Au(III) ions being higher than that of Cu(II) ions, it is 

likely that gold ions are more readily reduced in metallic Au(0) than copper ions in metallic 

Cu(0). Consequently, gold seeds might be formed and grown before all copper ions have 

been reduced, explaining the difficulty for gold and copper to form an alloy in the conditions 

used for chemical synthesis with these reactants. 

 

 

3.2 Structure of Au-Cu nanoalloys synthesized by pulsed laser deposition 

 

To study the interplay between gold and copper atoms at the nanoscale, pulsed laser 

deposition (PLD) which is a physical technique and bottom-up based too, was implemented 

to produce Au-Cu nanoalloys. PLD is well-established physical technique for the production 

of bimetallic nanoparticles with a high control in composition. In its first and most widely 

used approach, bimetallic nanoalloys are fabricated by vaporizing bulk alloy targets. In this 

case, the stoichiometries of the targets are reproduced in the nanoparticles. Using this 

approach, Au-Cu nanoalloys have been deposited on amorphous carbon and magnesium 

oxide substrates by ablating bulk AuCu, AuCu3 and Au3Cu targets16. In the present work, an 

alternative approach of PLD whereby Au-Cu NPs are obtained by the alternate ablation of 

pure gold and copper targets has been used. This approach has already been successfully 

applied to synthesize Co-Pt23, Cu-Ag24 and Au-Pd25 nanoalloys and provides direct 
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information on the ability of atomic species coming from different sources to form 

nanoalloys. 

In the present study, the production of Au3Cu and AuCu3 NPs was targeted. For all 

deposition, the nominal thickness of metal deposited was fixed to 1 nm. For the fabrication 

of Au3Cu nanoalloys, the amount of gold and copper was, as indicated in table 2, equal to 

0.75 nm and 0.25 nm respectively. The laser energy and the number of laser shots needed to 

ablate each metallic target are given alongside. For the synthesis of AuCu3 nanoalloys, the 

laser conditions and respective amount of each metal were modified as described in table 2. 

It can be noticed that the laser energy needed to ablate gold is lower by about 100 mJ than 

that of copper. Moreover, despite the lower laser energy used, the ablation rate was much 

higher of gold than copper. As a result, number of laser shots on the gold target was much 

lower than on the copper ones. 

 

Figures 4a-d present bright-field images of the two sets of Au-Cu NPs produced by PLD with 

targeted compositions Au3Cu and AuCu3. Low-magnification TEM images (figures 4a and 4b) 

clearly show the formation of well separated spherical NPs with comparable size distribution 

(mean diameter of 1.7 ± 0.6 nm (insert of figure 4a) in the Au3Cu sample compared to 1.9 ± 

0.7 nm (insert of figure 4b)  in the AuCu3 one) in both samples. HR-TEM images of a Au3Cu 

and a AuCu3 NPs are presented in figure 4c and 4d respectively. The NPs were monocrystals 

with FCC structure imaged along the [110] zone axis. To determine the lattice parameters of 

the two sets of NPs, the lattice spacing corresponding to (111) planes were measured on the 

HR-TEM images of 15 NPs from each sample. It should be noted that selected area electron 

diffraction (SAED) traditionally used for lattice measurements was impossible to implement 

in the present study. This is due to the very small dimension of the NPs which lead to 

extremely diffuse reflections in the SAED patterns acquired over particle assembly. From 

these lattice measurements, a mean lattice parameter equals to 3.99 ± 0.01 Å was estimated 

in the sample with Au3Cu targeted composition. For the second sample, the mean lattice 

parameter was 3.74 ± 0.01 Å. The fact that these values lie between the lattice parameters 

of pure gold (aAu = 4.078 Å) and pure copper (aCu = 3.610 Å) is a strong indication that the 

NPs deposited on home-made amorphous carbon by PLD are Au-Cu nanoalloys, with the 

sample with higher lattice parameter richer in gold. Moreover, from the very small 

dispersion in the values of the mean lattice parameters, it can be concluded that high 

composition homogeneity was achieved in each synthesis. To determine precisely the real 

particle composition obtained in each synthesis, assemblies of NPs over different areas of 

the two samples were analyzed by TEM-EDS with high counting statistics. From the analysis 

of the TEM-EDS spectra, the average Cu contents were 20 ± 1 at. % in the sample with Au3Cu 

targeted composition (figure 4f) and 73 ± 3 at.% in the one with AuCu3 targeted composition 

(figure 4f). It should be noted that to determine the exact composition distributions in the 

two samples, X-rays measurements at single particle level by STEM-EDS were initially 

undertaken. However, in this case, due to the small size of the NPs analyzed, the counting 
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statistics were so poor that determining particle composition with high precision was here 

impossible. 

 

In bimetallic alloys, it has been reported that lattice parameter varies linearly with  

composition according to Vegard's law26. In Au-Cu alloy, the lattice parameter, a, of an alloy 

composed of x at. % Cu is given by a = [x aCu + (100-x)aau]/100  if Vegard's law holds. Figure 5 

shows a plot of the linear relationship between lattice parameter, a, and copper atomic 

content in Au-Cu alloy given by Vegard's law. The lattice parameter of the bimetallic alloy 

varies between that of the pure components. Two experimental data points are included in 

the plot of figure 5. The red point corresponds to the sample with mean lattice parameter 

equals to 3.74 ± 0.01 Å and composed of 20 ± 1 at. % Cu while the blue one is associated to 

the sample with mean lattice parameter equals to 3.99 ± 0.01 Å and composed of 73 ± 3  

at.% Cu. To test if the validity of Vegard’s law is universal to all Au-Cu samples, the data 

points associated to the chemically synthesized NCs with Au3Cu and AuCu3 nominal 

composition were added to figure 5. Within experimental uncertainties, it is clear that 

Vegard's law holds in both samples obtained by chemical and physical syntheses since the 

associated experimental points lie perfectly on the Vegard's curve. The validity of Vegard's 

law here makes it possible to uniquely determine the composition of any Au-Cu NP knowing 

its lattice parameter. This allows us to confirm a posteriori our assumption that particle 

composition was homogeneous in each sample, assumption based on lattice parameter 

measurements. Since the real compositions of the samples with Au3Cu and AuCu3 targeted 

composition are 20 at. % Cu and 73 at. % Cu respectively, pulsed laser deposition can be 

considered as a very efficient technique for the fabrication of disordered FCC Au-Cu 

nanoalloys with controlled composition. One of the advantages of the alternate PLD 

technique with pure metals targets is that any composition of an alloy can be aimed. 

Moreover, by modifying the ablation sequences, the synthesis of Au-Cu NPs with core-shell 

mixing pattern could also be possible via PLD.  

4. Conclusion 
 

In this paper, Au-Cu NPs were synthesized and their structural properties was studied by 

TEM. Firstly, cubic-shaped NPs with Au3Cu and AuCu3 nominal compositions were 

synthesized by a chemical route adapted from the polyol process. TEM imaging shows that 

NCs in a size range of 5 nm and 23nm were synthesized. These NCs presented a chemically-

disordered face-centered cubic structure bounded by (100) facets. EDS measurements down 

to single particle level show that, irrespective of the targeted composition, the real 

compositions of the NCs were close to Au8Cu. By using dark-field imaging, the presence of 

nanometer-sized pure copper NPs was also evidenced among the reaction products. This 

indicates that complete alloying of gold and copper is not achieved via the chemical method 

and reaction conditions implemented in this work. The incomplete alloying of Au and Cu is 

explained on the basis of the different redox potentials associated with the reduction of the 
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two metals from their salt precursors. In order to synthesize supported Au-Cu NPs with high 

control in composition, pulsed laser deposition (PLD) method was also developed. A 1-nm 

nominal thickness of metal was deposited on amorphous carbon with targeted compositions 

of Au3Cu and AuCu3. In both samples, Au-Cu monocrystals with FCC crystal structure and a 

size of about 2 nm were obtained. Lattice parameters determined experimentally on single 

NPs showed that the particle composition was homogeneous in each sample. A high level of 

consistency with respect to Vegard’s law was observed, showing that lattice parameter 

measurement can be used as a simple mean of determining the composition of Au-Cu 

nanoalloys. These results clearly show that the composition of Au-Cu alloy nanoparticles can 

be easily controlled by pulsed laser deposition while, in the chemical synthesis by one-pot 

polyol method, the different reduction rates of the two metallic precursors hinders such 

control. A study is presently underway to produce Au-Cu nanoalloy with controlled 

composition using a two-pots chemical method in which the metals will be reduced 

separately before mixing. Nonetheless, chemical synthesis seems to be an appropriate 

method for Au-Cu nanoalloys since it can generate nanoparticles in greater quantities and 

with a fine-tuned shape. 
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Tables/Figures:  

 

 

 

 

 

 

 

Targeted 

composition 

Cu(acac)2 

(mmol) 

HAuCl4.3H2O 

 (mmol) 

Cu (II) 

:Au (III) 

Au3Cu 0.03 0.07 0.43 

AuCu3 0.23 0.07 3.29 

Table 1: Amount of metallic precursors used in
the synthesis of NCs with Au3Cu and AuCu3

nominal compositions. The respective Cu (II): 
Au (II) ratios are also given. 
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Figure 1: (a) and (b) Bright-field low-magnification images of Au-Cu NCs with Au3Cu and 
AuCu3 nominal compositions respectively. The corresponding size distributions are 
presented in insert of images. (c) and (d) High-resolution imaging of the Au3Cu and AuCu3 
nominal compositions NCs from which FFT have been extracted in insert. Length (L), width 
(W) and diagonal (D) have been represented in image (c). 
 

 
 
 
 
 
 
 
 
 
 
 
 

Page 13 of 18 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



14 
 

 

 
 

Figure 2: Statistical study of the copper content as a function of particle size for (a) Au3Cu 
and (b) AuCu3 nominal compositions. The mean copper contents in each sample are 
indicated by red broken lines. In inserts, the respective composition distributions are shown. 
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Figure 3: (a) Dark-field image of AuCu3 nominal composition NCs surrounded by small copper 
nanoparticles. The green and red squares delimit the areas whose respective EDS spectra are 
presented in (b) and (c). 
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Targeted 

composition 
Material 

N.T. 

(nm) 

Energy 

(mJ) 

Number 

of shots 

Au3Cu 

Au 0.75 388 108 

Cu 0.25 279 330 

AuCu3 

Au 0.25 380 42 

Cu 0.75 290 1542 

Table 2: PLD synthesis parameters for the 
fabrication of Au3Cu and AuCu3 NPs.  
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Figure 4: (a) and (b) Bright-field low-magnification images of NPs with a nominal composition 
of Au3Cu and AuCu3 respectively. The corresponding size distributions are presented in insert 
of images (a) and (b); (c) and (d) High-resolution imaging of the Au3Cu and AuCu3 NPs from 
which FFT have been extracted in insert. (e) and (f) TEM-EDS spectra acquired on assemblies 
of Au3Cu and AuCu3 NPs 
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Figure 5: Lattice parameter of the NPs as a function of the atomic composition. Red and blue 
circles correspond respectively to the mean lattice parameter and mean composition of the 
samples with Au3Cu and AuCu3 nominal compositions obtained by PLD. The mean lattice 

parameter and mean composition of NCs with Au3Cu and AuCu3 nominal compositions 

obtained by chemical synthesis are also indicated by purple and green squares 

respectively. For comparison, the Vegard law has been plotted in black line.  
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