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Abstract 

Effective methods for the synthesis of high-purity nanoparticles (NPs) have been extensively 

studied for a few decades. Among others, cold plasma-based sputtering metals onto a liquid 

substrate appears to be a very promising technique for the synthesis of high-purity NPs. The 

process enables the production of very small NPs without using any toxic reagents and complex 

chemical synthesis routes, and enables the synthesis of alloy NPs which can be the first step 

towards the formation of porous NPs. In this paper, the synthesis of gold-copper alloy NPs has 

been performed by co-sputtering gold and copper targets over pentaerythritol ethoxylate 

(PEEL). The resulting solutions contain a mixture of gold, copper oxide, and alloy NPs having 

a radius of few angstroms. The annealing of these NPs, inside the solution, has been performed 

in order to increase their size and further induce the dealloying of the Au-Cu NPs. The resulting 

NPs exhibit either a nanoporous structure or are self-organized in an agglomerate of small NPs. 
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1. Introduction 

Metal nanoparticles (NPs) have been widely investigated 

due to their impressive properties which make them highly 

promising for a large range of applications [1]. Their peculiar 

properties originate from the large surface-to-volume ratio and 

quantum confinement effects [2]. Besides the abundant 

research on NPs, the development of hollow and nanoporous 

NPs attracts great attention for catalysis or biomedical 

applications [3–5]. For example, it has been revealed that 

hollow NPs are more efficient for heat generation than solid 

NPs when exposed to near-infrared radiation, which makes 

them attractive for cancer treatment applications [6,7]. 

Currently, the synthesis of porous or hollow nanostructures is 

mostly based on the Kirkendall effect [8,9], and the galvanic 

replacement reactions [10]. The galvanic replacement 

methods often leads to the formation of polycrystalline 

microstructures which exhibit a high density of defects [11]. 

On the other hand, the Kirkendall effect requires high 

temperatures to induce the required bulk interdiffusion, which 

results in the transformation of a hollow nanostructure into a 

solid one [12]. To overcome those drawbacks, the dealloying 

process appears to be a suitable alternative [13]. Dealloying, 

or selective leaching, is based on the removal of a less noble 

metal from an alloy to create a crystalline and stable 

nanoporous structure [14–16]. This method has been 

successfully used for the production of porous NPs [13,17,18]. 

The reported approaches deals with the creation of alloy NPs 

either combined with the substrate [17], or by using a chemical 

procedure [18]. However, the development of dealloying in 

practical applications is linked to the ability of dispersing the 

porous NPs in a non-toxic liquid media. In general, there are 

two different ways to synthesize NPs, i.e., the chemical and 

physical procedures [2]. On one hand, typical preparation of 

metal NPs by the chemical way involves the chemical 

reduction of metal ions into NPs in solution with a reducing 

agent [19]. This method has been extensively developed due 

to its high versatility in terms of controlling the NPs sizes. 

However, due to the complicated, costly, and energy-

consuming procedures involved in the purification and 

separation of by-products, NPs preparations that avoid such 

contaminations are highly valued. On the other hand, the 

physical way involves the transformation of bulk material into 

NPs. This can be done by photon, or ion irradiation, heating, 

or mechanical milling of the source material [2]. Among all 

NP preparation routes, the method involving the deposition of 

atoms over liquid matrices has recently attracted considerable 

attention [2]. This method is very promising due to the high 

purity of the obtained NPs. The nanoparticle-forming atoms 

are emitted from the surface of the source material by 

bombarding ions extracted from a plasma, i.e. a technique 

named sputtering. Sputtering is a vacuum-based process, 

therefore low vapor pressure liquid matrices must withstand 

high vacuum (≤10-3 Pa) [20]. Liquids such as pentaerythritol 

ethoxylate (PEEL) or polyethylene glycol (PEG) meet this 

requirement. Moreover, they are cheap, ecologically friendly, 

and biocompatible [2,21,22]. The coalescence mechanisms 

taking place during the formation of the NPs is not yet fully 

understood but it has been reported that the metallic NPs 

coalesce on the surface of the liquid matrix [23,24], then the 

growth may further proceeds and the NPs form inside the 

liquid [23,25]. More recently, it was reported that the 

oxidation during venting may play a role on NPs formation 

[21]. Beyond the synthesis of homogeneous metal NPs, alloy 

NPs can also be successfully synthesized by this approach 

[26,27]. Most of the publications on bimetallic alloy NPs 

formed via sputtering onto a liquid substrate mainly rely on 

the sputtering of a monometallic target combined with 

chemical reduction [28], the sputtering of an alloy target 

[29,30] or by sequential sputtering [31]. However, the newly 

created NPs exhibit mostly core-shell structure and the set-up 

requires fabricating different targets in order to vary the 

composition of NPs. An interesting alternative is the co-

sputtering of two metallic targets to get alloy NPs hence 

allowing to easily tune their compositions by varying the 

electric power applied on each cathode [32–35]. In the present 

article, we discuss the preparation of gold-copper alloy NPs 

by co-sputtering onto a liquid substrate and the subsequent 

creation of nanoporous NPs by further dealloying. For the first 

time the co-sputtering of gold and copper targets was done 

onto PEEL liquid substrate. The subsequent dealloying of the 

alloy NPs allowed fabricating nanoporous gold NPs and close-

packed NPs structures. 

2. Methods 

2.1 Synthesis of NPs 

The pentaerythritol ethoxylate (PEEL) was purchased from 

Sigma Aldrich and stored without any particular precaution. 

The NPs were synthesized by DC co-sputtering, in pure argon 

plasma, of Au (diameter: 76.2 mm; purity: 99.99%) and Cu 

(diameter: 76.2 mm; purity: 99.99%) targets in confocal 

geometry. For these sputtering experiments, 2.5 ml of PEEL 

was poured into a watch glass supported by a homemade metal 

holder (80 mm of diameter) located 130 mm from the 

magnetron sources; the angle between each magnetron source 

axis and the normal to the sample holder was 30°. The 

electrical power applied to the Cu target was fixed to 75 W 

(with a sputtering current of 175 mA) for a deposition rate of 

15 nm/min whereas the one applied to the Au target was varied 

in between 17, 12 and 8 W (with a sputtering current of 49, 38 

and 26 mA, respectively) in order to vary the deposition rate 

from 5.1, 3.6, and 2.4 nm/min, respectively, and modify the 

average composition from 26, 23 to 11 at.% of Au, 

respectively [36]. These powers have been selected in order to 

avoid the creation of a film on the surface of the PEEL as 

observed for higher power conditions [37], while still 
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producing substantial amounts of NPs. The average content of 

the less noble metal, i.e. copper, within the alloy was selected 

in order to be higher than the parting The parting limit is 

defined as the concentration threshold below which the 

dissolution of the less noble component from a homogeneous 

binary alloy occurs [16]. All depositions were carried out at a 

pressure of 0.5 Pa without applying any intentional heating to 

the substrate. For all depositions, the base pressure was less 

than 5 × 10−5 Pa and the rotation speed of the substrate was 

fixed to 5 rpm to minimize the variation in deposition flux and 

subsequently the spatial distribution of gold and copper atoms 

over the surface of the liquid. The deposition time was fixed 

to 5 min. Deposition conditions, denotations and estimations 

of the amount of sputtered materials inside each solution are 

summarized in Table 1. 

2.2 Annealing of the NPs 

A glycerol bath was kept to the desired temperature using a 

hot plate. Magnetic stirring was induced at 100 rpm to 

homogenize the temperature of the oil bath. Then, a glass 

vessel with the PEEL solution containing the NPs was 

suspended in this bath. The annealing was performed in air 

atmosphere. In order to achieve a complete coalescence of the 

NPs, the annealing time was fixed to 5 h. Three annealing 

temperatures (80, 150, and 200 °C) were selected to tune the 

size of the NPs. 

2.3 Preparation of the TEM grids  

The TEM grids were prepared by dipping a gold grid with 

holey carbon coating or nickel grid with lacey carbon coating 

in the PEEL solution containing the NPs. The grid was heated 

up to 50 °C on a hot plate during 30 min over an aluminium 

foil in air atmosphere. Then, 10 µl of ethanol was dropped on 

the grid and dried for 10 min. This step was repeated 3 times. 

Finally, the grid was dipped into ethanol for 1 h, transferred 

into clean ethanol and left for 1 h. This procedure leads to the 

removal of excessive liquid PEEL, whereas the NPs were 

bound to the grid. The resulting grid was then stored in 

vacuum for further processing. 

2.4 Dealloying of the NPs  

The NPs were dealloyed by dipping a gold grid containing 

the NPs into concentrated nitric acid (65 %) for 1 min. At the 

end of the treatment time, the grid was immersed in deionized 

water for several minutes to stop the chemical etching and to 

remove the residue of nitric acid. 

2.5 Characterization  

For UV-visible spectroscopy (UV-Vis), the PEEL solutions 

containing NPs were diluted in ethanol (1/50), poured into a 1 

cm plastic cuvette and analysed using a Perkin Elmer 

LAMBDA 650 equipment. The spectra were recorded 

between 300 and 900 nm at room temperature. Pure ethanol 

was taken as a reference. The morphology of the particles was 

monitored using a JEOL 2200 FS transmission electron 

microscope (TEM) with an acceleration voltage of 200 kV. 

For small-angle X-ray scattering (SAXS) analysis, the PEEL 

liquid containing the NPs was poured into a borosilicate 

capillary having an outer diameter of 1 mm and a wall 

thickness of 0.01 mm, as provided by WJM-Glas Müller 

GmbH. The SAXS measurements were performed using a 

Xeuss 2.0 (Xenocs) equipped with a Cu microfocus X-ray 

source (wavelength λ = 0.15418 nm). The sample to detector 

distance was tuned between 350 to 2500 mm to reach the q 

range of 0.25 - 149.5 Å-1 in a high-resolution mode (beam size 

0.6 × 0.6 mm2). SAXS patterns measured in transmission 

mode were acquired with a Pilatus 200 k (Dectris) hybrid pixel 

single-photon counting detector. Measured data were 

azimuthally integrated using Foxtrot software[38] and 

corrected for background scattering from capillary and PEEL 

liquid. 

2.6 DFT calculations  

Density Functional Theory (DFT)-based total energy 

calculations were performed in order to better understand the 

chemical interactions between the liquid PEEL and the 

different NPs obtained in the sputtering experiments. DFT 

calculations were carried out with periodic boundary 

conditions, as implemented in the SIESTA 4.1 code [39]. As 

a first approximation the surface of the nanoparticles are 

modelled as flat surface. The exchange−correlation functional 

is described within the general gradient approximation using 

the Perdew−Burke−Ersenoff (PBE) functional [40]. A double-

ζ polarized numerical atomic basis set is adopted for the 

valence electrons, whereas core electrons are described with 

Troullier−Martin pseudopotentials [41]. A mesh cutoff of 250 

Ry and a Monkhorst−Pack grid of (2 × 2 × 1) k-points were 

used during the relaxation of the interface (PEEL molecule 

together with the top two surface layers). These parameters 

Table 1. Deposition conditions used in this study 

Name Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Power applied on gold target (W) 17 17 12 8 - 

Power applied on copper target (W) - 75 75 75 75 

Amount of sputtered material inside 

the liquid (mg/cm3) 

2.2 5.3 4.6 4.1 3 
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were increased to 400 Ry and (4 × 4 × 1) for estimating the 

interaction energy. For the sake of computational facility, a 

simplified version of the PEEL molecule was used by 

shortening the aliphatic chains to end up with the 

pentaerythriol molecule C(CH2OH)4. This model molecule 

was first fully relaxed in the isolated state using a large unit 

cell of (30 x 30 × 30) Å3 to avoid intermolecular interactions. 

We then studied the interactions of this model molecule with 

several surfaces, representing metal-based NPs made of gold, 

gold/copper and pure and oxidized copper, by considering the 

stable crystalline Au (111), Au3Cu (111), AuCu (111), AuCu3 

(111), Cu (111) and Cu2O (111) surfaces respectively; details 

about the model surfaces are provided in Supporting 

Information 1. For each surface, two initial conformations 

were considered to model a monodentate or a bidentate 

interaction of the PEEL molecule by approaching the neutral 

molecule with one or two hydroxyl groups oriented toward the 

surface. The geometry relaxation was performed using the 

conjugated gradient formalism with a 0.04 eVÅ-1 convergence 

criterion on the atomic forces. Only the molecule and the top 

two layers over the five were allowed to relax. The interaction 

energy was calculated on the final relaxed geometry using the 

expression:  

Eint=Esurf/PEEL −  [EPEEL+Esurf] 

where Esurf/PEEL is the total energy of the full interface in its 

optimized geometry and EPEEL and Esurf are the energy of the 

free molecule and the bare surface in their interface geometry, 

respectively. This approach was previously used to investigate 

the interaction of PEEL molecule on titanium and silver oxide 

surfaces [21]. 

 

3 RESULTS AND DISCUSSION  

3.1 UV-Vis spectrophotometry of the sputtered NPs 

The NPs are obtained by sputtering either the gold or 

copper target separately, or by sputtering simultaneously these 

two targets over the PEEL liquid. Before the UV-Vis 

spectrophotometry analysis, a naked eyes observation of the 

solution was performed. The inset of the Figure 1 corresponds 

to solution diluted in ethanol. It is important to stress here that 

the dilution in ethanol didn’t modify the colour of the solution. 

Depending on the working parameters, solutions with 

different colours are obtained, hence demonstrating the 

presence of NPs. Indeed, the pure PEEL liquid is transparent. 

When only using the gold target (sample 1), the resulting 

solution has a purple colour, as already reported in the 

literature [23]. The solution made by sputtering only the 

copper target (sample 5) is brown right after the sputtering but 

the solution turns yellow after a few days of storage. The 

change in colour is linked to the oxidation of the copper NPs 

[42]. Finally, solutions obtained by co-sputtering both the gold 

and copper targets (sample 2, 3 and 4) are black without any 

aggregation or flocculation. All samples, except those 

containing only Au NPs (sample 1), show high stability in 

time without sedimentation. The high dispersion and stability 

of the NPs inside the liquid are linked to the nature of the oil 

(i.e. PEEL) and the sputtered materials. This point will be 

discussed later in this paper. Moreover, due to the multiple 

hydroxyl groups of the PEEL, the coordination ability of the 

liquid interface is high. So, the diffusion of the sputtered atoms 

arriving onto the surface is limited. This leads to dispersed 

NPs onto the gas/liquid interface and ultimately, inside the 

liquid [2,43]. Figure 1 presents the UV-vis absorption spectra 

of the dispersed NPs in ethanol. For sample 1, the UV-vis 

spectrum shows a surface plasmon resonance (SPR) with a 

maximum located at around 540 nm. It has been confirmed 

previously that a clear SPR is observed only for Au NPs larger 

than 20 Å [44]. The shift of the maximum of the SPR band 

representative of gold and located at 520 nm is due to the 

aggregation of Au particles, as already reported for metals 

sputtered onto liquids [45]. Moreover, a redshift of the SPR 

band might also indicate the increase of the size of the initial 

gold NPs [46]. This observation gives us a first indication 

about the Au NPs size. For sample 5, prepared by sputtering 

only copper, no SPR corresponding to the presence of copper 

NP is observed. SPR of copper should appear at 580 nm, as 

reported in the literature [33]. This behaviour may be due to 

the formation of very small NPs (< 20 Å) [47,48]. The 

oxidation of the copper NPs can also induce the disappearance 

of the SPR signal typical of pure copper NPs [42]. Indeed, it 

was stressed before that the colour of the solution is yellow 

 
Figure 1. Absorbance spectra of diluted PEEL solution with 

Au NPs (sample 1 - orange), Cu NPs (sample 5 - purple), and 

Au-Cu alloy NPs produced by co-sputtering with a power of 

8 (sample 4 - blue), 12 (sample 3 - green) and 17 W (sample 2 

- red) at the Au target and 75 W at the Cu target. The inset 

corresponds to the PEEL solution containing the NPs diluted 

in ethanol from sample 1 to sample 5 (left to right). 
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which is consistent with the colour of copper oxide NPs in 

solution. For samples 2-4, no SPR peak corresponding either 

to copper, gold or alloy NPs is observed. This can be explained 

by the low concentration of gold NPs and the large amounts 

of copper oxide NPs. Moreover, the formation of small Au-Cu 

alloy NPs can hinder the appearance of a well-defined 

characteristic SPR peak [33]. On the other hand, a shoulder is 

observed in the UV-vis spectra around 320 nm and 350 nm for 

samples produced when the copper target is used (sample 2-

5). The shoulder is more pronounced when increasing the total 

sputter power on both targets. This behaviour is explained by 

the higher amount of material deposited onto the liquid surface 

as the sputter power is increased [21]. This shoulder around 

350 nm was already reported in the literature for Cu2O NPs 

[49,50]. It can be due to the direct forbidden band-gap induced 

by the change in the absorption of Cu2O NPs depending on 

their diameters. Indeed, a shift of the band-gap is observed 

from 2.09 eV for bulk Cu2O toward higher energy when the 

diameter of Cu2O NPs decreases [51,52].  

 3.2 TEM of the sputtered NPs 

A TEM observation of the NPs obtained after sputtering 

over PEEL is performed. In order to prepare the grid with NPs, 

a procedure has been developed to remove liquid PEEL from 

the samples. This process is described in detail in the 

experimental part. The resulting micrographs are displayed in 

Figure 2. At low magnification (Figure 2a-e), it can be seen 

that the process used to prepare the grids allows for a good 

dispersion along with a high quantity of NPs on the grid, 

whatever the sample probed. Moreover, only a low amount of 

PEEL residue has been detected over the whole grid. For 

sample 1, the Au NPs appear to be aggregated and 

interconnected creating a ligament structure (Figure 2a). This 

structure was already reported in the literature for the 

 

Table 2. Calculated interaction energies, charge transferred and total effective bond order between the (OH- terminated) model 

PEEL molecules and different surfaces. 

Nature of 

the surface 

Binding mode Adsorption 

energy (eV) 

Charge on 

molecule (|e|) 

Total EBO 

Au monodentate -0.22 0.27 0.85 

bidentate -0.27 0.26 0.80 

Au3Cu monodentate -0.22 0.20 0.84 

bidentate -0.41 0.24 0.99 

AuCu monodentate -0.37 0.23 0.87 

bidentate -0.48 0.23 1.04 

AuCu3 monodentate -0.36 0.24 0.90 

bidentate -0.45 0.26 1.02 

Cu monodentate -0.29 0.26 0.82 

bidentate -0.40 0.25 1.04 

Cu2O bidentate to 1 Cu atom -1.71 0.24 1.40 

bidentate to 2 Cu atoms -1.72 0.25 1.41 

 

 
Figure 2. TEM micrograph at (a-e) low and (f-j) high magnification of Au NPs (sample 1 - a and f), Cu NPs (sample 5 - e and 

j), and Au-Cu alloy NPs obtained by co-sputtering with a power at the Cu target of 75 W and 8 (sample 4 - d and i), 12 (sample 

3 - c and h) and 17 W (sample 2 - b and g) at the Au target. (f-j) High-resolution TEM images display the lattice fringes of 

some nanoparticles. Black scale bar: 200 nm, white scale bar: 5 nm. 
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sputtering of gold over liquid [23]. Those ligaments can 

eventually arise from the fact that a film forms on the surface 

of the PEEL liquid during the sputter deposition experiment. 

In order to better analyse this thin film, the sputtering of the 

gold target was performed in the same condition, but for 

longer duration, i.e. 20 min instead of 5 min (Figure S1). The 

resulting thin film shows a nanoporous morphology 

throughout the whole film thickness. This nanoporous 

structure is constituted of interconnected ligament structures 

made of NPs. The formation of such thin film is linked to the 

viscosity [53] and the deposition rate [20], but is also due to 

the low affinity of gold surfaces for PEEL [43]. Indeed, for 

sample 5 made by sputtering only the copper target at a power 

higher than the one used for gold sputtering, and therefore 

with a larger deposition rate, no film was observed. Therefore, 

the affinity of the PEEL for the sputtered material is a key 

parameter for the formation of a thin film at the surface of the 

liquid. In order to quantify the affinity of the different surfaces 

for the PEEL molecule, quantum chemistry – based 

calculations, carried out at the DFT level, have been 

performed (Supplementary Information 1). The calculated 

interaction energies between a (simplified) PEEL molecules 

and the different surfaces are summarized in Table 2. The 

Table 2 also provides the charge transfer and the total effective 

bond order between the OH-terminated PEEL molecule and 

the difference surfaces modelled. 

It can be noticed that the affinity between PEEL molecules, 

either with one or two chemical bonds (i.e. monodentate or 

bidentate configuration, respectively), and a gold surface is 

low and equals to -0.22 eV and -0.27 eV, respectively. This 

situation can be compared to that reached between PEEL and 

a copper surface (-0.29 eV and -0.40 eV) or a copper oxide 

surface (-1.71 eV and -1.72 eV). The preference for copper is 

consistent with the difference in electronegativity of the 

involved species (χO = 3.44 ; χAu = 2.54 ; χCu = 1.90). Indeed, 

a systematic bonding of OH with copper atom is obtained after 

optimization of the PEEL/alloy interfaces. Our calculations 

also show that the charge transfer is very similar (see Table 2) 

for all compounds and does not explain the large difference 

between metals/metal alloys and Cu2O. In contrast, the distinct 

behaviour of Cu2O is explained by the bond order which is 

sensibly higher only for this system. This low affinity 

encountered for the PEEL-Au couple induces the creation of a 

thin film on the surface of the PEEL liquid, since the Au atoms 

and PEEL molecules seek to stay separated to minimize the 

energy of the system.  

At higher magnification (Figure 2f), the TEM micrograph 

of Au NPs reveals a well-crystallized structure. However, 

when observing at low magnification (Figure 2b, c, and d) the 

samples 2-4, the ligament structure observed previously for 

the sample 1 made of gold is not observed anymore. In this 

case, the affinity of PEEL towards the gold-copper alloy 

surface appears to be sufficient (around -0.40 eV) to allow for 

a good dispersion of the NPs (Table 2). Moreover, we expect 

the PEEL molecules to fully stabilize the copper oxide and 

alloy NPs. Indeed, no sedimentation is observed and a 

stabilizing PEEL shell surrounding the NPs should form [21]. 

At high magnification, the alloy NPs (Figure 2g, h and i) turn 

out to be similar whatever the conditions, with an apparent 

diameter smaller than that of the Au NPs. The TEM 

micrographs also reveal crystallized NPs. Finally, sample 5 

shows a good dispersion of the NPs, as it can be observed at 

low magnification (Figure 2e) similar to the other samples 

made by co-sputtering. Indeed, in our case, the copper NPs are 

oxidized, as highlighted by the color of the solution [42]. The 

high affinity between the Cu2O surface and the PEEL 

molecule evidenced by the calculations prevents the creation 

of a film (Table 2). At high magnification (Figure 2j), NPs are 

barely visible because of the thickness of the carbon 

membrane [42]. Moreover, the low contrast makes the 

observation of the NPs more difficult. However, the structure 

of the NPs appears to be well crystallized too. 

Thanks to the TEM micrographs, a first evaluation of the 

NPs size can be achieved. The mean radius of the NP present 

in sample 1 was evaluated manually by taking the diameter of 

each of the connected ‘NP’ because of the ligament observed. 

However, for the other samples, the particle size distributions 

have been elucidated with the help of ImageJ software, which 

measures the areas of the particles on the images [54,55]. For 

about 1 000 NPs in each case, the particle radius, RTEM, has 

been calculated from the projected area, A, on the images as: 

𝑹𝑻𝑬𝑴 = √(𝑨
𝝅⁄ ) 

Then, the particle radius has been defined as the radius of a 

sphere of an equivalent cross-sectional area on the images. 

The mean radius size for gold NPs obtained for sample 1 is 28 

Å. For samples 2, 3 and 4, the mean radius size is around 9 Å. 

Finally, for sample 5, the mean radius is 18 Å. The sizes of the 

NPs obtained are similar to those reported in the literature 

[33,42,45]. With the high magnification TEM images of 

sample 1-4 (Figure 2g-i), one can find that the crystal structure 

of the NP is face-centered cubic (fcc), and the morphology 

delineates a truncated octahedron (Figure S2). Indeed, it is 

often reported that, whatever the composition of the Au-Cu 

nanoalloy is, the preferred shapes remain the dodecahedron, 

truncated octahedron, and icosahedron [56,57]. The 

 

Table 3. Summary of the radii obtain by SAXS 

measurements (RSAXS) as compared to those obtained by 

TEM analysis (RTEM). 

Name Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

RSAXS 

(Å) 

40 ± 30 15 ± 7 13 ± 7 15 ± 8 13 ± 8 

RTEM 

(Å) 

28 ± 8 9 ± 3 9 ± 2 10 ± 2 18 ± 8 
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crystalline structure of the NPs has been estimated. However, 

due to the small size and the dispersion of the NPs over the 

grids, the processing of electron diffraction patterns is difficult 

(Figure S3). Considering the TEM micrographs, the 

measurements of the lattice fringes showed different values 

depending on the nature of the NPs fabricated in each 

condition. Sample 1 exhibits a value of the lattice spacing of 

2.36 Å, corresponding to the Au (111) fcc lattice parameters. 

On the other hand, sample 5 exhibits a lattice parameter of 

2.09 Å, corresponding to the Cu (111) fcc lattice but also NPs 

with a lattice parameter equal to 2.12 Å, corresponding to the 

lattice parameter of cubic Cu2O (200). Samples 2, 3, and 4 

show a wide variety of lattice parameters. One can remark the 

presence of different lattice spacings between the lattice 

spacing of Cu (111) and Au (111) (Figure S4). This 

observation is the proof of the presence of gold-copper 

nanoalloys inside the samples made by co-sputtering both 

gold and copper targets. Moreover, it highlights the presence 

of an alloy solid solution rather than a phase separation. This 

statement has also been reported previously for the co-

sputtering over other liquids [33,48]. 

3.3 SAXS analysis of the sputtered NPs 

To confirm the mean radius value obtained by TEM, a 

SAXS investigation was performed. SAXS measurements 

were conducted on the PEEL solutions containing the NPs. 

The SAXS curves for the various sputtering conditions are 

shown in Figure 3. First, in the high q part (from 0.3 to 0.5 Å-

1) of the SAXS pattern, the slope of q-4 indicates that the 

particles are spherical and their surface is smooth [58]. The 

average radius and the dispersion of the NPs was evaluated by 

fitting the scattering data using a dedicated software, i.e. 

IGOR Pro implemented with IRENA package [59]. The fitting 

results are shown in Figure 3. In order to reduce the number 

of fitting parameters, as well as the range of available values 

necessary for the fitting procedure, approximations were 

made: i) the dispersion parameter and the shape of the NPs 

were estimated with the Guinier plot, ii) the radius value was 

fixed close to the radius obtained previously by TEM, and iii) 

the form factor was fixed to a spherical model according to the 

Porod law [60]. Moreover, in order to further improve the 

accuracy of the fitting of the scattering curves, it was crucial 

to use a hard sphere model as structure factor in most of the 

cases. The hard sphere model is one of the most widely used 

model for aggregated systems [61]. This structure factor is 

described by two parameters: the hard-sphere radius RHS 

corresponding to the correlation distance of the particles 

within an aggregate and the mean hard-sphere volume η 

describing the degree of packing [62]. The spherical form 

factor was used to fit the scattering curves and the size 

distribution was fitted with a log-normal distribution, which is 

the most commonly used type of particle distribution [58,63]. 

The theoretical equations and the detailed parameters used for 

the fitting are shown in Supplementary Information 2. First, it 

can be noticed that the fitting curves show a significant 

deviation from the experimental pattern in the low q range 

(from 0.04 to 0.02 Å-1). This discrepancy is linked to the 

presence of ‘soft’ agglomeration of NPs. This ‘soft’ 

agglomeration of NPs enhances the scattering in the low q 

region with random behaviour due to the weak bonding 

between NPs [64]. Then, due to the wide range of the NPs 

alloy composition (Figure S4), only a global fit of the curves 

has been performed. This global fit allows determining 

precisely the mean feature sizes of the NPs present inside the 

solutions. The SAXS pattern of gold NPs (Sample 1 - Figure 

3) requires one component to provide a good fit. The value of 

the RHS is 240 Å indicating the presence of large aggregates of 

NPs. The aggregation of NPs is also confirmed by the TEM 

image (Figure 2a). The resulting mean radius for the 

individual NP in sample 1, as reported by SAXS 

measurements, is 42 Å. The copper oxide NPs pattern (Sample 

5 - Figure 3) is also fitted using only one component with a 

RHS almost equals to the radius (⁓ 14 Å). This finding confirms 

that NPs are dispersed in the solution without interacting with 

each other. This observation is supported by the high affinity 

of the PEEL molecule for copper oxide NPs as revealed by the 

quantum chemistry-based calculations (Table 2). For samples 

synthetized by co-sputtering (samples 2, 3 and 4 in Figure 3), 

the model requires two components. This observation 

highlights the existence of two major populations of NPs in 

every sample made by co-sputtering. The first population of 

NPs has a mean radius of ⁓ 9 Å with a RHS of ⁓ 15 Å. The 

second population is composed of larger NPs whose size 

ranges between 24 and 34 Å and is characterized by a RHS ⁓ 

 
Figure 3. SAXS pattern (dot) and the resulting IRENA fit 

(dashed line) of Au NPs (sample 1 – orange), Cu NPs (sample 

5 - violet), and Au-Cu alloy NPs produced using co-sputtering 

at a power of 75 W for Cu target and 8 (sample 4 - blue), 12 

(sample 3 - green) and 17 W (sample 2 - red) for the Au target. 

The curves are shifted for better visualization. 
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40 Å. The small RHS values, comparable to the radius of NPs, 

highlights the great dispersion of both NPs populations. As 

mentioned previously, the Au NPs tend to aggregate due to the 

low affinity of gold surface for PEEL molecules. So, in the 

case of samples synthesizes by co-sputtering, the presence of 

pure Au NPs population can be excluded. Nevertheless, the 

co-sputtered gold and copper induces the formation of Au-Cu 

alloy NPs. As described by the DFT calculations, the Au-Cu 

alloy surface has a higher affinity for PEEL than the gold 

surface (except for Au3Cu) so that the creation of Au-Cu alloy 

NPs dispersed in PEEL can be expected. It is important to 

stress here that each sample made by co-sputtering exhibits a 

different SAXS pattern. This observation is linked to the 

different nature of each sample. From the curve fits, one can 

obtained the average size distribution of the particles inside 

each sample. The resulting mean radii are summarized in 

Table 3. 

The here reported radii, as obtained from SAXS 

measurements, are in line with the values reported for copper 

oxide NPs and gold-copper alloy NPs [33]. However, the NPs 

made of gold are larger than those reported in the literature 

[33,65]. For most of the samples, a discrepancy is found when 

comparing the mean radii obtained by fitting the SAXS 

patterns with IRENA with those extracted from TEM 

observations. Considering the TEM images presented in 

Figure 2, one can notice that some particles are not spherical. 

The variation in the particle shape makes the analysis based 

on the assumption of spherical geometry less reliable and are 

probably the origin of the disagreement between SAXS and 

TEM data [66]. On the other hand, the process involving the 

preparation of the grids may also induce a selective removal 

of NPs, which is not the case when SAXS samples are 

prepared. Overall, the NP radius evaluated by SAXS is 

assumed to be more reliable because it is an integral method. 

According to this evaluation, the density of NPs inside the 

solution can be estimated at 3 × 1016 NPs/cm3 for all sample 2 

to 5 and 4 × 1014 NPs/cm3 for sample 1. 

After the characterization of the as deposited NPs, the 

PEEL solutions containing the NPs were heated up to increase 

their size. As reported previously for the dealloying of NPs, 

the diameters of the NPs has to be at least equal to 150 Å for 

dealloying to occur [18]. Moreover, as the size of the different 

NPs in solutions obtained by co-sputtering are similar for the 

three conditions and all of them contain Au-Cu alloy NPs, 

only sample 2 was studied due to the highest amount of 

material present in the solution. The temperature was 

 
Figure 5. TEM micrograph of Au-Cu alloy NPs (sample 2) annealed at 200 °C during 5 h at (a) low magnification with (b) the 

resulting distribution of the NPs radii and (c, e and g) TEM micrographs at high magnification of selected Au-Cu NPs and (d, 

f, and h) the corresponding EDS line scan. Black scale bar: 100 nm, white scale bar: 10 nm. 

 

 
Figure 4. Absorbance spectra of a diluted PEEL solution 

containing Au-Cu alloy NPs (sample 2) after deposition and 

which are annealed at 80, 150 and 200 °C during 5 h. The inset 

corresponds to the visualization of annealed PEEL solutions 

containing the NPs annealed from 80 to 200 °C and diluted in 

ethanol (left to right). 
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maintained constant during 5 h to ensure a complete 

coalescence of the NPs at the desired temperature [67]. 

3.4 UV-Vis spectrophotometry of the annealed NPs 

First, a direct naked eyes observation of the solutions upon 

annealing is made (Figure 4 - inset). No change in colour is 

observed until a temperature of 150 °C is reached. When 

reaching 200 °C, the solution turns yellow. Moreover, 

sedimentation of NPs appears. This points out that aggregation 

and subsequent growth of the NPs occur during the heating. 

UV-Vis spectra were recorded for the PEEL solutions 

containing the NPs. The latter are diluted, after annealing, with 

ethanol for the different annealing temperatures tested (Figure 

4). No change is observed below 90 °C. For an annealing 

temperature of 150 °C, the absorbance spectra exhibit two 

peaks, one located at 430 nm and the other at 670 nm. The 

plasmon resonance at 670 nm can be attributed to the presence 

of Au-Cu alloy NPs [68] while the one at 430 nm to copper 

oxide NPs [51]. Finally, for an annealing temperature of 200 

°C, only a broad plasmon resonance peak at ⁓ 680 nm, 

previously reported for a annealing temperature of 150 °C and 

corresponding to Au-Cu alloy, is reported. This observation 

highlights the presence of Au-Cu NPs larger than 20 Å or the 

aggregation of NPs smaller than 20 Å into larger clusters for a 

temperature above 90 °C [69]. To confirm the presence of NPs 

with a diameter of at least 150 Å or aggregates of small NPs, 

TEM observation has been carried out.  

3.5 TEM of the annealed NPs 

TEM observation of the NPs annealed at 200 °C has been 

performed. After annealing, the shape of NPs corresponds to 

elongated structures (Figure 5a). The mean size of the NPs as 

obtained by TEM (Figure 5b) is 75 Å (± 30 Å). A high 

dispersion of the size can be observed due to the specific shape 

of the NPs. To get an overview of the population of NPs, high 

resolution TEM micrographs have been recorded (Figures 5c, 

e, and g). The shape changes from elongated NPs (Figure 5c) 

to small ligaments (Figure 5g). During annealing, the 

coalescence of small NPs is observed. Due to the observation 

of multiple domains within the same NPs (Figure 5c, e, and 

g), the Ostwald ripening process can be ruled out as the main 

phenomenon responsible for the growth of the NP [70]. 

Moreover, the LaMer model cannot be applied in our case 

[71]. The coalescence of NPs follows two main phases: i) first, 

the diffusion of the NPs with the creation of a neck between 

two NPs, and, ii) the disappearance of this neck followed by 

the surface driven self-diffusion which ultimately leads to one 

NPs [67]. The reshaping of the NPs during annealing is linked 

to the temperature and to the surrounding media. By 

stabilizing some facets of the NPs, the surrounding media can 

induce preferential growth of NPs [72]. Moreover, the 

temperature at which all the NP are agglomerated into well-

defined spherical NPs depends on the chemical composition 

of the NP [73]. The formation of NPs having different shapes 

can thus be expected because the co-sputtering method gives 

a population of NP whose elemental composition may vary for 

a single deposition condition. In order to support our previous 

hypothesis, EDS analysis has been performed on these 

nanostructures. As expected, the EDS analysis reveals a rather 

large variety of NP composition inside the same solution 

(Figures 5d, f, and h). Moreover, the presence of a core-shell 

structure (Figure 5c) at high magnification is observed. 

Detailed measurements of the interplanar distances 

originating from the shell observation highlight a lattice 

spacing of 2.44 Å corresponding to the lattice parameters of 

cubic Cu2O (111) plane. Looking further at the EDS data, it 

appears that the presence of the shell depends on the 

composition of the alloy NP core. Indeed, when the alloy NPs 

are made with more than 50 at.% of copper (Figure 5c, and d), 

a shell composed of copper oxide forms. Moreover, the EDS 

analysis confirms the creation of Au-Cu alloy NPs, as 

previously supported by the UV-Vis spectroscopy results. 

3.6 SAXS analysis of annealed NPs 

The SAXS measurements were carried out on PEEL 

solutions containing the NPs annealed at different 

temperatures. SAXS data along with their respective fit are 

displayed in Figure 6. The fit involves two populations 

whatever the annealing temperature. The first population is 

composed of small particles with a mean radius equal to ⁓ 10 

Å and with a RHS equal to 55 Å. The mean size is similar to 

that measured for the NPs right after deposition. However, the 

RHS is bigger, indicating aggregation of the small NPs. The 

second population corresponds to larger NPs, with a mean 

radius ranging from 60 to 80 Å and with a RHS ⁓ 190 Å. 

Nevertheless, the hypothesis of a core shell structure must be 

 
Figure 6. SAXS patterns (dots) and the resulting IRENA fit 

(dashed line) of PEEL solution containing Au-Cu alloy NPs 

(sample 2) annealed at 80, 150 and 200 °C during 5h. The 

curves are shifted in Y axis for a better visualization.  
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invoked to fit properly the SAXS data related to this second 

population. Indeed, as observed on the TEM micrograph 

(Figure 5) for the sample 2 annealed at 200 °C, some NPs are 

composed of an alloyed gold-copper core surrounded by a 

Cu2O shell. This second population has a bigger mean radius 

and RHS than the initial NPs. This highlights the increase in the 

NP size during annealing. The mean NP size calculated from 

the SAXS data slightly increases, from 68 to 80 Å, as the 

temperature increases from 80 °C to 200 °C, respectively. The 

size distribution obtained by TEM analysis on this sample 

highlight a radius of 75 Å (± 30 Å) while the one reported by 

SAXS equals 80 Å (± 40 Å). Therefore, the radius achieved 

for sample 2, which has been annealed at 200 °C, is suitable 

for the dealloying process and to promote the formation of 

nanoporous gold NPs. 

3.7 Dealloying of the annealed NPs 

The dealloying of the NPs is performed by dipping a TEM 

grid onto which the gold-copper alloy NPs are stuck in 

concentrated nitric acid during 1 min. The resulting structures 

have been observed by TEM (Figure 7). Due to the large 

variety of compositions and sizes of the alloy NPs (Figure 5), 

it is expected that after such a dealloying process, a wide range 

of morphologies will be obtained. Indeed, TEM micrographs 

(Figure 7) reveal a broad panel of architectures from isolated 

gold NPs and cluster-like structures (Figure 7a) to nanoporous 

NPs (Figure 7d); even ring-shaped NPs could be observed 

(Figure 7c).  

Two main parameters drive the dealloying of NPs, i.e. their 

initial size and composition. During dealloying the amount of 

less noble metal in the alloy (i.e. copper) must be larger than 

the parting limit (i.e. superior to 40 at.%) [36] otherwise, the 

more noble metal (i.e. gold) will create a passivation layer 

which will protect the less noble metal from further dealloying 

[15]. Moreover, as previously mentioned, the radius plays an 

important role in the dealloying of NPs. Indeed, the NPs need 

to be bigger than 120 Å to induce a porosity by dealloying 

[18]. Following these statements, hypothesis on the formation 

of these different architectures can be made. 

First, due to the small size (radius < 60 Å) or the low 

content of copper (< 40 at.%) of some alloy NPs, the creation 

of a porous structure by dealloying will not proceed [18]. This 

involves the presence of a large amount of solid NPs in our 

case (Figures 7a). The cluster-like structure observed in Figure 

7a is subsequent to the dealloying and can be induced by the 

drying of the grid. During the drying, the NPs will self-

assemble to form disk- or particle- like aggregates [74]. 

Second, in the case of medium-sized alloy NPs (radius 

between 60 to 120 Å) having the proper concentration of less 

noble metal (> 40 at.%), a core−shell structure is observed 

after electrochemical dealloying [18]. In our case, the free 

corrosion induces a faster dealloying than the electrochemical 

dealloying [36]. Hence, the etching of the core, made from the 

less noble element (i.e. copper) can be expected. This 

behaviour can explain the creation of the ring-shaped NPs 

observed (Figures 7b and c). The Fast Fourier Transform 

(FFT) of the ring-shaped NPs exhibits a d-spacing of 2.31 Å 

which might indicates the presence of copper residue inside 

the structure. Finally, for NP characterized by the proper 

elemental composition (> 40 at.% of copper) and size (radius 

> 120 Å) porous NPs are obtained after dealloying (Figure 7d). 

The FFT in inset of Figure 7d reveals a d-spacing of 2.342 Å, 

very close to the d-spacing of gold (i.e. 2.355 Å), which might 

point out a low amount of copper in the nanoporous NPs 

crystalline structure.  

Conclusion 

In this article, we present an innovative approach to create 

alloy NPs. Obtaining such alloy NPs is the first step towards 

the production of nanoporous gold NPs through dealloying, 

i.e. chemical selective etching, of the copper atoms from the 

Cu-Au alloy NP. The co-sputtering of gold and copper targets 

over PEEL liquid leads to the creation of small alloy NPs with 

a mean radius size of 15 Å which, due to their small size, 

cannot be used directly for dealloying. In order to overcome 

this drawback, thermal annealing is performed. After heating 

the solution containing the NPs during 5h at 200 °C, the gold-

copper NPs exhibit a mean radius around 80 Å, which makes 

them suitable for the dealloying process. After dealloying, a 

wide range of structures is obtained such as ring-shaped NPs, 

 
Figure 7. TEM micrographs at (a-b) low and (c-d) high magnifications of Au-Cu alloy NPs (sample 2) annealed at 200 °C 

during 5 h and dealloyed during 1 min in concentrated nitric acid. Insets correspond to the FFT of the structure display on the 

figure. Black scale bar: 100 nm, white scale bar: 10 nm. 
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close-packed NPs, and nanoporous NPs which are directly 

linked to the initial composition and size of the alloy NPs. By 

tuning these parameters, one can accurately control the 

nanostructures after dealloying. These nanostructures may be 

used e.g. in future studies to induce a huge enhancement of the 

heat generation under near-infrared radiation for cancer 

treatment applications. 
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