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Abstract 

Alloy nanoparticles are characterized by the combination of multiple interesting properties which 

are attractive for technological and scientific purposes. A frontier topic of this field is represented 

by nanoalloys with composition not thermodynamically allowed at ordinary temperature and 

pressure (i.e. metastable), because they require out-of-equilibrium synthetic approaches. Recently, 

laser ablation synthesis in solution (LASiS) has been successfully applied to the realization of 

metastable nanoalloys thanks to the fast kinetics of nanoparticles formation. However, the role 

played by the chemical environment on the final composition and structure of laser generated 

nanoalloys still has to be fully elucidated. Here we investigated the influence of different synthetic 

conditions on the LASiS of metastable nanoalloys composed by Au and Fe, such as the use of water 

instead of ethanol, the bubbling of inert gases and the addition of few vol% of H2O2 and H2O. The 

two elements showed different reactivity when LASiS was performed in water instead of ethanol, 

while minor effects are observed by bubbling pure gases such as N2, Ar and CO2 in the liquid 

solution. Besides, the plasmonic response and the structure of nanoalloys was sensibly modified by 

adding H2O2 to water. We also found that nanoparticles productivity is dramatically influenced just 

by adding 0.2% of H2O in ethanol. These results suggest that the formation of a cavitation bubble 

with long lifetime and large size during LASiS is useful for the preservation of metastable alloy 

composition, whereas an oxidative environment hamper the formation of metastable alloy 

nanoparticles. Overall, by acting on the type of solvent and solutes, we were able to switch from a 

synthetic approach conservative for the compostion of Au-Fe nanoalloys to a reactive environment 

which gives unconventional structures such as metal@iron-oxide nanoshells and nanocrescents of 

oxide supported on metal nanospheres. These results expand the knowledge about the mechanism of 

formation of nanoalloys by LASiS, and show how to obtain multielement nanoparticles of huge 

interest for nanomedicine, plasmonics, magneto-plasmonics and catalysis. 
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Introduction 

The field of alloy nanoparticles (NPs) is in rapid expansion due to the large number of possible 

applications such as in catalysis,1, 2 sensing,3 energy storage and conversion,4 and nanomedicine.5-7 

In fact, multiple properties are brought by the distinct elements composing the alloy, which are 

interesting also for the investigation of new photonic, magnetic, plasmonic and chemical 

phenomena.8 At the same time, the use of computational methods for the prediction of structure and 

physical-chemical properties of nanoalloys has grown exponentially in recent years.9-12 

A special position in this panorama is occupied by nanoalloys with composition not 

thermodynamically allowed at ordinary temperature and pressure (i.e. metastable). The synthesis of 

metastable nanoalloys is challenging and requires out-of-equilibrium synthetic approaches, which 

usually relies on very short NPs formation time.8, 13 The preparation of metastable alloys composed 

by elements with similar lattice parameters, electronic configuration and chemical reactivity is 

sometimes possible by wet chemistry methods. For instance PdAu and PtAu nanoalloys have been 

produced and investigated for catalytic applications.14, 15 In the most critical cases, where electronic 

structure and different reactivity of the elemental constituents in the alloy prevents the use of 

traditional synthetic approaches, nanoalloys can be obtained by physical methods, such as spark 

discharge,16 inert gas condensation within sputtering chambers,17 vacuum co-evaporation,18 laser 

sputtering in vacuum19 or, in liquid phase, by radiolysis of chemical precursors.20-22 

The payback of out-of-equilibrium synthetic efforts is high, because it consists in the realization of 

NPs with unprecedented composition, structure, properties and applications, which can not be found 

simply by building composite nanostructures like core@shell, core@satellite or dumbbells NPs.8, 13  

Recently, laser ablation synthesis in solution (LASiS) has been successfully applied to the 

realization of metastable nanoalloys thanks to the fast kinetics of nanoparticles formation.23, 24 In 

LASiS, NPs are generated as a colloidal solution by ablation of a bulk material dipped in a liquid 

solution.23, 25 This technique gives the access to a wide library of NPs just by varying the 

composition of the bulk target and of the liquid solution.23 LASiS avoids most typical problems of 

chemical synthesis, such as the use and disposal of environmentally unfriendly, toxic or costly 

reagents.23, 25 In addition, LASiS has a simple experimental set up which requires only limited 

manual operation, can be performed in continuous flow and requires raw materials such as bulk 

targets and common solvents, maintaining low the production costs.23, 25 Another important 

advantage is the possibility to conjugate nanoparticles with polymers, biomolecules or other organic 

moieties in one step.23, 25 

The chemical environment during LASiS plays a crucial role on the formation of NPs, although this 

is still an open topic with several unclear points.23 Indeed, only few reports considered the effect of 
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the synthetic environment on the LASiS of nanoalloys. For instance, different effects on the 

composition of NiFe and SmCo alloy NPs were observed during LASiS in cyclopentanone.26 

Morphological differences in Ag-Cu alloys were also reported as a function of the composition of 

the bulk target used for LASiS in water.27 In addition, the modification of the solvent was used to 

tune the composition of metastable Au-Fe nanoalloys.28 In other experiments, core@shell structures 

with minimal interfacial alloying were obtained by laser ablation of Ag in a reactive environment 

containing Pd(II) ions,29 or elongated alloy structures were produced by LASiS in superfluid He.30 

Therefore, the control of LASiS chemical environment is crucial to disclose a wide library of 

nanoalloys and to improve the control over the structure of already achievable alloy NPs. 

Here we investigated the influence of different synthetic conditions on the LASiS of metastable 

nanoalloys composed by Au and Fe. These two elements represent an useful case-study because 

show different reactivity in oxidising environments, and the Au-Fe alloys with Fe content exceeding 

ca. 3% are not thermodynamically stable at room temperature and pressure.31 Therefore, we tested 

how the products are influenced by the presence of oxidants such as H2O2 or by bubbling pure gases 

such as N2, Ar and CO2 in the liquid solution. The experiments considered the two opposite cases of 

an oxidising liquid such as water and of a less oxidising, i.e. “conservative”, liquid such as ethanol. 

We observed that the synthetic environment influenced several features of the NPs, ranging from 

the size distribution to the plasmonic response, the surface structure and even the productivity of 

nanoalloys. In particular, by acting on the type of solvent and solutes, we show how to switch from 

a conservative synthetic procedure for the composition of metastable Au-Fe nanoalloys to the 

preparation of more complex structures such as core@shell metal@iron-oxide nanoparticles. 

Overall, this study evidenced the importance of chemical interactions between solution species and 

ablated materials, as well as the influence of solution decomposition on the rise of the cavitation 

bubble, which affects the coalescence and growth of nanoparticles.  

On the one hand, these results contribute to expand the knowledge about the mechanism of 

formation of nanoalloys by LASiS, and are helpful for the control and the predetermination of 

products. On the other hand, the synthesis of bimetallic Au-Fe nanoalloys is very important to 

achieve both plasmonic and magnetic properties in the same NPs, and our results show how to 

obtain multielement nanoparticles of huge interest for nanomedicine, plasmonics, magneto-

plasmonics and catalysis. 

 

Experimental methods. 

LASiS was performed with 6 ns (50 Hz) laser pulses at 1064 nm and 65 mJ/pulse focused with a 

f:150mm lens on a glass cell containing a bulk Au73Fe27 alloy plate (99.9% pure, from Mateck) 
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dipped in 4 mL of liquid solution.24, 28 Each synthesis lasted for 30’, after which the NPs colloidal 

solutions were mixed with an equal amount of water containing 4 mg/mL of disodium 

ethylenediaminetetraacetic acid (EDTA, form Sigma-Aldrich) and >0.01 mg/mL of thiolated 

poly(ethylene glycol) methyl ether (PEG, 5000 Da from Laysan Bio) and heated at 60 °C for 1 

hour, according to our previously established procedure.24, 28, 32 Then, the NPs solutions were 

dialysed with concentration tubes with a cut-off weight of 10000 Da (Sartorius). After multiple 

washing cycles, NPs were recollected in distilled water. 

For LASiS, either distilled water or HPLC grade ethanol (from Sigma-Aldrich) were used. Solvents 

were used as received or after bubbling different gases. Bubbling was performed at 1.1 atm of gas 

pressure for 30’ in 50 mL flasks filled with solvent brought to the boiling, followed by additional 

30’ to reach equilibrium with room temperature after boiling. Then, the liquid was immediately 

used for LASiS. 

LASiS was performed also in H2O or ethanol containing 0.3% in volume of H2O2 (35vol% in water, 

from Merck), and in ethanol containing 0.2% in volume of distilled water. 

UV-Visibile absorption spectra were acquired with an Agilent Cary 5000 spectrometer using 2 mm 

optical path quartz cells. 

Transmission electron microscopy (TEM) analysis was performed with a FEI Tecnai G2 12 

operating at 100 kV and equipped with a TVIPS CCD camera. Samples were prepared by drop 

casting on copper grids coated with amorphous carbon films. 

XPS analysis was performed at room temperature using normal emission geometry with a modified 

VG ESCALAB MKII (Vacuum generators, Hastings, England) equipped with a twin (Mg/Al) 

anode X-ray source, a sputter gun, and a hemispherical electrostatic analyzer with a five channel 

detector. We used the Al-Kα radiation (1486.6 eV) as an excitation source.  

Samples for the XPS analysis were synthesized by the same procedure described above, but without 

the addition of PEG, in order to avoid shielding of the NPs surface.  

The sample composition has been determined by using the theoretical photoionisation cross sections 

by Yeh and Lindau33 and the electron inelastic mean free path calculated using the TPP-2 formula.34 

Modelling of the optical properties was performed according to previously published protocols 

which exploit the Mie model for compact spheres24, 28, 35, 36 and its extension for core-shell spheres.35, 

37, 38 These models were used to fit the experimental UV-vis absorption spectrum in the 300-600nm 

interval. As input data, we used the histogram of sizes measured by TEM analysis, while we used 

the alloy composition as fitting parameter. In case of the Mie model for core-shell spheres, the shell 

thickness was also used as the second fitting parameter. The optical constants of the Au-Fe alloy 

were obtained according to the procedure described in ref.24, 28 and corrected for size effects as 
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described in previously.24, 36 Optical constants for AuFe alloy were taken from ref.39, and for Au and 

iron oxide (magnetite Fe3O4) from ref.40. For the surrounding matrix we used the refractive index of 

the solvent (n=1.334).  

 

Results 

The UV-visible spectra of NPs generated by laser ablation in water solutions are reported in Figure 

1a. In all cases, a sharp absorption band at visible frequencies is observed, originated by the surface 

plasmon resonance (SPR) of Au-Fe nanoalloys, together with an absorption edge in the near UV 

region, originated by single electron interband transitions in metallic Au-Fe solid solutions.24, 28, 39 

The SPR is a clear indication that nanometric particles are formed,24, 28 and its position in proximity 

of 520 nm is compatible with spherical particles,25, 36 in agreement with what is usually observed 

during LASiS of noble metal NPs.25  

In case of water solution (black line in Figure 1a), the intensity and the shape of the SPR band is 

compatible with gold-rich alloy NPs, according to what reported recently for AuFe NPs containing 

only about 3at% of Fe.28 The results obtained in H2O treated with N2, Ar and CO2 are very similar 

to the reference H2O solution, suggesting that in all these cases the majority of Fe is lost during 

LASiS. Only in case of the sample obtained in water/CO2, we observe a slightly larger absorbance 

in the red spectral region, which is compatible with the presence of aggregates of NPs.7, 36    

By laser ablation in presence of the oxidant H2O2 molecules, instead, a remarkable red shift up to a 

wavelength of 560 nm and broadening of the SPR are observed. Such a red shift in Au-based 

nanostructure is compatible with the existence of metal nanospheres surrounded by a dielectric shell 

with refractive index larger than the solvent matrix, i.e. a core@shell metal@dielectric structure.37, 

38, 41 To further substantiate the hypothesis about the formation of nanoshells, we performed TEM 

analysis on these NPs. As shown in Figure 1b, NPs are prevalently composed by an inner region 

with high electronic contrast, which appears dark in the TEM image and is indicative of a metal 

lattice rich of Au atoms, and an outer shell with lower electronic contrast, which appears grey and is 

indicative of a non-metallic phase with low-Z elements such as iron oxide. The size distribution, 

reported in Figure 1c, is bimodal and can be described with two gaussian cruves centred 

respectively at 6 ± 1 nm and 24 ± 13 nm. This is a remarkable difference with the monomodal 

lognormal size distribution usually observed in NPs obtained by LASiS with ns laser pulses, and it 

is a clear indication of the occurrence of two distinct synthetic environments during the formation 

of NPs.23, 25 We also observed the presence of several NPs with intermediate size (of the order of 

10nm) with elongated and irregular corral-like structure, while smaller and bigger particles have a 

more regular spherical shape. 
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The UV-vis absorption spectrum of the water/H2O2 sample was fitted with the Mie model for a 

spherical nanoshell with metal core surrounded by a dielectric shell of iron oxide (Figure 1d). In 

this fitting model, the nanoshell is isolated in a water matrix and the experimentally measured size 

histogram is provided as input data, while the composition of the alloy and the thickness of the 

dielectric shell are used as fitting parameters. Modelling the optical properties of Au-Fe NPs with 

the Mie model is a reliable way to obtain information about the alloy composition, because the SPR 

is directly influenced by the electronic band structure of gold alloyed with iron.24, 28, 39 Conversely, 

several other investigation techniques are sensible only to the elemental abundance of iron and gold 

in the NPs, but cannot discriminate between iron oxide and metal iron actually included in the alloy. 

Besides, by using the experimentally measured size histogram as input data for Mie modelling, we 

account for all the NPs in the samples, weighted for their abundance and volume.  

In the present case, the best agreement between fit and experiment was found for an alloy 

composition of Au 96at% and Fe 4at% and a shell thick 0.125 times the radius of the metal core 

(red line in Figure 1d). This composition is close to that previously reported for AuFe nanoalloys 

obtained by LASiS in aqueous environment.28 We noticed that the experimental spectrum is not 

well fitted in the red and near infrared range, where corral like and aggregated NPs contribute to the 

optical density of the sample, in fact these shapes are not accounted by the Mie model for isolated 

spherical nanoshells.35  

Importantly, when the same fitting procedure is performed with a core of pure Au, i.e. limiting the 

parameters to the thickness of the shell only, the fitting result is far from the experiment (green line 

in Figure 1d), due to the superior intensity of the SPR compared to interband transitions at short 

wavelengths. We also performed the fit of the experimental spectrum with the Mie model for simple 

spheres (i.e. not nanoshells), by considering the alloy composition as the fitting parameter, and we 

found that the model fails in predicting the exact position of the SPR, further confirming that the 

oxide shell is responsible for the red shift of the plasmon band. 
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Figure 1. a) UV-Visible spectra of the AuFe NPs obtained in water solutions. All spectra were 
normalized at 400 nm for ease of comparison. b) Representative TEM images of NPs in the 
water/H2O2 sample, where the oxide shell surrounding the metal core is clearly visible. c) Size 
histogram of  NPs in the water/H2O2 sample. The size distribution is bimodal and was fitted with 
two gaussian curves. d) Mie fit of the experimental UV-vis spectrum of the water/H2O2 sample. All 
spectra are normalized at the SPR maximum for ease of comparison. 
 

The UV-visible spectra of NPs generated by laser ablation in ethanol solutions are reported in 

Figure 2a. The reference solution obtained in ethanol is characterized by the presence of an SPR 

band much damped compared to those of NPs obtained in water solutions. This is in agreement with 

what expected for the LASiS of AuFe NPs in pure ethanol,24, 28 and it is a clear indication of the 

formation of nanoalloys with iron content of the order of 10-13%, according to what previously 

observed.24, 28 The damping of the SPR is observed also for NPs obtained in ethanol treated with N2, 

Ar and CO2, suggesting that synthesis results are similar. From the TEM analysis performed on the 

sample obtained in ethanol/N2 (Figure 2b), we observed that NPs are spherical and do not have any 

shell with lower electronic contrast, contrary to the particles shown in Figure 1b. More in detail we 

observed that some of the small (<10nm) NPs have irregular corals-like shape, while larger NPs all 

have a well defined spherical shape. The size distribution (reported in Figure 2c) is monomodal 

with average NPs size of 19 ± 14 nm and lognormal profile, in agreement with what usually found 

during LASiS of metal NPs.  

The UV-vis absorption spectrum of the ethanol/N2 sample was fitted with the Mie model for 

isolated spherical NPs in a water matrix (figure 2d), using the composition of the alloy as fitting 

parameter and the experimentally measured size histogram as input data. The best agreement was 
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found for an alloy composition of Au 90at% and Fe 10at%, as expected on the basis of previous 

laser ablation synthesis in similar environment.24, 28 Also in this case, the experimental spectrum is 

not well fitted in the red and near infrared region, where the plasmon absorption of nonspherical 

and aggregated NPs are located. The optical properties of pure Au NPs with the same size 

distribution found experimentally is also reported in Figure 2d for comparison (green line), in order 

to show that the SPR is much more intense in pure Au NPs with same size.  

 

Figure 2. a) UV-Visible spectra of the AuFe NPs obtained in ethanol solutions. All spectra were 
normalized at 400 nm for ease of comparison. b) Representative TEM images of NPs in the 
ethanol/N2 sample. c) Size histogram of  NPs in the ethanol/N2 sample. The size distribution is 
monomodal and was fitted with a lognormal curve. d) Mie fit of the experimental UV-vis spectrum 
of the ethanol/N2 sample. All spectra are normalized at 400 nm for ease of comparison. 
 

Also in the ethanol/H2O2 sample, the damping and the position of the SPR is compatible with the 

formation of alloy NPs. Interestingly, there is no evidence of red shift like that observed after 

LASiS in water/H2O2 solution. Therefore, the optical absorption spectrum suggests that a 

nanometric oxide shell is not present around NPs. This is confirmed by TEM analysis (Figure 3a), 

which instead showed the presence of spherical NPs with regular shape and morphology similar to 

the products obtained in ethanol/N2 environment. The size distribution is lognormal (Figure 3b), 

with average size of 38 ± 19 nm, corresponding to twice the value found for the sample obtained in 

ethanol/N2. 

The Mie fitting of the UV-vis absorption spectrum of the ethanol/H2O2 sample is reported in Figure 

3c. Similar to the ethanol/N2 sample, also in this case the best agreement was found for an alloy 

200 400 600 800 1000 1200
0.0

0.5

1.0

1.5
 Ethanol
 Ethanol/N2
 Ethanol/Ar
 Ethanol/CO

2

 Ethanol/H
2
O

2

 Ethanol/H
2
O

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

λλλλ (nm)
0 20 40 60 80

0.00

0.05

0.10

0.15
R

el
at

iv
e 

F
re

qu
en

cy

NPs size (nm)

Ethanol/N
2

 Size Histogram
 Lognormal Fit

200 400 600 800 1000 1200
0.0

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

λλλλ (nm)

 Ethanol/N
2

Mie Fit
 Au

90
Fe

10

 Au 100%

a) d) c) 

b) 

Page 8 of 25Physical 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



 9

composition of Au 90at% and Fe 10at% (red line in Figure 3c). This means that the larger SPR 

intensity is due to the larger size of NPs obtained in ethanol/H2O2. Again, the experimental 

spectrum is not well fitted in the red and near infrared region, likely due to the presence of 

nonspherical and aggregated NPs. The difference with the optical properties of pure Au NPs with 

the same size (green line in Figure 3c) is remarkable, as in the ethanol/N2 case, further confirming 

that our sample contains Au-Fe alloy NPs.  

The H2O2 solution added to ethanol is 35% in volume, hence it contains two parts of H2O for each 

part of H2O2. In order to obtain more insights about the distinct role of H2O and H2O2, we also 

performed the synthesis in ethanol containing only 0.2% of distilled water. Interestingly, we found 

remarkable differences compared to the ethanol/H2O2 case for what concerns both the SPR and the 

NPs morphology. Regarding the SPR (orange line in Figure 2a), we observed a damping 

comparable to the reference ethanol solution, which is indicative of the formation of alloy NPs. On 

the other hand, the absorption band due to interband transitions is more intense than in the other 

samples (all the spectra are normalized at 400nm for simplicity of comparison), and this can be due 

to the presence of a large number of particles which are too small to show appreciable SPR 

absorption. In fact, the absorption tail in the red and near infrared region is lower than in the other 

samples, which is again compatible with small NPs with negligible scattering cross section. TEM 

analysis supported the information extracted from UV-visible spectroscopy, showing that the 

sample is composed by a multitude of small (<5 nm) NPs and by a minority of larger nanospheres 

with size of tens of nm (Figure 3d). Importantly, most of the large nanospheres are characterized by 

an iron oxide crescent with low electronic contrast on one side, which confers an asymmetric 

structure to the NPs. The thickness of the nanocrescent is of 1 - 4 nm and it is reminiscent of the 

iron oxide shell of the sample obtained in water/H2O2 solution (Figure 1b), although asymmetric 

and with smaller thickness. The size distribution (Figure 3e) is constituted by a sharp peak at 4 nm 

followed by a plateaux in the 10 - 40 nm region, and can be modelled with two gaussian profiles 

centred respectively at 4 ± 4 nm and  20 ± 21 nm. This type of size distribution is different from the 

previous cases of ethanol/N2 and ethanol/H2O2, while it has again some similarities with the NPs 

obtained in water/H2O2. 

The UV-vis absorption spectrum of the ethanol/H2O sample was fitted with both the Mie model for 

simple spheres and spherical nanoshells (Figure 3f), in fact the NPs are half way between these two 

simplified structures. Indeed, the results are similar, since the best agreement was found for 

Au89at% - Fe11at% and Au 88at% - Fe 12at% using, respectively, the simple sphere model (red 

line in Figure 3f) or the nanoshell model (with a shell thick 0.05 times the radius of the metal core, 

blue line in Figure 1d). The composition is close to that obtained for the ethanol/N2 and 
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ethanol/H2O2 samples. Therefore, metal NPs in the ethanol/H2O sample are composed by Au-Fe 

alloy, although they are partially coated by iron oxide nanocrescents. The quality of the fit in the red 

and near infrared range is superior to all the previous cases, suggesting that the number of 

nonspherical or aggregated NPs is negligible. A further confirmation of the formation of AuFe alloy 

is obtained by performing the fitting procedure with the optical constant of pure Au, since the best 

result achievable is very far from the experiment, due to the much larger intensity of the SPR (green 

and orange lines in Figure 1d for, respectively, simple spheres and nanoshells).  

 

 

Figure 3. a) Representative TEM images of NPs in the ethanol/H2O2 sample. b) Size histogram of  
NPs in the ethanol/H2O2 sample. The size distribution is monomodal and was fitted with a 
lognormal curve. c) Mie fit of the experimental UV-vis spectrum of the ethanol/H2O2 sample. All 
spectra are normalized at 400 nm for ease of comparison. d) Representative TEM images of NPs in 
the ethanol/H2O sample. Oxide nanocrescents are observed in larger nanoparticles e) Size 
histogram of  NPs in the ethanol/H2O sample. The size distribution is bimodal and was fitted with 
two gaussian curves. f) Mie fit of the experimental UV-vis spectrum of the ethanol/H2O sample. 
The fit was performed with both the models for simple spheres and metal@oxide nanoshells. All 
spectra are normalized at 400 nm for ease of comparison. 
 

According to TEM analysis, iron oxidation is more evident by LASiS in ethanol/H2O than in 

ethanol/H2O2, which instead gives results comparable to ethanol/N2. To further asses this finding, 

we investigated the surface chemical nature of NPs by XPS. In all cases, we found an Au 4f doublet  

located at the binding energy (BE) expected for metal NPs (Figure 4a), and the peaks of C 1s are 
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located at the BE proper of adventitious carbon (Figure 4b), while there are no signals compatible 

with the presence of iron carbide, in agreement with what recently reported for these nanosystems.28 

The Fe 2p signal (Figure 4c) is also similar in the three samples and composed by multiple 

contributions which span the BE range proper of metal iron (707-707.5 eV), iron(II) oxide (709.5 

eV) and iron(III) oxide (711 eV). The presence of the shoulder at BE of Fe(0) in all the three 

samples is even more evident by comparison with the Fe 2p spectrum collected on a reference of 

magnetite (black circles in Figure 4b). Therefore, the surface of the AuFe NPs is passivated by the 

presence of metal Au and iron oxide, protecting from further oxidation the metal iron inside the 

nanoparticle. This is in agreement with previous findings about AuFe NPs and explains the 

excellent stability in water and air for indefinite time of the nanoalloys.28  

Interestingly, we observed that the spectra collected on the ethanol/N2 and ethanol/H2O2 samples 

are well superimposable, while the peak of the ethanol/H2O sample shows a slightly larger iron 

oxide component. However, the main difference evidenced by XPS among the three samples 

consists in the Fe/Au atomic ratio on the surface of NPs, which is of 20/80, 20/80 and 30/70 for the 

samples obtained, respectively, in ethanol/N2, ethanol/H2O2 and ethanol/H2O. This is a further 

indication that iron oxidation and segregation on NPs surface occurred in samples obtained in the 

presence of H2O, as well as that the chemical nature of NPs surface in ethanol/N2 and ethanol/H2O2 

samples is very similar. 

Overall, XPS results confirmed the previous observation about structural analogies between 

ethanol/N2 and ethanol/H2O2 samples, as well as the larger surface oxidation in the ethanol/H2O 

sample. 
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 12

Figure 4. a) Au 4f doublet. b) C 1s peak. c) Fe 2p peak. The spectrum collected on a iron oxide 
(magnetite) sample is also shown for comparison (black circles). All spectra are vertically shifted 
for clarity. Dashed lines show the BE of Fe(0), Fe(II) and Fe(III). 
 

The experiment performed in ethanol/H2O is characterized also by a remarkably high NPs 

productivity compared to all the other ethanol and water solutions. In Figure 5 we reported the 

productivity for the different solutions at parity of all the other synthesis conditions, expressed in 

µg/pulse. Although the productivity in water solution fluctuates around 0.0035 µg/pulse, i.e. 1.75 

times larger than in ethanol, the addition of 0.2vol% of water to ethanol boosted the productivity to 

0.008 µg/pulse, i.e. 2.3 times the water value. The same result is not obtained by the addition of 

0.3vol% of H2O2 (35vol% solution in water). 
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Figure 5. Productivity of metal NPs (expressed in µg/pulse) in the different solution studied in this 
work. Black circles: water solutions; red circles: ethanol solutions. 
 

In summary, the experiments about LASiS in different chemical environments showed the 

following main results: 

i) Water induces the formation of heterostructures composed by metal cores and iron oxide shells or 

crescents, together with a large majority (in number) of small metal NPs (i.e. with bimodal size 

distribution). Consequently, the quantity of Fe in the AuFe alloy is reduced compared to ethanol. 

However the same effect is not observed in ethanol/H2O2 environment. 

ii) Ethanol induces the formation of AuFe alloys with monomodal (lognormal) size distribution,  

and with average size and iron content larger than in water. 

iii) NPs productivity is enhanced by the addition of 0.2vol% of H2O to ethanol. However, the same 

effect is not obtained by using H2O2 (35vol% in water) instead of pure H2O. 

 

Discussion. 

The control of nanoalloy composition and structure during LASiS is crucial to achieve metastable 

phases, as well as for the design of multifunctional nanoparticles with optimal size and composition 

for specific applications in nanomedicine, magneto-plasmonics, sensing or catalysis. 

The experimental set up of LASiS is relatively simple and allows the investigation of the role 

played by the chemical environment on the structure and composition of NPs by maintaining 

unchanged all the other synthesis parameters. In this study, laser ablation was performed in two 
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“iron-poor” NPs (about 3at% Fe) are obtained in water, even by maintaining unchanged all the 

other synthesis parameters.  

We investigated also the effect of bubbling with inert gases or adding oxidant species such as H2O2 

to the LASiS of alloy NPs. Bubbling with inert gases is useful to investigate the role of solvent 

molecules separately from that of the dissolved atmospheric gases in equilibrium with the liquid, 

such as O2 or CO2.23 For instance, the oxidation of iron can occur by reaction with O2 molecules as 

well as with solvent molecules.23, 24, 28, 42 The Henry constants of O2 in water and ethanol at 298 K 

are, respectively, 4.26E+4 atm and 0.17E+4 atm43, 44 and, since a larger value means lower solubility 

of the gas, the room pressure and temperature concentration of O2 in ethanol is larger than in 

water.43-45 This is already an indication that the oxidation of Fe in water solution is due to the 

interaction with solvent molecules, with minimal influence from atmospheric oxygen. This was 

confirmed by our experiments, since similar products were obtained in water, water/N2, water/Ar 

and water/CO2. In both solvents (ethanol and water), the Henry constants of Ar, N2 and O2 are 

comparable, while CO2 values are one order of magnitude larger.43-47 In particular, the solubility in 

water is of the order of 0.002%-0.006% in weight for Ar, N2 and O2 and of 0.2% for CO2, while it is 

about 10 times larger in ethanol.43-47 However, we found minimal or null effects on products by 

changing the type of gas in equilibrium with the liquid. Therefore, our experiments suggest that the 

concentration of O2 and other gases in the solvents used for LASiS play a secondary role compared 

to solvent molecules, and that CO2 molecules do not react in a appreciable way with the Au and Fe 

atoms. In case of CO2, we only observed an increase of the SPR absorption in the red spectral 

range, which is compatible with the aggregation of NPs. Indeed, it is known from literature that 

CO2 can lower the pH of the solution by reacting with H2O molecules and forming carbonic acid,48, 

49 which interferes with the colloidal stability of metal NPs obtained by LASiS and promotes 

particles aggregation. 

The predominance of chemical interaction between the ablated material and reactive species at 

relatively large concentration was further evidenced by adding oxidant solutes such as H2O2, at 

concentration of 0.1vol%, or by adding 0.2vol% H2O to ethanol. Even a conceptually simple 

experiment like this originated different results, whose interpretation can be attempted by invoking 

the dynamics of LASiS.  

The following main stages can be identified in LASiS:23 i) the absorption of the laser pulse by the 

bulk target (timescale from 0 to 10-8 s, i.e. the pulse duration); ii) formation of a plasma plume 

containing the ablated material, which expands into the surrounding liquid, accompanied by the 

emission of a shockwave (timescale from 10-12 to ca. 10-7 s); iii) cooling of the plasma plume and 
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release of its energy to the liquid solution, with generation of a cavitation bubble which expands in 

the liquid and then collapses, by emission of a second shockwave (timescale from 10-6 to 10-4 s).  

The formation of NPs, which is believed to take place by nucleation, nuclei growth and nuclei 

coalescence, occurs between stages ii) and iii).23 Instead, only minor processes of slow growth and, 

eventually, agglomeration and chemical reactions at room temperature occurs after stage iii). 

The achievement of AuFe metastable nanoalloys at room temperature and pressure is possible only 

by the fast cooling rate in stages ii) and iii), otherwise the thermodynamically stable phases would 

prevail (i.e. pure gold and pure iron, or iron oxide in oxidising environments).24, 28 

On the other hand, it is important to point out that, when NPs formation occurs in stages ii) and iii),  

there are 4 main gradients in time and space associated to the 4 parameters which primarily 

determine the phase and structure of NPs (Figure 6):23 temperature (T), pressure (p), concentration 

of the ablated material (CM) and concentration of solution species (CS). In fact, due to the 

hemispherical symmetry of the laser ablation phenomena, the gradients of these 4 parameters are 

not uniform in space neither constant in time: while T, p and CM increase by approaching the laser 

spot on the bulk target, CS decreases. In addition, the formation of a cavitation bubble induces a 

spatial discontinuity in the gradients of these 4 parameters and may originate non monotonic spatio-

temporal profiles.  
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Figure 6. Sketch of the main phenomena involved in LASiS: after absorption of the laser pulse, a 
plasma is generated above the bulk target, which releases heat to the surrounding liquid promoting 
the rise of a cavitation bubble. Absorption of the laser pulse also generate a shockwave propagating 
in two opposite directions. Four main parameters can be identified, whose gradients are rapidly 
varying in time and space: temperature (T), pressure (p), concentration of target species (CM) and 
concentration of solution species (CS). From ref.23. 
 

Recently, small angle x-ray scattering was used to perform seminal investigations about the 

localization of NPs in the surrounding of the cavitation bubble.50, 51 The results showed that only 

part of the NPs are located inside the cavitation bubble, i.e. in the gas phase, whereas part of the 

NPs travels with the expanding front of the bubble and, hence, are surrounded by a liquid 

environment.50, 51 This observation is crucial to understand the mechanism of formation of NPs 

because: i) CM inside the bubble is larger than CS, i.e. chemical reactions with solution species are 

more probable outside the bubble; ii) the heat transfer rate in gas is lower than in liquid, i.e. cooling 

of NPs is more rapid outside the bubble and NPs growth ends earlier. 

In particular for the metastable AuFe nanoalloys, where iron atoms are prone to oxidation, the 

formation of the bimetallic phase is possible only by limiting the probability of reaction with 

oxidising species. At the same time, XPS measurements showed that surface iron atoms are 

oxidised, forming a mixed  passivating layer of metal Au and iron oxide which protects the metallic 

interior of the particle at room temperature also in oxidising environments such as in pure water. 

Numerical calculations showed that, at the nanoscale, the surface has a relevant stabilizing effect on 

metastable phases,52, 53 thus it is likely that surface passivation helps in the stabilization of the inner 
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AuFe metal alloy. However, if the temperature (i.e. the atomic mobility) of NPs is large, surface 

oxidation does not produce an efficient passivating effect, and the metal phase is impoverished in 

the most oxidizable element, which can migrate to the surface and there remains after oxidation. 

Hence, a crucial role on the final composition and structure of AuFe alloy NPs is played by particles 

temperature when they pass from the gas/plasma environment to the most oxidising liquid 

environment. 

Based on the above discussion, our experiments in different chemical environments can be 

classified in four synthetic conditions progressively variable from the most conservative to the most 

hostile for the formation of the AuFe metastable nanoalloys: 

 

1) Ethanol/H2O2 (Figure 7a-b). During LASiS, temperatures of the order of 103 K are generated in 

the ablation site, well above the threshold for H2O2 thermal decomposition.54 Therefore, H2O2 

decomposition into H2O and O2 is possible in the hot area around the ablation site, generating an 

extra vapor pressure to be summed with that already produced by solvent heating.  

The physics of cavitation bubbles is described by the Rayleigh-Plesset equation, which is a function 

of the surface tension and the pressure difference between liquid and the bubble interior, with minor 

contributions from liquid density and viscosity.55 According to the Rayleigh-Plesset equation, the 

increase of the internal pressure of the bubble corresponds to an increase of bubble size at any time 

during the cavitation process.55, 56 Hence, the extra vapor pressure originated by H2O2 

decomposition contributes to the formation of a cavitation bubble with larger size, and this 

increases the probability that NPs are included in the bubble instead of travelling in the liquid phase 

on bubble front. Inside the bubble, the concentration of solution species is lower and there is a 

lower chance that iron oxidation occurs, thus AuFe alloy can form. Since surface oxidation and 

particle cooling are slower than in liquid, due to the lower CS in the gas phase, nuclei growth and 

coalescence is possible for a longer time and this allows the production of NPs larger than in 

ethanol/N2. Conversely, NPs located in the liquid phase outside the gas bubble undergo to rapid 

quenching and limited coalescence, and their final size will be smaller.  

Since we observed lower surface oxidation than in ethanol/H2O and water/H2O2 samples, it is likely 

that NPs of the ethanol/H2O2 sample are relatively cold when they reach the liquid phase, so that 

only surface passivation with a protective effect on the inner metal phase occur.  

One can not exclude also that the oxidising efficacy of H2O2 is diminished by thermal 

decomposition.54 In any case, the overall low concentration of oxidising species is favourable for 

the formation of alloy NPs during LASiS.  
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2) Ethanol/N2 (Figure 7c). In this case, the cavitation bubble has “ordinary” size and growth 

dynamics, because the extra vapor pressure due to thermal decomposition of H2O2 is not present in 

ethanol/N2. Therefore, it is likely that NPs form part inside and part outside the cavitation bubble, 

similarly to what observed in ref.50, 51. Due to the low CS and cooling rate inside the bubble, larger 

NPs are formed by coalescence of hot nuclei, with very low chance of iron oxidation. Conversely, 

in the liquid solution, the cooling rate is more rapid and NPs growth is quenched to lower size than 

in the gas phase. In addition, it is also possible that the larger concentration of oxidant species in the 

liquid phase (such as H2O and residuals O2 contaminants) produces a faster passivation of NPs 

surface, which hampers nuclei coalescence and particles growth. This can explain why NPs size is 

lower than in the ethanol/H2O2 sample. The presence of some particles with irregular and corral-like 

shape is also compatible with the interruption of nuclei coalescence by the rapid quenching and/or 

passivation in liquid. However, the final size distirbution is lognormal, suggesting that no drastic 

differences exists between NPs formation inside and outside the cavitation bubble, otherwise a 

bimodal size distribution would be observed.23 In fact, the overall low concentration of oxidant 

species is favourable for the formation of alloy NPs, given the overall fast formation kinetics of 

LASiS.  

 

3) Ethanol/H2O (Figure 7d). Fluidodynamic and thermodynamic properties of ethanol with 0.2vol% 

of H2O are basically equal to that of pure ethanol,57 hence the dynamics and size of the cavitation 

bubble is not different from the ethanol/N2 solution, and NPs are located both inside and outside the 

cavitation bubble as in the previous case. However, the concentration of oxidising species during 

NPs formation is larger than in ethanol/N2, due to the presence of H2O molecules, which makes 

possible the formation of iron oxides and hydroxides.  

In case of the ethanol/H2O2 solution, where the majority of NPs is supposed to form inside the 

cavitation bubble and the concentration of oxidant molecules is larger than in ethanol/H2O solution, 

no iron oxide shells or nanocrescents were observed. Since in ethanol/H2O sample, iron oxide 

nanocrescents and small NPs are found, with bimodal size distribution, we speculate that iron 

oxidation is especially favoured in the liquid phase. We suppose that the growth of NPs outside the 

cavitation bubble is rapidly interrupted at sizes as small as few nm by the formation of iron oxide 

and hydroxides on their surface.24, 28, 32 The formation of iron oxides and hydroxides is more likely 

here than in ethanol/N2, where H2O can be present only as trace impurity.  

Besides, experimental evidences suggest that AuFe alloy NPs obtained in ethanol/H2O have iron 

content similar to NPs in ethanol/N2 and ethanol/H2O2. This supports the hypothesis that alloy 

nuclei form in the first instants of LASiS in all cases, namely before the formation of a cavitation 
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bubble, when T, p and CM are high while CS is low (and oxidant concentration in CS is lower than in 

water).  

Regarding the fraction of larger NPs which are supposed to form prevalently inside the cavitation 

bubble, they arrive in the liquid phase with internal temperature and atomic mobility high enough to 

react with water molecules. In this case, the asymmetric structure of the iron oxide crescent, 

observed by TEM, may be the trace of the translational dynamics of NPs from the ablation site to 

the surrounding liquid phase, or just the imprint of CS gradient. The iron oxide crescent do not form 

in ethanol/N2 because there are no H2O molecules. In ethanol/H2O2 the iron oxide crescent is not 

observed likely because the cavitation bubble is larger and NPs spend more time in the gas phase 

before encountering the liquid, hence nanoallys have time to cool down before meeting the oxidant 

molecules in solution.  

The occurrence of two NPs formation regimes (i.e. inside and outside the cavitation bubble) are 

evidenced by the bimodal NPs size distribution.  

 

4) Water/H2O2 (Figure 7e). This is the sample obtained in the most oxidising conditions, in fact NPs 

show a thick iron oxide shell embedding metal NPs with the lowest content of iron among all the 

samples. Thermal decomposition of H2O2 can sustain cavitation bubble growth and expansion, as in 

the ethanol/H2O2 solution. However, water has larger surface tension, heat capacity, vapour 

pressure, density and viscosity than ethanol, hence the size of the cavitation bubble is lower than in 

ethanol/H2O2 at parity of laser pulse energy. In any case, the density of oxidant molecules inside the 

cavitation bubble and before bubble formation is the largest of all the four cases considered, and the 

chance of reaction with iron already in the first ns after laser ablation is very high.  

NPs outside cavitation bubble readily react with H2O and H2O2 molecules, forming a network of 

iron oxide and hydroxide which block particles growth to a size of only 2-4 nm. Larger NPs, which 

form inside the cavitation bubble, have the chance to interact with solvent species in the subsequent 

stage of formation, when atomic mobility is large enough to form the thick iron oxide shell around 

the iron-poor metal core. The final size distribution is bimodal due to the different growth 

mechanisms of NPs inside and outside the cavitation bubble. 
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Figure 7. After target ablation and nucleation (a), NPs formation prosecute in different ways 
depending on the chemical environment selected for LASiS of the nanoalloys: b) NPs in 
ethanol/H2O2 forms prevalently inside the cavitation bubble, which is larger than in the other 
samples, with scarce probability of iron oxidation, yielding the largest NPs among the four samples 
and monomodal size distribution. c) NPs in ethanol/N2 forms both inside and outside the cavitation 
bubble, with scarce probability of iron oxidation, yielding smaller NPs than in the previous case and 
monomodal size distribution. d) NPs in ethanol/H2O forms both inside and outside the cavitation 
bubble, with moderate probability of iron oxidation, especially in the later stage of NPs formation, 
yielding smaller NPs than in the previous cases, nanocrescent structures and bimodal size 
distribution. e) NPs in water/H2O2 forms both inside and outside the cavitation bubble, with large 
probability of iron oxidation, yielding the smallest NPs among all samples, metal@iron-oxide 
nanoshell structures and bimodal size distribution. 
 

Our experiments showed also that NPs productivity is remarkably larger in case of the ethanol/H2O 

solution. In LASiS, productivity is connected to two factors:23, 25 i) the efficiency of energy transfer 

from laser pulses to the bulk target, and ii) the effective confinement of the plasma plume on the 

target by the liquid solution, which is responsible for plasma ablation of the target. The first factor 

depends on the transparency of the solution at the laser wavelength of 1064 nm. All ethanol 

solutions have the same absorbance at 1064 nm, however during LASiS the NPs may add a 

scattering contribution in the near infrared which can decrease significantly the fraction of laser 

energy delivered to the target. In case of ethanol/H2O we obtained the smallest NPs, therefore it is 

possible that their scattering contribution was negligible. This hypothesis is in part supported by the 

generally larger yield of NPs in water solutions, since we observed lower scattering as a 
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consequence of the larger stability and minimial aggregation of NPs synthesized in water compared 

to ethanol, with the sole exception of the ethanol/H2O sample. 

The plasma confinement on the target depends on the fluidodynamic properties of the liquid 

solution, such as density, surface tension and viscosity.23, 25 However, these properties are nearly the 

same for all ethanol solutions, included the ethanol/H2O sample, and can not justify the remarkable 

difference in productivity observed only in one case. Instead, the larger surface tension, density and 

viscosity of water compared to ethanol are also compatible with a more efficient plasma 

confinement and the consequently larger productivity reported in Figure 5, with the sole exception 

of the ethanol/H2O solution. 

 

Conclusions. 

In summary, we investigated the effect of chemical environment on structure and composition of 

metastable nanoalloys generated by laser ablation in liquid solution. In our experiments we 

investigated different synthetic conditions for LASiS, such as the use of water instead of ethanol, 

the bubbling of inert gases and the addition of few vol% of H2O2 and H2O. The importance of 

chemical interactions between solution species and ablated materials was demonstrated by the fact 

that, by changing the composition of the solution, different nanostructures were obtained such as 

metallic nanoalloys, metal nanoparticles coated by oxide nanocrescents or metal@oxide nanoshells. 

The results are interpreted with the interaction of the ablated material with solvent molecules and 

with oxidising compounds with concentration above 0.1vol%. We also evidenced a negligible effect 

from atmospheric gases on the products. Conversely, solution decomposition is important for the 

rise of the cavitation bubble, which affects the coalescence and growth of nanoparticles. In 

particular, a crucial role is played by the distribution of NPs inside or outside the cavitation bubble 

which is generated by laser pulses, especially when target species react with solution species. This 

is reflected in the final stoichiometry, in the structure and in the size distribution of nanoalloys. 

The results give important information for the realization of metastable nanoalloys by LASiS, and 

in particular suggest that the size and lifetime of the cavitation bubble should be increased as much 

as possible to preserve the alloy composition, in addition to the obvious consideration that the 

concentration of reactive species which can interfere with the alloy stoichiometry should be reduced 

at minimum. 

These results expand the knowledge about the mechanism of formation of nanoalloys by LASiS, 

and show how to obtain multielement nanoparticles of huge interest for nanomedicine, plasmonics, 

magneto-plasmonics and catalysis. 
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TOC Text and Graph 

Metastable nanoalloys, metal-oxide nanocrescents and metal@oxide nanoshells are generated by 

laser ablation in liquid solution (LASiS) 

 

 

Page 25 of 25 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


