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the observed stability was attributed to the formation of the 
halo of an iron compound around the particles.

1 Introduction

In recent years, colloidal noble-metal NPs have had spec-
tacular development because of their peculiar physical and 
chemical properties such as interesting optical, catalytic, 
electronic and magnetic properties which are particularly 
different and unique in comparison to bulk samples [1–6]. 
Numerous properties that impact on the new effects include 
the appearance of electronic and atom-packing shell struc-
tures, along with altered interactions among the nanoparti-
cles [7]. These effects relate to quantum confinement effects 
in the nanoscale with respect to bulk [8] and to enhanced 
surface activity due to a large surface to volume ratio [9]. 
Gold and silver NPs are probably the most attractive noble 
metal nanostructures because of their unique and interest-
ing physical and chemical properties [1, 10–12]. GNPs have 
application in surface-enhanced Raman scattering (SERS) 
[13, 14], LSPR [1, 14–21], non-linear optical properties 
(NLO) [22] and quantized charging effects [23].

However, the long-term stability of GNPs suffers from 
quenching due to surface passivation and agglomeration 
that aging applies to all of them. Up to now, many attempts 
have been made for long-term stabilization of GNPs using 
a number of chemical ligands [24–26]. Various compounds 
such as, cyclodextrin, surfactants and thiol compounds have 
been used to improve the stability of GNPs [27]. A stabi-
lizer should have minimum toxicity, a suitable atomic link to 
combine with gold and some additional functionality.

The combination of the magnetic and optical elements in 
one single entity promises multifunctionality, so there has 
been considerable interest to combine Au nanoparticles and 

Abstract In this study, laser ablation of gold was per-
formed in different ferric chloride solutions and water as 
a reference. The ferric chloride solutions included hexa-
chloro iron(III) and aquachloro iron(III) having low and 
high hydrolysis degree. Transmission electron microscope 
(TEM) images showed spherical gold nanoparticles (GNPs) 
in water, particles which are strongly agglomerated with 
intimate contact at their interfaces in hexachloro iron(III) 
and individual separated particles with a halo of an iron 
component in aquachloro iron(III). In addition, no com-
bination of Au and Fe was found in HAADF analysis or 
X-ray diffraction (XRD) patterns. In optical investigations, 
it was observed that gold nanoparticles made in hexachloro 
iron(III) solutions have localized surface plasmon reso-
nance (LSPR) peaks broader than in the case of water that 
are quenched after a few hours, while ablation in the aqua-
chloro iron(III) solution provides narrow LSPR absorption 
with a long-term stability. According to X-ray photoelectron 
spectroscopy (XPS) there are metallic Au and  Fe2+ states in 
the drop-casted samples. By comparison of cyclic voltam-
metry of solutions before and after laser ablation, strong 
agglomeration in hexachloro iron(III) was attributed to the 
reducing role of iron(III) creating an unstable gold surface 
in the chloride solution. In aquachloro iron(III), however, 
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a magnetic element such as iron to provide magnetic–plas-
monic effects [28–32] for diagnosis [33, 34] and photo-
catalytic applications [35]. Although various methods [34, 
36–42] have been used so far for synthesis of Au–Fe NPs, 
the combination of iron and gold does not readily happen at 
ordinary pressures and temperatures due to thermodynamic 
considerations [42]. Indeed, the Fe-Au system has a positive 
heat of mixing, phase separation is energetically favored and 
as a consequence solubility of Fe in Au is restricted to less 
than 2% at room temperature [43]. This difficulty of combin-
ing iron and gold can be used as a method to produce GNPs 
with acceptable purity and stability.

The method of laser ablation synthesis in liquid (LASiS) 
is a new way of carrying out the synthesis of noble-metal 
NPs and is an efficient approach for preparing various 
nanoscale materials [44–47]. In this method, by irradiat-
ing a target by a pulsed laser beam, the target elements, in 
the form of vapourized atoms in a bubble form are directly 
removed from the surface [48]. These atoms condense to 
form nanoparticles as they propagate throughout the liquid 
and they react with the liquid medium [49, 50]. The LASiS 
technique gives products with high purity due to direct inter-
action of laser beam, and allows for synthesis in short times 
at ambient temperature with a vast compositional range of 
both target and solvent with possible stability [51–53]. There 
are two different approaches for fabrication of multi-parti-
cles by LASiS: the laser ablation of alloy targets in nonreac-
tive solutions like DI water and alcohols, or laser ablation 
of a metallic target in a reactive solution. Recently, LASiS 
has been successfully applied to fabricate Au–Fe metasta-
ble nanoparticles using Au–Fe alloy targets [42] where the 
effect of the chemical environment on the structure and 
composition of metastable nanoalloys was explored but the 
stability of GNPs has remained unclear. To the best of our 
knowledge, no report exists on the laser ablation of gold 
in an iron solution such as ferric chloride. We have previ-
ously reported laser ablation of gold in palladium chloride 
solution and observed formation of core–shell structures of 
Au/Pd(II) via a reduction reaction process [54]. There was 
observed instability for GNPS due to replacement reaction 
of gold and palladium. Due to the low reactivity of gold and 
iron, laser ablation of gold in a ferric ion solution may create 
stabilized GNPs. Despite the difficulty of combining iron 
and gold, iron ions can reduce the gold ions to gold metal 
and enhance agglomeration. However, dissolving iron(III) 
chloride in water is an exothermic process and leads to 
hydrolysis. If the solution is acidified in different ways, dif-
ferent degrees of hydrolysis are obtained. Our study revealed 
that the degree of hydrolysis of ferric chloride solution has 
a great impact on gold nanoparticles’ stability produced 
by the LASiS method. Therefore, the main contribution of 
this study is to produce GNPs by laser ablation of gold in 
ferric chloride solution and show the role of solutions on 

the product stability. GNPs in DI water were also prepared 
as a reference sample for comparison. Our investigations 
by XRD, UV–Vis and HRTEM revealed that GNPs shape, 
LSPR peaks and the most likely important issue, stability, 
depends on the media used for the ablation.

2  Experimental

For laser ablation of gold, a beam of a Nd:YAG laser 
(λ = 1064 nm, τ = 5 ns, R.R = 10 Hz, 360 mJ energy per pulse 
and 30 min laser ablation) is directed into the solution by 
means of a mirror and a lens and is perpendicularly focused 
on the surface of a gold target (purity of 99.99%) placed 
inside the glass vessel. The spot size of the focused beam 
at the target surface was 1  mm2. Three different samples of 
ablation were prepared and named accordingly. Sample S1 
was prepared by laser ablation of gold target in 100 ml DI 
water as a reference. Sample S2 was prepared in an hexa-
chloro iron(III) colorless ferric chloride solution providing 
an environment with a low degree of hydrolysis (Table 1). 
To prepare this solution HCl (37%) (0.1 ml) + DI water 
(100 ml) was stirred by an ultrasound bath, then  FeCl3.6H2O 
(Merck 98%) (0.03 gr) was dissolved and the resultant solu-
tion was stirred again. For sample S3, a brown aquachloro 
iron(III) ferric chloride solution was prepared by dissolv-
ing  FeCl3.6H2O (0.03 gr) in 100 ml DI water followed by 
sonication, then 0.1 ml HCl was added and the resultant was 
stirred again. In this way, the solution has a high degree of 
hydrolysis. Therefore, the only difference in producing hexa-
chloro iron and hydrochloro iron is the reversed order of HCl 
and  FeCl3 addition. The pH of both solutions was about 2.2. 
Then the effect of aging was studied by UV–Vis spectrom-
etry. Figure 1 shows the schematic representation of laser 
ablation of gold in different solutions and the effect of aging. 
Using inductively coupled plasma optical emission spectros-
copy (ICP-OES) (Optima 7300 DV) analysis concentrations 
of gold and iron were determined (Table 1). The shape and 
morphology of the NPs were observed by high resolution 
transmission electron microscopy (HRTEM) and high angle 
annular dark field (HAADF) scanning transmission electron 
microscopy (STEM) (JEOL 2010 FX 200 keV and JEOL 

Table 1  Au and Au–Fe sample preparation conditions by laser abla-
tion method

Sample code Solution ICP concentration 
(ppm)

Au Fe

S1 DI water 19.8 –
S2 Hexachloro iron(III) 12.5 88.7
S3 Aquachloro iron(III) 35.6 86.5
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3000F 300 keV). The crystalline structure of the samples 
was characterized using an X-ray diffractometer (Philips 
EXPERTMPD) with Cu-Kα (λ = 0.154 nm) radiation. XPS 
was done in an ESCA/AES system equipped with a con-
centric hemispherical analyzer (CHA, Specs model EA10 
plus). Optical properties of the solutions of the samples were 
measured in the 200–1100 nm wavelength range using a 

Lambda 25 spectrophotometer (Perkin Elmer). Cyclic vol-
tammetry (CV) experiments were performed using a classi-
cal three-electrode configuration (Iviumstat electrochemical 
analyzer, Ivium Technology). The CV curves were measured 
at 200 mV/s scan rate and Ag/AgCl as reference electrode.

3  Results and discussion

Figure 2a–c top panel shows the TEM images of the nano-
particles in samples S1, S2 and S3, respectively. The TEM 
images of sample S1 reveals a chain of spherical GNPs. For-
mation of nanoparticle chains is due to the linear aggrega-
tion because of the dipole–dipole interaction in the solution 
[55]. The lattice spacing of these spherical particles shown 
in the bottom panel is consistent with (111) plane of metal-
lic gold. The image of sample S2 shows nanoparticles in an 
aggregated 2 or 3D network. The network configurations 
consist of nanoparticles that are strongly attached to each 
other. HRTEM and IFFT images from different points of a 
conjugated particle and its interface are shown in the lower 
panel. The IFFT of the conjugated particles interface indi-
cates clearly that two parts of the particles are attached to 
each other via a crystalline interface. Therefore, an intimate 

Aging

Nd:YAG laser beam Mirror

Focusing lens

solution

Au target

In acquachloro iron (III)

In hexachloro iron (III)

In water

Fig. 1  Schematic representation of laser ablation of golf in water and 
ferric chloride solutions and the effect of aging

Fig. 2  TEM, HRTEM and IFFT images from selected zones of sam-
ple a S1 b S2, and c S3 recorded after laser ablation. Inset of part b 
and c indicates the HDAAF images of single particles. In HDAAF of 

part b points 2 and 3 are gold which is free of iron, in part c points 1 
and 3 are iron-rich without gold and point 2 is gold-rich without iron
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contact exists between two gold nanoparticles at the inter-
faces. The coagulation of nanoparticles observable in the 
image indicates a strong tendency for strong agglomeration 
of gold in the presence of hexachloro iron(III). A selected 
HAADF image in the inset of Fig. 2b revealed that (points 
2 and 3) there is no iron in the nanoparticle region and its 
surrounding (point 1). In the TEM image of sample S3, 
however, a single Au nanoparticle with a gray contrast halo 
around it can be clearly seen. No agglomeration or chain 
formation was observed for S3 and almost all TEM images 
included single or a few number of particles. Similar single 
GNPs without agglomeration are shown in Fig. 2c. In addi-
tion to this halo, a number of agglomerated smaller particles 
with the same gray contrast are observable around it. The 
HRTEM and IFFT images from the gray and dark regions 
are shown in the bottom panel. The gray contrast particles 
have a lattice spacing of about 0.47 nm while the dark par-
ticles are believed to be gold with about 0.22 nm lattice 
spacing. The HAADF image confirms that the particles are 
gold and the halo in its vicinity comprises entirely of iron. 
Therefore, the gray contrast particles are attributed to an iron 
compound that acts as protecting layer against agglomera-
tion around the particle.

To investigate the structure of the GNPs, XRD was used. 
The XRD patterns from sample S1, S2 and S3 after centri-
fuging and drop-casting on amorphous glass substrates are 
shown in Fig. 3. The patterns of all the samples represent 
(111), (200), (220) and (311) peaks which are assigned to 
the fcc cubic crystal structure of gold (JCPDS card num-
ber 00-001-1174). All the diffraction peaks of the metallic 
Fe (JCPDS card number 01-085-1410), however, overlap 

those of fcc gold metal. Therefore, it is not so straightfor-
ward to determine whether or not peaks corresponding to 
iron exist in the patterns of samples S2 and S3. However, 
comparing the XRD patterns of S2 and S3 with that of S3 
indicates they have similar relative intensities and no trace 
of metallic iron should be found. In addition, no diffraction 
peak or trace of oxide or chloride phases for gold and iron 
were seen. The only difference is that the high magnifica-
tion window around 2θ ~ 44.5° (inset) indicates that sam-
ple S3 has relatively broader peaks. Moreover, the peaks in 
samples S2 and S3 undergo a shift toward lower 2θ values 
indicating an increase in the lattice parameter of gold from 
a = 4.064–4.078 Å. According to XRD it can be inferred 
that the ablation of gold in iron chloride has no considerable 
impact on the purity of gold nanoparticles.

XPS was also used to study the chemical composition 
of nanoparticles. Before XPS, the samples were sonicated, 
centrifuged and drop-casted on glass substrates. High 
resolution XPS spectra and peak fitting of a typical  Au4f 
region and  Fe2p regions of iron are shown in Fig. 4a–c. The 
spin–orbit splitting of  Au4f7/2 and  Au4f5/2 is about 3.6 eV. 
The  Au4f7/2 and  Au4f5/2 peaks have binding energy at about 
84 and 87.5 eV, respectively which is characteristic of  Au0. 
The position of  Fe2p3/2 at 712.2 and  Fe2p1/2 at 725.5 eV cor-
responds to the  Fe2+ oxidation state in both samples S2 and 
S3. The existence of the  Fe2+ oxidation state can be also 
attributed to slightly surface oxidation of Fe in the drying 
process.

The aging investigation is performed to compare the 
effect of the ablation medium on the stability of LSPR 
absorption peaks of colloidal GNPs over time. Successive 
UV–Vis absorption spectra of samples taken in different 
steps within an aging period from 10 min to 2 days after 
laser ablation are shown in Fig. 5. The photographic images 
of colloidal samples taken at different aging times includ-
ing before, just after and 2 days after laser ablation are also 
presented. Hexachloro iron(III) solution is colorless and 
the aquachloro iron(III) solution light brown before laser 
ablation. Laser ablation of gold target in water and in hexa-
chloro iron(III) lead to purple solutions (sample S1 and S2). 
However, in preparation of the sample S3, a dark red color 
appears upon laser ablation. All the samples S1, S2 and S3 
have different LSPR peaks early after ablation but all center 
around the 550 nm characteristic of the plasmonic feature for 
gold nanoparticles in an aqueous medium [19]. A significant 
difference, however, exists between their LSPR shape and 
aging stability. The time variations of LSPR maxima are also 
presented. The absorption intensity decreases exponentially 
with a slight slope for S1 and with a steeper slope to zero 
for S2, whilst it almost increases initially for S3 before fall-
ing slightly. For sample S1, about 115 min following the 
laser ablation, the LSPR peak damps and the maximum 
absorption of the LSPR reduces from about 0.25 to about 
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Fig. 3  XRD patterns of drop-casted samples of S1, S2 and S3. Inset 
shows the high magnification detail at 2θ ~ 44.5°
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0.1 during 2 days (~ 3000 min) of aging. Sample S2 shows 
a LSPR peak smaller and considerably broader in compari-
son to sample S1 and S3 which damps quickly with age. 
Precipitation was also observed for sample S2 for which 
any attempts by sonication to recover the plasmonic peak 
failed. This is attributed to sedimentation and agglomera-
tion-induced broadening of the plasmon resonance. How-
ever, sample S3 interestingly has a stronger LSPR intensity, 
about ten times higher than S2, and a narrow LSPR peak 
in comparison and an excellent aging stability without any 
precipitation of nanoparticles. The increase of the LSPR 
intensity in sample S3 early after the LASiS process is 
likely to result from the post-formation of new Au particles 
or growth of existing seed particles previously formed in 
the suspension. So the Au LSPR peak clearly depends on 
the ablation medium and there is a significant difference 
between the two types of ferric chloride solutions used as 

the ablation environment. The different amount of ablated 
Au (Au conc.) in the samples shows the effective role of the 
ablation environment. Sample S3 with the highest Au col-
loidal NPs concentration has the highest maximum absorp-
tion intensity, while S2 has the lowest one. It is consistent 
with the Beer–Lambert law, implying a proportional relation 
between LSPR absorption intensity and the concentration of 
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Fig. 4  a–c High resolution XPS spectra of typical Au4f and Fe2p
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Fig. 5  Successive optical absorption spectra of samples a S1, b S2 
and c S3. Middle panels indicate the corresponding time variation of 
peak values and ICP concentrations of gold. Photographic images at 
different stage of process are shown in the right panels: (1) before, (2) 
just after and (3) 2 days after laser ablation of gold
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colloidal NPs. Optical spectroscopy data indicates clearly 
that laser ablation in aquachloro iron(III) leads to a very 
stable gold solution and based on XRD and HAADF without 
any combination with iron.

The concentration of iron ions in the laser ablation pro-
cess may be responsible for the different stability observed 
for samples. Cyclic voltammetry of the solution before and 
after the laser ablation can be useful to get information on 
the variation of ionic species. Figure 6 shows the CV curves 
(scan rate 200 mV/s) for two types of ferric chloride solu-
tions before and after laser ablation of gold. Hexachloro 
iron(III) and aquachloro iron(III) exhibit different electro-
chemical behaviors before gold ablation. As can be seen, 
both oxidation and reduction peaks of hexachloro iron(III) 
is much higher than in aquachloro iron(III). Since the meas-
ured CV current is in direct proportion to the iron ion con-
centration, hexachloro iron(III) contains much higher ionic 
species of iron. After laser ablation, a decrease in CV cur-
rent of S2 and an increase in sample S3 is clearly observ-
able. This shows that laser ablation in hexachloro iron(III) is 
accompanied by consumption of iron ions while in sample 
S3 no reducing action was observed and new iron ions are 
generated spontaneously due to aging.

If the behavior of sample S1 is attributed to normal 
agglomeration and precipitation of GNPs in DI water, we 
can expect for S2 a greater surface charge neutralization of 
gold nanoparticles by a chemical/electrostatic interaction 
between the gold nanoparticle via iron ions and this is a pos-
sible reason for steep decrease of LSPR peak. In sample S2, 
the higher content of iron ions changes the charge balance 
on the surface of gold nanoparticles resulting in agglomera-
tion of nanoparticles. The reaction at the interface of inti-
mate contacts between Au nanoparticles in sample S2 can 

be ascribed to the role of iron ions in reduction of gold(III) 
in the following stages [56]: 

In the presence of hexachloro iron(III), damping of the 
LSPR absorption peaks of Au is also attributed to parti-
cle–particle agglomeration, a surface passivation by iron 
ions [57, 58], or a polymerization with existing Fe-OH 
chains of hexachloro iron(III) due to surface coverage on the 
GNPs. However, in sample S3, TEM and UV–Vis observa-
tions suggest that the layer of aquachloro iron around gold 
nanoparticles acts as protecting layer against agglomera-
tion and stabilizes them. Therefore, the ablation process in 
the presence of aquachloro iron maintained the integrity 
of gold nanoparticles. The consolidation of sample S3 is 
partially attributed to an hydrolysis assisted solidification 
(HAS) using iron chloride as a setting agent. The consolida-
tion takes place by the internal consumption of water due to 
much more hydrolysis of  FeCl3 in sample S3. Colloidal gold 
nanoparticles obtained by laser ablation normally agglomer-
ate in water, but our results indicated that they can be sta-
bilized in aquachloro iron (III) solutions. When two stabi-
lized Au NPs approach each other they experience repulsive 
forces once the outer shells begin to overlap. In the other 
words, when ablation is performed in aquachloro iron there 
is an iron complex that strongly binds to GNPs, increasing 
the negative charge on the surface and electrostatic repul-
sion between the particles, further stabilizing the colloidal 
solution. However, for S2, the cyclic voltammetry suggests 
that agglomeration may be induced by increasing the ionic 
strength for instance using HCl before dissolving the iron 
chloride salt.

4  Conclusion

In summary, laser ablation of gold was performed in water, 
hexachloro iron(III) and aquachloro iron(III). It was found 
that compared with the two other media, aquachloro iron(III) 
leads to very stable nanoparticles with narrow LSPR peaks. 
The hexachloro iron(III) produced particles with a broad 
LSPR peak and their stability is even less than in water and 
the obtained gold nanoparticles are precipitated quickly. 
Structural analysis by XRD shows that the iron solutions 
preserve the purity of gold so that iron is not combined 
with gold. HRTEM showed that the particles in hexachloro 
iron(III) are often firmly attached together via a crystalline 
interface and as a result, large agglomerations form. But in 
aquachloro iron(III) a protective layer consisting of an iron 
composition keeps particles separated and stable. Gold insta-
bility in hexachloro iron(III) is attributed to the presence of 
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iron ions and its reducing role for reduction of gold at gold 
nanoparticles interfaces. The stability of nanoparticles in 
aquachloro iron(III) attributed to high rates of hydrolysis 
and the role of water in binding with the surface of gold 
nanoparticles.
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