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Gold nanoparticles (AuNPs) were synthesized by laser (Nd:YAG, λ = 1064 nm) ablation of a gold target
immersed in various aqueous electrolyte solutions (7 mM of LiCl, NaCl, KCl, NaBr, and NaI) as well as in
deionized water. The surface plasmon absorption and EDX of AuNPs so produced as well as their TEM images
were analyzed to investigate the effects of ambient ions on the growth and aggregation of NPs. The size of
AuNPs was reduced by laser ablation in the presence of chloride and bromide ions while it increased drastically
when AuNPs were formed in iodide solution. Interestingly, triangular nanoplates were synthesized only in
iodide solution. Surface chemistry on AuNPs in various electrolyte solutions was explored to elucidate the role
of ions on the size and stability of AuNPs.
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Introduction
Compared to bulk materials, nanoparticles (NPs) have
peculiar optical,1 electrical,2 and magnetic properties3 which
allow novel applications in various fields including electronics,4 sensors,5,6 solar cells,7 functional textiles,8 and
paints.9 Also, they are widely used in biomedical field such
as medicine,10,11 imaging,12 and therapy.13
Among many, gold and silver metal NPs are indispensable
for biomedical technologies due to their unique size- and
shape-dependent optical properties14 as well as their low
toxicity15-17 compared to others. In particular, their surface
plasmon frequencies in visible region18,19 are certainly strong
advantages over the others. Consequently, gold and silver
NPs have been adopted as signal amplifiers in surface enhanced Raman spectroscopy (SERS)20-23 and, furthermore,
they are recently spotlighted as promising platform materials
for theranosis.24,25 For these applications, extensive research
has been devoted to control the surface plasmon resonance
(SPR) by manipulating the size and shape of NPs over the
last two decades.
Generally, NPs are synthesized by chemical reduction,
where their size and shape are controlled mainly by varying
reducing agents and surfactants.26,27 However, this method
requires extra purification process to get rid of residual
chemicals on the surface, which are often responsible for
toxicity.28 Recently, laser ablation in liquid (LAL) has been
suggested to replace the chemical reduction as a highly
convenient and environment-friendly method.29 In LAL,
gold and silver NPs can be synthesized in a solvent without
any chemicals such as surfactants, which are frequently
added to prevent aggregation in chemical reduction.20,22,23,30
Stabilizing nanoparticles to avoid aggregation has been
†
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one of the most important issues in nanotechnology. In NPs,
more atoms exist in the surface area compared to the bulk
and their high surface energies are beneficial as catalysts.26
Since NPs aggregate easily and grow bigger, it is important
to maintain their small sizes in this regard. In uncapped NP
colloid, the Brownian motion of nanoparticles induces
collision of two nanoparticles and they attract with each
other eventually to form aggregates through the van der
Waals interaction.31 To solve such aggregation problems,
researchers attempted to form barriers between particles
using polymer dispersing agents,32,33 surfactants,34-37 and
surface modification,38,39 but using such additives and
organic solvent40,41 to prevent aggregation and to control the
morphology of NPs are far from the “green” nature of LAL.
As well as organic agents, biocompatible salt such as NaCl
can also be adopted to reduce the size of gold and silver NPs
even in very low concentration.23,42-44
Here, we explored the effects of different types of salts
dissolved in the liquid laser ablation medium on the morphology and size of gold nanoparticles (AuNPs). NaCl, which
has been known to have size quenching effect for gold and
silver NPs in LAL, was adopted as a standard to examine the
effects of ions; LiCl and KCl were selected to study the
effects of cations and NaBr and NaI were chosen to investigate the role of anions.
Experimental
AuNPs solution was produced by laser ablation of a gold
target (99.99%) which was immersed in aqueous solution
using a customized cell. Focused Nd:YAG laser (Continuum,
Surelite III, 1064 nm, 10 Hz) pulse was employed as an
ablation light source. The diameter of the laser spot on the
target surface was approximately 1.2 mm and the Au target
was irradiated for 5 min. All salts were purchased from
Sigma-Aldrich and were dissolved in deionized water (18.2
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MΩ) to prepare electrolyte solutions.
We have prepared AuNPs solutions in two different
methods. In the Method I, in order to study the effects of
ambient ions during laser ablation, the Au target was placed
in electrolyte solutions (7 mM) including salts such as LiCl,
KCl, NaCl, NaBr, and NaI. The Au target was ablated at 100
mJ/pulse and the volume of the solution was 15 ml. In the
Method II, we made AuNPs solution by laser ablation of the
Au target for 20 min in 10 mL deionized water and subsequently mixed it with electrolyte solution to investigate the
effects of ions on the stability of NPs. The resultant concentration of salt was 7 mM as in the case of the Method I.
UV-Vis spectra of NP colloids were obtained with a UVVis spectrometer (Shimadzu, UV-1800) in the range of 1901000 nm using a 10 mm optical path quartz cell. Images of
NPs were captured by field emission transmission electron
microscopy (FE-TEM, FEI, Tecnai G2F30) at 300 kV and
energy filtering-transmission electron microscopy (EF-TEM,
Carl Zeiss, Leo 912AB) at 120 kV. Zeta potentials of colloidal solutions were measured by electrophortic light scattering spectrophotometer (ELS, Otsuka Electronics, ELS-8000).
Results
Method I: Synthesis of Gold Nanoparticles in Electrolyte Solutions. Figure 1 shows the effects of ambient electrolytes on the properties of the surface plasmon band (SPB)

Figure 1. UV-Vis spectra of AuNPs synthesized by LAL in
various electrolyte solutions (the Method I) (a) right after synthesis
(0 h), (b) after 24 h; the shift of the surface plasmon band peak
position for various electrolyte solutions (c) with different cations,
(d) with different anions; the change in the FWHM for various
electrolyte solutions (e) with different cations, (f) with different
anions.
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of AuNPs solutions. For salt solutions with different cations
(LiCl, NaCl, KCl), the SPB peak positions and FWHMs
were nearly the same (Figs. 1(c) and 1(e)). On the contrary,
the difference was noticeable for different types of anions
and became more apparent after 24 h as shown in Figures
1(d) and 1(f). The SPB peak was blue shifted in the presence
of chloride ions (LiCl, NaCl, KCl) compared to deionized
water and it remained nearly the same after 24 h. In NaBr
solution, the SPB peak wavelength was placed between
NaCl and deionzed water, and it shifted closer to deionized
water after 24 h. The spectral change before and after 24 h
was dramatic for NaI solution; the peak was red shifted and
the FWHM also increased in NaI compared to the deionized
water case. The dramatic change in NaI solution after 24 h
represents a poor stability of AuNPs colloid, and it is supported by the zeta potential measurements; the zeta potential
values for NPs solutions produced in NaCl, NaBr, and NaI
solutions were −35.99 ± 1.40 mV, −31.32 ± 3.71 mV, and
−27.89 ± 4.22 mV, respectively.
The red shift of SPB peak reflects the increase in the size
of NPs,41,45 which can be also confirmed by TEM images in
Figures 2(a)-(c). The average sizes of NPs in NaCl, NaBr,
and NaI were 5.3 ± 2.7 nm, 7.0 ± 4.6 nm, and 41.6 ± 38.9
nm, respectively. In NaI, extremely big particles with diameters over 200 nm were also observed, and the shapes of
the NPs were not only spherical but also triangular, and
hexagonal. In particular, big triangular and hexagonal NPs
with many small NPs attached on the surface were observed
as shown in Figure 2(d). This structure was identified also
by EDX and will be discussed later. Although some triangular and hexagonal nanoplates were found, their presence
was not quite revealed in the UV-Vis spectrum as the second
SPB in the infrared region presumably due to their low concentrations.46,47

Figure 2. FE-TEM images of AuNPs synthesized in (a) NaCl, (b)
NaBr, (c) and (d) NaI solutions by the Method I.
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Figure 3. UV-Vis spectra of AuNPs prepared by the Method II (a)
right after synthesis (0 h), (b) after 24 h; (c) the shift of the surface
plasmon band peak position for various electrolyte solutions, (d)
the change of the FWHM for various electrolyte solutions, (e) and
(f) FE-TEM images of AuNPs in NaI solution after 24 h.

Method II: Addition of Electrolyte Solution to AuNPs
Solution Prepared in Deionized Water. Halide ions in
solution have influence on the stability of colloids during the
storage as well as on the synthesis of NPs by LAL. To examine the effects of ions on the stability of gold nanoparticles
in colloid, halide ions were added to AuNPs solution that
had been prepared in deionized water, giving final concentration of halide ions of 7 mM. As displayed in Figures 3(a)(d), there were no practical changes in NP colloids when
applied with chloride and bromide ions. However, right after
adding NaI solution into AuNPs colloid, the SPB peak
position was red shifted as much as 2 nm, and the FWHM
increased more than 2 nm, which is similar to the results of
the Method I shown in Figure 1; the SPB peak position
shifted as much as 14 nm and FWHM also increased over
more than 18 nm after 24 h. In addition, the absorbance at
the interband transition region decreased noticeably while
the absorbance at IR region increased drastically, which
indicates the aggregation of NPs as observed in the Method
I. In the Method II, however, big triangular nanoplates were
not observed. Instead, small NPs were found attached on the
surface of big NPs like a sunflower as shown in the inset of
Figures 3(e) and 3(f).
Comparison of the Two Methods: We compared the
aggregation process of NPs in the two different processes for
24 h as shown in Figure 4: laser ablation of the Au target in
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Figure 4. The time-dependent changes of (a) the peak position of
the surface plasmon band and (b) FWHM for AuNPs solutions
prepared by Method I, Method II.

NaI solution (the Method I) and adding NaI solution to the
prepared AuNPs solution (the Method II). In case of the
Method I, the SPB peak position shifted toward the longer
wavelength and the FWHM increased gradually until 6 h
after. The changes with time reached a plateau after 6 h and
both SPB peak wavelength and FWHM decreased a little
after 6 h due to formation of big NPs by aggregation. The
growth of NPs with time was clear as shown by the TEM
images in Figure 5. The average diameters of AuNPs were
20, 50, and 100 nm after 1 h, 3 h, and 6 h, respectively. The
color of AuNPs colloid turned murky magenta from clear
wine red and it changed gradually after 24 h to clear pale
pink violet. This implies that NPs have grown progressively
to certain size over 6 h and larger particles formed thereafter
may sink down, which was visible inside the sample vial.
Among various cations and anions, only iodide ions have
apparent influence on the formation and aggregation of gold
nanoparticles during and after laser ablation. It is intriguing
that triangular and hexagonal nanoplates with sharp edge
were formed when the gold target was irradiated in the
presence of iodide ion (the Method I) while they were missing in the Method II. Also, when we adopted the Method II,
the changes in the SPB peak position and the FWHM over
the time were negligible until 3 h as shown in Figure 4. The
aggregation was accelerated after 3 h, which indicates that
big NPs were formed by aggregation of small NPs due to the
increased van der Waals interaction by iodide ions attached
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Figure 5. The EF-TEM images of AuNPs prepared by the Method
I (a) right after synthesis (0 h), (b) after 3 h, (c) after 6 h, (d) after
24 h. The insets show the change in the color of AuNPs solutions
with time.

to AuNPs. It is of note that big AuNPs prepared by the
Method I and II are different; triangular nanoplate with small
NPs attached and sunflower-like big NPs, respectively. Comparing the two Methods, we conclude that the presence of
iodide ions in solution provokes aggregation of NPs and,
furthermore, LAL in iodide solution triggers certain photochemical phenomena on the surface of NPs to produce
triangular nanoplates. This will be discussed in the following
section.
Discussion
From our results shown above, it is clear that the size and
stability of NPs strongly depend on the property of ions in
solution; in particular, anions influence the surface properties of metal nanoparticles.48,49 In LAL, nucleation of atoms
begins to produce seeds or atomic clusters in the initial stage
and subsequently the seeds grow to NPs by calescence.29
The initial formation of seeds occurs in a very short time
scale during the cooling of the plasma plume,29 and therefore
it is difficult to imagine that ambient ions in the solution play
a significant role during the initial stage of nucleation.50
After the nucleation process, halide ions are expected to be
involved in the growth of NPs affecting the growth and
coalescence of them, which actually govern their size, shape,
and stability.29
General Mechanisms to Explain the Increased Stability
of NPs Produced by LAL. In LAL, NPs are exposed to
high temperature and pressure environment invoked by lasertarget interaction, where the surface of AuNPs may well be
partially oxidized in aqueous solution.42,50,51 Subsequently,
the reaction between Au-O-Au on the surface and OH− ions
in aqueous solution brings about Au-O− on the surface of
AuNPs, which is believed to be responsible to the increased
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stability of NPs prepared by LAL compared by chemical
reduction; electronic repulsion between negatively charged
NPs hinders further aggregation of NPs. Therefore, the average size of AuNPs that were synthesized in base solution is
smaller than in acid solution or water.42,44,50 In the presence
of halide ions, halide ions also attack Au-O-Au to give AuO− and Au-X on the surface of AuNPs and the increased
surface charge help reduce the size as reported by Bae et
al.43
What Happens in Iodide Solution? Iodide ions in solution did not show any size reducing effect for AuNPs unlike
chloride and bromide ions as displayed in Figure 2. They
rather induced aggregation of NPs after synthesis. Therefore,
we need different viewpoints for iodide solution from the
above general mechanisms of LAL. We can consider the
effects of halide ions on the size of NPs as follows: the
affinity of halide ions to the gold surface50 and the degree of
surface-to-adsorbate charge transfer.50,52-54
The adsorption rate of halide ions on the surface of AuNPs
is determined by the affinity of halide ions to gold which is
in order Cl− < Br− < I−.46,53,56-58 The stability of Au and halide
ion bond also follows the same order, Cl− < Br− < I−.53 Also,
the degree of surface-to-adsorbate charge transfer among the
halide ions, which is Cl− < Br− < I−.54,55 This is in line with
our experimental results; the average sizes of AuNPs synthesized in the presence of chloride, bromide, and iodide ions
(the Method I) were 5.3 ± 2.7 nm, 7.0 ± 4.6 nm, and 41.6 ±
38.9 nm, respectively. Since AuNPs produced by LAL are
positively charged due to photoionization, they can be stabilized
and, furthermore, avoid Coulomb explosion when negative
charge is transferred from the adsorbed halide ion on the
surface of AuNPs. It is of note that the recombination of
solvated photoelectrons with positively charged AuNPs
compete with the adsorption of halide ions. Yamada et al.
reported that the charge state of AuNPs increased with the
increase in the concentration of sulfur dodecyl sulfate (SDS)
until it reached to a critical micelle concentration by interrupting recombination of ejected electrons, and the size of
NPs decreased with the increase of charge state due to
Coulomb explosion.52,59,60 Although the degree of surfaceto-adsorbate charge transfer does not play a central role in
the determination of the average size of NPs, it may be, at
least, partially responsible for the resultant size of NPs.
Formation Mechanisms of Triangular Nanoplates in
the Method I. Iodide ions have been widely used to help
synthesize triangular nanoplates in chemical reduction
method.46,47 Millstone et al. proved their critical role as they
detected iodine only on the triangular nanoplates using XPS,
but not on the rod- or spherical-shaped NPs.47 Tsuji et al.
suggested that Agn-1− and AgI2− ions were produced in the
etching process of spherical AgNPs, which reformed into
nanoprisms or nanorods by the photoreduction into Agn61;
during photoirradiation, plasmon excitation induced electronic field on the surface of NPs46,61 and Ag atoms accumulated on the specific facet of (100) and (110) to form
anisotropic structures.
In our experiment, it also turned out that photoirradiation
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the distance between the neighboring atom columns was 2.4
± 0.2 Å, the pit depth of Au (111), which manifests that
photoirradiation induced accumulation of reduced Aun preferably on (110) and (100) facets to form nanoplates with
(111) face as shown in Figure 6(c). The density of triangular
nanoplates were not high due to the short irradiation time in
the Method I.62 In case of the larger plate, the crystallinity
was relatively poor as shown in Figure 6(d) presumably
because the surface was covered by iodine; as illustrated in
Figures 6(e) and 6(f), the small NPs attached to the large
triangular plate are AuNPs but the surface of the large plate
consisted mostly of iodine.
Iodide ions are easily adsorbed on Au (111) than other
facets such as (110) and (100).47,56,57 Besides, excess iodide
ions are able to change triangular and hexagonal plates into
plates with irregular edges due to its strong affinity to Au
(111).53,57 Rai et al. found that the nanoprisms were reconstructed into such plates at 24 h after adding iodide
ions56; iodide ions form hexagonal packed adlayer which is
mismatched with the Au (111) lattice plane.53,56 The mismatch brings interfacial strain on the surface, and the strain
is relieved by transforming the surface of gold triangular
plates to corrugated edges.56 Such AuNPs with irregular
edges were also observed in our experiment as shown in
Figure 2(c). To conclude, iodide ions stimulate the growth of
triangular Au nanoplates because they work as stronger
etchant than other halide ions,61 but they eventually contribute to the formation of irregular-edged plates due to the
strong affinity to Au (111).
Conclusion
Figure 6. (a) The EDX spectrum for a small triangular Au
nanoplate (marked as red circle), (b) The EDX spectrum for a
large triangular Au nanoplate with small NPs attached (marked as
red circle), (c) The HR-TEM image of a small triangular Au
nanoplate, (d) The HR-TEM image of a large triangular Au
nanoplate, (e) The EDX line analysis for a large triangular Au
nanoplate, (f) The EDX line profile of Au and I for a triangular Au
nanoplate shown in (e).

triggered the production of crystalline NPs53,61-63 when LAL
was performed in iodide solution; triangular and hexagonal
nanoplates were produced by the Method I as observed by
Tsuji et al.61 On the other hand, in case of the Method II, just
modified (or rounded) triangular NPs and sunflower-like
aggregates of AuNPs with small NPs attached on the surface
of a big NP were observed as shown in Figures 3(e)-(f).
Laser ablation of Au target in iodide solution induces the
growth of triangular and hexagonal plates by controlling the
direction in the growth of AuNPs.46,61 The EDX and TEM
analysis of a small triangular plate and a large triangular
plate with small NPs are shown in Figures 2(c), 2(d) and 6;
the small plate turned out to be gold as no iodine was
detected (Fig. 6(a)), while iodine peaks were dominant for
the large plate (Fig. 6(b)). Figure 6(b) shows a large triangular plate with many small NPs adsorbed on the surface,
which was also shown in the Figure 2(d). For the small plate,

We have investigated the effects of ions on the formation
of AuNPs by LAL by two different methods: laser ablation
of Au target in various electrolyte solutions (7 mM of LiCl,
NaCl, KCl, NaBr, and NaI) and mixing of AuNPs solution
prepared in deionized water by LAL with each electrolyte
solution. Only in the Methods I, chloride and bromide ions
in solution helped decrease the average size of AuNPs
compared to that prepared in deionized water, while iodide
ions triggered aggregation of NPs due to large van der Waals
interaction. On the other hand, the dependence of AuNP size
on the cations (Li+, Na+, K+) was negligible. When Au target
was irradiated in iodide solution, Au triangular nanoplates
were formed due to high affinity of iodide ion on Au (111)
surface and subsequent photoreduction to produce Au
clusters.
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