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ABSTRACT: Silver nanoparticles (Ag NPs) colloids obtained by
femtosecond laser ablation in soluble starch (st) solution and silver salt
reduction methods were characterized using optical extinction spec-
troscopy, micro-Raman spectroscopy, transmission electron microscopy,
and zeta potential. Type, number density, and relative percentage of
species were determined for the first time based on OES and Raman
analysis. Both synthesis methods yield bare Ag and core−shell Ag@
Ag2O spherical NPs with log-normal size distributions centered in the
range 1−3 nm. Pulsed laser ablation produced also hollow Ag species.
The presence of an Ag2O shell is fundamental for the antibacterial
properties of Ag NPs through the production of Ag+ ions. Stability
studies based on the evolution of OES and zeta potential show that laser ablation method produces colloids that stabilize much
faster than those synthesized by salt reduction method for a given st concentration. It was found that an increase in soluble st
concentration produces a redshift of the Ag plasmon peak with respect to neat water, which is steeper for high pulse energy.
Particularly, low energy pulses seem to produce more stable colloids than high energy pulses. Knowledge of these facts may be
useful in synthesis of silver colloids for specific applications in biomedicine and food industry.

1. INTRODUCTION

Metal NPs have received significant attention in recent years
owing to their unique properties and practical applications in a
variety of scientific and engineering areas. Particularly, the
broad antimicrobial properties of silver NPs with high
effectiveness in small doses and minimal human toxicity play
an important role in several life-related fields such as
biomedicine,1 food production,2,3 water purification,4 and
antimicrobial/bactericidal activity.5−12 Positive charges gener-
ated on the surface of the NPs and altering cell breathing
function through cell membrane penetration have been
proposed as possible causes of Ag NPs bactericidal proper-
ties.10,12 There is a general consensus that these positive
charges are provided by the release of Ag+ ions from oxidative
dissolution processes of Ag NPs, which act in different ways. At
micromolar concentrations, Ag+ ions interact with respiratory-
related enzymes, inhibiting ATP synthesis.13 Besides, Ag+ stick
to transport proteins, inducing the dissipation of the proton
motive force13 leading to cell membrane damage. Yang at al.14

reported that Ag+ ions may reside inside bacterial cells, resulting
in compromised DNA replication fidelity, thus enhancing
bactericidal activity.

For all these actions, oxidation of the metallic silver core is an
essential step. Reaction of O2 at the Ag NP surface is followed
by the formation of a silver oxide layer comprising only one or
two atomic layers of Ag atoms, which may easily release Ag+

ions. The efficiency is higher for smaller NPs (1 to 10 nm), thus
contributing to explain the size dependence of the antimicrobial
activity of Ag NPs.15

One of the leading features in the optical properties of small
colloidal metal NPs supported on a substrate or embedded in
inorganic or organic matrices is the so-called localized surface
plasmon resonance (LSPR), which, for the case of silver, is
expressed as a sharp resonance in the violet-blue region of its
optical extinction spectrum. Size, shape, surrounding medium
refractive index, and the presence of a covering shell determine
the central wavelength (peak) as well as the full width at half-
maximum (fwhm) of the LSPR.16−19

There are different methods for Ag NPs fabrication.20,21 One
of the most traditional techniques is based on chemical
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synthesis from inorganic precursors where Ag ions produced by
salt dissociation are suitably reduced to form metallic silver
atoms. In turn, these nucleate into small clusters that finally
aggregate to form NPs. Shape and size of NPs depend of the
relative rate of these processes, which can be controlled through
the modification of reaction parameters.22−24 Sometimes, it is
possible to functionalize Ag NPs with different molecules or
biomolecules during or after synthesis.25 Some authors have
reported chemical synthesis using soluble starch (st) as
stabilizer and different reducing agents such as maltose,
glucose, and NaBH4.

26,27 This kind of synthesis is often
known as bottom-up type.
An increasingly important method for fabricating nano-

structured materials is laser ablation of a solid target immersed
in a liquid medium.28−30 Energy from a focused laser pulse is
absorbed by a bulk target, producing a plasma plume that
contains the ablated material (top-down process). This plume
expands into the surrounding liquid, producing a shockwave
that travels in all directions from the laser incidence point. The
expansion produces a decrease in the temperature of the plume
together with the generation of a cavitation bubble, which acts
as a reactor for NPs formation through condensation of atoms,
in a synthesis environment composed of both target and
solution species.29 This is typical of bottom-up processes. This
latter process is more evident for the case of alloy targets that
generate NPs with different composition due to the interaction
between target and solvent species. On the basis of the above
facts, laser ablation in liquid may be considered as a mixture of
top-down and bottom-up methods.
Control of size distribution and stability is a key feature in

many applications as, for example, in bacteriological remedia-
tion in the food industry.2,3 Natural polymers such as st and
chitosan have been used to stabilize silver NPs31 fabricated by
laser ablation using a Q-switch Nd:YAG at 1064 nm
wavelength. The influence of natural polymers as green
biocompatible stabilizing agents in laser produced colloidal
silver NPs has not been studied in the femtosecond (fs) laser
regime, neither concerning the size, structure, species, and
configuration of NPs nor stability comparison with chemical
synthesis method.
In this paper, we study size distribution, structure, species,

and configuration of colloidal Ag NPs synthesized by fs laser
ablation and silver salt reduction methods in st solution.
Particularly, for the case of laser ablation, we perform a more
specific investigation, studying these characteristics as a
function of soluble st concentrations and laser pulse energies.
Samples were studied using Optical Extinction Spectroscopy
(OES), micro-Raman spectroscopy and TEM techniques.
Stability analysis based on the time evolution of plasmon
peak position and fwhm of the colloidal suspensions fabricated
by both methods in 1% soluble st solution was carried out.
Results of characterization and stability studies may be applied
in future prospects to study the antimicrobial capacity and
application as active packaging in the food industry.

2. MATERIALS AND METHODS
2.1. Materials. AgNO3 from Merck and NaBH4 reducer was

purchased from Sigma-Aldrich for salt reduction method. A 1
mm thick and 1 cm diameter high purity grade silver disk was
used as target for laser ablation method. For both methods,
soluble st from Anedra and distilled water (>18 MΩ cm−1, < 20
ppb organic carbon) obtained from a Millipore (Bedford, MA)
system was used.

2.2. Synthesis of Nanoparticles. 2.2.1. Laser Ablation
Method. Colloidal Ag NPs were fabricated by laser ablation
using a Ti:sapphire chirped pulsed amplification system from
Spectra Physics with pulses of 120 fs width at 1 kHz repetition
rate centered at 800 nm wavelength. Pulse energies used in
these experiments were 100 and 500 μJ. A 5 cm focal length
lens was used to focus the laser beam on the 99.99% silver solid
target disk, yielding fluence values of 90 and 450 J/cm2,
respectively. The vessel containing the solid target immersed in
the different liquids was moved using a XY motorized
micrometric stage and programmed so that the laser impinged
always in different points of the target. In this way, ablation was
performed always on a fresh surface of the silver disk. This
process lasted 9 min, after which the large number of Ag NPs
generated in the suspension produced a typical yellowish color.
The total Ag NPs colloid concentration depends on laser pulse
energy and was determined for each particular case. Figure 1
shows a sketch of the experimental setup together with the
techniques used for NPs characterization.

2.2.2. Chemical Method. Chemical synthesis of silver NPs
was performed by reduction of AgNO3 with NaBH4 and
stabilized with soluble st. Briefly, 17 mL of solution containing
AgNO3 (0.29 mM) and soluble st (1%) was kept under
magnetic stirring in an ice/water bath. Then, 100 μL of a
freshly prepared 100 mM aqueous NaBH4 solution was added
dropwise during 5 min.32,33 The mixture was kept under
magnetic stirring in an ice/water for approximately 2 h. The
solution of soluble st was obtained by gelatinization at 74 °C
for 20 min.

2.3. Experimental Techniques. Optical extinction spec-
troscopy was conducted by means of a Shimadzu spectropho-
tometer from 300 to 1000 nm. Experimental spectra were taken
5 min after preparation.
Electron-microscopy images were performed with a TEM-

MSC (JEOL 2100, acceleration voltage 200 kV). The as-
prepared Ag was diluted in milli-Q water and sonicated during
15 min. Samples were obtained by drying the solvent dispersed
NPs on a carbon-coated copper grid followed by plasma
cleaning to avoid possible organic residuals. Images of the
samples on a single-tilt sample holder were recorded/captured
using a TV Gatan ES500W and a charge-coupled device
(CCD) (TVips-16MP) camera.
Raman spectra were taken on different points of dried drops

of Ag NPs suspension with 1% soluble st with a Horiba Xplora
Plus Raman Microscope using a 100× objective. The spot size
at the sample was about 2 μm in diameter. To measure Raman
spectra in the colloidal suspension, a homemade setup was

Figure 1. Schematic diagram of the fabrication of silver colloidal
suspensions by fs laser ablation in liquid and the corresponding
characterization methods.
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implemented. The setup consists on a 532 nm Nd:YAG laser
focused on a cell containing the colloidal sample prepared by
laser ablation. A lens placed at right angles with the laser
direction collects the scattered light after passing through a
notch filter, focusing it on an optical fiber directly connected to
the entrance slit of a 0.5 m focal length CVI spectrograph. The
latter had a cooled PI-MAX ICCD camera at the output port.
The zeta potential measurements were carried out at with a

Brookhaven 90Plus/Bi-MAS instrument, operating at λ = 635
nm from a 15 mW solid state laser.

3. RESULTS AND DISCUSSION
3.1. Ag NPs Generated by Laser Ablation and Salt

Reduction. Experimental extinction spectra of Ag NPs
generated by laser ablation with 100 and 500 μJ pulse energy
as well as that prepared by salt reduction, all with 1% soluble st
solution, are shown in Figure 2 normalized to plasmon

maximum. Inset shows a snapshot of three Eppendorf vessels
containing the three samples: (a) laser ablation with 100 μJ, (b)
laser ablation with 500 μJ, and (c) salt reduction. It can be
readily seen that all spectra show the characteristic Ag NPs
plasmon resonance at about 400 nm. The fact that only a single
plasmon appears in the UV−vis-NIR wavelength range strongly
suggests that the NPs are spherical in shape.
However, several differences can be pointed out. When the

Ag suspension is obtained by salt reduction, the plasmon peak
is close to 414 nm, while for that generated by laser ablation it
is blueshifted to 408 nm for 100 μJ pulse energy and to 402 nm
for 500 μJ pulse energy. As it is known, an increase in oxide
shell thickness produces a red shift in plasmon peak.34,35 This
suggests that on average there is a larger oxide shell thickness
around the NPs in the sample generated by salt reduction with
respect to the colloidal suspensions obtained by laser ablation.
Besides, fwhm is 90 ± 2 nm for salt reduction, 74 ± 2 nm for
laser ablation with 100 μJ, and 62 ± 2 nm for laser ablation with
500 μJ. When this latter parameter is considered simultaneously
with the above plasmon peak values, it is possible to determine
uniquely the average NP size.35 The results suggest that NPs
fabricated by salt reduction have sizes slightly smaller than
those obtained by laser ablation.

The region for λ > 500 nm shows also different behavior
depending on the synthesis method used. Salt reduction
spectrum tends asymptotically to zero while the spectra
corresponding to laser ablation tend to a slightly higher value.
This is not a minor difference because, as it will be seen later, it
reveals the presence of different species and sizes of NPs. These
qualitative results about size and shell thickness can be
quantitatively analyzed by theoretical fitting of the experimental
extinction spectra. The fits were performed using Mie theory
for metallic nanospheres,18 considering the experimental bulk
dielectric function given by Johnson and Christy36 together
with corrective terms for free and bound electron contribu-
tion37 and the Drude parameters taken from Mendoza Herrera
et al.38

Figure 3a shows the normalized experimental extinction
spectra of Ag colloidal suspension in 1% st solution synthesized

by fs laser ablation for 100 and 500 μJ pulse energies, together
with their respective theoretical fits based on the total log-
normal size distribution shown in Figure 3b. Notice that fitting
curves are tightly superimposed to the experimental spectra
(except for the small region under 350 nm which marks the
onset of interband transitions). Three types of species were

Figure 2. Normalized experimental extinction spectra of Ag NPs
prepared by salt reduction (chemical synthesis) and laser ablation with
different energies, using 1% soluble st solution. Inset shows a snapshot
of the three samples: (a) laser ablation with 100 μJ, (b) laser ablation
with 500 μJ, and (c) salt reduction.

Figure 3. (a) Normalized experimental extinction spectra together
with theoretical fits of silver colloidal suspensions freshly prepared by
fs laser ablation with 100 μJ and 500 μJ pulse energy in 1% st solution.
(b) Total log-normal size distribution used to fit the experimental
spectra. Inset shows the relative abundance of air@Ag NPs in an
appropriate scale.
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considered for the calculations: bare core Ag, core−shell Ag@
Ag2O, and in a smaller amount hollow Ag NPs. It is important
to recall that these types of nanostructures are prone to occur
for pulse laser ablation conditions. When a metal target is
ablated in water, oxidation−reduction processes occur,39−41

giving rise to an oxide shell that for calculation purposes is
convenient to express as a percentage of core radius (R).
Formation of hollow Ag NPs was also reported by other
authors working with different metals and several laser
regimes.42−45 For Ag, Santillań et al.30,41 reported that it is
possible to obtain Ag@Ag2O and hollow Ag nanostructures by
fs laser ablation, the latter of which may be modeled as air@Ag
NPs.
For the case of 100 μJ pulse energy, particle sizing is

represented by a total log-normal size distribution with modal
radius at 1.7 nm, which contains bare core Ag and Ag@Ag2O
NPs contributions each with external modal radii (R′) of 1.7
and 2 nm, respectively, shown in Figure 3b. Also, there is a
small contribution of air@Ag NPs with R′ around 8 nm (inset
of Figure 3b).
For 500 μJ energy, the total log-normal size distribution with

modal radius at 1.8 nm, that includes bare core Ag and Ag@
Ag2O NPs contributions with R′ at 1.7 and 2.5 nm, respectively,
as shown in Figure 3b. For this energy, there is also an air@Ag
NPs contribution, with R′ around 9 nm (inset of Figure 3b).
Notice that, although air@Ag NPs abundance for both

energies is very small compared with other species of NPs for
both energies, the spectra cannot be fully fitted in the whole
wavelength range if they are not taken into account. Relative
quantity percentage derived from fitting the experimental
spectra and number density calculated introducing the relative
quantity percentage in the Lambert−Beer Law,45 supports the
good statistics provided by OES.
Each pulse energy produces oxide shell thicknesses in the

range shown in Table 1, although the dominant contribution is
around 5% R. Relative abundance of core−shell Ag@Ag2O NPs
is about 22% for 100 μJ and 13% for 500 μJ.

Micro-Raman spectroscopy was conducted on the laser
fabricated samples to assess the existence of silver oxide species.
Figure 4a shows Raman spectra of two different regions of a
dried drop of Ag NPs suspension prepared in 1% soluble st
solution. The spectra are displaced in the vertical axis for ease
of comparison. The upper curve corresponds to the central
zone of the drop, while the lower curve is the spectrum
recorded in a peripheral zone. The difference in the general
shape of the spectra may be due to the inhomogeneous
distribution of compounds in the drop after the drying process.

However, several common peaks corresponding to Ag2O and
C−H vibration from st may be recognized in both spectra.
Raman shifts at 240, 490, and 565 cm−1, which are easily seen,
are assigned to bulk Ag2O stretching vibrations.46 Although the
bands beyond 950 cm−1 were attributed by some authors to
chemisorbed oxygen molecules at the NPs surface,47,48 there is
a general consensus in assigning them to Ag−O bending
modes.46

Raman peaks corresponding to st molecule may also be seen
in the spectra. The bands at 478 and at 936 cm−1 are attributed
to vibrations of the pyranose ring and glycosidic linkages in st,
respectively.49 The band at 1122 cm−1 is compatible with C−O
stretching and C−O−H deformation, while the band at 1382
cm−1 is due to the bending modes of C−H.50,51
Figure 4b shows the Raman spectrum in the colloidal

suspension obtained with the homemade setup described in
Experimental Techniques and shown in the inset of Figure 4b.
The spectrum covers the wavenumber range corresponding to
the largest Ag2O peaks which are not overlapped with st Raman
signals. Raman shifts at 240 and 340 cm−1, assigned to Ag2O
stretching vibrations46 are readily seen. This finding supports

Table 1. Relative Percentage and Number Density of
Different Species of NPs Present in Colloidal Suspensions
(1% soluble st) Fabricated by fs Laser Ablation, Derived
from OES Measurements Immediately after Generation

energy species

relative
percentage

(%)

number
density
[cm−3]

100 μJ Ag 76.8 1.58 × 1012

Ag@Ag2O (5% R−25% R shell) 22.1 4.54 × 1011

air@Ag 1.1 2.93 × 1010

500 μJ Ag 85.6 4.16 × 1012

Ag@Ag2O (5% R−45% R shell) 13.0 6.25 × 1011

air@Ag 1.4 2.19 × 1010

Figure 4. (a) Raman spectra of Ag colloidal suspension synthesized by
fs laser ablation in soluble st taken at two different regions of the dried
drop. Arrows indicate the characteristic Raman peaks of Ag2O and st.
(b) Raman spectrum in the colloidal suspension synthesized by fs laser
ablation in soluble st. Inset shows the Raman homemade setup used.
L, Nd:YAG laser; FL, focusing lens; C, sample cell containing Ag NPs
in soluble st solution; NF, Notch filter; OF, collecting optical fiber.
Spectrograph is not shown in the figure.
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the concept that silver oxide is present in the silver colloidal
suspension, probably produced by superficial oxidation of the

ablated silver NPs, yielding core−shell type species as
previously demonstrated by Santillań et al.30

Figure 5. (a) Panoramic TEM image of Ag NPs fabricated by 100 μJ pulse energy; (b) size distribution histogram. (c) Isolated Ag NPs in a smaller
scale. (d) Arrows indicates small NPs with radii between 1 and 3 nm.

Figure 6. (a) Panoramic TEM image of Ag NPs fabricated by 500 μJ pulse energy; (b) size distribution histogram. (c) Isolated Ag NPs with radii of
about 5 nm. (d) Air@Ag core−shell structures.
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Sizing analysis of the colloidal suspensions obtained by laser
ablation was carried out independently using electron
microscopy. Figure 5 shows TEM images of diluted Ag NPs
suspension in 1% st solution at 100 μJ pulse energy. Figure 5a
shows a general panoramic view of a group of isolated spherical
Ag NPs, where some show coalescence due to the drying
process for sample preparation. Size histogram taken from
several similar images is shown in Figure 5b, where it can be
seen that the modal radius is about 2.5 nm. This slightly higher
value compared with that obtained by OES may be due to some
agglomeration occurring during sample preparation. Figure 5c
shows other spherical isolated Ag NPs in smaller scale, while in
Figure 5d bare core NPs together with some smaller ones of
radii in the range 1 to 3 nm are shown.
TEM images of Ag NPs fabricated with 500 μJ pulse energy

are shown in Figure 6. Figure 6a shows a typical panoramic
view of the NPs with a predominant spherical shape. Size
histogram taken from several similar images is shown in Figure
6b, where it can be seen that the modal radius is about 3 nm.
Again, this slightly higher value compared with that obtained by
OES may be due to some agglomeration occurring during
sample preparation. Figure 6c shows isolated Ag NPs with radii
of about 5 nm while possible air@Ag core−shell structures are
shown in more detail in Figure 6d. Average size obtained by fs
laser ablation is smaller than that obtained through ns laser
ablation in soluble st by Zamiri et al.31,52 Comparing size
distribution results derived from these figures with those shown
in Figure 3 for OES, it can be seen that there is a good
agreement.
Concerning salt reduction method, Figure 7 shows the

normalized experimental extinction spectrum of Ag colloidal

suspension (full line) prepared in 1% st solution, together with
the corresponding fit (dashed-double dotted line). Optimum
log-normal size distribution (inset) is made up of bare Ag
(modal radius R at 1.4 nm) and core−shell Ag@Ag2O NPs
species with modal external radius R′ close to 1.6 nm, with a
dominant Ag2O thickness about 10% R.
Table 2 summarizes the relative percentage and the number

density of the different species present in freshly prepared
colloidal suspensions.

It can be seen that salt reduction synthesis yields a relative
abundance of 28.5% for Ag@Ag2O NPs with oxide shell
thicknesses larger than 10% R. Notice that this total percentage
is larger than that found for the case of laser ablation shown in
Table 1 (23% for 100 μJ pulse energy or 13% for 500 μJ pulse
energy). These results show that it is possible to select the
appropriate technique to produce NPs with a predetermined
oxide shell thickness.

3.2. Effect of Starch Concentration in Laser Ablation
Suspensions. Different soluble st concentrations in the range
0.025% to 1% were used to study their influence on Ag NPs
extinction spectra of laser ablation suspensions for 100 and 500
μJ pulse energies. Figure 8 shows, as an example, some spectra
taken immediately after preparation, together with a neat water
spectrum for reference.

Figure 7. Normalized experimental spectrum of Ag NPs suspension
prepared by salt reduction (1% st solution) and theoretical fit
according to the total log-normal size distribution with external modal
radii shown in the inset.

Table 2. Relative Percentage and Number Density of
Different Species of NPs Present in the Colloidal Suspension
Prepared by Salt Reduction (1% soluble st), As Derived from
OES Measurements Immediately after Fabrication

species
relative percentage

(%)
number density

[cm−3]

Ag 71.5 1.38 × 1012

Ag@Ag2O (shell >10% R) 28.5 5.51 × 1011

Figure 8. Experimental extinction spectra of Ag NPs suspensions with
different soluble st concentration. Laser pulse energies used for
ablation were (a) 100 and (b) 500 μJ. Full line corresponds to silver
NPs spectra in neat water for comparison.
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For both energies, the spectra show a redshift in plasmon
resonance with respect to neat water as soluble st concentration
increases. This redshift is most clearly seen in Figure 9, where

plasmon peak wavelength and fwhm are plotted against st
concentration for both energies and for the whole concen-
tration range. The lines are drawn as a guide to the eye for
visualizing the general trend of the data.
For increasing values of st concentration, plasmon peak

redshifts asymptotically to about 409 and 403 nm for 100 and
500 μJ pulse energy, respectively. The redshift of SPR in
spherical NPs is related to the value of the surrounding shell
refractive index. Because the refractive index of silver oxide in
the studied wavelength is much larger than that for st molecules
attached to the Ag NPs, the observed redshift is due to a
growth of a shell of Ag2O around the particle.18,19 Thus, the
asymptotic behavior of plasmon peak with st concentration
suggests that beyond 0.2%, shell thickness increases up to a
limit value that keeps plasmon peak at the same wavelength
(saturation). This may indicate that there is an effect of NP
surface passivation which limits the oxidation process.
Inspection of the upper panel in Figure 9 suggests that it is
possible to select the desired plasmon peak position using the
appropriate laser ablation energy. Besides, fwhm decreases for
both energies as st concentration increases. Similarly to the case
of plasmon wavelength, the 500 μJ curve is steeper than the 100
μJ case.
For a more detailed study of the species present in the

colloidal suspensions, fit of their experimental extinction
spectra in water, and solutions with 0.25% and 1% soluble st
using 100 μJ pulse energy was carried out. In Figure 10a, full
and dashed lines represent the experimental curves, while the
dashed-double dotted lines represent the fit for each case,
according to the size distribution shown in Figure 10b. The
relative abundance of air@Ag species is shown in the inset with
appropriate scale.
For all cases, the optimum total distribution that fits the

experimental spectra is composed by bare Ag, Ag@Ag2O, and
air@Ag NPs, where the relative abundance of the first two
species is larger than 98%. Table 3 summarizes the species and

relative percentage of NPs present in these colloidal
suspensions for neat water and 0.25% st solution, together
with 1% st solution (previously shown in Table 1 and displayed
here again for comparison).
From these results it can be observed that bare core Ag NPs

are predominant in all samples. However, suspensions
synthesized in neat water present smaller relative abundance
of oxidized NPs (13.1%) than those fabricated in soluble st
(23%). However, the presence of st produce core−shell NPs
with upper oxide shell thickness (25% R) smaller than for the
case of neat water (32% R).
Because the spectra for soluble st concentrations obtained

with 500 μJ pulse energy are very similar to each other (Figure
8b), only one concentration is analyzed as an example. Figure
11a shows experimental spectrum and theoretical fit for neat
water and 1% soluble st, immediately after preparation, while
Figure 11b shows the total log-normal size distribution that
allows the optimum fit for each spectrum. The relative
abundance of air@Ag species is shown in the inset with
appropriate scale.
As summarized in Table 1, relative abundance of oxidized

species (5% R−45% R) for 500 μJ pulse energy amount to 13%.
On the other hand, suspensions synthesized in neat water show

Figure 9. Plasmon peak position and fwhm as a function of soluble st
concentration of Ag colloidal suspensions freshly prepared by fs laser
ablation with 100 and 500 μJ pulse energy.

Figure 10. (a) Calculated and experimental spectra for suspensions of
NPs fabricated by laser ablation with 100 μJ pulse energy in water,
0.25% and 1% soluble st concentration. (b) Total log-normal size
distribution used to fit the experimental spectrum. Relative abundances
of air@Ag structure are shown in the inset in an appropriate vertical
scale.
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oxide shells in the range 4% R−60% R. It can be seen that,
similarly to the case of 100 μJ pulse energy, the presence of
soluble st poses an upper limit to the oxide shell.
3.3. Stability Analysis for Laser Ablation and Salt

Reduction Methods. An often used criterion for analyzing
the stability of Ag NPs colloidal suspension is the stationary
values of its optical absorption spectral features, such as
plasmon peak wavelength and fwhm. We analyzed the
extinction spectra of Ag NPs colloidal samples obtained
immediately after preparation and during several weeks for

two months. Figure 12 shows the extinction spectra
corresponding to fs laser ablation in 1% soluble st at 3, 4,
and 8 weeks for (a) 100 and (b) 500 μJ.

It can be observed in Figure 12a that the spectra show similar
resonance wavelengths but noticeable differences in the long
wavelength tail for λ > 500 nm. However, for the case of 500 μJ
pulse energy (Figure 12b), there is a clear shift in plasmon peak
wavelength and also changes in the tail for long wavelengths.
Figure 13 shows the fitting for a freshly prepared and an eight
week old sample for 100 (a) and 500 μJ (b) pulse energy. Insets
show the total distribution composed mainly by bare Ag and

Table 3. Species and Relative Percentage of NPs Present in Colloidal Suspensions Prepared by fs Laser Ablation with 100 μJ
Pulse Energy in Different Soluble st Concentrations

starch concentration (%) species relative percentage (%) number density [cm−3]

0 Ag 85.9 1.83 × 1012

Ag@Ag2O (5% R−32% R shell) 13.1 2.79 × 1011

air@Ag 1 2.13 × 1010

0.25 Ag 75.6 1.57 × 1012

Ag@Ag2O (7% R−25% R shell) 23 4.78 × 1011

air@Ag 1.4 2.91 × 1010

1 Ag 76.8 1.58 × 1012

Ag@Ag2O (5% R−25% R shell) 22.1 4.54 × 1011

air@Ag 1.1 2.93 × 1010

Figure 11. (a) Calculated and experimental spectra for suspensions of
Ag NPs fabricated by laser ablation with 500 μJ pulse energy in water
and 1% soluble st concentration. (b) Total log-normal size distribution
used to fit the experimental spectrum. Inset shows the relative
abundance of air@Ag NPs in an appropriate scale. Figure 12. Experimental extinction spectra for colloidal NPs prepared

by fs laser ablation in 1% st solution taken at different weeks after
preparation: (a) 100 and (b) 500 μJ.
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Ag@Ag2O NPs with a very small contribution of air@Ag NPs.
An increased Ag@Ag2O abundance in the aged samples was
derived, from the theoretical fit of the experimental spectra,
yielding an oxide shell of 34% R for 100 μJ and 45% R for 500
μJ. This fact can be explained by oxidation of the NPs exposed
to an aqueous medium for a long time. On the other hand, it is
found that air@Ag NPs abundance decreases in time, indicating
their instability due to a possible breaking up of the structure.
Figure 14a shows the extinction spectra for the NPs prepared

by salt reduction in 1% soluble st. Experimental spectra were
also taken immediately after fabrication and monitored during
the same period as the laser ablation samples. Although the
plasmon resonance showed a redshift with time, it was found
that after the third week it widened and decreased in intensity
up to such an extent that precluded measuring its peak or
fwhm. Figure 14b,c shows 3 weeks old suspension’s TEM
images of groups of particles with different scales and Figure
14d is a size histogram taken from several images. For freshly
synthesized suspensions, the plasmon peak is about 414 nm,
whereas for three-weeks old suspensions it is red-shifted to 455
nm. The fwhm also increases with aging, indicating a change in
size distribution due to aggregation and oxidation process. The
tail of the spectra for λ > 600 nm, tend asymptotically to zero

but with steeper derivative for freshly suspensions, compared
with that of the sample 3 weeks old.
Figure 15 compares experimental spectra of freshly prepared

and 3 weeks old suspensions obtained by salt reduction in 1%
soluble st, together with the corresponding theoretical fit. Inset
shows the total size distribution that fits experimental spectra,
which includes bare Ag and Ag@Ag2O species with relative
abundances that change along the weeks. In fresh suspensions,
abundance of Ag and Ag@Ag2O are 72% and 28% respectively,
whereas for 3 weeks old sample the abundance of the former
decreases to 33% and the latter rises to 67%.
This behavior indicates that the abundance of Ag@Ag2O

increases at the expense of the oxidation of bare Ag NPs.
Besides, the average oxide shell thickness grown around the 3
weeks old NPs is larger than that in the freshly prepared
suspension, as suggested by the plasmon redshift observed in
Figure 15.
A comparative study of these spectroscopic parameters for

laser ablation and chemically prepared samples is shown in
Figure 16. Plasmon resonance wavelength and fwhm for each
spectrum measured immediately after preparation and once a
week during 8 weeks are shown. Figure 16a shows the
evolution of peak position for chemical (upper panel) and laser
ablation synthesis at two pulse energies in neat water and in 1%
soluble st concentration (lower panel). Similarly, Figure 16b
shows the behavior of fwhm under the same conditions. Like in
previous studies, lines are drawn as a guide to the eye to help
visualizing the general trend of the measured parameters.
From a spectroscopic point of view, laser ablation produces

colloids that stabilize much faster than those produced by salt
reduction. Besides, for laser ablation synthesis, NPs are
stabilized much faster in soluble st than in neat water,
according to the redshift rate of the plasmon peak. For the
same st concentration, low energy pulses produce more stable
colloids than high energy pulses. Curves with 1% soluble st
solution corresponding to laser ablation synthesis present less
variation in fwhm that those for neat water or those
corresponding to salt reduction.
To support the above results, we have determined

independently the stability of salt reduction and fs laser
ablation samples by zeta potential technique. The results are
shown in Table 4.
Although zeta potential values for both freshly prepared

samples are very similar, after several weeks, laser ablation
samples show an increase in negative zeta potential with respect
to the chemical sample, indicating that the former has a good
stability while the latter has an incipient instability. Silver NPs
produced by salt reduction deteriorate over time to form
significantly unstable colloidal solutions.
It is well-known that soluble st is composed by a soluble and

an insoluble water polymer, called amylose and amylopectin,
respectively. We have worked with soluble st which is capable
of forming single helical inclusion complexes with suitable
molecules.53,54 In our results, the larger stability found for Ag
suspensions generated by fs laser ablation could be due to the
inclusion of NPs within amylose structure, which is in
agreement with the observations made by Vigneshwaran et
al.55 and Khan et al.,56 who reported the entrapment of Ag NPs
inside the helical amylose chain via electrostatic interactions
between the particles and the OH groups of the amylose.
In contrast to all these cases, Ag colloidal suspensions

prepared by reduction with NaBH4 shows poor stability within
the measured period as derived from the continuous redshift of

Figure 13. Theoretical fit and experimental spectra for colloidal
suspensions of Ag NPs freshly prepared and after eighth week old,
obtained by laser ablation in 1% soluble st concentration with (a) 100
μJ and (b) 500 μJ pulse energy. Inset shows the total log-normal size
distribution used to fit the experimental spectra.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b12384
J. Phys. Chem. C XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.jpcc.6b12384


its plasmon peak and monotonically increase of its fwhm, as can
be seen in Figures 15 and 16. Besides, samples show
agglomeration and subsequent precipitation after 3 weeks.
This could be due to the synthesis method in which the Ag
reduction process is carried out in a bath at 0 °C. During
cooling, amylose retrogrades forming a gel through a new
network by reassociation of the polymer chains based on the
affinity of the OH groups of adjacent chains through H
bonds.57,58 This retrogression is favored by the low temperature
of the synthesis process, which enhances the interaction
between adjacent amylose chains, causing water liberation
and decreasing the interaction between amylose and Ag NPs.
During the first 2 weeks, there is a transient period during

which plasmon peak redshifts and fwhm increases until they
reach stationary values. This suggests that during this period

overall oxide shell thickness, average size, and size distribution
increases up to final values.

4. CONCLUSIONS

In this paper we have characterized size distribution, structures,
and species of Ag NPs obtained by fs laser ablation with two
pulse energies in different soluble st concentrations and salt
reduction at 1% soluble st concentration, using OES, TEM, and
micro-Raman spectroscopy techniques. Results of the first and
second methods show that NPs are spherical in shape with bare
core or core−shell structures. Laser ablation produces Ag, Ag@
Ag2O, or air@Ag species, whereas salt reduction produces only
bare Ag and Ag@Ag2O. For salt reduction, the relative
abundance of bare Ag NPs is smaller than for laser ablation.
Besides, within the latter method high pulse energy yields larger
percentage of Ag bare core than for low pulse energy ablation.
Concerning the oxidized species, salt reduction yields Ag@
Ag2O with shell thickness about 10% R (with relative
abundance close to 30%), whereas in laser ablation silver
oxide shell is found in thicknesses smaller than 10% R (with
relative abundance close to 22% for 100 μJ pulse energy and
13% for 500 μJ pulse energy). These results suggest that laser
ablation produce Ag NPs with smaller oxide shell.
For laser ablation, an increase in soluble st concentration

produces a redshift of the plasmon peak with respect to neat
water, which is steeper for the higher pulse energy. However,
the plasmon redshift seem to saturate for st concentration
larger than 0.25%. Fitting of the experimental spectra using Mie
Theory yields a log-normal size distribution centered at 1.5 to
1.8 nm modal radius for increasing st concentration. Bare Ag,
Ag@Ag2O, and hollow Ag species are present in the optimum
size distribution that fit the spectra. Size distributions suggest
that both methods yield spherical NPs in the range 1 to 3 nm
radii, which has been reported as a highly efficient size range for
bactericidal activity.59

Figure 14. (a) Extinction spectra for the NPs prepared by salt reduction synthesis in 1% soluble st solution, taken at different weeks; (b,c) a general
view of Ag NPs; (d) size histogram corresponding to several TEM images.

Figure 15. Calculated and experimental spectra for freshly prepared
and 3 weeks old suspensions of NPs fabricated by salt reduction in 1%
st solution. Inset: total relative abundance that fit experimental spectra.
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Stability study was carried out by measuring plasmon
resonance wavelength and fwhm for each spectrum immedi-
ately after preparation and once a week during two months.
Results derived from optical spectroscopy measurements show
that laser ablation produces colloids that stabilize much faster
than those produced by salt reduction. For the same st
concentration, low energy pulses seem to produce more stable
colloids than high energy pulses. This larger stability could be
due to some kind of laser-induced NPs surface modification
with amylose that avoids coalescence and sets a limit to their
size. In contrast to all these cases, no stable suspensions are
obtained for salt reduction, because plasmon peak is
continuously red-shifted and fwhm increases without showing
stationary behavior.
It has been shown that fs laser ablation in soluble st is a facile

and “green” method to synthesize long-term stability Ag NPs
without aggregation effects. This technique has the advantage

of producing Ag NPs with size distributions appropriate for
biomedical applications, avoiding the use of nonbiocompatible
chemicals products.
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(4) Fernańdez, J. G.; Almeida, C. A.; Fernańdez-Baldo, M. A.; Felici,
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D. C.; Scaffardi, L. B. Synthesis of Ni Nanoparticles by Femtosecond
Laser Ablation in Liquids: Structure and Sizing. J. Phys. Chem. C 2015,
119, 13184−13193.
(46) Martina, I.; Wiesinger, R.; Jembrih-Simbürger, D.; Schreiner, M.
Micro-Raman Characterisation of Silver Corrosion Products:
Instrumental Set Up and Reference Database. e-Preserv. Sci. 2012, 9,
1−8.
(47) Socrates, G. Infrared and Raman Characteristic Group
Frequencies: Tables and Charts; John Wiley and Sons: Chichester, 2001.
(48) Wang, C.-B.; Deo, G.; Wachs, I. E. Interaction of Polycrystalline
Silver with Oxygen, Water, Carbon Dioxide, Ethylene, and Methanol:
in Situ Raman and Catalytic Studies. J. Phys. Chem. B 1999, 103,
5645−5656.
(49) Kizil, R.; Irudayaraj, J.; Seetharaman, K. Characterization of
Irradiated Starches by Using FT-Raman and FTIR Spectroscopy. J.
Agric. Food Chem. 2002, 50, 3912−3918.
(50) Cael, S. J.; Koenig, J. L.; Blackwell, J. Infrared and Raman
Spectroscopy of Carbohydrates. Part III: Raman Spectra of the
Polymorphic Forms of Amylose. Carbohydr. Res. 1973, 29, 123−134.
(51) Cael, J. J.; Koenig, J. L.; Blackwell, J. Infrared and Raman
Spectroscopy of Carbohydrates. Part VI: Normal Coordinate Analysis
of V-Amylose. Biopolymers 1975, 14, 1885−1903.
(52) Zamiri, R.; Zakaria, A.; Ahangar, H. A.; Darroudi, M.; Zamiri,
G.; Rizwan, Z.; Drummen, G. P. C. The Effect of Laser Repetition

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b12384
J. Phys. Chem. C XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.jpcc.6b12384


Rate on the LASiS Synthesis of Biocompatible Silver Nanoparticles in
Aqueous Starch Solution. Int. J. Nanomed. 2013, 8, 233−244.
(53) Lehmann, J. Carbohydrates: Structure and Biology; Thieme
Medical Publishers: Stuttgart, 1998.
(54) Takeo, K.; Tokumura, A.; Kuge, T. Complexes of Starch and its
Related Materials with Organic Compounds. Part. X. X-Ray-
Diffraction of Amylose-Fatty Acid Complexes. Starch/Sta ̈rke 1973,
25, 357−362.
(55) Vigneshwaran, N.; Nachane, R. P.; Balasubramanya, R. H.;
Varadarajan, P. V. A Novel One-Pot ‘Green’ Synthesis of Stable Silver
Nanoparticles Using Soluble Starch. Carbohydr. Res. 2006, 341, 2012−
2018.
(56) Khan, Z.; Singh, T.; Hussain, J. I.; Obaid, A. Y.; AL-Thabaiti, S.
A.; El-Mossalamy, E. H. Starch-Directed Green Synthesis, Character-
ization and Morphology of Silver Nanoparticles. Colloids Surf., B 2013,
102, 578−584.
(57) Navarro, A. S.; Martino, M. N.; Zaritzky, N. E. Viscoelastic
Properties of Frozen Starch-Triglycerides Systems. J. Food Eng. 1997,
34, 411−427.
(58) Miles, M. J.; Morris, V. J.; Ring, S. G. Gelation of Amylose.
Carbohydr. Res. 1985, 135, 257−269.
(59) Marambio-Jones, C.; Hoek, E. M. V. A Review of the
Antibacterial Effects of Silver Nanomaterials and Potential Implica-
tions for Human Health and the Environment. J. Nanopart. Res. 2010,
12, 1531−1551.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b12384
J. Phys. Chem. C XXXX, XXX, XXX−XXX

M

http://dx.doi.org/10.1021/acs.jpcc.6b12384

