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Chapter

A Simple and “Green” Technique
to Synthesize Metal Nanocolloids
by Ultrashort Light Pulses

Jesica Mavria José Santilldn, David Muvieton Arboleda,
Valeria Beatriz Arce, Lucia Beatriz Scaffardi
and Daniel Carlos Schinca

Abstract

In this chapter Ag, Ni and Fe nanocolloids synthesized by “green” ultrashort
pulse laser ablation of solid metal targets using different pulse energies and liquid
media are characterized by different techniques. Optical extinction spectroscopy
(OES), micro-Raman spectroscopy (MRS), transmission electron microscopy
(TEM) and electron diffraction (ED) were independently used to analyze optical,
morphological and compositional properties of the generated nanocolloids. In a
deeper way, the stability characteristics of Ag nanocolloids in aqueous solutions
with different stabilizers were studied owing to their potential use in biocompat-
ible compounds. Besides, due to their interesting applications, few atoms Ag
nanoclusters (NCs) were synthesized using the same ablation technique, analyzing
their fluorescent and photocatalytic properties. On the other hand, to expand the
characterization of the nanocolloids, their magnetic behavior was inspected for the
Ni and Fe by vibrating sample magnetometry (VSM).

Keywords: nanocolloids, green synthesis, metal nanoparticles, nanoclusters,
femtosecond laser ablation

1. Introduction

Interest in metal nanomaterials synthesis has grown rapidly in the last years due
to their particular physical and chemical properties arising from atom interaction
and quantum confinement at the nanoscale. Their applicability spans different
fields of science and technology [1-3]. It is known that chemical synthesis methods
tend to yield highly monodisperse colloidal suspensions, but mixed with unwanted
chemical precursors, which often leads to purification steps to remove the chemi-
cal by-products and may derive in expensive and complicated procedures. For this
reason, femtosecond laser ablation synthesis in solution (FLASIS) has emerged
as a competitive and alternative method for synthesizing metallic nanomaterials
without the intervention of unwanted chemical compounds. Besides, it has the
ability of producing small spherical nanoparticles (NPs) [4, 5] as well as few atoms
metal NCs [6].
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In this chapter, different independent techniques are used to characterize the
ablated nanomaterials. Altogether, they retrieve complementary and interrelated
information about different NPs characteristics. TEM provides knowledge about
morphology, internal structure, sphericity and size distribution in a small piece of
sample. ED is an established technique that can identify different phase compositions
and crystallinity type. Optical spectroscopy techniques (absorption, extinction,
scattering and fluorescence) have the ability to interact with a very large number of
NPs (on the order of 10" cm™ ), enhancing statistics. OES together with Mie theory

yields information related to size distribution, sphericity, configuration and composi-
tion of the NPs in the colloidal sample. MRS retrieves information about possible
interactions between stabilizer solution molecules adsorbed to the NPs walls and the
NP itself. In particular, for Ag nanocolloids generated in aqueous solutions with small
concentrations of stabilizers, long term stability characteristics were studied, aiming
to possible applications in biocompatible antibacterial compounds. For the case of
magnetic metals NPs, magnetic nanocolloid properties were studied using VSM.
Finally, fluorescent and photocatalytic properties of few atoms Ag NCs were analyzed.

2. FLASIS as a green route for NPs and few atoms NCs synthesis

Traditional techniques for metal NPs synthesis have relied on chemical reaction
associated to metallic salt dissociation [7], which suitably reduce to form metallic
atoms.

FLASIS is based on the incidence of a focused laser pulse on a bulk target
immersed in a liquid [8, 9] (Figure 1). The produced plasma plume that contains
the ablated material expands into the surrounding liquid and generates a cavitation
bubble, which acts as a reactor for NPs formation through condensation of atoms
[8]. This process produces ions and atoms that reach different nucleation stages,
and generates large NPs (radii >20 nm), medium NPs (2 nm < radii <20 nm), small
NPs (1 nm < radii <2 nm) together with very small NCs (radii <1 nm) [6-10].

Since FLASIS is capable of synthesizing NPs directly in a selected liquid
without producing unwanted compounds in the solution, it is considered a “green”
technique. As the schematic in Figure 1 depicts, the NPs generated during FLASIS

Dicroic mirrors

Power ‘-_
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target p— plate
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Figure 1.
General schematic of the experimental setup for FLASiS. The cell containing the target is placed over a XYZ
micro translational platform.
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remain in the liquid, forming a suspension with a NPs concentration dependent on
laser pulse energy and ablation time.

2.1 Characterization of Ag nanocolloids synthesized by FLASIS and chemical
route in aqueous solutions of trisodium citrate (TSC) and starch (st)

Ag NPs have attractive scientific interest due of their broad perspectives in
biosensors [11], food production [12], water purification [13], antimicrobial and
antiviral agents [14, 15], among others. In these areas of research and develop-
ment, the ability to control size, shape, functionalization and stability of Ag NPs is
essential for expanding their possible applicability. For this goal, typical methods
are based on chemical reduction of salts in solution, commonly used for providing
good size control and resulting in final spherical shape. However, this approach
leaves chemical residuals in the final colloidal suspension, which may be toxic for
certain applications, thus adding an extra difficulty in sample purification. In this
sense, FLASIS has become an alternative method for overcoming the mentioned
drawback.

Figure 2 shows experimental and theoretical extinction spectra of Ag nanocol-
loids prepared by salt reduction (short dashed line) as well as those generated by
FLASIS with 100 pJ (dashed line) and 500 pJ (dashed dotted line) pulse energies,
with two different stabilizers 1 mM TSC (a) and 1% soluble st (b) solutions. These
spectra are normalized to plasmon maximum. The theoretical fits (dotted lines) are
determined using OES, which is based in the calculation of the Mie theory for metal
spherical NPs [17, 18] with log-normal size distributions (insets).

Nanocolloids stabilized with TSC show a small redshift in peak position respect
to the typical plasmonic resonance band at 395 nm, indicating the existence of
Ag@Ag,0 NPs [19, 20] with a log-normal shell thickness distribution in the three
samples obtained. Nanocolloids obtained by FLASIS have a larger contribution of
Ag@Ag,0 NPs than the sample generated by chemical synthesis (Figure 2(a)). This
finding agrees with the known fact that, during laser ablation of a metal target in
liquid media, an oxidation-reduction process occurs, producing an oxide coating
growth around the NPs [20, 21].

On the other hand, the st stabilized nanocolloids obtained by salt reduction have
a large redshift at the peak position compared to FLASIS (Figure 2(b)), duetoa
larger oxide shell thickness around the NPs.

= S 14/
s B0n. . TSC s MAR st

. L g . - T

46 1.2 _Chemlizlo 500 pd ' —— -05 1.24 100 pJ IChemmal _‘_‘: i PR o

q = —-w]w; i = =+ 100 pJ g - é = = =100 pJ
'_E 1.0 4 : =500 '_E 1.0 0.2 === 500 pJ

)
L 0.8+ l\“ "o 1 2 3. % 5 v 0.8 ' '\,I 0.00 12345678
= o6l R [nm] o oid e R [nm]
QN) J = === Chemical QN) P \"- = === Chemical
Heg § 2 Coma R W T
Y K% = * = 500 W bet N — == 500 puJ

g o2t "Nea,__ - * - Theoretical fits g o2/ b S~ - - - Theoretical fits
Fs 0.0 (a) Byt T e 56 0.0 (b) B o e
Z 300 400 500 600 700 800 900 Z 300 400 500 600 700 800 90O

A [nm] A [nm]

Figure 2.

Normalized experimental optical extinction spectra together with theovetical fits (dotted lines) of freshly
prepaved Ag nanocolloids obtained by silver salt veduction and FLASiS with 100 WJ and 500 pJ pulse energies,
using 1 mM TSC (a) and 1% soluble st (b) solutions. Insets exhibit the relative abundances (RA) of the NPs
present in the nanocolloids used to fitting the experimental spectra (veprinted with permission from [16]
copyright 2018 Elsevier).



Colloids - Types, Preparation and Applications

For the fitting of the spectra using Mie theory, three types of species were con-
sidered: Ag, Ag@Ag,0, 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 [9, 22].

The morphological characterization and sizing of NPs synthesized by both
methods was performed using TEM.

Figure 3 presents TEM images of Ag nanocolloids obtained by FLASIS with
500 pJ pulse energy in 1 mM TSC (a) and 1% soluble st (c) solutions, and prepared
by salt reduction in 1 mM TSC (b) and 1% soluble st (d) solutions. All images are
typical panoramic views with predominant spherical shape NPs. Right insets in
panels (a) and (b) are lattice-resolved images of a single NP with Bragg planes
identified as (200) of Ag FCC crystal, whereas the right inset in panel (c) exhibits
the presence of hollow NPs. Left insets in the panels (a) - (d) are size histograms
taken from several images. The results given by TEM are in good agreement with
those obtained by OES from the fitting of the spectra.

Micro-Raman spectroscopy was conducted on the FLASiS samples to assess the
existence of silver oxide species. Figure 4 shows Raman spectra of a dried drop of
Ag nanocolloids prepared by FLASIS with 500 pJ pulse energy in 1 mM TSC (a) and

Figure 3.

TEM images of the NPs present in the Ag nanocolloids generated by FLASIS (500 pJ pulse energy) in a 1 mM
TSC solution (a), 1% soluble st solution (c), prepared by chemical voute in 1 mM TSC (b) and 1% soluble st
(d) solutions (veprinted with permission from: [16] Copyright 2018 Elsevier and [23] copyright 2017 ACS).
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1% soluble st (b) solutions, acquired in different regions of the sample. Several
peaks corresponding to Ag,O (asterisk) may be recognized in both samples. Raman
signalsat240cm™ and 490 cm™ are typical Ag-O stretching/bending modes in
Ag,0 [24]. Besides, characteristic peaks of the metallic NP interaction with each
stabilizer (TSC (diamond) and st (full circle)) are also observed [25-27].

Stability analysis was conducted on Ag nanocolloids produced by FLASIS (100 pJ
and 500 pJ pulse energies) and chemical route with 1 mM TSC (Figure 5(a)) and 1%
soluble st (Figure 5(b)) solutions. Plasmon resonance position and full width at half
maximum (FWHM) for experimental spectra, were measured for freshly prepared
samples and followed during several weeks (even up to one-year old samples with
TSC stabilizer). The shift of plasmon peak (upper panel) and the behavior of FWHM
(lower panel) of the experimental spectra in Figure 5, are represented by geometric
symbols, while the lines are drawn to visually follow the evolution of both parameters.
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Figure 4.

Raman spectra of Ag nanocolloids obtained by FLASIS with 500 pJ pulse energy in 1 mM TSC (a) and
1% soluble st (b) solutions acquired at different sites in the samples (veprinted with permission from: [16]
Copyright 2018 Elsevier and [23] copyright 2017 ACS).
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Figure 5.

Peak position (PP) and FWHM of the experimental extinction spectra of Ag nanocolloids synthesized by
FLASIS (100 pJ and 500 yJ pulse energies) and salt reduction in 1 mM TSC (a) and 1% soluble st (b) solutions.
These plasmonic chavacteristics weve monitored during several weeks (veprinted with permission from: [16]
Copyright 2018 Elsevier and [23] Copyright 2017 ACS).
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From the plots in the upper panel (a), it can be seen that samples obtained by
FLASIS in 1 mM TSC solution, reach their saturation regime at the second week
(fast rate). However, nanocolloid produced by salt reduction method seems to reach
saturation at times beyond one year (slow rate).

Nanocolloids synthesized by FLASIS still after one year show a clear plasmonic
band without signs of agglomeration, indicating the excellent properties of TSC as
stabilizer. Long-term stability results are similar to those for salt reduction chemical
synthesis using TSC as stabilizer.

On the other hand, FWHM (lower panel (a)) reveals a very stable regime for the
salt reduction synthesis during one year, whereas for FLASIS samples it presents a
decrease, indicating a slight narrowing of the plasmon resonance.

For the case of st used as stabilizer (b), the monitoring of plasmon resonance
peak position and FWHM show that FLASIS samples stabilize much faster than
those produced by salt reduction. It is also observed that low energy pulses seem to
produce more stable nanocolloids than higher 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 continu-
ously red-shifted and FWHM increases without showing stationary behavior.

2.2 Synthesis and characterization of metal nanocolloids with magnetic
properties (Niand Fe)

In recent years, one of the most active topics in nanotechnology is the synthesis,
characterization and functionalization of magnetic NPs. The interest in this type
of NPs is due to their wide applications in areas of diagnosis and therapy in bio-
medicine [28, 29], as contrast agents in magnetic resonance imaging [30], for drug
administration [31], as catalysts [32, 33], among others.

In this Subsection the characterization of Ni and Fe nanocolloids synthesized
by FLASIS with different pulse energies and in different liquid media is addressed.
Independent characterization techniques such as OES, TEM, ED, MRS, and VSM
are used, which provide complementary and interrelated information.

2.2.1 Ni nanocolloids synthesized by FLASIS in n-heptane and water

In the synthesis of nanomaterials, Ni nanocolloids have attracted scientific
interest because of their extensive prospects in catalysts [32, 33], information stor-
age [32], magnetic behavior [34], biomedicine [35], among others.

Although there are different studies of the production of Ni colloidal suspen-
sions by laser ablation, few of these have been in the femtosecond regime.
Experimental and theoretical extinction spectra of Ni nanocolloids synthesized by
FLASIS with 100 pJ pulse energy in #z-heptane and water are observed in Figure 6.
These spectra are recorded immediately after synthesis and normalized at
A =340nm. For the case of nanocolloid in #z-heptane, the log-normal distribution
(inset in Figure 6(a)) is formed by Ni NPs with modal radius of 2.5 nm and 10 nm,
together with hollow Ni NPs with external modal radius of 6.6 nm (10% shell),

12 nm (20% shell) and 15.6 nm (4% shell). However, for the case of the nanocolloid
obtained in water, the multimodal size distribution (inset in Figure 6(b)) shows the
presence of Ni@NiO NPs (short dashed line), NiO@Ni (dashed dotted line) and
hollow Ni (short dashed dotted line), with sizes similar to that determined for
n-heptane but shifted to higher values of external radii due to the presence of oxide
shells around the NPs. Each one of the mentioned species influences the extinction
spectrum in specific and distinct regions, in such a way that the combination of
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Figure 6.

Experimental (solid line) and theovetical (dashed dotted line) extinction spectra of the Ni nanocolloids in

(a) n-heptane and (b) water. The dashed line represents the theovetical fit without considering the presence of
hollow Ni NPs. The insets show the RA of the different species of NPs present in the nanocolloids (reprinted
with permission from [18] Copyright 2015 ASC).

structures, sizes, and relative abundances derived from the optimum fit constitute a
unique set of fitting parameters, showing the high sensitive of OES technique [18].

Morphology analysis of NPs in the Ni nanocolloids was performed using TEM.
Figure 7 presents TEM images of the nanocolloids synthesized in #-heptane ((a)
and (b)) and water ((c) and (d)). Panel (a) is a panoramic view of Ni and hollow Ni
NPs together with an enlargement of a NP with the latter structure indicated by the
dotted line. Panel (b) images a Ni NP from a different region. Panel (c) is a pan-
oramic view where NPs with different structures are observed, and panel (d)
contains enlargements where the Bragg planes of NiO can be seen. ED is performed
to phase identification of the NPs. Panel (e) shows a representative ED pattern
indexed with the reflection lines of NiO (cubic, Fm 3 m, JCPDS #75-0197) and Ni
(cubic, Fm 3m, JCPDS # 04-0850) for the Ni nanocolloid in water. ED rings are
marked according to the panel table (f), where the Miller indices (%, k, [) and
interplane distances (d) are indicated.

Insets in panels (b) and (c) present histograms of radii corresponding to a
statistic performed on several TEM images, where the results are fitted by two
log-normal size distributions that describe the most prominent characteristics of
the size distribution histogram. The results obtained through TEM analysis for both
nanocolloids corroborate the morphological determinations achieved through OES.

Magnetic response of Ni nanocolloids synthesized by FLASIS in n-heptane and
water was determined by the VSM technique. Figure 8 exhibits this magnetic
response as a function of the applied field. It is observed that the nanocolloid in
n-heptane exhibits a greater magnetic response than in water. The above is con-
cluded comparing the saturation magnetization and coercivity of 7.5 emu g™ and
90 Oe inn-heptane, and 4.4 emu g™ and 61 Oe in water, respectively.

The fitting curve in Figure 8 agrees with the superparamagnetic behavior of the
nanocolloids, corresponding to a Langevin function weighted with a log-normal
distribution of magnetic moments ( g () ) and a linear contribution proportional

to the susceptibility ( y, ) of the field. This function is given by Eq. 1:

T e, H ) kT
M=N th 0 — du+y H 1
dlu[co [ bT ] i I g(uw)du+y, (1)

where, the mean magnetic moment ( x4 = u,e° ') is obtained from the fitted
parameters of the log-normal (median g, and dispersion ¢ ) and the saturation
magnetization is given by Mg = N, u , where N, is the number density of NPs.



Colloids - Types, Preparation and Applications

 distribution
~ Log-normal 1
@”Log-normal 2

distribution
. Log-normal 1
- Log-normal 2

[
(5]

-
=]

3y e

0 5 10 15 20 25 30 35 40
R [nm] :

d;i dyio  (h. k
fom] [am] (h, k, D

0,2360 (1,1,1)
0,2052 (2,0,0)
0,2034 (1,1,1)
0,1762 (2,0,0)

0,1451 (2,2, 0)

Figure 7.

TEM images of the NPs present in the Ni nanocolloids synthesized in n-heptane (a) and (b), and water

(c) and (d). (e) ED pattern indexed with the veflection lines belonging to NiO (lines 1, 2 and 5) and Ni (lines
3 and 4) according to table (f) for the Ni nanocolloid in water (veprinted with permission from [18] Copyright
2015 ASC).

From the fit of the experimental data, the log-normal size distributions are

determined (inset) considering that each NP of volume V is magnetized
as My = u/V . Furthermore, 7,, and 7, are calculated taking into account the
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Figure 8.

Experimental magnetization curves and Langevin fitting of Ni nanocolloids in n-heptane and in water. The
inset shows the sige distribution for each nanocolloid. At the right: photographs of the colloidal suspensions
showing the magnetic effect on the NPs exerted by a NdFeB magnet.

experimental and theoretical magnetization, respectively. The difference between
these two values corresponds to the size of the magnetically NiO oxide shell frus-
trated layer, which does not present any type of magnetization. The size distribu-
tions are determined without considering hollow NPs or structures that present
higher oxidation. Therefore, this determination is an estimative measurement that
complements the characterization by OES and TEM.

2.2.2 Fe nanocolloids synthesized by FLASIS in water and ethanol

Synthesis of metallic Fe NPs and their dispersion in various liquid media is of
great interest in the field of nano-magnetic materials, owing to great potential
in biomedical applications [28-31]. The main routes for the synthesis of Fe NPs
have been through wet chemistry [36-38]. Depending on the technique, NPs with
different morphological and physicochemical characteristics can be obtained. In the
case of FLASIS, the different processes that eventually occur lead to the formation
of self-organized spherical nanostructures with different morphological, struc-
tural, compositional, and size characteristics compared with those generated with
chemical techniques. Figure 9 presents the experimental extinction spectra of the
different Fe nanocolloids obtained by FLASIS using pulse energies of 70 pJ, 300 pJ
and 700 pJ in water and ethanol. All spectra show an overall decrease in optical
extinction as laser energy decreases, indicating, as expected, a lesser amount of
ablated material. This is also qualitatively supported by the decreasing coloration of
the colloidal suspensions (insets in Figure 9).

The extinction spectra of the Fe nanocolloids lack the characteristic plasmonic
resonance exhibited by some metals, as seen above for the case of Ag (subsection
2.1.) and Ni (subsection 2.2.1.). This fact makes it difficult to fully characterize
these suspensions by OES.

However, it can be observed that the spectra decrease monotonically in both
media, except for the region from 300 nm up to 400 nm, in which the spectral
behavior remains shoulder-shaped. This may be due to the presence of NPs with
sizes greater than 20 nm. Although the number density of these NPs may be low,
they have large enough cross-section, so their contribution is observable in the
extinction spectra.

Furthermore, for ethanol, the formation of NPs with Fe,C is highly probable,
due to the binding of free carbons to Fe NPs during the ablation process at the
plasma-liquid interface [8]. This is concluded from the fact that Fe,C hasan
absorption band in the range of 300 nm - 400 nm, as can be seen in panel (b). This

9



Colloids - Types, Preparation and Applications

is due to the reactivity that such solvent has with Fe atoms at the high temperatures
present in the plasma during FLASIS. Similar results are reported by other authors
[40] who assign this band to the presence of Fe,C in colloids.

From the spectroscopic results it can be concluded that the colloids have very
similar composition. Therefore, from this point only the samples obtained with
700 pJ pulse energy are analyzed.

Figure 10 exhibits Raman spectra of the Fe nanocolloids in water (a) and
ethanol (b), recorded in different regions of the sample. In both cases, it can be seen
that depending on the local measurement area, the spectra show Raman signals of
magnetite (Fe,O, , full circle), hematite (o —Fe,O, , asterisk) or mixtures of them.
For the case of water, maghemite (1 —Fe,O, , diamond) signals are also detected.

Figure 11 shows TEM images of the Fe nanocolloids in water (a) and ethanol
(b). Panel (a) is a panoramic view that includes core @shell NPs indicated with
dashed line circles. An enlargement of a hollow Fe NP is observed in the inset. Panel
(b) presents a group of NPs of typical size in ethanol. ED measurements are
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Figure 9.

Experimental extinction spectra of Fe nanocolloids synthesized by FLASIS in (a) water and (b) ethanol, with
three diffevent pulse energies. The insets exhibit photographs of the nanocolloids in each solvent (veprinted with
permission from [39] copyright 2017 Wiley-VCH).
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Figure 10.

Raman spectra of Fe nanocolloids in water (a) and ethanol (b) recorded at different points in the samples
(reprinted with permission from [39] copyright 2017 Wiley-VCH).
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performed to phase identification. Panel (c) exhibits a typical pattern for the Fe
nanocolloid in water, where there are faint halos suggesting a high crystallinity of
the NPs. Table in panel (d) presents the labeled ED rings, according to the inter-
plane distances d, g, , dg o and d, o ,and to the corresponding Miller indices

(h, k, 1), indexed with reflection lines (JCPDS #06-0696 to o.—Fe , #75-0033 to
Fe O, and #39-1346 to y—Fe,O, ). The crystallographic parameters of Fe,O,,
y—Fe,O, and o —Fe are obtained from TEM simulation software (JEMS).

The field-dependent magnetization curves at room temperature for the Fe
nanocolloids in water and in ethanol are presented in Figure 12. The cycles show
the common behavior for NPs in a superparamagnetic state.

After a theoretical fitting using the Langevin function (Eq. 1), the log-normal
distributions of radii centered at 1.7 nm for water and 3.7 nm for ethanol, are
determined (inset in Figure 12). In this Figure it is observed that for the nanocol-
loid in water, the regime of magnetic saturation is not reached even at 18 kOe. This
is probably due to surface effects and non-magnetic shells on NPs.

The magnetic saturation of the Fe nanocolloid in water (49.3 emu g™ ) is higher
than for the case of ethanol (26.5 emu g™ ). In both cases, the saturation magnetiza-

tion is less than for Fe in bulk size (217 emu g ) [41]. However, the Fe NPs obtained

du-Fe dFezo dFe (0]
oml [nm] [om]

0,299 (0,2,2)

0,255 (1,3,3)

0,201 (0,1,1)
0,184 (0,2,4)
10 1/nm 0,147 (3,0,0)

Figure 11.

TEM images of Fe nanocolloids in water (a) and ethanol (b). The images show NPs with spherical structure
where the numbers indicate their radius. (c) ED pattern indexed with the reflection lines belonging to Fe,O,
(lines 1 and 2), o.—Fe (lines 3 and 6) and Fe,O, (lines 4 and 5) according to table (d) for the Fe nanocolloid
in water (veprinted with permission from [39] copyright 2017 Wiley-VCH).
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Figure 12.

Experimental magnetization curves and Langevin fitting of Fe nanocolloids in water and in ethanol. The inset
shows the size distribution for each nanocolloid. At right: photographs of the colloidal suspensions where the
magnetic effect on the NPs exerted by a NdFeB magnet may be observed.

have saturation magnetization greater than that determined by Maneeratanasarn
et al. [42], who published on the synthesis of magnetic NPs by laser ablation of a
target of & -Fe,O, in ethanol, deionized water and acetone.

On the other hand, the smooth change in the magnetization slope in the region
close to zero of the applied field, evidences the presence of different oxide phases as
previously revealed in the MRS and ED studies.

2.3 Synthesis and characterization of few atoms Ag nanoclusters

Metallic clusters are known as few nanometer sized particles made up of sub-
units, which can be atoms of a single element (mono metal), or of several elements
(alloys). Their novel chemical and physical properties are dependent only on the
number of atoms they contain. These size-dependent properties, which make them
suitable for applications in catalysis [43], photoluminescence [44], biomedical
[45], magnetism [46], among others, show significant deviations from their bulk
and large NPs counterparts. There are different procedures for clusters synthesis,
which rely on the use of microemulsions [47], thiol cappings [48], vesicles [49] and
electrochemistry techniques [46].

Particularly, Ag NCs have received much attention as novel fluorophores due to
their good photostability, high quantum yield emitters and low toxicity. These prop-
erties make them suitable for microscopy settings, with potential biocompatibility,
applications to sensing and bio-labelling when DNA is used as template [50]. With
the experimental setup shown in Figure 1, Ag colloidal suspensions containing
different sized NPs were obtained. To separate small clusters from the large Ag NPs,
the nanocolloids were centrifuged varying centrifugation speed and time [6].

Fluorescence spectra of the as-prepared nanocolloids, normalized to their absor-
bance at 220 nm, yield band structures in the range 250 nm to 625 nm (Figure 13(a)).
These bands correspond to transitions arising from a discretization of the energy
bands when bulk metal downscale to few atoms structures. According to the jellium
model, the HOMO-LUMO bandgap energy (E, ) of the metal cluster, the Fermi
energy (E; ) of the bulk metal and the number of atoms (N) in the cluster are related
by the expression E, =E; xN 7 [51, 52]. Considering E; = 5.49 eV for Ag, full line

in Figure 13(b) shows the E, relation with N according to this expression, showing a
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Figure 13.

(a) Fluovescence spectra in the UV-visible region. (b) E . U N according to the jellium model (full line).
Symbols denote observed experimental fluorescence band peaks. Inset shows a snapshot of the induced visible
fluorescence on the sample cell [6].

monotonically decreasing dependence on cluster atoms number. Besides, it is clear
that, for increasing N, the E p values get closer to each other.

Experimental E, values may be estimated from the peak wavelength of the
fluorescence UV-visible bands in Figure 13(a). With these values, clusters atom
number may be determined from the curve in Figure 13(b), which enables to assign
the different band peaks to specific cluster atom numbers (circles and diamonds).
In this way, isolated peaks corresponding to Ag,, Ag, and Ag, are clearly
identified. It is also observed the overlapping of bands for increasing N, giving rise
to the observed wide band. Arrows indicate the wavelengths corresponding to Ag,
to Ag,, NCs. Ag,, to Ag,, are indicated by the curly bracket. Inset in Figure 13(b)
is a photograph of the visible fluorescence observed in the sample cell when it is
illuminated by UV light (220 nm), corresponding to the white band between
400 nm and 625 nm.

When the as-prepared nanocolloids are centrifuged at 15000 rpm with increas-
ing centrifugation times, the bands corresponding to larger NCs disappear, remain-
ing a dominant band at 284 nm, which increases in intensity as centrifugation
time increases (Figure 14). Inset presents spectra of the as-prepared and 20 min
centrifugation samples as well as that for pure water for comparison.

HRTEM analysis using HAADF-STEM mode for image quality improvement on
selected parts of the sample is shown in Figure 15. Panel (a) shows a panoramic of
clusters in different aggregation stages. Coexistence of 1 nm radius NPs together
with few atoms NCs is readily observed. In the NPs pointed by yellow arrows, Bragg
planes can be observed. Agglomeration of atomic NCs is indicated by dashed green
line, while few atoms clusters of 0.1 nm in size are pointed by white arrows. Panel
(b) exhibits another site of the sample, with similar formations, including a cluster
in a proto-particle stage with crystalline structure but without a defined morphol-
ogy, enclosed by full blue circle.

Reactivity of NCs is high compared to their bulk counterparts, due to their high
surface to volume ratio. Photocatalytic activity of Ag nanocolloid containing mainly
small NCs was assessed by degradation of freshly prepared MB. Figure 16(a)
presents the absorption spectrum of pure MB solution at different time intervals
while illuminated by a white light lamp. The main MB absorption band at 660 nm
decreases gradually as exposure time elapses showing native dye photocatalytic
degradation. Figure 16 (b) shows the same experiment, but when MB is mixed with
the few atoms NCs colloid.
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Figure 14.
Fluovescence spectra of nanocolloid obtained by FLASIS (600 | pulse energy) of Ag solid target in water for
different centrifugation times. Excitation wavelength is A, =220nm . A dominant band at 284 nm is

readily seen [6].

Figure 15.
High resolution and double-corrected electron microscopy analysis in HAADF-STEM mode for NCs
observation [6].
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Figure 16.

Degradation of MB. (a) Absorption spectra of pure MB sample illuminated by a white light lamp taken at
fixed time intervals. (b) Absorption spectra of sample containing small concentration of NCs under the same
conditions as in (a) [6].

The MB absorbance decreases progressively faster than for pure MB. Dye
degradation is easily identified by color change in the solution, from deep blue to
faint light blue after exposure to white light (insets in the Figures). Degradation
efficiency amounts to 80%, while for pure MB is only 55%.
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3. Conclusion

FLASIS was used as a “green” method for synthesizing Ag, Ni and Fe metal
nanocolloids in liquid media.

Comparison of Ag nanocolloids synthesized by FLASIS and chemical route in
aqueous solutions of TSC and st has been discussed. Micro-Raman spectroscopy
indicated that stabilizer molecules are adsorbed on the NPs surface and inhibit
agglomeration, even up to one year in TSC. FLASIS synthesized NPs seem to stabi-
lize faster that those generated by chemical route, as evidenced by the evolution of
their optical extinction spectra.

Magnetic NPs like Ni and Fe colloids were generated in water and n-heptane.
Spherical NPs shape is almost fully dominant, with a bimodal log-normal size
distribution centered at roughly 4 nm and 9 nm radii. Different structures, like
hollow type NPs and NiO species were observed. Nanocolloids in #z-heptane exhibit
a greater magnetic response than in water, both showing superparamagnetic
behavior.

Fe NPs lack the characteristic optical plasmonic resonance exhibited by noble
metals. Raman spectra of the Fe nanocolloids in water and ethanol show Raman
peaks of magnetite, hematite or mixtures of them. For the case of water, maghemite
signals were also detected.

Few atoms (2-20) Ag NCs can also be synthesized by FLAS;S followed by
several step centrifugation processes. Fluorescence spectra yield band structures
in the range 250 nm to 625 nm, in agreement with the jellium model which pre-
dicts HOMO-LUMO type transitions. HRTEM analysis show clusters in different
aggregation stages, with coexistence of 1 nm radius NPs together with few atoms
NCs. Photocatalytic activity of Ag NCs was assessed against degradation of freshly
prepared pure methylene blue. It was found that this efficiency rises 25% in the
mixture of Ag NCsand MB.
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