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ARTICLE INFO ABSTRACT
Article history: Nanoparticles (NPs) have recently attracted significant attention from the materials science commu-
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small sizes, narrow size distributions and various shapes have been prepared via the reduction of
organometallic compounds with molecular hydrogen, the decomposition of transition-metal complexes
in the zero-valent state, metal bombardment or the simple transfer of previously prepared NPs from
one liquid to another. This review paper will discuss the simple and quick method of sputtering deposi-

Ilflee\);v:;:ﬁ;cles tion over liquid substrates to generate stable colloidal NPs. Initially, the sputtering phenomena will be
Sputtering presented in more detail, as well as the state-of-the-art in sputter deposition over both solid and liquid
Ionic liquids substrates. Then, special attention will be paid to sputtering onto ionic liquids (ILs), silicon oil and veg-
Vegetable oils etable oils, and some selected results and the current mechanisms of NP formation will be discussed.
Colloids Finally, applications of this new approach to synthesizing colloidal NPs will be shown.
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1. Introduction

Nanoparticles (NPs), particles less than 100nm in diameter,
have recently attracted significant attention from the materials
science community and promise to play an important role in the
development of new technologies [1-4]. They exhibit unique phys-
ical properties that give rise to many potential applications in areas
such as optics [5-7], luminescence [8-11], electronics [12-14],
catalysis [15-20], solar energy conversion [21-23] and biomedicine
[24-27]. Two fundamental factors, both related to the size of indi-
vidual nanocrystals, are responsible for their properties. The first
is the large surface to volume ratio, and the second factor is the
quantum confinement effect.

Fundamentally, there are two general strategies whereby mate-
rials on the nanometric scale can be synthesized: chemical and
physical methods. In the chemical methods, molecular species are
transformed into nanoparticles. These methods can be divided into
two major techniques: Chemical Vapor Deposition (CVD) with lig-
uid phase synthesis and colloidal synthesis (CS). In the CVD process,
the vaporized precursor compounds react in the gas phase, usually
at high temperatures, and the nanostructures are obtained as pow-
ders or as films over substrates [28-31]. The control of the size of
the materials in the CVD process is achieved by tuning the reaction
parameters, such as temperature, flow rate and relative precursor
quantities. On the other hand, the CS method is based on reactions
between reactants in solution [1]. In this case, the size and shape of
NPs are controlled via reaction conditions and stabilizing agents. In
general, the CS of NPs has attracted more attention from the aca-
demic community than CVD due to its versatility. Furthermore, a
wider range of applications is possible for NPs in solution.

As opposed to chemical procedures, the physical methods of
nanostructure preparation are based on physical transformations
of matter, which do not change the initial chemical composition.
Using the physical methods, bulk materials are transformed into
the nano scale via their interaction with photons, heat or ions or
even by mechanical milling. In the case of photons, it is possi-
ble to highlight the laser-based techniques, such as laser ablation,
Pulsed Laser Deposition (PLD) and laser-induced particle fragmen-
tation [32]. In the second case, when matter is transformed by
heat, the bulk material is evaporated and recrystallized on the
nano scale [33]. On the other hand, as is implicit in its name,
mechanical milling is based on milling the bulk particulate start-
ing material until it is finely divided into nanometric particles.
The transformation of matter via interaction with ions is based on
the moment transfer between ions that collide on the surface of
bulk materials, pulling out atoms or small clusters of the target
material that are then directed to a substrate, where they begin to
nucleate and grow. Here, the sputtering technique is highlighted
[34].

Both chemical and physical methods have their advantages and
can be complementary. Chemical synthesis is very versatile in
terms of controlling NP size and enabling a variety of applications,
but it usually generates harmful byproducts and NPs with limited
purity. On the other hand, the physical methods are very clean
methodologies to produce NPs, and the purity of the materials pro-
duced is the same as the starting material. Trying to combine both
methodologies might open up a new way to synthesize NPs with
controlled sizes, shapes and purities. In this scenario, sputtering
deposition over a liquid substrate can be considered the most suit-
able method for giving rise to new and outstanding nanostructured
materials [35,36].

This review paper will discuss the method of using sputtering
deposition over liquid substrates in order to generate stable col-
loidal NPs. Initially, the sputtering phenomena will be presented
in more detail, as well as state-of-the-art of the sputtering deposi-
tion over both solid and liquid substrates. Then, special attention

will be paid to sputtering onto ionic liquids (ILs), silicon oil and
vegetable oils, and some selected results will be discussed. Finally,
applications regarding this new approach to synthesizing colloidal
NPs will be shown.

2. Sputtering deposition
2.1. Physical fundaments of the sputtering process

Sputtering was first observed in a DC (Direct Current) gas
discharge tube by Grove in 1852 [37]. He discovered that the
cathode surface of the discharge tube was sputtered by energetic
ions formed in the gas phase and that the cathode material was
deposited on the inner wall of the discharge tube. Today, with the
further development of this technique, it is well-known that in the
sputtering deposition process, the bombardment of a target surface
with energetic gaseous ions causes the physical ejection of sur-
face atoms and/or small clusters, depending on the ions’ incident
energy. This technique is commonly used for thin-film deposi-
tion, etching and analytical techniques. There are different ways
to perform sputtering, DC-diode, RF-diode (radio frequency) and
magnetron sputtering being the three main processes.

In DC-diode sputtering, the difference in potential generated
by a DC power supply will create an electrical field between the
two electrodes, and in the presence of an inert gas, the ioniza-
tion process occurs via electron collisions that form a plasma in
the intermediate regions. This process occurs if there are satisfac-
tory conditions, in terms of applied voltage and gas density, in the
system.

However, in a DC-sputtering system, via the simple substitu-
tion of a metal target with an insulator target, the sputtering glow
discharge cannot be sustained, because of the immediate build-up
of a surface charge of positive ions on the front side of the insu-
lator. To sustain the glow discharge with an insulator target, the
DC power supply should be replaced with an RF power supply, and
an impedance matching network should be implemented. This sys-
tem is called RF-sputtering. Simple diode sputtering has two major
problems: The deposition rate is slow, and the electron bombard-
ment of the substrate is extensive and can cause overheating and
structural damage.

Usually, sputtering sources are coupled with magnetrons that
utilize strong magnetic fields to trap electrons close to target sur-
face. The bombardment of a target surface by ions gives rise to a
variety of elastic and inelastic collision events, leading to the ejec-
tion of a large variety of particles and the emission of radiation.
Neutral atoms, as well as secondary ions, which are positively or
negatively charged, and clusters (agglomerations of two or more
atoms) are ejected.

Fig. 1a-c shows a representative sputtering system, in which
the target and magnetrons, along with details, substrate positions,
vacuum pumps, power supplies, plasma and the physical ejection
of atoms from the target to the substrate surface, can be seen.

Due to the applied electric field, the electrons follow helical
paths around the magnetic field lines, undergoing more ionizing
collisions with gaseous neutrals near the target surface than would
otherwise occur. However, as the sputtered atoms are neutrally
charged, they are unaffected by the magnetic trap. Therefore, it is
assumed that depending on the working pressure, the sputtered
species experiences no considerable gas-phase collisions in the
space between the target and the substrate. Stray magnetic fields
leaking from the ferromagnetic targets also disturb the sputter-
ing process. Specially designed sputter guns with unusually strong
permanent magnets must often be used to compensate for this.

Another relevant factor in the sputtering process is the pressure
in the vacuum chamber during deposition, which should be suffi-
ciently low in order to pull the material out of the target and allow
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Fig. 1. (a) Representative scheme of a typical DC-magnetron sputtering system. (b) Details of the magnetron. (c) Representative scheme of the physical ejection of atoms

from the target to the substrate surface.

it to reach the substrate without difficulty. On the other hand, the
plasma collision between electrons and the atoms of neutral gases
must be maintained. If the pressure is too low, the collision proba-
bility will diminish, hindering the maintenance of the plasma. The
ideal pressure for the maintenance of the plasma inside the vacuum
chamber is between 10° and 10-3 Pa. Therefore, vacuum pumps of
different types are utilized in the sputtering systems so that they
can work in low, high and ultrahigh vacuum conditions (see Fig. 1).

The more useful and practical parameters that control a sput-
tering process are the discharge voltage (V), discharge current (i),
distance between the target and the substrate (d) and working pres-
sure (P). By controlling these parameters, it is possible to control
the sputtering rate, the velocity of the ejected atoms and their pos-
sible energy losses. The V and P parameters are directly related to
the energy of the sputtered atoms (E), and d and P are related to the
mean free path (1) of the sputtered atoms by the equation P-d=A
[38]. Films with different characteristics can be obtained just by
varying these parameters during a common sputtering process.

As an example, in the sputtering deposition of thin copper films
onto silicon substrates, the sputtering power affected the structural
properties of the copper films through the surface diffusion mecha-
nismof ad atom [39]. In this case, a poor microstructure with voided
boundaries is obtained as a result of the low sputtering power depo-
sition, as is seen in the high resistivity. The deposition rate also
depends on the deposition pressure. Deposition pressure has a con-
trary effect on the structural properties of copper films, in which
a high deposition pressure favors the formation of a film struc-
ture with voided boundaries due to the shadowing effect, which
varies with differing deposition pressures. Therefore, the control
of all parameters during the sputtering process is fundamental to
achieving the desired properties in the final product. Addition-
ally, ZrO, films prepared via RF reactive sputtering using different
substrate-target distances and RF powers show that the crystallite
size increases as the substrate-target distance decreases and the
RF power increases [40].

In general, sputtering is performed onto solid substrates, where
the atoms nucleate and a film begins to grow after a few seconds.

Models of thin film nucleation processes and other details can be
seen in the sputtering deposition handbook [38]. However, it has
recently been shown that sputtering can also be performed onto
liquid substrates, for example, silicone oil [41], ILs [35,36] and veg-
etable oils [42]. Actually, this process can be performed on any
liquid that has a sufficiently low vapor pressure to be introduced
inside a vacuum.

2.2. Sputtering of metals onto liquid substrates: the beginning

The first sputtering deposition onto a liquid substrate was per-
formed in 1996: the RF magnetron sputtering of silver directly onto
pure silicone oil [43]. During the sputtering deposition process, a
percolation structure appeared, and then, silver clusters formed
on the oil surface, gradually grew and began to connect with one
another. Finally, a continuous, rough, thin Ag film with a distinct
surface morphology was formed. One should note an important
result regarding this study: with a sputtering power lower than
30W, a film could not be formed on the oil surface. Probably, Ag
NPs were obtained inside the silicone oil; however, they were not
identified and/or characterized, because the focus at the time was
on obtaining a metallic film. The same authors found a significant
difference between deposition rates onto a solid substrate and onto
the liquid surface by simultaneously measuring the thickness of the
film formed on the top of a glass substrate holding a silicone oil
drop. They correlated this difference with secondary evaporation
and penetration effects [44].

Although further investigations into film deposition onto
the surface of silicone oil were carried out [45-58], it was only
in 1999 when an innovative study was proposed by Wagener
who described a versatile process to prepare magnetic colloidal
solutions by using sputtering onto liquid surfaces [41]. For the first
time, it was shown that metallic colloidal NPs could be obtained
by sputtering deposition onto silicone oil. Nevertheless, silicone
oil is not a good stabilizing agent, and the colloids obtained were
not stable. To prevent agglomeration, it is very necessary to use
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procedures, while Ge [71] NPs were produced via electrochemi- Elg
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Fig. 3. Interaction of metal NPs with IL supramolecular aggregates: (a) small particles tend to interact preferentially with anionic aggregates of the ILs, whereas (b) large

ones probably interact preferentially with the cationic aggregates [17].

Reprinted with permission from Ref. [17]. Copyright (2010) The Royal Society of Chemistry.

The interest in using ILs to synthesize nanostructures came
from their peculiar physical-chemical properties. In addition to
being very polar compounds, ILs can have low levels of interfacial
tension. Because low interfacial tensions result in high nuclea-
tion rates, very small particles can be generated without suffering
from Ostwald Ripening [74]. In other words, ILs easily change
their molecular arrangements to adapt to NPs, providing a good
stabilization for nanostructures. This adaptability is due to the
hydrophobic and hydrophilic regions and high directional polar-
izability of ILs, enabling the molecules of the IL to become oriented
parallel or perpendicular to the dissolved species [75]. More-
over, ILs have an unusual and outstanding property. They exhibit
extended hydrogen bonding networks in the liquid state [76] and
are therefore highly structured [77,78]. Thus, ILs can be considered
to be supramolecular polymeric compounds with the composition
{IOx(X)x=n " [(C)xn(X)x]™ }m, with C being the cation and X being
the anion [79]. The property of supramolecular organization has
enabled the use of ILs as entropic drivers [74] generating the con-
cept of the IL effect [80]. Furthermore, due to their high thermal
stability and low vapor pressure, there is no need to use high-
pressure reactors in reactions with temperatures above 200 °C.

The way that the ILs control the growth of NPs produced by
chemical procedures remains a topic of discussion in the literature.
The most accepted mechanism of stabilization of NPs dispersed in
non-functionalized ILs is the adsorption of anionic aggregates on
the surface of the particles, which generates steric—-coulombic sta-
bilization [81]. Fig. 3 shows the proposed mechanism for a metallic
nanoparticle stabilized with an IL derived from the 1-butyl-3-
methylimidazolium (BMI) cation schematically.

The non-functionalized ILs provide steric/electronic stabi-
lization of the “soluble” NPs by protective layers of discrete
supramolecular {[(DADx(X)x—n]" [(DADx_n(X)x]"~}m (where DAI is
the dialkylimidazolium cation and X is the anion) species through
the loosely-bound anionic and/or cationic and/or neutral moi-
eties, non-polar imidazolium alkyl side chains and/or NHC species,
together with an oxide layer (when present) on the metal surface
[17]. The introduction of moieties on the imidazolium side chain,
such as N, O~ and S~ containing groups may provide extra sta-
bilization of the metal NPs through coordination with the metal
surface.

Until now, the control of the size of the NPs in ILs was corre-
lated with N-alkyl imidazolium side chains [82,83], anion volume

[84,85] or anion coordination ability [86]. More recently, some
studies have pointed out these same conclusions [80,87]. A num-
ber of authors have independently shown that the size of Ru and
Ir nanoparticles is controlled by the nano-environment of the IL
(hydrophobic or hydrophilic) in which the metal precursors are
dissolved [88].

ILs have proven to be useful media for the synthesis of NPs. How-
ever, chemical synthesis has shown some critical problems. The
poor solubility of the starting materials in the IL, the incompatibility
of ILs with the majority of reducing agents, the incompatibility of ILs
with alkaline species and the inability to remove ionic byproducts
from the colloidal solutions restrict the applicability of nanoparti-
cles in this medium. As mentioned earlier, ILs are suitable media
for the synthesis of nanoparticles via sputtering methods. This
approach overcomes all the problems of the chemical synthesis of
nanoparticles in these fluids and opens up a new way to synthe-
size nanoparticles in an environmentally friendly way. Therefore,
understanding the mechanism of nanoparticle growth via sputter-
ing materials onto ILs and consequently the factors that control
the shape and size of nanoparticles will lead to the design of new
materials on the nanometric scale.

4. Sputtering deposition of nanoparticles onto ionic liquids

The sputtering deposition of nanoparticles onto ILs is a very
new research area, which started in 2006 with the pioneer-
ing study of Kuwabata and co-authors [36]. Gold nanoparticles
(Au NPs) about 5.5nm in mean diameter and having a standard
deviation of 0.9nm were obtained after the sputtering of an
Au target with Ar* ions directly onto the surface of the 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,) IL. When
the experiments were done in a different IL, namely N,N,N-
trimethyl-N-propylammonium bis(trifluoromethylsulfonyl)imide
(Me3PrN-NTf; ), the Au NPs’ mean size was 1.9 nm, with a standard
deviation of 0.5 nm. The authors observed that the mean size of
the particles formed depended on the IL used and not on the sput-
tering time, which only increased the concentration of Au NPs.
The sputtering conditions applied were 4 mA of discharge cur-
rent (discharge voltage not showed), 20 Pa of argon pressure, 5 min
of sputtering time and a target-substrate distance of 35 mm. The
importance of the discharge voltage will be discussed later.
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The same research group published another study, showing the
formation of gold-silver alloy nanoparticles in a single-step pro-
cess by using a special target during sputtering deposition onto
the 1-butyl-3-methylimidazolium hexafluorophosphate (BMI-PFg)
IL [89]. These bimetallic nanoparticles exhibited a compositional-
sensitive surface plasmon resonance with a red-shifted peak, as the
area of the gold increased on the targets. The sputtering conditions
applied were 40 mA of deposition current (discharge voltage not
showed), 5 min of sputtering time, 20 Pa of argon pressure and a
target-substrate distance of 35 mm.

Following the same idea, Torimoto showed that the sputtering
deposition of Ag on a BMI-PFg IL solution containing HAuCl, led
to the formation of Au-Ag alloy nanoparticles through an in situ
chemical reduction of Au via Ag deposition [90]. Moreover, it was
exhibited that changing the discharge current from 10 to 40 mA
increased the Ag nanoparticles’ (prepared in pure BMI-PFg) mean
sizes from 5.7 to 11 nm, though increasing the sputtering time up
to 50 min did not significantly change the size of the particles. It
only increased the atomic concentration of Ag in the colloids [90].
The sputtering conditions were 10 mA of discharge current (dis-
charge voltage missing) for 5 min at 5 Pa of argon pressure, with a
target-substrate distance of 85 mm.

However, Nishikawa and co-workers, in collaboration with the
previous cited team, published a contrasting result showing that
the increase in the concentration of the sputtered metal caused an
increase in the mean diameter of the particles formed, as shown by
Small Angle X-ray Scattering (SAXS), Fig.4a[91]. The effects of sput-
tering onto different alkyl chain lengths for BF,~ anion-based ILs on
particle size were also investigated. In this case, the size of the par-
ticles was correlated with the viscosity and surface tension of the
ILs in the following manner: (i) the surface tension was important
in the first step of the aggregation of Au atoms and/or small clusters
that probably occurred on the liquid surface and (ii) the viscosity
affected the dispersion of the nanoparticles formed onto the liquid
phase. The sputtering conditions were 1kV of discharge voltage,
5 mA of discharge current, 10-15 Pa of Ar pressure and 12-36 min
of deposition. This was a very high discharge voltage, and it was
maintained for a long time.

One year later, these authors realized that the apparent depend-
ence of the nanoparticles’ size on the Au concentrations, i.e., with
sputtering time, was only due to the heating effects on the IL
during the experiments. They discovered that controlling the sub-
strate temperature and increasing the sputtering time did not cause
the final particles’ size to change. Moreover, increasing the sub-
strate temperature from 20 to 80 °C for fixed sputtering conditions
(1kV, 20mA, 12-13Pa Ar pressure, 50 min of deposition and a
target-substrate distance of 25 mm) resulted in an increase in both
the nanoparticles’ size and size distributions, Fig. 4b [92].

At the same time, our group observed that with an increase in
the discharge current from 20 to 110 mA (and the voltage from 299
to 410V) the mean size of the Au NPs prepared in the 1-n-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide (BMI-NTf5)
increased from 3.2 to 4.6 nm. With respect to the sputtering time,
the nanoparticles’ size did not change significantly when it was
increased from 150 to 600s [35]. Experiments were carried out
at 40mA (335V), 2Pa Ar pressure and a target-substrate dis-
tance of 50 mm. These results were in agreement with those of
previous reports [90]. However, increasing the discharge current
also caused the voltage to increase, and this cannot be factored
out of the results. Further, we realized that the most important
parameter governing NP size is probably the discharge voltage and
not the current (to be discussed later). In addition, the effect of
the IL anion was increased by fixing the cation BMI* associated
with four different anions, i.e., bis(trifluoromethylsulfonyl)amide
(NTf, ), hexafluorophosphate (PFg ), tetrafluoroborate (BF4~) and
tri(pentafluoroethyl)trifluorophosphate (FAP~). Fig. 5a-d shows
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Fig. 4. (a) Particle size distributions of Au NPs generated (EMI-BF4 (red), BMI-BF,4
(blue) and OMI-BF, (black)) by using various sputtering times. As the Au concen-
tration increased, the size of the nanoparticles also increased [91]. (b) Particle-size
distributions of Au NPs generated BMI-BF, at various temperatures [92].

Reprinted with permission from Ref. [91]. Copyright (2009) American Chemical Soci-
ety. Reprinted with permission from Ref. [92]. Copyright (2010) American Chemical
Society.

the Au NPs obtained after a sputtering deposition at 40 mA, 335V,
300s, 2 Pa Ar pressure and a target-substrate distance of 50 mm.
According with the authors, the surface composition of the ILs
seemed to be the most important parameter governing the size
of the as-prepared Au NP’s, especially with the increase in the fluo-
rinated content, as in the case of BMI-FAP.

By using sputtering onto ILs, nanoparticles of various shapes
and compositions could be prepared. For example, transition metal
oxide nanoparticles that were highly dispersed onto ILs were pre-
pared by sputtering W, Mo, Nb and Ti onto the EMI-BF4. The
particles’ sizes were in the ranges of 3.2-4.8 for the W target,
2.7-3.7 for Mo, 1.9-2.9 for Nb and 3.4-4.6 for Ti. The particles’ sur-
face oxidized inside the ILs in a non-controlled way, with at least
two oxide phases, as observed by XPS [93].

On the other hand, core-shell In-In,O3 nanoparticles were
prepared by sputtering an In target onto four different BF4~ anion-
based ILs [94]. The size of the indium core was tunable from
approximately 8 to 20 nm by using various alkyl side chain, whereas
the shell thickness of the amorphous In, 03 was almost constant at
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Fig. 5. TEM images of Au NPs sputtered onto ILs (a) BMI-NTf, (diameter 3.5 & 0.6), (b) BMI-BF4 (diameter 3.6 + 0.4), (c) BMI-PFs (diameter 3.7 £+ 0.4) and (d) BMI-FAP (diameter

49+09)[35].

Reprinted with permission from Ref. [35]. Copyright (2010) American Chemical Society.

approximately 1.9 nm, as observed by TEM. Heat treatment of the
thus-prepared particles at 523 K in air removed the core, resulting
in the formation of hollow particles composed of crystalline In, 03,
as illustrated in Fig. 6. The void of the hollow particles could be
tuned from 4 to 10 nm during oxidation via selecting the size of
the starting core-shell particles. The final size of the hollow par-
ticles was slight larger than that of the initial core-shell ones. The
sputtering deposition in these studies was applied under the fol-
lowing conditions: 20 mA of current (discharge voltage missing),
2.0 Paofargon pressure, 10 min of sputtering and a target-substrate
distance of 20 mm.

Our group also prepared anisotropic gold nanodisks by direct
sputtering onto a nitrile-functionalized IL [95]. The principal idea
was the following: If the surface chemical composition of the liquid
can control the initial formation of nanoparticles by sputtering
[35], what will happens if we perform sputtering onto an IL with
a functional group pointing out of its surface? Via the sputtering
of an Au target onto 1-(butyronitrile)-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide =~ (BCN)MI-NTf, IL  with
increased applied voltages, three phenomena were observed:

Sputter deposition of Indium in ILs
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Fig. 6. Scheme showing the mechanism for core-shell In-In, 03 and void In, 03 NPs
[94].

Reprinted with permission from Ref. [94]. Copyright (2010) American Chemical
Society.
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Table 2

SAXS fitting parameters (form, size and size distributions) of the colloidal Au NPs obtained via sputtering onto (BCN)MI-NTf, for 1505 at various discharge voltages [95].

Voltage (V) Form factor Diameter (nm) Height (nm) Standard deviation (%)
275 Sphere 4.0 4.0 33.0
Ellipsoid 8.2 54 26.6
300 Sphere 6.2 6.2 6.0
Ellipsoid 7.8 2.5 2.0
Sphere 34 34 2.0
340 Sphere 6.6 6.6 17.6
Ellipsoid 7.8 39 39.5
Sphere 3.0 3.0 12
365 Sphere 9.6 9.6 105.4
Sphere 5.4 5.4 52.2
410 Sphere 5.1 5.1 17.6

Reproduced by permission of the PCCP Owner Societies.

Fig. 7. TEM tomography images (video available at the original publication) of a selected Au nanodisk sputtered onto (BCN)MI-NTf; at a discharge voltage of 300V for 150s.

From (a) to (¢), the particle is gyrating to the left [95].

Reprinted with permission from Ref. [95]. Reproduced by permission of the PCCP Owner Societies.

(i) bimodal-sized distributions of Au nanospheres and Au
nanodisks where obtained, and their sizes decreased; (ii) the
population of particles with a lower diameter increased and (iii)
the formation of anisotropic nanoparticles disappeared for voltages
higher than 340V [95]. Table 2 summarizes the presented results.
The formation of the anisotropic particles was confirmed by TEM
tomography (Fig. 7), SAXS and AFM analyses. The formation of
anisotropic gold nanodisks was due to a strong interaction between
sputtered Au atoms of low kinetic energies and the nitrile groups in
the more external region of the IL surface. When the kinetic energy
of the sputtered atoms was over a certain threshold, nanospheres
were formed by Au-anion interactions in a slight internal region
of the IL surface, as was observed for non-functionalized ILs [35].
This study showed the importance of the IL surface composition
and also the sputtered atoms’ kinetic energy in the process of the
synthesis of nanoparticles via sputtering onto liquid surfaces.
However, recently, Binnemans and his research group pub-
lished two important results concerning the formation of colloidal
nanoparticles by this method. In the first one, the sputtering condi-
tions were 50 mA of discharge current (discharge voltage missing),
10Pa of Ar pressure, target-substrate distance of 40 mm, 4 mL of
1-butyl-3-methylimidazolium dicyanamide [BMI-N(CN),] IL and a
deposition time of 60s. Under these conditions, they founded that
the IL changed from colorless to brown after the sputtering deposi-
tion of Au, and after some time, the colloid changed to a red color,
as was expected for Au NPs larger than 2 nm [96]. These results
were corroborated by UV-vis absorption spectroscopy and TEM.
Immediately after the end of the sputtering process, only small
particles in the range from 1 to 2.5nm were observed, followed
by the absence of the surface plasmon resonance (SPR) peak in the
UV-vis spectrum. After 2 h, the same sample was analyzed again,
and the population of 2 nm NPs was still predominant. Also, larger
nanoparticles in the range from 3 to 7 nm were formed, along with
the appearance of an SPR peak that increased in intensity as the

elapsed time approached 24 h. This was due to the increase in the
NP population in the size range of 3-7 nm, as viewed by TEM. The
final NP size distribution was bimodal. The authors studied this
growth for different ILs and found that it depended on the IL used.
Based on the experimental data, the authors stated that the parti-
cles do not grow in the IL surface, as was reported earlier [35,36],
but in the bulk liquid phase after the sputtering procedure via the
aggregation of the smaller-sized nanoparticles formed during sput-
tering. The UV-vis results pointed out that the higher the viscosity
of the liquids, the slower the growth kinetic of the particles.

In a second and more recent study, the Binnemans group also
observed that, in addition to aggregation to form 5 to 6 nm Au NPs,
two other processes were observed after sputtering, namely aggre-
gation and sedimentation. The amount of water had a detrimental
influence on the stability of the colloidal suspensions of the Au NPs
in ILs [97].

Despite the ILs present very low vapor pressures compatible
with ultra-high vacuum conditions and the properties needed
to stabilize nanoparticles without using external reagents, they
were not the only liquid substrates used for the sputtering of
metal nanoparticles. For example, vegetable oils [42,98], liquid
polyethylene glycol [99] and molten (6-mercaptohexyl)trimethyl-
ammonium bromide (6-MTAB) [100] were used to synthesis of
metal nanoparticles. Table 3 summarizes some of the important
results obtained in ILs to date.

5. Sputtering deposition onto vegetable oils

Vegetable oils are new, promising liquid substrates for sputter-
ing deposition. The advantage of using vegetable oils is that they are
abundant, inexpensive and biocompatible and also stabilize metal-
lic NPs [42], as shown via chemical reduction [103]. In addition,
the sputtering deposition does not require the addition of reduc-
ing agents to produce NPs, enabling less toxic nanostructures for



Table 3
Sputtering conditions of different materials onto ionic liquid substrates.
Entry Substrate Sputtering conditions Structure obtained Ref
Method Target V (V)i (mA)/P (W) Wy (mm) Wp (Pa) Dt (min) Dg (nms~1) St (°C) Morphology Size (nm)
1 EMI-BF,4 MS Au (99.99%) -4/~ 35 20 5-120 - - Spherical Au NPs 55+09 1.9+0.5 [36]
Me3PrN-NTf,
2 BMI.PFg ? MS Au (99.99%) and Ag -140/- 35 20 5 - RT Spherical Au NPs Auqg0=2.6+03 [89]
(99.99%) and bimetallic Auz5Agy5=3.1+0.6
Au-Ag NP alloys AusgAgso=6+1.5
AU25Ag75 =0.5
3 EMI-BF4 MS Au (99.99%) 1000/5/- 25 10-15 12-36 - - Spherical Au NPs 0.75-3.5nm, [91]
BMI.BF,4 dependent on Au
OMI-BF,4 concentration and
cation groups
4 Me;PrN-NTf; MS Au (99.99%) -/40/- 35 20 5 - - Spherical Au NPs 23403 [101]
5 Me;3PrN-NTf, MS Pt (99.98%) -/40/- - 7 5 - RT Spherical Pt NPs Aratm=22+04, [102]
N; atm=3.34+0.6,
strongly dependent
on gaseous species
6 BMI-BF,4 MS Au (99.99%) 1000/20/- 25 12-13 50 - 20-80 Spherical Au NPs 0.6-3.5, strongly [92]

dependent on the
temperature of the

capture IL
299/20/6.1 25 0.20 32£05
322/30/9.6 25 034 34405
335/40/13.4 25 042 35+06
358/60/21.5 25 0.71 39+08
BMI-NTE, 410/110/45 25 1.65 46+07
8 MS Au (99.99%) 335/40/13.4 50 2 5 042 RT Spherical Au NPs 40409 35]
335/40/13.4 7.5 042 39+08
335/40/13.4 10 0.42 40+08
BMIBF, 335/40/13.4 25 0.42 36+04
BMI-PFs 335/40/13.4 25 042 3.7+04
BMI.FAP 335/40/13.4 25 0.42 49+09

V, voltage; i, current; P, power; Wy, work distance between target and liquid substrate surface; Wp, work pressure; Dr, deposition time; Dg, deposition rate; St, substrate temperature; RT, room temperature; MS, magnetron
sputtering; IL, ionic liquid.

2 The area fraction of gold foils on targets, fa,, was defined as: fa, =Aau/(Aau +Ang), Where Aa, and Apg were total surface areas of gold and silver foils, respectively.
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Fig. 8. Schematic illustration of the formation of Ag NPs or Ag TFs via the sputtering deposition of Ag onto different biocompatible liquids [98].

Reprinted with permission from Ref. [98]. Copyright (2011) American Chemical Society.

in vivo applications. Thus, this approach provides an easy, low-cost
and fast synthesis of NPs, with potential applications within the
fields of biology and medicine.

The sputtering of an Au target directly onto castor oil led to the
formation of biocompatible Au NPs. The use of higher voltages dur-
ing sputtering resulted in NPs of larger sizes, and higher sputtering
times did not affect their mean sizes, as shown by TEM and SAXS
[42].

An interesting point concerning the surface composition of veg-
etable oils and the applied voltage was recently discovered, and
the formation of nanoparticles (first published in 1999) [41] or
thin-films (first published in 1996) [44] by sputtering onto liquids
was correlated with these parameters for the first time [98]. Wen-
der and coworkers showed that the formation of NPs or thin-films
depended on the applied voltages and the surface coordination abil-
ity of the different vegetable oils used. Lower discharge voltages
and/or lower surface coordination abilities led to the formation of
a film. Meanwhile, the opposite led to the formation of nanoparti-
cles. Fig. 8 shows the scheme proposed. Higher discharge voltages
mean higher diffusivities on the liquid surface (indicated by the
red arrows), facilitating the penetration and/or attachment of the
atoms/nucleus to the functional groups of the liquid surface. For
the liquids studied, nanoparticles were easily formed in castor oil,
which has a hydroxyl group, in almost all sputtering conditions,
while in canola oil, which is predominantly composed of unsat-
urated aliphatic chains, and in caprylic/capric triglyceride (CCT,
composed solely of saturated alkyl chains) thin films were formed
atlow voltages and NPs were formed at high discharge voltages. The
lower the oil surface coordination ability, the higher the discharge
voltage necessary to form colloidal nanoparticles.

6. Mechanisms of nanoparticles formation: present
discussions

As the reader can see, the results published to date are con-
tradictory [35,36,91,92,95-98]. It seems to be the consensus that
the nature of the liquids used plays a predominant role controlling
nanoparticle formation. However, the current discussion in the sci-
entific literature is related to where and how the liquids control the
growth of the NPs. Some groups point out that the surface and/or

bulk liquid composition governs the mechanism [35,42,98,104],
and others point out that the liquid viscosity and surface tension
control the growth process[36,91,92,94,97,99]. Moreover, there are
several parameters that can influence the formation of nanopar-
ticles via sputtering. Unfortunately, little attention was paid to
these factors in the first reports, and some authors did not prop-
erly describe all the parameters used for the sputtering, making
any reasonable comparison between the results impossible. Also,
the conditions applied were very different, and the results cannot
be correlated, because the formation mechanism can be sensitive
to the parameters, as with, for example, the discharge voltage [98].

Wender et al. [35] provided some insights into the mechanism of
NP growth via sputtering onto liquids by postulating three different
scenarios: (i) the atomic nucleation starts on the IL surface and then
diffuses into the liquid phase, where particle growth takes place;
(ii) both processes occur on the IL surface or (iii) the metal atoms
and clusters penetrate to just below the liquid surface, and both
processes occur in the bulk IL phase (Fig. 9i-iii).

Actually, the environment in which the metal NPs are formed
must be dependent on how deeply the sputtered atoms can enter
in bulk liquid phase. In other words, the extent of the penetration
of the atoms is a function of their kinetic energy. Thus, the sput-
tering conditions (voltage, inert gas pressure, target temperature
and liquid-target distance) must influence the NP size distribution.
Moreover, how the properties of the liquid environment (surface
or bulk) control the growth kinetics is still a topic of discussion.
Inasmuch, secondary growth can occur during colloid aging or tem-
perature increase [92,97].

Nishikawa’s group published a recent study in which con-
ditions such as sputtering discharge current, discharge voltage,
target-substrate distance, sputtering time and target temperature
were investigated. They concluded that the temperature of the tar-
get and the applied voltages have a strong influence on the size
of the Au NPs generated via sputtering onto BMI-BF,4 IL, while the
target-substrate distance, sputtering time, argon pressure and dis-
charge current have little or no influence [105]. They stated that for
the generation of smaller particles, low liquid and target tempera-
tures and high applied voltages are desirable. Wender et al. [42,98]
had previously described the discharge voltage as governing the
size of sputtered nanoparticles. It is well-known that the discharge
voltage is related to the energy of the sputtered atoms, which will
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Fig. 9. Possible mechanisms for the nucleation and growth of sputtered gold nanoparticles into ILs [35].
Reprinted with permission from Ref. [35]. Copyright (2010) American Chemical Society.

depend on the inert gas and target used and are in a range of a
few eV. However, the discharge voltage’s effect on NP size is not
yet well understood. At the same time that the NP size increased
with the discharge voltage for sputtering Au or Ag onto castor oil
[42,98], it decreased for two ILs, namely (BCN)MI-NTf, and BMI-BF4
[98,105]. Therefore, the discharge voltage dependence seems to be
more complicated and to correlate not only with the liquid used but
also with the sputtering conditions and target properties. More-
over, Wender et al. have shown that for the same liquid substrate,
higher voltages led to nanoparticle formation. Meanwhile, lower
voltages resulted in the formation of a thin-film on the top surface
of the liquid [98].

Another intensively studied parameter was the discharge cur-
rent, which is directly related with the number of atoms ejected
from the target per second, i.e., the sputtering rate. Torimoto and
coworkers showed that the size of Ag NPs increased with increased
discharge current for Ag deposition onto BMI-PFg (target located
85 mm from the liquid surface of 10 cm? area, deposition of 5 min
at 5Pa of Ar, and discharge voltage not shown) [90]. Our group also
reported such behavior when depositing Au onto BMI-NTf,. How-
ever, we further realized that the principal effect was the discharge
voltage and not the current [98]. Nishikawa recently commented
on the two cases presented herein after not finding any signifi-
cant variations in NP size for Au sputtered onto BMI-BF, at 700 and
1000V for various discharge currents [105]. They believe that in
the previous cases [35,90], the particle size increased due to the
heating of the liquid surface when the current was increased. They
utilized high discharge voltages (near 1KkV), and further investi-
gation is still needed to determine its importance in nanoparticle
formation. Our group focused in performing sputtering over short
times (from 1 to 5min) and low discharge voltages (from 280 to
465V). By measuring the IL’s surface temperatures immediately
after venting the deposition chamber (less than 2 min) only small
variations of about 1 °C could be detected by using a thermocouple
of 0.1 °C sensitivity. Therefore, we do not believe in the existence
of temperature effects in the conditions we studied. On the other
hand, some groups performed deposition for too long a time, and in

these cases, temperature effects were decisive [91,92]. By control-
ling the IL surface temperature, they showed that it strongly affects
nanoparticle formation [92].

According to recent reports, the effect of IL surface tension itself
should be discarded, as was proposed initially [36], because heating
linearly diminished the surface tension of the BMI-BF4 from 43.5
to 40.2 m] m~2 and consequently the time that the particles would
stay in the liquid surface to grow [92]. If it was important, the result
would have been exactly the contrary, i.e., there would have been
a decrease in the final size and not an increase, as was observed.
Finally, the authors interpreted their results in terms of the viscosity
of the ILs, considering the particles aggregating inside the liquid
phase [92].

A number of authors considered that the surface tension and
the viscosity of the liquids might be controlling the growth of
the nanoparticles. However, our group argues that the liquid sur-
face composition and coordination ability play major roles in the
nanoparticle formation, instead of viscosity or surface tension,
which sufficiently explains some of the literature results obtained
to date [98]. Moreover, if the growth of NPs occurred in the IL bulk,
anincrease in Au NP size with an increase of anion volume would be
expected [35,80,84,85]. This was not observed and it was pointed
out that both nucleation and nanoparticle growth seem to occur at
the IL surface, as in case (ii) of Fig. 9. This shows the importance of
the chemistry of surface functional groups at the IL/vacuum inter-
faces [98]. In addition, the difference in size could not be correlated
with the macroscopic properties of the ILs, such as surface tension
and viscosity [35].

In addition, Binnemans and coworkers are the only researchers
who show the growth of the nanoparticles after sputtering, i.e., as a
second step [96,97]. However, they performed the sputtering over
very short time periods (~60s) onto high IL volumes (~4 mL). In
this case, the Au concentration is considerably different from the
other cases presented [35,36,91]. Even though these results open
up new discussions about the initial mechanisms of NP formation,
some care should be taken in the future studies. Probably, the sput-
tered atoms arise at the liquid surface, diffuse to the liquid bulk after
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the nucleation processes, and then start to grow. This can explain
both the nanoparticle and thin-film formation. However, it will
strongly and synergistically depend on the sputtering conditions
and on the liquid properties. In other words, for one case, under
specific sputtering condition, the nanoparticles could grow on the
liquid surface, resulting in the formation of anisotropic nanoparti-
cles[98] or thin-films [59,98], and in other cases, they could grow on
the bulk liquid phase [91,96,105]. Despite the confusing data pre-
sented to date, the knowledge regarding this synthesis technique
is increasing exponentially as the years pass.

Therefore, it is believed that to obtain deeper insight regarding
the mechanism of nanoparticle formation, the key issue will be to
develop in situ experiments in order to investigate nanoparticle
formation from the first seconds of deposition until complete for-
mation and possibly the agglomeration of the nanoparticles. Also,
future experiments should be carried out carefully with respect
to sputtering conditions, i.e., discharge current, discharge voltage,
deposition pressure, target-substrate distance, deposition time,
substrate temperature, target temperature, etc.

7. Applications

As shown above, sputtering can be considered an important
and innovative approach to producing soluble and stable NPs in
low-vapor-pressure liquid substrates. The easy and fast synthe-
sis that is allied to this green method can be considered to be
the major differential of this route to potential applications. Over
time periods ranging from a few seconds to a few minutes, sta-
ble colloidal NPs can be produced without any chemical stabilizing
and/or reducing agents. Therefore, sputtering is a useful method
for the preparation of ultrapure NPs or thin films on liquid or solid
substrates.

These characteristics and virtues open new lines of applications
that until now, had been complicated by the high cost of produc-
tion and/or the difficulty of obtaining a suitable final product. Here,
some applications that arise from this new technology will be pre-
sented.

7.1. Nanoparticles dispersed on a solid surface

The dispersion of sputtered NPs onto a solid surface was demon-
strated by Torimoto et al. [106]. They showed that the adsorption of
AuNPsonaTiO, (11 1)substrate varied with the IL that was encap-
sulating the NPs on the TiO, surface. A strategy was proposed in
order to control the positions of the Au NPs on the solid substrates
via the electrostatic interaction between the ILs’ thin layers on the

substrate surface, in addition to non-covalent interactions between
the ILs. The microscopic charge array of the Ti** and 02~ jons on the
surface can work to order the NPs and ILs. Subsequent treatments
immobilized the NPs and removed the IL layers, resulting in Au NP’s
self-assembled arrays on TiO; (1 10) substrate.

Moreover, metal nanoparticles have also been obtained using
“non” conventional sputtering chambers. For example, a new
method was reported to form metal nanoparticles by sputter depo-
sition inside a reactive ion-etching chamber with a very short
target-substrate distance. The size distribution and morphology of
nanoparticles are influenced by the distance, the ion concentration,
and the sputtering time [107]. Passivated gold nanoparticles were
synthesized through a microwave-assisted process in a two-phase
system, in the presence of 1-dodecanethiol and these nanoparticles
spontaneously self-assemble into self-supported superstructures
[108]. The controlled synthesis of bismuth nanoparticles can be
achieved by vapor condensation in tube flows [109]. A new sputter-
ing chamber containing an electromagnetic oscillator (with vari-
able controlled frequency) that allowed the constant movement
of the conical flask, which contains the support has been recently
reported. This new chamber allows the production of magnetic bio-
catalysts, by simple sputtering of Ni nanoparticles onto enzyme
surfaces. This new technique provided high levels of recovery,
reusability and catalytic activity for the lipase-Ni biocatalysts [110].

7.2. Nanoparticle immobilization onto inorganic structures
dispersed in ILs

Two strategies were used to immobilize NPs onto inorganic
structures dispersed in ILs. In the first study, the Au NPs prepared
via sputtering deposition in an IL were selectively assembled at the
edges and vertices of Ag nanocubes, the surfaces of which were
modified with a self-assembled monolayer of 1-octadecanethiol
and 4-amino-2-mercaptopyrimidine. After a specific chemical
etching of Ag, the sample resulted in Au-Ag binary nanocomposite
and Au nanoframe formation (see scheme in Fig. 10a) [111]. The
second strategy consisted of depositing small metallic NPs, such
as Au, Ag, Pd [112] and Pt [113], which were produced by sput-
tering onto the ILs, on diverse carbon nanostructures dispersed in
a room-temperature IL. The size of the metal nanoparticles could
be controlled by the composition of room-temperature ILs, and the
surface density of the metal nanoparticles could be controlled via
the sputtering conditions. Fig. 10b shows a metal NP self-assembled
on carbon. The self-assembled structure is driven by the interlink-
ing interactions among the metal nanoparticles, IL cations, and
carbon nanostructures.
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where the appearance of the nematic phase is observed as a “front” that passes through the field of view. (d) Phase transition behavior of the NPs dispersed onto 5CB at
32.6°C, where the small bubble-like domains of the nematic phase appear and gradually grow to fill the sample [114].

Reprinted with permission from Ref. [114]. Copyright (2010) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

7.3. Nanoparticle dispersed liquid crystals

Ozaki and coworkers [114] demonstrated a method that can
drastically simplify the procedure used to fabricate metal NP-liquid
crystal (LC) suspensions. Such suspensions can be fabricated via
sputter depositing the target material onto the host LC. Certain
LC molecules also possess a vapor pressure that is smaller than
1 Pa at room temperature, which is sufficient for them to undergo
the sputtering deposition process. Fig. 11a shows the photographs
of 4-pentyl-4’-cyanobiphenyl (5CB), a compound with a nematic
phase between 24 and 35 °C, before and after the sputtering depo-
sition of gold. The extinction spectrum of the material shown in
Fig. 11b reveals that the coloring of the LC is, in fact, attributed
to the local surface plasmon resonance of gold, which is observed
as a slight shoulder at around 520 nm. To observe the NPs on the
LC, standard polarization optical microscopy was performed on
the sample, which was placed in a planar rubbed sandwich cell
to investigate whether the sample was free from aggregations in
the conventional LC device geometries, see Fig. 11c and d.

7.4. Catalysis

One of the main applications of metallic NPs produced via sput-
tering onto ILs is in the field of catalysis. Although few examples
have beenreported, the results obtained are interesting. Most of the
studies in the literature are focused on the electrocatalytic activity
of metallic NPs for the O, reduction reaction (ORR), which is an
important reaction for fuel cell applications.

The majority of the papers reported the use of Pt NPs supported
on carbonaceous supports for the ORR [102], except for one exam-
ple that applied Au NPs deposited over High-Oriented Pyrolytic
Graphite (HOPG) as an electrocatalyst [101]. The NPs were pro-
duced via the sputtering of a metallic target over the IL and then
immobilized onto the support by heating a mixture of carbon and
the IL/NPs at various temperatures. The IL was removed via solvent
extraction after the immobilization. The thermal treatment con-
ditions influenced the size and amount of NPs retained onto the
electrode surface [101,102]. For example, Au NPs were deposited
over HOPG from the IL Me3PrN-NTf, and BMI-PFg at room temper-
ature (RT), 373K and 423K [101]. TEM analysis of the electrodes
prepared at room temperature showed only a few Au NPs in an

island-like morphology, with a mean height equal to the initial NPs
diameter, 2.3 nm. As the temperature increased, greater numbers of
nanoparticles could be observed, and the surface of the HOPG was
almost fully covered by Au NPs. Moreover, the height (measured
by AFM) of the nanoparticles also increased. The mean heights
obtained were 5.4nm and 10nm at 373 and 423K, respectively.
The hydrophobic nature of the IL also influenced the number of NPs
deposited onto the surface of the electrode. The more hydrophobic
anion, NTf,, favored the deposition of Au NPs over the HOPG, while
the PFg anion allowed the deposition of sparsely aggregated NPs,
even after thermal treatment. The obtained Au NPs/HOPG showed a
reversible two-electron reduction of O, to HO?~ in an O,-saturated
0.5 mol dm—3 aqueous KOH solution, which was typical of Au (11 1)
and Au (11 0) surface-enriched particles [101].

The properties of the Pt NPs deposited onto Glassy Carbon (GC)
also showed the important influence of the heating process. The
size of the Pt NPs increased with the thermal treatment, changing
from 2.2 nm, as they were prepared, to a maximum diameter of
3.7 nm above 423K [115]. Moreover, heating temperature is also a
fundamental parameter for the ORR using O,-saturated 0.5 mol L~!
H,S0,4 solutions. The Pt/GC electrodes obtained only showed ORR
currents when heated to temperatures above 423 K[102]. Addition-
ally, the Pt/GC showed a maximum activity when treated at 473 K,
as shown in Fig. 12.

Another catalytic application for the NPs produced via sputter-
ing onto ILs is the Suzuki-Miyaura reaction, which is catalyzed by
Pd NPs [116]. Miura and co-workers have applied Pd NPs formed
in the ILs BMI-PFg and BMI-NTf, to the cross-coupling reaction
between various Aryl iodides and bromides with arylboronic acids.
The catalytic reactions were optimized for two IL/nanoparticle sus-
pensions under biphasic conditions by using 0.2% Pd, water as a
solvent and various bases. The best base to use with BMI-PFg was
di-isopropylethylamine (DIPEA). With BMI-NTf;, the best base is
Cs,C0O5 at 80°C.

7.5. Miscellaneous applications

The synthesis of NPs by the sputtering of metal targets onto ILs
is a relatively new topic. Thus, few applications for these materi-
als have been reported to date. In this sub-section, two kinds of
application found in the literature will be shown.
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Fig. 12. Cyclic voltammograms recorded at Pt-GCEs in O,-saturated 0.5 M H,SO4 aqueous solution at 298 K. The temperatures for the Pt-GCE preparation were (a) 473K, (b)

523K and (c) 573 K. The scan rate was 10mVs~! [115].
Reprinted with permission from Ref. [115]. Copyright (2010) Elsevier Ltd.

The first one is the use of Au NPs for plasmonic devices.
Torimoto et al. have produced Au NP layers over quartz that
enhanced the photoluminescence (PL) of CdTe nanocrystals [117].
The samples studied were produced by heating an imidazolium
surface-modified quartz slide with Au NPs/BMI-PFg colloids pro-
duced via sputtering. The Au layer was then covered with
polyelectrolyte bi-layers of various thicknesses, on which a layer of
thioglycolic acid-capped CdTe NPs were adsorbed. The PL enhance-
ment was increased via the Au NPs, and this augmentation was
strongly dependent on the distance between the semiconduc-
tor nanoparticles and the Au layer, which became higher as the
number of polyelectrolyte layers deposited on the plasmonic NPs
increased.

The second application is the use of Ag NPs produced via sput-
tering as a sacrificial Ag* reservoir for antimicrobial composite
coatings [118]. Glass substrates were coated with a SiO,/IL/Ag NP
nanocomposite that was produced by using sol-gel, and its antimi-
crobial activity was evaluated against Pseudomonas aeruginosa
bacteria. The bactericidal activity of the coatings was due to the
synergetic combination of all the components of the composite
and was strongly dependent on the type of IL used. For exam-
ple, the Ag NPs produced in EMI-NTf, showed a poor level of
activity against the bacteria used, while the methyltrioctylammo-
nium bis(trifluoromethylsulfonyl)imide (Nggg;-NTf;) annihilated
the microorganisms almost completely, as shown in Fig. 13.
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Fig.13. Antimicrobial activity of sol-gel nanocomposite films with two ILs. (9.3 wt%,
incubation time: 24 h) [118].

Reprinted with permission from Ref. [118]. Copyright (2012) American Chemical
Society.

8. Conclusions and future trends

Without doubt, the sputtering deposition of metals onto liquids
represents a new, efficient and simple method via which to syn-
thesize stable colloidal NPs in ILs and vegetable oils. This physical
process (sputtering) eliminates chemical residuals during NP syn-
thesis because no stabilizing or reducing agent is used. Sputtering
onto liquid substrates is a very versatile way to prepare metallic,
magnetic and semiconductor NPs. Instead of a simple deposition,
this technique can be performed with the co-evaporation of various
targets on the surface of the liquid, resulting in a specific composi-
tion of nanostructures.

The physical parameters used during sputtering could allow for
the prompt control of NP size, size distribution and concentration.
Some results have suggested that NP growth occurs on the IL sur-
face and that the composition at the liquid/vacuum interface [119]
determines the size and size distribution of the Au NPs. In the case
of castor oil, a threshold voltage has been found for the mecha-
nism of NP formation due to the environment the nucleation takes
place in.

However, the IL surface properties, ion orientation and chemical
composition are not yet fully understood with regard to sputtering.
Future investigations must be carried out in order to discover the
mechanisms of NP growth. The materials produced via this tech-
nique are very pure and can improve the properties of the final
products.

To conclude, due to the aforementioned properties, industrial
availability and low cost, the sputtering method is one of the most
promising in the field of nanomaterial colloidal synthesis for a
variety of applications. The possibility of synthesizing metallic,
bimetallic, semiconductor and magnetic nanoparticles is one of the
advantages of this technique. Moreover, sputtering is a control-
lable and stable process that can be used to prepare small-sized
(1-10nm) colloidal nanoparticles. The target composition can be
specially manipulated, or chemical-reducing processes can be ini-
tiated during sputtering in order to prepare colloidal bimetallic
or semiconductor nanoparticles, such as PbSe and CdTe, for vari-
ous applications. Moreover, as a simple deposition, sputtering can
be performed via the co-evaporation of various targets onto the
surface of the IL, resulting in nanostructures with the desired com-
position.

However, ILs and silicon oil are not fully environmentally
friendly or biocompatible with the preparation of NPs for biological,
pharmaceutical or medical applications. In this respect, vegetable
oils open up new possibilities for the synthesis of a variety of bio-
compatible nanomaterials with applications, for example, in cancer
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therapy and drug delivery [42]. Therefore, the formation mecha-
nisms of the NPs via sputtering atoms onto the surfaces of liquids
are not yet totally understood, and future investigation is necessary
in order to fully understand the entire process.
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