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Palladium nanoparticles are arousing an increasing interest because of their strong activity in heteroge-
neous catalysis in a wide range of reactions. Driven by the interest of producing Pd nanoparticles to be
deposited for catalysis over hydrophobic supports, we investigated their synthesis via Pulsed Laser Abla-
tion in Liquid in several organic solvents, as acetone, ethanol, 2-propanol, toluene, n-hexane. The colloids
were produced by using a Nd:YAG ns laser and without the addition of surfactant agents. The morphology,
composition, stability and oxidation state of the obtained nanoparticles were investigated by TEM-EDS
analysis, UV-vis spectroscopy, X-ray Photoelectron Spectroscopy and micro-Raman spectroscopy. The
results evidence that the nature of the solvent influences both the yield and the physico-chemical prop-
erties of the produced nanoparticles. While in acetone and alcohols spheroidal, non aggregated and stable
particles are obtained, in case of toluene and n-hexane few unstable particles surrounded by a gel-like
material are produced. Raman/XPS measurements suggest the presence of amorphous or graphitic carbon
onto crystalline Pd nanoparticles, which could have hindered their growth and determined the observed
smaller sizes if compared to nanoparticles produced in water. The stability of Pd colloids obtained in ace-
tone and alcohols was attributed to adsorbed anions like enolates or alcoholates; non polar solvents like
toluene and n-hexane, unable to give rise to adsorbed anionic species, cannot provide any stabilization
to the palladium nanoparticles. XPS analyses also evidenced a partial oxidation of particles surface, with
aratio Pd?*:Pd° of 1:2.5 and 1:4 in acetone and ethanol, respectively.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

In the framework of the current research on the development of
nanoparticles/nanostructures production techniques, Pulsed Laser
Ablation in Liquid (PLAL) recently attracted a large interest in
the scientific community, resulting in a considerable effort both
focussed in improving the knowledge of the physical and chemical
processes involved and in testing its effectiveness for a widespread
range of applications.

The growing interest in PLAL [1] relies in its capability of pro-
ducing stable and pure nanoparticles (NPs), devoid of chemical
contaminants such as surfactants or precursor agents. The bare
surface of NPs is particularly attractive for applications exploit-
ing their surface chemical properties, such as those involving their
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functionalization with (bio-) molecules [2,3] or those utilizing their
catalytic effect. This motivated some research groups to investi-
gate the possibility of synthesizing Ni, Pt and Pd nanoparticles
[4-9], which seem very promising for catalytic purposes, testing the
influence of experimental parameters on NP morphology and their
catalytic effectiveness in specific reactions. Among these elements,
palladium is very appealing because is active in heterogeneous
catalysis in a wide range of reactions, including hydrogenations,
oxidations, hydrodechlorinations and C-H bond activation. In par-
ticular, Pd supported nanoparticles have been used in reactions
involving C-C bond formation, e.g. Suzuki, Heck, Sonogashira and
related C-C coupling reactions [10]. For this reason, the preparation
of Pd nanoparticles with several techniques and the properties of
particles deposited on different supports, along with their behavior
in catalysis, have been thoroughly investigated [11].

In a previous work [12] we studied the production of Pd
nanoparticles in pure water, with and without the addition of
sodium dodecyl sulfate as surfactant, investigating the influence
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of laser pulse energy and beam focussing conditions on NP mor-
phology and stability. The aim of the present work is extending
the research to the synthesis of Pd NPs in organic solvents, like
ethanol, 2-propanol, acetone, toluene and n-hexane, focussing the
attention on the relation between the solvent nature, the laser flu-
ence and the properties of the NPs formed (morphology, stability,
surface chemistry). The interest in obtaining Pd colloids in organic
solvents is mainly dictated by their usefulness in the preparation
of Pd nanoparticles supported on hydrophobic supports [13].

Itis well known that the synthesis is dependent on the nature of
the solvent used, since a different composition, structure or polar-
ity of its molecules results in a different interaction with the NPs,
thus strongly affecting their growth, final composition and stabil-
ity. It was shown, in fact, that species resulting from the solvent can
attach to or react with NPs, changing their composition or result-
ing in an external coating. Furthermore, solvent molecules in the
solution can bind or adsorb to NPs surface hindering their growth
and aggregation, making the colloid stable with time. The impor-
tance of the nature of the solvent in determining the composition,
size/morphology and stability of the nanoparticles, is verified in
numerous papers [14-19].

For these reasons, in the present work, beyond a morphologi-
cal characterization of Pd NPs produced in the different solvents,
we investigated the composition and the oxidation state of the
particles, and tried to relate these data with the stability of the
nanoparticles.

This work, beyond testing the capability of PLAL in synthesizing
Pd NPs in organic solvents, is aimed at improving the knowledge
of the role of solvent during the process of nanoparticle growth
and subsequent stabilization. In fact, in spite of the large amount
of experimental works on this topic, it is not yet available a quan-
titative model able to describe but mostly to predict the growth
and stabilization of nanoparticles given the production parameters,
such as laser energy and fluence, and the ambient solvent.

2. Experimental

The experimental setup used for the production of Pd nanopar-
ticles is the same described in Ref. [12], and will be briefly
summarized in the following.

A Nd:YAG laser pulse (7 =12 ns), operating at a repetition rate
of 10Hz and at the fundamental wavelength (A =1064 nm), was
focussed onto the target surface at normal incidence by means of
a lens of 25cm focal length. Relying on the optimization of laser
focussing conditions reported previously [12], the Lens-To-Sample-
Distance was fixed at 19 cm, resulting in a quite large irradiated
spot (diameter ~ 500 wm) and then in a larger amount of material
ablated. Nanoparticles were produced by using a laser pulse energy
of 7 and 38 m], corresponding to fluences of ~4 and 21 ] cm~2 (irra-
diances 0f0.33 and 1.75 GW cm~2). The target was a pure palladium
plate with purity > 99.9%, fixed at the bottom of a glass vessel filled
with 8 ml (height above the target=4 mm) of liquid. Each stage of
NP production lasted for 20 min, during which time the glass vessel
was rotated and translated in order to prevent effects due to crater
formation.

Different organic solvents, i.e. acetone, toluene, n-hexane,
ethanol and 2-propanol, were used during the ablation and the
NPs obtained were compared with those formed in ultrapure (u.p.)
water. No surfactant agents were used for the stabilization of the
colloid. During the ablation process a non negligible fraction of
volatile solvents evaporated, which was particularly severe for ace-
tone and/or when the largest pulse energy (E =38 m]) were used. In
case of solvent evaporation, the glass vessel was refilled-up during
the process maintaining it at the initial level.

The produced colloids were analyzed by UV-vis spectroscopy
on a PerkinElmer Lambda 25 UV-vis spectrometer, using quartz
cells (Hellma) with 10 mm light path. UV-vis spectra were mea-
sured 24 h and, successively, 30 days after the production stage to
evaluate the stability of the nanoparticles over time.

Particle morphology and size distribution were investigated
using TEM-EDS analysis performed on Philips CM12 microscope
working at 120kV equipped with Bruker Quantax EDX analysis.
Few drops of the supernatant colloid solution were placed on a
carbon coated copper grid and allowed to dry at a temperature
around 80°C. The deposition of colloidal drops on the copper grid
was performed a couple of days after the production stage, when
the most part of the aggregated unstable material in the solution
had been already collapsed on the bottom of the vial where NPs
were contained.

TEM images were analyzed using a semi-automatic plug-in of
the Image] software to determine the NPs size distribution. A quan-
tity of at least 300 nanoparticles was measured for each sample.

The crystalline structure of the NPs has been verified using the
Selected Area Electron Diffraction (SAED) technique in TEM and in
HR-TEM.

The oxidation state of Pd nanoparticles was investigated by X-
ray Photoelectron Spectroscopy (XPS) using a non-monochromated
Mg-Ka X-ray source (1253.6 eV) and a VSW HAC 5000 hemispheri-
cal electron energy analyzer operating in the constant-pass-energy
mode at Epas=44eV. The samples were prepared just before the
analysis depositing few drops of the colloidal solution on a soda
glass substrate and letting the solvent to evaporate. In order to
increase the amount of NPs deposited on the surface, this pro-
cedure was repeated several times. Then, the NP-loaded glass
was introduced in the UHV system via a loadlock under inert
gas (Ny) flux, and it was kept in the introduction chamber for
at least 12 h, allowing the removal of volatile substances such as
water and organic solvents, as confirmed by the pressure value
achieved (2 x 1079 mbar), just above the instrument base pressure.
The obtained spectra were referenced to C 1s peak at 284.8eV
assigned to the adventitious carbon and the recorded peaks were
fitted using XPSPeak 4.1 software employing Gauss—Lorentz curves
after subtraction of a Shirley-type background.

A micro-Raman characterization (Renishaw RM2000) of the
nanoparticles produced and of the material deposited at the bottom
of the vial, after a proper deposition onto a steel substrate, was per-
formed, by using an Ar+ laser source emitting at 514.5 nm. Sample
irradiation was accomplished using the x100 microscope objec-
tive of a Leica Microscope DMLM. The beam power was ~3 mW,
the laser spot diameter was adjusted between 1 and 3 pm. Raman
scattering was filtered by a double holographic Notch filters system
and collected by an air cooled CCD detector. The acquisition time
for each measurement was 10s. All spectra were calibrated with
respect to a silicon wafer at 520cm~1.

3. Results

After a few minutes of laser irradiation, all the solutions, except
in the case of n-hexane, changed to yellow and successively to
brown, when the NP concentration became higher. Differently,
laser irradiation into n-hexane resulted in a slightly opalescent
solution, without any appreciable change of colour. In all the cases,
when the lowest pulse energy was used, the formation of a plasma
plume at the target surface was clearly visible. Conversely, when
operating at the largest irradiance, at first a plasma formed at the
target surface but successively - after a few tens of seconds -
a secondary plasma became visible at the air-solvent interface,
which was associated to a strong reduction of the brightness the
primary plasma. Such phenomenon, whose threshold in ultrapure
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Fig. 1. Extinction spectra of Pd colloids prepared in different solvents by using a
fluence of 21] cm~2. The contribution due to the pure solvent has been subtracted
from the spectra.

water was measured in a previous work [12] at ~12]Jcm~2 (e.g.
two orders of magnitude lower that the breakdown threshold of
pure water), is probably associated to the progressive increase
of nanoparticles density in the solution. Due to the interaction
with the laser beam such particles emit electrons by thermoionic
effect or, more unlikely, by multiphoton ionization (Work Func-
tion of bulk palladium ~5.12 eV ~ 4.4hv) [20,21], which can in turn
ignite laser absorption and generate the secondary plasma via
inverse Bremsstrahlung processes. The absorption of part of the
laser energy by the secondary plasma at air-solvent interface pro-
duces a consequent reduction of mass removal from the target.
Thus, this effect makes the ablation process time-dependent (e.g.
larger during the early laser shots and lower during the succes-
sive ones). Another drawback of secondary plasma is the possible
ignition of solvent combustion during the experiment. In our case,
combustion of all the solvents except toluene occurred when laser
energy was increased beyond 50 mJ.

UV-vis extinction spectra of the colloids exhibit a significant
absorption rising in the UV, typical of an interband transition of
a metallic system, which is in qualitative agreement with the
Mie theory [22] and with experimental UV-vis curves of Pd NPs
reported in literature [23,24]. No peak due to plasmon resonance
is evident in the spectra. In the case of acetone, the spectrum is
useless at wavelengths lower than 330 nm, where the light probe
is completely absorbed by the solvent. The extinction spectra of the
different colloids are reported in Fig. 1, together with the spectra
of Pd colloid obtained in ultrapure water.

According to the Mie theory in the quasi-static approximation
(valid for particles much smaller than the probing wavelength), the
main contribution of the absorbance is dipolar absorption, which is
proportional to the total volume of the particles [25]. Therefore, a
qualitative comparison of the total mass of nanoparticles in the dif-
ferent colloids, still dispersed in the solution, can be obtained using
the expression of dipolar absorption at a fixed wavelength within
the interband absorption band (in our case we consider A =340 nm)
and with the proper value of the dielectric constant of the solvent.
According to the above estimation of mass of the NPs we obtain
Methanol ~ MZ—propanol >~Mwater > ~Macetone > Mtoluene > Mn—hexanev
where the mass calculated in the last two cases is significantly
lower than in the other cases. Nevertheless, this approach cannot
provide an accurate estimation of NPs mass because it relies on the
purity of Pd particles, while actually they include a non negligible
component of carbon and oxygen atoms, as will be shown in the
following. The above results can be compared with the ablation
rates calculated by AAS for the different solvents, which account for
the total weight of mass removed from the target, thus including
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Fig. 2. TEM images of colloids produced in acetone at different laser fluences.

also the material already collapsed and deposited on the bottom.
The larger ablation rate is obtained for ethanol, 2-propanol and
acetone (mass removed ~0.16 mg), followed by water (~0.13 mg),
toluene (~0.025 mg) and n-hexane (<0.01 mg). These values qual-
itatively agree with the trend of NPs mass obtained via UV-vis
spectroscopy, where minor discrepancies (i.e. acetone) will be
discussed later, and show that the efficiency of laser ablation
in different solvents can largely differ not only for the different
degree of beam absorption by the solvent (which is in our case
not relevant except for water) but also for the dielectric constants
(affecting laser beam focussing), and other features as density and
thermodynamic properties (affecting breakdown of the solvent
and plasma plume formation).

3.1. Acetone

The UV-vis spectra of the colloids in acetone acquired 1 day
and 1 month after their production are substantially identical, sug-
gesting a strong stability of the nanoparticles with no evidence of
precipitate even after 1 month.

TEM images of NPs ensembles obtained in acetone at 4 and
21]cm~2 laser fluences are reported in Fig. 2. In case of larger flu-
ence, nanoparticles ensembles are surrounded by a dark gel-like
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Fig. 3. SAED patterns of nanoparticles subsets in acetone (a) and in ethanol (b) and of gel-like material in toluene (c).

material. SAED pattern obtained from a subset of NPs at 21] cm~2
suggests a large part of crystalline material accompanied by some
amorphous stuff (see Fig. 3a).

At low fluence, NPs are spheroidal and non aggregated, which
makes this condition more attractive for NP production. The distri-
bution of their sizes, as visible in Fig. 4, is quite narrow (o =2 nm),
with an average size of 3.3 nm. However, the amount of small sized
particles (<3 nm) is probably underestimated, so that the average
size can even lower. The size distribution at low fluence can be sat-
isfactorily fitted by a lognormal function, with a slight excess of
large particles (see the inset in Fig. 4).

XPS analysis of the colloid obtained at low fluence was
performed in order to gather information on the elementary com-
position of the nanoparticles and the prevailing oxidation state
of the elements. The peaks 3dsj,; e 3ds, of Pd have an evident
asymmetric shape, suggesting a combination of different oxidation
states (Fig. 5). The best fitting of the experimental data is achiev-
able by means of two doublets. In accordance with the Binding
Energy values reported in literature [26-28], the two contribu-
tions can be reasonably assigned to metallic palladium (Pd®, 3ds),
at 335.2+0.1eV) and palladium in the +2 oxidation state (3ds;, at
337.1+£0.1eV).Theratio of the palladium atoms in these two states
for the portion of sample probed by XPS (in these conditions about
3-4nm), was determined by the ratio of their relative peak areas
as being approximately 1:2.5 (Pd2*:Pd°).

Beyond the peaks relative to Pd and to other elements
attributable to the glass substrate (O, Si, Na), a strong signal deriv-
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Fig. 4. Size distribution of nanoparticles produced in acetone with 4]cm~2 laser
fluence. The solid line represents the fit of the data by using a single log-normal
function. In the inset a magnification of the region of larger size NPs is reported,
showing the excess of particles with respect to the lognormal curve fitting.

ing from carbon is visible (see Fig. 5). The good signal-to-noise ratio
allowed a significant fitting of the peak by means of 3 contribu-
tions, where the strong one is centred at a Binding Energy value of
284.8 eV, compatible with the aliphatic carbon and/or C°. The other
contributions, located at higher energy values (~286 and 288 eV),
can be attributable to oxidized states of carbon, respectively to car-
bon in alcohols/ethers and carboxyl groups. In order to identify
the origin of carbon in XPS analysis, the same measurement was
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Fig. 5. XPS spectrum (circles represent row data) of NPs in acetone. On the left is
displayed the region of spectrum characteristic of the Pd 3d transitions; the solid
curve refers to Pd® whereas the dashed curve refers to Pd?*. On the right the region of
spectrum characteristic of C 1s transition is displayed. The solid, dash and dash-dot
curves refer to aliphatic, alcohols/ethers and carboxyls carbon respectively.
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Fig. 6. Micro-Raman spectrum of Pd NPs in acetone, after drying on a solid sub-
strate. In the inset the Raman spectrum is reported after background subtraction.
Intensities in arbitrary units.

performed on Pd colloids produced at the same laser fluence but in
an ultrapure water environment. As expected, in the XPS spectrum
a sharp peak in the region characteristic of C 1s core transition and
related to the atmospheric contamination is clearly detectable. This
peak results however much weaker (less than the half) than the one
found in case of acetone. Since the two samples were prepared and
introduced in the analysis chamber following the same operation
procedure, the larger amount of carbon observed on the acetone-
prepared NPs cannot be due to environmental contamination alone
but, more likely, it is in large part related to the nanoparticles. An
indication of the presence of amorphous or graphitic carbon onto
the NPs, rather than carbon present in form of acetone adsorbed
on NPs surface, is provided by micro-Raman analysis of Pd NPs
deposited on a polished and cleaned steel substrate, as visible in
Fig. 6, showing the well known bands at about 1360 cm~! (D band)
and 1580 cm~! (G band) of the amorphous carbon [29].

3.2. Alcohols: ethanol and 2-propanol

TEM images of NPs subsets in alcohols at both laser fluences
show that they are spheroidal and well detached, as visible in Fig. 7
for ethanol and 2-propanol colloids obtained at a 21]Jcm~2 laser
fluence. No material is visible between and around nanoparticles
ensembles. SAED pattern obtained from a subset of NPs in ethanol
suggests that they are prevailingly crystalline (see Fig. 3b). The size
distribution of particles in alcohols, as reported in Fig. 8 in the case
of ethanol for 4 and 21 ] cm~2 fluences, is narrow (o ~2-3 nm) and
peaked in the range 3-5 nm depending on experimental conditions.

As previously reported in several papers dealing PLAL [14,30],
the increase of laser fluence results in a growth of nanoparticles
dimensions (Fig. 8). When fluence is increased from 4 to 21] cm~2,
the average size of nanoparticles in ethanol moves from 4.5 to
5.3nm and in 2-propanol from 3.6 to 4.2 nm. In all the cases, the
size distribution of NPs is mono-modal and the data are not satis-
factorily fitted by using a single log-normal function, as reported in
previous papers [12,31,32], due to an excess of large particles (see
Fig. 8).

Similarly to what found in acetone and in water, XPS analysis
of NPs obtained in alcohol shows the presence of palladium in dif-
ferent chemical environment. Accordingly to the Binding Energy
values, both metallic (3d5;, peak at 335.2+0.1eV) and Pd2+ (3ds,
peak at 336.9+0.1eV) species are present at the sample surface
(see Fig. 9). Here, however, the amount of oxidized palladium
results lower with respect to the case of acetone-prepared NPs
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Fig. 7. TEM images of Pd NPs produced at 21]Jcm~2 laser fluence in ethanol and
2-propanol solutions.

leading the ratio Pd2*:Pd° to be approximately equal to 1:4, where
such difference could be explained by the reducing properties of
ethanol. Also in this case a strong carbon peak, which can be decon-
volved into 3 contributions, is clearly detectable (see Fig. 9). The
strongest of the three components (B.E.=284.8 eV) was attributed
to aliphatic or C° carbon, while the others (B.E. energy ~286 and
288 eV)wererespectively assigned to carbon in alcohols/ethers and
carboxyl groups. Also in this case the intensity of the carbon related
peak is much higher with respect to the one recorded on water
prepared NPs. It is therefore reasonable to suppose that it mainly
derives from amorphous/graphitic carbon strictly related to the col-
loid and not due to environmental contamination alone, similarly
to the case of acetone colloid.

3.3. Hydrocarbons: toluene and n-hexane

The production of NPs in n-hexane and toluene was attempted
at different laser fluences but the process was inefficient and NPs
were very unstable.

In n-hexane, at the end of the irradiation stage, the solution
became opalescent but did not change noticeably colour, which
agrees with the poor ablation rate measured by AAS. It was not
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Fig. 8. Size distribution of nanoparticles produced in ethanol by using a laser fluence
of 4 and 21]Jcm~2. The solid line represents the fit of the data by using a single
log-normal function. In the inset a magnification of the region of larger size NPs
is reported, showing the hard matching of size distributions with lognormal curve
fitting.

possible to increase the laser fluence without bursting the solvent
due to the plasma formed at the solvent-air interface. The poor
efficiency of ablation rate and NP formation was confirmed by the
observation of UV-vis spectra, which show an extinction curve near
the zero (Fig. 1). TEM images of n-hexane solution revealed the
presence of a few nanoparticles surrounded by a gel-like mate-
rial. The nanoparticles markedly deviate from a spherical shape
showing evident signs of crystal facets.

Despite the lower ablation rate with respect to acetone and alco-
hols, the irradiation of the palladium target immersed in toluene
initially appeared more efficient than in hexane, resulting in a
colour change of the solution toward the yellow and then to the
brown. However, most of the ablated material appears already
deposited at the bottom of the vial after one day. Checking the
extinction spectra of the colloids 1 month after the irradiation
reveals a further reduction of NPs by a percentage going from 40% to
60% depending on the laser fluence, confirming a strong instability
of nanoparticles.

TEM images of the toluene colloid (Fig. 10) evidence that most
of the material is in a gel-like form, containing a few nanoparti-
cles of irregular shape and signs of crystal facets. SAED patterns of
such material shows a diffuse alone typical of amorphous material
including a very few amount of crystalline structures (Fig. 3c). The
micro-Raman analysis of the black material deposited at the bot-
tom of the vial shows very strong bands from amorphous carbon,
thus suggesting a strong presence of carbon in the nanoparticles
and in the gel-like material where they are embedded.

]
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Fig. 9. XPS spectrum (circles represent row data) of NPs in ethanol. On the left is
displayed the region of spectrum characteristic of the Pd 3d transitions; the solid
curve refers to Pd® whereas the dashed curve refers to Pd2*. On the right is displayed
the region of spectrum characteristic of C 1s transition. The solid, dash and dash-dot
curves refer to aliphatic, alcohols/ethers and carboxyls carbon respectively.

Fig. 10. TEM image of the colloid produced in toluene by a 4] cm~2 laser fluence.
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4. Discussion

The present investigation was motivated both by the general
purpose of increasing the understanding of the solvent role in the
process of NP formation and by the aim of exploring the possi-
bility of producing colloids of Pd NPs in organic solvents by PLAL
technique, to be used for specific catalytic applications. It is well
known that, in case of ablation of metals in organic solvents, car-
bon can affect the final composition of the colloid in several ways,
as it can be present in the form of pure NPs, as those produced in
ordinary combustion processes [33] or by means of laser irradia-
tion of organic solvents [34,35], can be incorporated in the metallic
NPs, as reported by other authors [14,15], or again can constitute a
carbon shell surrounding them [16,17].

In our results, the growth of NPs in an environment contain-
ing atoms originated by the solvent results in the presence of
amorphous or graphitic carbon into NPs, as evidenced by XPS and
Raman analyses on ethanol and acetone colloids and on the material
deposited in the vial in toluene.

In the case of toluene, n-hexane but also in acetone at the largest
laser fluence, a large amount of material, surrounding the NPs, is
well visible in the colloid, similarly to what observed by Golightly
and Castleman [14] after the irradiation of a Ti target in n-hexane,
and by Amendola et al. [17], after the irradiation of an Au target
in toluene. The inspection of HR-TEM images suggests that such
material is not constituted by an ensemble of small NPs but it
is rather a sort of gel-material, prevailingly amorphous, as evi-
denced by SAED patterns obtained in toluene colloids. According to
Golightly and Castleman [14], such matter is probably constituted
by a polymer carbon-rich matrix, produced by the pyrolysis of the
solvent, enriched to a certain extent by Pd atoms. The presence of
the carbon-matrix could have hindered the nucleation and growth
of nanoparticles, as suggested by the small amount of NPs visible in
TEM images in toluene (see Fig. 10) or by the lower UV-vis curve of
acetone with respect to alcohols despite the similar ablation rate.

A similar result was found by Amendola et al. [17], irradiating an
Au target in toluene. The small sizes of NPs observed was explained
by the presence of a graphitic carbon matrix around them, resulting
in the formation of an external graphitic shell and in the suppres-
sion of their characteristic Surface Plasmon Absorption band.

In case of toluene and n-hexane, the solvent seems also to have
played a role in determining the formation of faceted crystal parti-
cles. The mechanism leading to a non-isotropic growth of particles
cannot be easily explained by the mechanisms already discussed in
literature, since in this case an anisotropy cannot be driven by local
Surface Plasmon Resonances [36], by and external electric fields or
by the presence of inorganic salts in the solution [37]. The under-
standing of the mechanism of preferential growth of NPs along
some crystallographic planes requires dedicated investigations and
is not further discussed here.

The dimensions of the NPs produced in organic solvents are
slightly lower than those produced in water in the same conditions.
As an example, at a fluence of 4] cm~2, the average size of NPs in
water is 6.7 nm, while it lowers to 4.5 nm in ethanol, to 3.6 nm in
2-propanol and to 3.3 nm in acetone. Such result seems not to be
related to the thermal properties of the solvents, which can affect
the cooling times of the plume; in fact, the thermal conductivity of
water is larger than that of the organic solvents and then it would
result in a faster cooling of the plume and in smaller NPs. Also the
different density of water (1 g/cm3) with respect to that of organic
solvents (~0.79 g/cm?3 for acetone, ethanol and 2-propanol), which
can in principle affect the confinement/cooling rate of the plume
and the collision rate inside the plume, appears too low to justify the
different sizes observed. Therefore, the more plausible hypothesis
is that NPs growth in organic solvents is hindered by the presence of
carbon attached onto NPs surface, in graphitic or amorphous form,

eventually constituting a protective shell, or alternatively by the
carbon-rich matrix surrounding them [17].

The size distributions of NPs are hardly fitted by a single lognor-
mal function because of an excess of large particles. Such feature
was previously found for Pd NPs produced by PLAL in ultrapure
water [12] as well as for other metallic NPs produced by PLAL
[31,32]. The reason of testing such function relies on the fact that,
in case of nucleation and successive growth of NPs via liquid-
like coalescence, the logarithms of particles volumes should have
a Gaussian distribution, so that particle size are lognormal dis-
tributed [38].

The reason of deviations from a lognormal function has been
debated by many authors, who suggested that a real bimodal dis-
tribution could exist, produced by the concomitance of different
mechanisms of particles formation, depending on different mech-
anisms of laser ablation (vaporization, melt splashing, spallation,
phase explosion, plasma etching) [31,32], on different mechanisms
of NP growth into the vapour [38], or finally on the occurrence of
NPs fragmentation produced by the interaction with the laser beam
[15,39]. Relying on the results reported in Ref. [12], we believe that
in our case a real bimodal distribution of particles is not justified,
and that the dimensions of nanoparticles are mainly dependant
on their growth mechanism, rather than on the mechanisms of
laser ablation or on photo-fragmentation process. According to the
two step formation mechanism of NPs sketched by Mafune et al.
[40], an early stage of embryonic particle formation in the hot
plume is followed by a second stage in which they grow via liquid-
like coalescence or via absorption of atomic vapour. It is possible
that the deviations from a lognormal function can be produced
by the relevance of atom-absorption mechanism in NP growth,
which is competitive with the growth via liquid coalescence. In
fact, according to Ref. [38], atomic absorption process is strongly
affected by diffusion and then the size distribution becomes not
adequately described by a log-normal function. Another possible
cause of deviation from a log-normal function is the spatial inho-
mogeneity of the plume resulting in different cooling times of its
differentregions, leading to different dimensions of particles grown
near the gas/liquid interface and in the core of the plume [41].
Finally, a non log-normal distribution could be expected for the
non-stationarity of the ablation process, where at the beginning of
the ablation stage the whole laser pulse energy reaches the target
surface while, at later times, a considerable part of the pulse energy
undergoes laser-NPs interaction and is absorbed in the secondary
plasma at the solvent-air interface. In such scheme, the NPs pro-
duced at early times of ablation stage should be significantly larger
than those produced at later times.

The stability of the colloidal suspensions generally depends on
the presence of surface electric charges, due to strongly adsorbed
species that impair aggregation between the dispersed particles.
These charges induce a diffuse layer of opposite-sign electric
charges in the dispersing medium around the particle. This two-
layer charge structure is not present in liquids with low relative
dielectric constant (¢g ), whereas it occurs in polar liquids like water
(er=81) and, but to a lower extent, ethanol (eg =25) or acetone
(er =21). For example, we recently obtained stable Pd colloids in
pure water by the presence of OH- or O- species on their surface,
deriving from the aqueous environment [12]. In the literature, sta-
ble Pd colloids in organic solvents were obtained by adsorption
on different polymers [42-46], which avoid the aggregation of the
metal particles and, consequently, the coalescence of the colloidal
suspensions. In the present case, the stability of the Pd colloids in
pure acetone could be attributed to the formation of enolate anions
(see Fig. 11a), which adsorb on the surface of the positively charged
palladium particles, as obtained by laser ablation.

The existence of surface-bound acetone enolate was postulated
on the basis of infrared spectroscopic measurements of acetone



3296 G. Cristoforetti et al. / Applied Surface Science 258 (2012) 3289-3297

a H
[ o D
H3C/ \CH / \%Hz@

acetone

=a|5@

-

C
H3C/ \\CHZ

acetone enolate

3 H,C

R =H or CH,

Fig. 11. Formation process of enolate (a) and alcoholate (b) anions in the acetone
and alcohol colloids.

adsorbed on various metal oxides, on NiO [47], Fe,03 [48] and
Al;03 [49,50]. Organometallic complexes of Ru [51] and Pd [52]
containing acetone enolate are also known. On the other hand, the
presence of acetone enolate was ascertained on Pt [53,54] and Ni
[55], metals with the same electronic configuration of palladium.
A similar effect was clearly observed in the production of AuNP in
pure acetone [56].

Analogously, the stability of our Pd colloids obtained in alco-
hols could be related to adsorbed anions (alcoholates, see Fig. 11b)
deriving from the dispersing medium. Otherwise, non polar sol-
vents like toluene and n-hexane, unable to give rise to adsorbed
anionic species, cannot provide any stabilization to the palladium
nanoparticles, as experimentally found.

5. Conclusions

We have investigated the production of palladium nanoparticles
via Pulsed Laser Ablation in Liquid by using several organic sol-
vents, such as acetone, 2-propanol, ethanol, toluene and n-hexane.
No surfactant agent was added to the solution for stabilizing the
colloid. The morphology, composition, stability and oxidation state
of the nanoparticles obtained were analyzed by TEM-EDS imaging,
UV-vis spectroscopy, XPS spectroscopy and Raman spectroscopy,
evidencing noticeable differences at varying the nature of the sol-
vent utilized. Results suggest that the solvent strongly affects the
laser ablation process, the growth process of the nanoparticles, thus
determining their dimensions, and their stability. Significantly dif-
ferent ablation rates have been obtained in the different solvents;
such spread, coupled to a negligible solvent absorption of the beam
in all cases (except for water), suggests that the liquid should not
be considered exclusively as a transparent/absorbing medium con-
fining the plasma but rather as an environment playing an active
role in laser ablation process (driven by its optical and thermody-
namic properties), similarly to what happens in Laser-Supported
Mechanisms in gas. It is also possible that the low ablation rate
in toluene and n-hexane is driven by the presence of carbon-rich
gel-like material, which affects the propagation of the laser beam
toward the target surface and reduce the real impinging fluence.

In the case of acetone at low fluence (4Jcm~2) and alco-
hols NPs are spheroidal, non aggregated and stable. Comparing
the results with those obtained in a previous paper, it emerges
that they are slightly smaller than those produced in pure water
(<size>=6.7 nm), with average sizes in the 3-5 nm range. It is pos-
sible that smaller dimensions are related to the attachment onto
the NPs surface of carbon atoms, as suggested by XPS and micro-
Raman measurements, or of solvent molecules, that hinders the

further growth of Pd nanoparticles. The hypothesis could be verified
by TEM measurements of single nanoparticles at higher resolution,
which would allow to verify the formation of an external carbon
shell on particles, as observed in other works. The stability of the Pd
colloids in pure acetone and in alcohols is attributed to the adsorp-
tion on the surface of the positively charged particles of enolate
and alcoholates anions respectively, which hinder their aggregation
because of electrostatic repulsion between particles.

In toluene and n-hexane a smaller amount of nanoparticles,
surrounded by a carbon-rich gel-like material, is produced. The sit-
uation is similar to the case of acetone when the larger fluence is
used (21 ] cm~2). The material around the particles is mainly amor-
phous and is probably formed by the pyrolysis of the solvent. The
poor efficiency of NPs formation is probably caused by the low
ablation rate but also by the presence of the gel-like material that
could have hindered their nucleation and growth. Particles formed
in toluene and n-hexane are unstable decaying in a percentage of
40-60% during a month. This is attributed to the non polarity of the
solvents, that hampers the formation of anions adsorbing on the
NPs and stabilizing the colloid.
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