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Molybdenum oxides (MoOy) nanoparticles (NPs) have great optical and electronic features that make
them suitable for potential applications such as surface enhanced Raman spectroscopy (SERS) and energy
systems. However, there are very few papers that report the synthesis of MoOx NPs by using the laser
ablation of solids in liquids (LASL) technique and they lack the explanation for the oxidation process. This
work reports on the generation of NPs composed of molybdenum trioxide hydrated (MoOs - xH;0) (x =1,

2) by using this method and its oxidation due to aging. A picosecond Nd:YAG laser was used and the per
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pulse laser fluence was varied from 5 to 20 J/cm?. Spherical NPs were obtained with average diameters
from 48 to 141 nm, respectively. The absorption evolution of the obtained colloids was characterized by
optical absorption spectroscopy, TEM was used to study the MoOx NPs morphology, size and structure
and Raman spectroscopy to determine the material chemical composition.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The so-called LASL technique is an effective method to obtain
nanostructures [1]. This method is promising since the NPs formed
can be free of both surfactants and other ions that exist during
chemical synthesis [2], and it differs from laser ablation in vacuum
or gaseous environments since the liquid can help to control some
of the parameters of fabrication and to obtain the desired
morphology and microstructure [3]. In the LASL process, material is
removed from the surface of a target in the form of plasma by the
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application of a high pulsed laser beam. Usually a target is sub-
merged in a liquid and the laser is focused on the target through the
transparent medium [4,5].

When using the LASL method with metals, there are two main
formation mechanisms proposed for the generation of nano-
structures: i) the thermal evaporation with liquid interaction, and ii)
the explosive ejection of nanodroplets. In the former, the formation
of nanostructures is associated with the combination of ultrafast
quenching of hot plasma and its interaction with surrounding media
[6]. In the latter case, it is suggested that the laser irradiation could
cause a local melting from the metal target, the adjacent liquid layer
is heated to vapor or plasma state with a high pressure, which
splashes the molten target into nanodroplets that react with the
liquid medium and create the final nanostructures [7].
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On the other hand, one of the oxides that has attracted the
attention of several groups are MoOy [8—23], especially molybde-
num trioxide (MoOs3), this is due to the potential applications as
gas-sensing element [8,9], catalysts [10,11], in smart window de-
vices [12] and as photothermal therapy agent for ablation of cancer
cells [13,14]. MoOy have several stoichiometries, ranging from full
stoichiometric MoOs, to more conducting reduced oxides in the
form of MoOs;x (0<x<1) and eventually semi-metallic MoO,
[15,16].

The two most common crystal phases of MoOs, are the ther-
modynamically stable orthorhombic «-phase and metastable
monoclinic B-phase both are constructed in different ways, based
on the MoOg octahedron building block [17—20]. These oxides are
some of the most functional both optically and electronically due to
their unique characteristics [21]. However, in spite of all their po-
tential applications, we have only found three studies so far which
include the generation of MoOyx NPs by using the LASL method
[22—24].

In one study [22], binary oxides nanoparticles were synthesized
by using the LASL method, using water or hydrogen peroxide-based
coating liquid. Yellow MoO3 and dark blue hydrated molybdic
pentoxide (Mo,05-xH,0) nano-suspensions were obtained by
irradiating with a Nd:YAG laser (1064 nm, 95 m] per pulse) a Mo
target. The average size of the MoO3 NPs was about 8 nm, slightly
larger than the Mo,05-xH>0 at 6.2 nm.

Another study [23] reported the generation of MoOy NPs with
average size of 100 nm by using a 20 ns laser at 510.6 and 578.2 nm
with 9—10 W for 3 h at 10—12 kHz. The analysis of the structure and
the composition of the colloid suspensions with an X-ray diffrac-
tometer shows evidence of MoO3, MoO, and Mo NPs. Finally in
Ref. [24], oblong and spherical MoOy NPs with dimensions in the
20-100 nm range were obtained by using an external field-assisted
ps laser at 532 nm, 100 kHz for 30 min. Evidence of a-MoO3 was
shown and they observed that there is no cell toxicity when using
MoOy NPs that were synthesized in DI water and ambient
conditions.

However, there are several unanswered questions concerning
the formation of the MoOy NPs, especially the ones related to the
post laser exposure aging process. For instance, the three studies
fail to report either the time in which the spectroscopy studies were
carried out or when the TEM micrographs were taken with respect
to the date of NPs synthesis, which clearly plays an important role
on the oxide formation or evolution, as the present study shows.

2. Experimental
2.1. Synthesis of the Mo NPs colloidal suspensions

We used a ps Nd:YAG (Ekspla, Lithuania) pulsed laser to irra-
diate a highly pure (99.95%) Mo target disk (Kurt J, Lesker Co) sub-
merged in DI water which forms a 1 cm height column, at room
temperature with no especial ambient conditions. The laser repe-
tition rate, and the ablation time were kept constant. The laser
beam was focused by using a convex lens (Fig. 1) of 200 mm focal
length.

The Mo target was rotating while irradiating in order to avoid
irradiation on the same target spot. The laser wavelength was at the
fundamental 1064 nm, the pulse duration 30 ps, at a 10 Hz repeti-
tion rate, and per pulse laser fluence of 5,10, 15 and 20 J/cm? for an
exposure time of 5 min.

2.2. Sample characterization

2.2.1. UV—vis characterization
The optical characterization of the obtained colloidal

Pulsed laser
Lens
Container
Liquid
Mo target

Rotator

Fig. 1. LASL experimental set up. Picosecond laser pulses were used to ablate a Mo
target submerged in DI water.

suspensions was performed using a double beam spectrometer
(Lambda 650 Perkin-Elmer) in the 200—900 nm range. For this
purpose a quartz cuvette with an optical path length of 10 mm was
used. The optical absorption spectra were taken on a regular basis
right after the NPs synthesis and then for several weeks. All the
experiments were performed under normal ambient conditions.

2.2.2. Transmission electron microscopy

TEM studies were carried out using a JEOL 2100 microscope
operating at 120 kV accelerating voltage with a LaBg filament. The
samples were prepared by placing drops of the NPs suspension over
carbon-coated Cu grids, it was allow to evaporate, then observed in
the TEM. In order to obtain information of the particle size, the
length of many particles were measured employing Image]J™
software. Particle size diameters were calculated with the equation
davg = X (nid;)/ 2 n;, where n; is the number of particles of diameter
d;.

2.2.3. Raman spectroscopy

Raman spectroscopy was used to determine the crystalline
structure of MoOyx NPs. Raman spectra were recorded using a
micro-Raman Horiba Jobin Yvon system, model Xplora plus. A
Solid-state laser (A = 532 nm) was used to induce scattering with a
nominal power of 25 mW. The laser beam was focused using a 100 x
lens and also it serves to recollect scattered light. The laser power
on sample's surface was 1% of nominal power. A 1200 lines/mm
grating was employed, 100 acquisitions were averaged with an
exposure time of 1s each one.

3. Results and discussion
3.1. Absorption spectrum of Mo NPs

Fig. 2 shows the absorbance of colloidal suspensions in DI water
obtained right after irradiation with different energy fluences from
5 to 20]/cm? The absorbance of DI water is also shown (black
squares) as reference. We expected the value of the absorbance to
be increased as the irradiation fluence was augmented due to fact
that the absorbance is function of NPs concentration and size, and
also the generation of larger NPs when irradiating with higher
fluences [25]. It can be seen that the absorbance values obtained for
10 (blue upward triangles), 15 (green downward triangles) and 20 J/
cm? (pink sideward triangles) behave as predicted, but is not the
case for 5]/cm? (red circles), since its value is higher than ones
obtained for fluences of 10 and 15 Jjcm?. This occurs because the
colloidal suspension obtained is more concentrated than the ones
obtained with 10 and 15 Jjcm?.

Additionally, the absorbance spectra show a well-defined peak
and a shoulder, which can clearly be seen in Fig. 2, at around
210nm, and 240nm, respectively. This is the characteristic
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Fig. 2. MoOy colloidal suspensions absorbance just after irradiation.

absorbance spectrum for spherical Mo NPs [26]. Noble and transi-
tion plasmonic metal NPs show similar absorbance spectra [27,28].
Different sizes of MoOx NPs have been synthesized by using
different synthesis methods that exhibit surface plasmonic reso-
nance peaks in different spectral regions from UV to NIR, [29—31].

Fig. 3 shows a typical absorbance spectra time evolution of an
aging colloidal suspension, which was obtained when irradiating
the target with per pulse laser fluence of 5 J/cm?. It shows that the
absorbance increases as the colloidal suspension ages. Right after
the ablation of the target, spherical Mo NPs are formed (red circles)
according to its absorbance spectrum, which is known in the
literature for such kind of Mo NPs with mean diameter tens of nm
[26]. Once in the colloidal suspension, the Mo NPs interact with the
surrounding water molecules of the liquid media, which starts
surface oxidation of the NPs. This changes not only the metallic
nature of the NPs but also its size and possibly its shape, getting as a
result absorbance changes in time. At the end of the second week of
aging the absorbance spectrum still shows its peak (vertical black

Colloidal Suspension Obtained with 5 J/cm®
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Fig. 3. MoOy colloidal suspension absorbance evolution at different times.

line) at the same position, it is around 210 nm, the same applies for
the shoulder (vertical red line) which remains at the 240 nm po-
sition, but a subtle shoulder appears around 320 nm.

At 4 weeks aging (green downward triangles) the NPs in the
colloidal suspension are more oxidized and remarkably the peak in
the absorbance spectrum shifts to shorter wavelength at around
200 nm, while the shoulders at 240 nm and 330 nm are enhanced;
this spectrum shows features belonging to characteristic spherical
MoOs3 NPs [26]. The inset shows the absorbance values for the peak
and the shoulder as the colloidal suspension evolves in time. There
is a linear increment of the absorbance as the suspension ages. We
believe this can be explained by a growing layer of oxide around the
Mo NP, giving place to the formation of a core-shell type structure
[32].

3.2. TEM images of the MoOy NPs

Fig. 4 shows typical images of the different types of NPs found
three weeks after irradiation by using a TEM microscopy. As can be
seen three types of nanoparticles are present: Mo NPs and MoOx
(a), Mo@MoOy (b) and a Mo-MoOy particle (c). The core of the
nanoparticle appears darker because it is denser than the oxide
layer that covers the Mo core, around the core the oxide shell has a
light grey appearance. 4a) shows a large spherical Mo NP with a
diameter in the order of 199 nm surrounded by a tiny MoOy layer.
Two small MoOy NPs, are attached, one to the upper right and a
second one at the bottom of the Mo NP, with diameters of 65 and
67 nm, respectively. In 4b) a medium size Mo NP can be seen with a
diameter of 158 nm and a layer of MoOy forming a MoOx@Mo core-
shell type of structure.

Finally, in 4c) there is quasi-spherical NP that seems to be
formed by an agglomerate of several small nanoparticles, its
diameter is around 135 nm and it has the thickest layer of MoOy out
of the three NPs shown. Notice a small MoOx NP in the upper right,
with a diameter of 35 nm.

With the help of the images obtained with the TEM microscope,
we were able to identify three types of generated MoOy NPs. Large
(141 + 12 nm) Mo NPs which are covered by a tiny molybdenum
oxide layer, medium (97 + 7 nm) sized NPs with a thicker layer of
molybdenum oxide around a smaller core, and finally small
(48 +4nm) Mo NPs which form large quasi-spherical agglomer-
ates. In the last case one can see abundant molybdenum oxide
covering the agglomerate. In all three cases presented in Fig. 4, the
core-shell type of structure is evident. Similar structures have been
reported forming MoC@grafite NPs by using ps laser pulses [33].

By utilizing the TEM images, we measure the NPs diameter and
plot the size distribution, Fig. 5. In 5 a), b) and c), it can be seen as
expected that the average of the diameter of the MoOy NPs increase
as the energy of laser irradiation rises for 5, 10 and 15 J/cm? [25].
Actually, the average diameter of the NPs obtained with 10 and 15 J/
cm? is almost twice and three times the size of the NPs generated
with 5 Jjem?, just like the augmentation of energy, respectively.

A Gaussian size distribution is appreciated in Fig. 5b and c),
similar curve shapes have been reported for Ge [34] and Si [35] NPs
synthesized with ps laser pulses. For d) 20]/cm? the averaged
diameter of the NPs does not follow the linear relation seen for
lower energies and size. The average diameter of the NPs formed at
this energy is smaller than the one obtained for 15 J/cm?. This may
occur because of the interaction of the beam with the large NPs,
which causes its fragmentation [35].

3.3. Proposed mechanism of the Mo@MoOx NPs formation (aging
effect)

A schematic hypothesis of the molybdenum oxidation process is
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Fig. 4. TEM images of the MoOx NPs.
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Fig. 5. Size distribution of the NPs obtained with a) 5J/cm?, b) 10]/cm?, c) 15 J/cm? and d) 20 J/cm?.

shown in Fig. 6. Right after the formation of the Mo NPs, they
interact with the liquid media. The water molecules oxidize the
surface of the Mo NPs that have been created, as time passes the
surface of the NPs keeps oxidizing since they are still submerged in
the aqueous suspension; after several weeks the initial NPs evolve
into either pure MoOy or Mo@MoOy in core-shell type NPs, this may
depend on the initial size of the NP.

The NPs generated have diameters from tens to a few hundreds
of nm. Fig. 6a) illustrates the aging process for large NPs; since large
NPs are chemically more stable than medium and small ones due to
the surface to volume ratio [36], they experience less oxidation and
the average thickness of the oxide layer is smaller as compared to
the one formed on medium and small NPs. For medium size NPs
(Fig. 6b) the oxide layer is considerable thicker than the one found

in large NPs. In the case of small NPs (Fig. 6¢) right after been
formed, two scenarios may take place due to their chemical
instability. Some of the small NPs get attached to the surface of
larger NPs, where they undergo oxidation; some others tend to
form big agglomerates in order to achieve a more stable structure,
still this agglomerate sees a considerable oxide layer formation.

3.4. Raman spectroscopy

The Raman spectrum in Fig. 7 shows different bands which are
associated with molybdenum oxide hydrates (MoOs - xH,0) (x =1,
2) [37]. These compounds structure come from the presence of
MoOs (OH;) octahedral sharing either corner equatorial oxygens or
edges that exhibit different vibration modes. It can be seen two
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Fig. 6. MoOy NPs colloidal suspension aging process hypothesis.

strong and broad bands, one at 245 cm ™! that can be assigned to
deformation and lattice modes; and another at 974 cm™~' that can
be assigned to stretching vibrations of »O=Mo, respectevely. A
weak signal at 350 cm~ !, which is associated with MoOs-2H,0
described as the vMo-OH, stretching vibrations. The band at
620cm™! is assigned to stretching vibrations of OMos units that
correspond to MoOs- H50. Finally, at 865 cm™! there is a small band
that may be related to the bridging oxygens linked to two metal
atoms in two dimensional arrangements corresponding to
Mo0Os3-2H,0 [37],

4. Conclusions

This work presents the generation of spherical Mo@MoOx NPs
by using the LASL technique with potential application in energy
systems or as photonic material. The average sizes are 48, 97, 141
and 132 nm obtained with laser fluences of 5, 10, 15 and 20 J/cm?,
respectively. The UV—Vis spectroscopy analysis showed that the
colloidal suspension evolves in time, as a result of aging the
absorbance increases. TEM images show the formation of three
different types of NPs. Raman spectra shows that the NPs are
composed of MoO3 - xH;0, with x = 1, 2. Further studies are being
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Fig. 7. Raman spectra of the hydrated molybdenum trioxide obtained.

conducted to synthesize MoOy NPs that exhibit absorbance in the
optical biological window in order to use them as potential pho-
tothermal agents.
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