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A B S T R A C T

In this work, we present the experimental methods of the synthesis of MoC/MoC@Graphite by laser ablation
with short and ultra-short laser pulses by using a molybdenum (Mo) and graphite target. All the experiments
were carried out utilizing toluene as liquid medium. During the ablation, a nitrogen (N2) atmosphere was ne-
cessary to avoid the oxidation of the Mo NPs. The structure, composition, and morphology of the NPs were
investigated by transmission electron microscopy (TEM-HRTEM-SAED), X-ray diffraction and Raman spectro-
scopy. The TEM results evidence the formation of two carbonaceous structures: a graphite coating around the
NPs and an amorphous carbon matrix that embeds the NPs. It was observed that these structures contribute to
avoid the agglomeration and oxidation of the NPs. The size distribution, structure, and agglomeration of the NPs
were discussed based on the solvents and also on the duration of the laser pulses.

1. Introduction

Laser ablation of Solids in Liquids (LASL) is one of the most efficient
techniques in the synthesis of NPs which is characterized by being re-
latively simple due to long reaction times, high temperatures or multi-
step chemical synthesis procedures not being required [1–3]. The main
formation mechanism consists in nucleation during the plasma plume
cooling and then, followed by growth and coalescence of NPs [4]. The
colloidal solutions produced are stable without adding stabilizing sur-
factants or ligands and also hazardous or toxic chemical precursors [5]
which lead to the generation of pure NPs without residual contaminants
and therefore not chemical waste is generated thus contributing to the
environment.

Based on the nature of the material, the NPs synthesized may show
inhomogeneous particle sizes, agglomeration, and oxidation. One of the
ways to avoid these problems is to functionalize the bare NPs by adding
a ligand or a surfactant into the colloidal solution just after being
synthesized or during the ablation [6–8]. Nevertheless, in this case, the
encapsulation of NPs has been developed to form core-shell structures,
with the specific aim to avoid the oxidation of the molybdenum.

In order to avoid the oxidation of molybdenum, a carbon coating is
a viable and efficient option. The alternative to form this coating is by
the laser ablation of a hydrocarbon liquid. It has been reported that
laser ablation allows the formation of Onion-like Carbon (OLC) as a
coating of the carbide. Currently, these structures are one of the most
interesting nanoforms among all the carbon allotropes due to its elec-
trical conductivity, high specific surface area, tribological and catalytic
properties, electrochemical energy storage and a high potential in
biomedical applications [9–11].

Carbon coating is produced by the effect of the high temperature of
the plasma plume which induces a thermochemical decomposition
(pyrolysis) of the liquid thus causing the carbon particles generation
[5,12,13]. The saturated carbon particles will precipitate and grow as a
carbon coating around the NPs during the following rapid quenching
process of the laser ablation. The nature of the organic solvent used
affects the coating (forming either an amorphous or graphitic coating),
and the growth, features, stability, chemical composition and size/
morphology of the NPs (some cases are presented in several papers)
[14–17].

On the other hand, the synthesis of carbides NPs, specifically
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molybdenum carbide by LASL has not been extensively studied [18].
However, the interest in studying this carbide has recently grown due to
its catalytic properties (similar to noble metals in many organic che-
mical reactions) [19–22]. Besides, it is a carbide with a great number of
stable phases [23] with a high thermal stability and oxidation re-
sistance [24].

Considering the impact of laser ablation on NPs synthesis and var-
ious properties (chemicals, physical, and mechanics) of molybdenum
carbide, the present work focuses on the combined implementation of
three strategies. Firstly, the experiments were carried out using short
ablation time with low energy, thus decreasing the energy cost required
for the synthesis of the NPs. Secondly, mitigates the oxidation of the
molybdenum by the presence of N2 atmosphere and by the graphitic
coating around the NPs, since Mo is oxidized in organic solvents in O2

atmosphere using the same ablation parameters. Besides, under oxi-
dizing atmosphere OLC structures were not observed for molybdenum
carbide [18,25]. Finally, beyond the synthesis tests, this work also aims
to improve the knowledge of the role of the pulse duration in laser
ablation regarding size distribution, the morphology of NPs and the
formation of a graphitic coating.

2. Experimental

2.1. Laser ablation of Mo and graphite in N2 atmosphere

The colloidal suspensions were synthesized by using a molybdenum
and graphite target (disks with thickness of 3 mm and 3.7 mm respec-
tively, 99.9% purity, Kurt J. Lesker Co.) in toluene (as liquid medium)
under a nitrogen atmosphere. The experimental setup used in the laser
ablation experiments is shown in Fig. 1.

The experiments were performed by using two different Nd:YAG
lasers of short and ultra-short pulses, both with a wavelength of
1064 nm and a repetition rate of 10 Hz. One of them is a nanosecond
laser: Surelite Cotinuum (short pulses, τ~ 6 ns) and the other one is a
picosecond laser: Ekspla (ultra-short pulses, τ~ 30 ps). The incidence
angle of the laser beam respect to the normal line of the target was 45°
(see Fig. 1).

Firstly, the Carbon NPs were produced by irradiating the graphite
for 3 min, using a per pulse laser energy of 25 mJ, which corresponds to
a per pulse laser fluence of 3.68 J/cm2 for ns laser and 0.79 J/cm2 for ps
laser. Finally, the molybdenum target was ablated for 5 min with a per
pulse laser energy of 50 mJ, corresponding to a per pulse laser fluence
of 7.36 J/cm2 for ns laser and 1.6 J/cm2 for ps laser. The NPs suspen-
sion was sonicated each minute in order to disperse those precipitated
NPs, besides the vapors generated by toluene were removed by

inserting a needle into the septum stopper.

2.2. Characterization of samples

The produced NPs were analyzed by TEM (JEOL-2100 with 200 kV
acceleration voltage and LaB6 filament) in order to determine the size
distribution, morphology, structure and chemical composition of the
NPs and the carbonaceous structures. The sample was prepared firstly
by dispersing the NPs in ethanol to eliminate the organic residual
components and then the solution was dropped onto a carbon-coated
copper grid.

At least 5 representative images were taken for each sample. In
order to obtain statistically consistent information. Particle size dis-
tributions were obtained by the measurement of more than 100 parti-
cles for each sample, employing ImageJ™ software. The average particle
size diameters were calculated with the equation davg = Σ(nidi) / Σni
where ni is the number of particles of diameter di. It is important to
mention that HRTEM analysis was performed with DigitalMicrograph™
(DM) software provide by Gatan Microscopy.

To analyze the graphite coating of NPs and the matrix of amorphous
carbon formed, microRaman spectroscopy was utilized. The collected
powder of NPs (previously washed with ethanol and dried at room
temperature) was characterized using a micro-Raman system
(LabRamam HR-800 of Jobin-Yvon-Horiba) with a 632.8 nm He-Ne
laser as excitation source. To conclude, X-ray diffraction (XRD) was
performed to obtain the structural composition of laser ablated NPs. A
Bruker D8 Advance system with CuKα radiation and Lynxeye detector
(λ = 0.15419 nm, scan step size of 0.03° and time per step of 114 s)
was used.

3. Results and discussion

3.1. Laser ablation of Mo in toluene with N2 atmosphere by using ns laser
pulses

All the experiments presented here were carried out in toluene,
using a closed system with N2 atmosphere. It has been proved that using
toluene as the liquid medium in the LASL technique carbides NPs and
graphite coatings can be obtained. The extreme conditions of high
temperature and high pressure of the plasma plume allows the de-
composition of the solvent forming ions, radicals, and atoms of Carbon
that can combine with the species of metals in the plasma plume
[13,26].

The production of the NPs with the N2 atmosphere system was at-
tempted with both short and ultra-short pulses with the purpose of

Fig. 1. Experimental setup for the laser ablation experi-
ments in N2 atmosphere.
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comparing both systems. The size distribution, morphology and the
formation of graphite coating around the NPs were analyzed by TEM.

With the purpose of corroborating that the closed system works
properly, avoiding the oxidation of the NPs and achieving the synthesis
of the molybdenum carbide NPs with the graphitic coating, a synthesis
of Mo target by short pulse laser ablation (τ~ 6 ns) in toluene was
carried out.

Fig. 2a reveals spherical NPs with a non-homogeneous size dis-
tribution. The HRTEM micrographs in Fig. 2b shows clearly lattice
fringes of (111) and (200), with an interplanar spacing of 0.247 nm and
0.217 nm, corresponding to the cubic phase of molybdenum carbide δ-
MoC (JCPDS card No. 03-065-8092). The formation mechanism of the
carbide could be possible due to the toluene decomposition. The high
excitation energies inside the plasma plume allow the pyrolysis of the
toluene [13] that causes the formation of C species. Consequently, as a
result of chemicals reactions, complexes of carbon and molybdenum
can be formed [25]. The nucleation and growth of the MoC NPs are
performed inside the cavitation bubble. Finally, in the stage of plasma
cooling, the MoC NPs are ejected and stabilized with the surrounding
liquid.

With this method, the graphite coating was not observed, which
means that the number of carbon particles only reacted with the Mo
NPs to form the molybdenum carbides NPs, but no graphitization
process has been observed by this technique. In order to improve the
encapsulation, the NPs with graphite, carbon NPs were added due to
the carbon supplied by the toluene was not enough to obtain a homo-
genous coating. To achieve that goal, an additional laser ablation step
was performed on a graphite target before the ablation of the Mo target.

During this step spherical C NPs and OLC structures were obtained

(Fig. 3 a–b). The exhibited crystal fringes in Fig. 3b was the (100) plane
of graphite with the d-spacing of 2.09 nm, (JCPDS card No.75-2078). It
was observed that some of the C NPs were coated by graphitic layers
with a thickness between 3 and 5 nm, the distance of each layer is
0.34 nm. On the other hand, some of the C NPs obtained are embedded
in an amorphous carbon matrix as well. In Fig. 3c the Raman spectrum
clearly shows the D-band at 1370 cm−1 which is associated with the
crystalline disorder and structural defects of the graphite [27], while G
band at 1590 cm−1 corresponds to the crystallinity of graphite [28].
The D-band was more intense and broader compared with G-band,
demonstrating that the material possesses low crystallinity. There is a
possibility that the amorphous carbon, which embeds the NPs, inter-
venes in the detection of the high intensity of the D-band.

3.2. Laser ablation of MoC and MoC@Graphite core-shell NPs by using ps
laser pulses with N2 atmosphere

Fig. 4a shows the size distribution of the NPs obtained by ultra-short
pulse laser ablation, which is smaller compared with the previous
method discussed in Section 3.1. The particle morphology was also
spherical with an average size of 5.96 ± 3.7 nm. NPs obtained in this
experiment are embedded in an amorphous carbon matrix, it can be
assumed that this matrix is not only responsible for control of mor-
phology and size, but also prevents agglomeration of the NPs. More-
over, in Fig. 4b is evident that the NPs are also encapsulated in a gra-
phitic carbon structure, the so-called onion-like carbon structures (OLC)
[29–32]. The distance between each carbon-layer is 0.34 nm (Fig. 3b),
which can be associated with graphitic layers range (0.335 nm) [33].
The minimum variation of the experimental layer distance in contrast

Fig. 2. TEM micrograph (a) and HRTEM image (b) of NPs
obtained by laser ablation of a Mo target in toluene in N2

atmosphere. JCPDS card No. 03-065-8092.

Fig. 3. (a) TEM and (b) HRTEM micrographs of C NPs and OLC structures obtained by laser ablation of a graphite target in toluene. (c) Raman spectrum of carbon nanostructures. JCPDS:
75-2078.
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with theoretical one may be due to the strain between the planes in
order to minimize the superficial energy of the semi-spherical particle.
The average thickness of layers is 3 nm, which remains fairly stable for
large and small NPs.

Fig. 4c shows XRD patterns of MoC NPs generated by ultra-short
pulse. The Bragg reflections reveal that there are crystalline particles
but it also exists amorphous material. The peaks were assigned to dif-
fraction from the (111), (200), (220) and (222) planes of face-centered
cubic (FCC) structure (JCPDS card No. 03-065-8092) with a lattice
parameter of a = 4.28 Å. Furthermore, the XRD pattern (Fig. 4c) con-
firms that the carbide formation was not completely formed in the so-
lution, due to the presence of elemental Mo, so an inhomogeneous
mixture of δ-MoC, Mo, and amorphous carbon was obtained (broad
peak between 15° and 30° corresponds to amorphous C).

The oxidation of Mo was successfully avoided; this is confirmed by
microRaman spectrum reported in Fig. 4d. It is well known that mo-
lybdenum oxides present Raman signals in the range 100–1100 cm−1

[34–37], being the more intense from 600 to 1100 cm−1. As one can
see from Fig. 4d no Raman signals are present in the range from 300 to
1100 cm−1, indicating that molybdenum oxides are not formed during
the ablation process. Carbon coating around the NPs fulfills the function
of protecting them from the oxidation after the synthesis and the N2

atmosphere during the ablation. The Raman spectrum is dominated by
the amorphous carbon signals, with the D band at 1355 cm−1 and G
band at 1580 cm−1. There is a probability that the bands of amorphous

carbon are overlapping with OLC signals or also the OLC signals defi-
nitely cannot be detected due to the amorphous carbon encapsulates
the graphitic structure with a high thickness (see micrograph inset the
Fig. 4d).

3.3. Formation process of MoC-graphite core/shell NPs

Two different carbon structures have been obtained, graphite
coating around the NPs and amorphous carbon matrix which embeds
the NPs. It is evident that the graphite layers have defects probably
because of the disordered layers at the edges and the addition of H
atoms and remnant O2 molecules from the toluene into the graphite
layers, probably these are two of the causes that carbon cannot crys-
tallize.

To better understand the formation process of the two carbon
structures it is necessary to consider the laser ablation mechanism. The
high temperature and pressure of the plasma plume induce the ioni-
zation of the toluene, thereby generating ions and/or atoms of C and H
and some radicals which can react with Mo species (atoms, ions, clus-
ters, etc.) during the nucleation process and during the adiabatic ex-
pansion of the plasma plume. As a result, MoC is formed from the
chemical reactions due to the high concentration of carbon species from
the solvent.

Nevertheless, as mentioned above the carbon from the toluene was
not enough to form the graphite coating around the MoC NPs. Outside

Fig. 4. (a) TEM micrograph of the NPs ablated in toluene under N2 atmosphere. Inset: histogram of size distribution, (b) HRTEM image for MoC@Graphite, (c) XRD patterns of NPs and
(d) Raman spectrum (the dashed lines represent the deconvolution in two Lorentzian curves (and its sum) corresponding to the D and G bands) JCPDS cards No.03-065-8092 and No. 03-
065-8092.
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the cavitation bubble, C NPs from the ablation of the graphite target
precipitates on the NPs surface into a MoC/graphite core-shell NPs due
a rapid cooling process.

During the plasma cooling down the NPs are rapidly quenched, al-
lowing not all the carbon reacts to form the graphite coating. The excess
carbon is saturated on the core/shell NPs in an amorphous carbon
matrix. Consequently, the NPs are ejected and transferred into the
solvent which will be subsequently exposed to continuous irradiation
by the pulsed laser causing more amorphous carbon can condense on
the particles surface. It was observed that the duration of the pulse has
an important role in the formation and thickness of the carbon coatings,
thus causing important effects on the size of the NPs.

3.4. Laser ablation of MoC and MoC@Graphite core-shell NPs by using ns
laser pulses with N2 atmosphere

In order to further confirm the effect of the pulse duration on the
formation of the graphite/amorphous coating and size of the NPs, we
performed laser ablation experiments with ns laser pulses. With short
pulses, a greater number of NPs were obtained and these showed a
higher particle size distribution (Fig. 5a) comparing to the NPs obtained
with ultra-short pulses. The micrograph in Fig. 5a clearly illustrates the
spherical morphology of the NPs formed. The inset in Fig. 5a shows the
histogram of size distribution of NPs obtained with short pulse laser

ablation. The average particle size is 11.07 ± 6.66 nm, which confirm
that longer pulses produce larger particles.

Fig. 5b shows more clearly the graphitic coating around the NPs.
With this system, more OLC structures were obtained and the number of
layers is less uniform around the NPs and also a disorder of the layers
can be observed when the NPs are connected to other NPs. The crystal
fringes were the (111) and (200) planes of cubic MoC with the d-spa-
cing of 0.214 and 0.247 nm respectively (JCPDS card No. 03-065-
8092).

In this experiment, the amorphous carbon was predominant due to
more carbon species were formed from the decomposition of toluene.
This can be explain based on the fact that longer pulses have a higher
laser energy fluence threshold and also deliver more energy to the
target and solvent comparing with ultra-short pulses. With ns pulses,
the laser-matter interaction coexists for a longer time and more energy
is transferred to the plasma plume with a consequent increase in its
temperature, pressure and lifetime [38–40] which causes more carbon
species are formed from the ionization of the toluene and consequently
those C particles quick reach a supersaturate condition and finally form
the amorphous matrix.

Another explanation of the formation of more amorphous carbon in
the ns ablation is due to a higher absorption by the already formed MoC
and MoC@graphite NPs. These NPs could react with other C NPs,
causing more carbon to be adhered to the surface, but these C structures

Fig. 5. (a) TEM micrograph of the NPs ablated in toluene under N2 atmosphere. Inset: histogram of size distribution, (b) HRTEM image for amorphous carbon matrix and OLC coating of
the enlarged area of NPs, (c) XRD patterns of NPs and (d) Raman spectrum (the dashed lines represent the deconvolution in two Lorentzian curves (and its sum) corresponding to the D
and G bands). JCPDS cards No. 03-065-8092 and No. 00-012-0691.
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are not able to crystallize as graphite coating since the quenching is not
cold enough by the remnants thermal effects which imply only amor-
phous structures can be formed.

With XRD and Raman analysis were not possible to obtain signals of
graphite since amorphous carbon predominates in the system, which
must mask the signals of graphitic structures. Fig. 5c shows δ-MoC as
the predominant phase with no presence of elemental Mo. The forma-
tion of C6MoO6 is attributed to residual oxygen molecules inside the
system since anhydrous toluene was not used, or due to a post-reaction
when the system was opened to O2 atmosphere at the end of the laser
ablation, which indicates the carbon coating not stabilizes the NPs
completely, but enough to prevent the oxidation of the NPs in O2 at-
mosphere. Besides that, there is not a specific change in Raman spectra,
only D band is broader and presents a downshift due to the increase in
structure defects (Fig. 5d).

The pulse duration plays an important role in the size distribution of
NPs. This work has shown ns pulses produce NPs with a larger size than
ps pulses. It has been explained through the thermal effect during the
ablation where the surface of the target heats due to the absorbed en-
ergy, which leads to melting and vaporization, thereby causing the
release of larger particles due to the explosive boiling effects due to the
short relaxation times between pulses [41–42] and also, it is due to the
interaction of cavitation bubbles (CB) [43]. With ns pulses, CB are
larger and have a longer lifetime encouraging more nucleation pro-
cesses and greater particle growth [44].

In addition, another possible explanation is that the ablation effi-
ciency is lower in the synthesis by ultra-short pulses compared with
short pulses, thus generating the particles are smaller in the ps pulsed
laser. This is reflected in the size distribution of NPs obtained in both
systems (Figs. 4a–5a).

4. Conclusions

We have investigated an alternative to synthesis MoC NPs in order
to avoid the oxidation of Mo NPs during laser ablation in toluene. δ-
MoC was obtained using a closed system with N2 atmosphere in toluene
and no presence of oxides was observed. The results suggest that the
carbon particles from the toluene decomposition participated directly
in the synthesis of carbide. Besides, C NPs from the ablation of the
graphite target promote the formation of the graphite coating and
amorphous carbon matrix. Significantly difference in the carbon
structures was obtained by short and ultra-short laser ablation. HRTEM
results have shown that using ns laser pulses the amorphous carbon
matrix predominates and embeds the NPs. In the case of the ablation
with ps laser pulses, the amorphous carbon matrix was detected with
less thickness which allowed a better analysis of the graphite coatings.
However, the number of OLC structures in both systems did not re-
present the majority of the structures formed. It is a fact that the pulse
duration of the applied laser source affects the size distribution and
morphology of the NPs and the carbon coating reduces the agglom-
eration of the NPs. The procedure reported could be easily applied to
fabricate carbides-graphite core-shell NPs of other metals in order to
prevent its oxidation. However, to improve the graphite coating, more
studies are required about the influence of important parameters like
the time of the irradiation of the graphite target and the energy fluence
of the laser to ablate the metal in presence of C NPs in toluene, during
the OLC formation.
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