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Abstract

The ablation of a carbon target immersed in deionized water, in absence and in presence of ultrasonic waves is reported, and
the differences investigated. The obtained nanostructures are characterized by transmission electron microscopy, Raman
spectroscopy and photoluminescence. Transmission electron images reveal that the produced carbon nanostructures, with
and without ultrasonic excitation, are graphene-like sheets with improved quality in the first case. Samples prepared with
ultrasounds show graphene layers with large sizes (several microns) and regular shapes, whereas the samples prepared
without ultrasounds show smaller sizes and irregular shapes; additionally, some dispersed quasi-spherical nanoparticles
are observed in the samples prepared without ultrasound. Photoluminescence measurements of the obtained nanostructures

reveal emission in the blue spectral region.

1 Introduction

Two-dimensional (2D) nanomaterials are of great interest
because at nanoscale surface effects are enhanced allowing
potential applications in areas such as catalysis owing to
their very high specific area. This interest has prompted the
research in 2D layered materials as graphene due to its high
electron mobility, enormous specific surface area, very high
thermal conductivity and super-strong mechanical properties
[1]. Graphene is a two-dimensional monolayer of carbon
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atoms being the structural base of diverse carbon allotropes
including graphite, carbon nanotubes and fullerenes. A
wide variety of methods to synthesize graphene have been
reported. These include mechanical exfoliation [2], chemi-
cal exfoliation [3], liquid exfoliation [4] as well as CVD
[5] and PVD techniques [6]; however, one of the remaining
issues concerns the preparation of this nanomaterial with
properties such as crystallinity, shape or size distribution in
a controlled way. Therefore, the investigation of alternative
synthesis routes to develop high-quality and large-area gra-
phene with controllable layer thickness is still a challenge.
Laser ablation in liquids has become an alternative route
for the synthesis of nanostructures for many applications [7].
This technique has been widely used to produce a variety
of nanostructures with different shapes and sizes including
metals [8], alloys [9], and oxides [10], among others. An
important advantage of this method is its versatility ena-
bling its combination with other techniques in an easy way.
However, in spite of its experimental simplicity, the basic
mechanisms of nanostructures formation involve processes
of high complexity in the fundamental understanding that
still remain under investigation [7]. Carbon nanostructures
in various forms and sizes have been prepared from graphite
by liquid phase laser ablation [11, 12]. Graphene sheets have
been synthesized using a Nd: YAG laser in liquid nitrogen
and distilled water [13, 14]. Additionally, the preparation
of graphene by PLD under different conditions has been
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reported [15, 16]. On the other side, ultrasound exfoliation
of bulk-layered materials has been applied as a route for the
preparation of 2D nanostructures including graphene [17,
18].

The combination of laser ablation in liquids with an ultra-
sound field has already been investigated for dispersion pur-
poses [19], to study the effects of the ultrasonic excitation on
the structure of laser-ablated nanoparticles [20] and it has
been reported to lead to an enhancement of the production
rate of the nanoparticles [21]. In a previous work, we have
reported that ultrasound not only generates dispersion and
increases the yield in the nanoparticle formation but also
produces important changes in the morphology of the nano-
structures producing nanosheets in colloidal suspensions
[22]. In this work, it is shown that the use of liquid laser
ablation assisted by an ultrasonic field allows the preparation
of 2D carbon nanosheets formed by single and few layers
of graphene.

2 Experimental procedure

Two-dimensional carbon nanostructures were prepared by
laser ablating a high-purity (99.99%) commercial polycrys-
talline graphite disk target, diameter of 2.5 cm and thick-
ness of 0.6 cm, submerged in distilled water. The target was
placed inside a glass cylindrical container with an inner
diameter of 2.5 cm to fit the target at the bottom. After-
wards, 5 ml of distilled water were added forming a layer
with a thickness close to 1 cm over the target surface. For
the experiments with ultrasonic excitation, the container was
placed inside an ultrasonic bath working at a frequency of
40 kHz and a power of 70 W. The laser beam was directed by
means of mirrors and focused onto the target surface pass-
ing through a quartz lens with 12 mm of focal length. Laser
ablation was carried out using the second harmonic of a
Nd:YAG laser at a wavelength of 532 nm and 5 ns of pulse
duration, working at a repetition rate of 10 Hz. Experiments
at different laser fluences, 0.5, 2.2 and 3.6 J/cm?, with and
without the presence of an ultrasonic field were performed.
Under these experimental conditions, we are below the
plasma formation threshold according to the model of Ren
[23] The ablation time was kept constant at 15 min for all
samples.

To characterize the obtained nanostructures by trans-
mission electron microscopy (TEM), a drop of each of the
prepared colloids was deposited on TEM 300 mesh copper
grids covered with carbon film. These samples were ana-
lyzed (TEM JEOL 2100) with a point resolution of 0.19 nm,
at an operating voltage of 200 kV. The same procedure was
repeated on pieces of silicon wafers for optical microscopy
and Raman spectroscopy characterization. Raman spec-
troscopy was used to study the vibrational features of the

@ Springer

nanostructures using a HR LabRam 800 system equipped
with an Olympus BX40 confocal microscope; Raman spec-
tra were acquired using a 100X objective lens with a 532 nm
laser excitation; the optical images were obtained using
this microscope. Optical absorption measurements were
performed using a Perkin Elmer lambda-35 spectrometer.
Photoluminescence properties of the carbon-based colloids
were studied by PL spectroscopy using a spectrofluorometer
(FluoroMax 4, Horiba Jobyn Ivon) equipped with a 150W
Xenon lamp as excitation source; samples were excited using
a wavelength of 320 nm.

3 Results

The obtained colloids showed a characteristic coloration
depending on the preparation conditions. Colloids were
almost transparent in the absence of ultrasonic excitation,
whereas they were light brown in the presence of the ultra-
sonic field. This result suggests a greater yield production of
carbon nanostructures with the ultrasonic field in agreement
with previous reports [21]. To guarantee that the obtained
2D-nanostructures were not produced by mechanical exfo-
liation of the graphite target, it was treated in the ultrasonic
field for 30 min and subsequently a drop of the solution was
observed by TEM. No evidence of exfoliated material was
found in this case.

3.1 Structural characterization

Samples prepared without ultrasound assistance consisted
of carbon agglomerates as well as small particles. Instead,
samples produced with an ultrasonic field contain a signifi-
cant concentration of 2D structures like sheets with sizes
of several microns and regular shapes. This is illustrated in
Fig. 1 for the case of the lowest fluence (0.5 J/cm?). Samples
prepared at higher laser fluences showed similar features.
Figure 2 shows representative TEM images of the sam-
ples produced with and without ultrasonic excitation to
compare their characteristics in more detail. Sheets and par-
ticles with irregular shape forming agglomerates, as well
as 2D nanostructures with lateral dimensions up to 2 pm
are observed in absence of ultrasonic excitation (Fig. 2a).
Instead, when laser ablation in liquid media is performed
in the presence of the ultrasonic field, samples were more
dispersed and much less agglomerated and contained a
significant concentration of 2D nanosheets (Fig. 2b). It is
important to remark the presence of carbon single layers in
this image in which some carbon sheets reach sizes close to
15 pm and exhibit very regular shapes. This can be more
clearly seen in Fig. 2¢, which shows a 2D structure that pre-
sents these features. Additionally, this TEM image reveals
the presence of regions in which 1, 2, 3 and even 4 graphene
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Fig. 1 Optical microscopy image of the sample obtained at a laser
fluence of 0.5 J/em? with the assistance of ultrasonic excitation.
Dashed circles show some of the observed 2D structures

layers are overlapped (labeled by the corresponding num-
ber in the figure). Figure 2d shows the electron diffraction

Fig.2 TEM images of the (a)
carbon nanostructures present
in samples prepared at 0.5 J/
cm?: a without, and with b
ultrasonic excitation; ¢ zoom of
the previous image; d electron
diffraction pattern of a single-
layer graphene indicated by
“asterisk” in ¢

pattern of a single layer (region labeled as “*). The typi-
cal six-fold symmetry expected for graphene is observed,
revealing the high degree of crystallinity of the 2D carbon
sheet. This result indicates that high-quality graphene can be
obtained using this experimental configuration. The above
results suggest that the presence of the ultrasonic field dur-
ing laser ablation in liquid promotes the exfoliation of gra-
phene nanosheets having from 1 to a few layers. Finally, it
is worth mentioning that nanostructures formed with more
than a few layers were rarely observed in the different sam-
ples prepared under ultrasonic excitation.

We have completed the structural characterization using
Raman spectroscopy, since this allows the characterization
of the different forms of carbon-based materials such as
graphite, diamond, carbon nanotubes, fullerenes, amorphous
carbon and graphene [24-26]. In general terms, their spec-
tra share common features in the 1000—-3000 cm™" region;
the so-called D, G and 2D peaks close to 1340, 1560 and
2700 cm™!, respectively. The position, peak shape and rel-
ative intensity between them are used to determine what
kind of carbon structure is present [25]. Figure 3 shows
the Raman spectra upon excitation at 532 nm of samples
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Fig.3 Raman spectra of the carbon target and two samples produced
by ablation in liquid at 0.5 J/em? with and without ultrasonic exci-
tation. The position of the D, G and 2D bands are indicated in the
figure. The intensities of the spectra have been normalized to that of
the G peak

prepared at the same laser fluence (0.5 J/cm?) with and
without ultrasonic excitation as well as the corresponding
to the polycrystalline graphite target. To reveal clearly the
differences between the Raman spectra of the samples, these
were scaled to have similar intensity of the G peak close to
1581 cm™". Several differences are clearly observed. First, an
evident higher intensity of the D band in the sample prepared
without ultrasound is seen. This band arises because of the
presence of defects or disorder [25, 26]; thus indicating a
higher degree of disorder in this sample. This is consistent
with the microscopy results because samples prepared in the
absence of ultrasonic excitation are formed by agglomer-
ates of mixtures of carbon nanosheets and nanostructures
with irregular shapes. The very low intensity of the D band
for the sample obtained in the presence of the ultrasonic
field is consistent with good quality 2D carbon nanostruc-
tures almost free of defects [25]. Second, it is seen that the
2D peak drastically increases in samples prepared by lig-
uid laser ablation. When compared to the polycrystalline
graphite target, in the sample produced at 0.5 J/cm? without
ultrasonic excitation the 2D peak intensity increases by a
factor of ~ 2.5, while for the sample with ultrasonic excita-
tion increases by a factor of ~ 5. Since graphene has a sharp
2D peak roughly four times more intense than the G peak
[26], the fact that the 2D/G peak intensities ratio is higher for
the samples prepared in an ultrasonic field than in absence
of ultrasonic excitation can be taken as a clear indication of
the higher graphene content, even if graphite substantially
contributes to the 2D band in the samples produced with
ultrasonic excitation. To perform a deeper analysis of the
Raman spectrum of samples prepared in an ultrasonic field,
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Fig.4 Deconvolution of a G and b 2D Raman bands of the sample
prepared at 0.5 J/cm? in an ultrasonic field

the G and 2D peaks were deconvoluted following the band
adscription given in References [25, 26]. The results for
samples produced at 0.5 J/cm? are shown in Fig. 4.

Assuming that the G peak is formed by the convolution
of two components, one due to graphite and another due to
graphene, the deconvolution results reveal peaks at 1577
and 1581 cm™!, respectively. The peak assigned to graphene
becomes approximately 1.8 times larger than the peak due to
graphite. The 2D band has been employed to determine the
graphene layer number because it strongly affects the band
shape and is also clearly different in graphene and graphite
[18]. Figure 4b shows the results of the deconvolution of the
2D band. The shape and the parameters of the deconvolu-
tion, as insets in Fig. 4, are consistent with bilayer graphene
in good agreement with previous reports [25].

The ratio between the intensity of 2D and G peaks,
2D/G has been used as an indicative of the number of
graphene layers present, a value around 2.0 is associated
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with a graphene monolayer, whereas lower values cor-
respond to a few layers of graphene. Figure 5a, shows
the Raman spectra of samples prepared at different laser
fluences under ultrasonic excitation. Again, these spec-
tra were scaled to have similar intensity of the G peak. It
is clearly seen that as the laser fluence increases the 2D
band intensity decreases suggesting a greater number of
graphene-stacked layers. These spectra were deconvoluted
and the 2D/G ratio was determined using the areas under
the peaks labeled as 2. Figure 5b, shows the 2D/G ratio
for the samples prepared with ultrasounds at different laser
fluences. A decrease of the 2D/G ratio as the laser flu-
ence increases due to the increasing number of stacked
graphene layers is observed, most likely due to the higher
number of produced layers and the increased probability
of interaction between them.
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Fig.5 a Raman spectra of samples prepared at different laser fluences
under ultrasonic excitation. b Effect of laser fluence on the 2D/G ratio
for samples prepared at different laser fluences

3.2 Proposed mechanism of nanosheet formation

Laser ablation of graphite at A =532 nm in the ns-regime is
a photothermal process [16] in which the increase of target
temperature induced by the laser pulse leads to material
melting or fracture and finally, to the ejection of ablated
products from the target surface. In the case of graphite,
this may favor the ejection of single or multiple graphene
layers [16]. The presence of a liquid environment during
ablation completely changes the expansion dynamics of
the laser-ablated products due to the strong confinement
of the produced plasma caused by the liquid media [14,
26]. A high-pressure shockwave forms and it propagates in
both the liquid and in the target. This has been reported to
induce exfoliation of graphite in the case of HOPG graph-
ite targets [14]. In addition to this, a high-pressure, high-
temperature cavitation bubble forms in the liquid when
the plasma cools. This cavitation bubble, which contains
a fraction of the ablated material, expands and shrinks
and undoubtedly plays an important role on the nature and
morphology of the ablation products [26]. However, in
our present experimental conditions, TEM analysis shows
that laser ablation in liquids by itself leads to a mixture on
carbon aggregates and graphene layers, being necessary
ultrasonic excitation to increase the fraction of graphene
in the samples. On the other side, ultrasonic excitation
alone does not lead to any carbon product in the liquid in
the present experimental conditions, although it has been
reported that the use of ultrasonic excitation alone allows
producing graphene from HOPG graphite in liquids [18].
In this case, shear-forces and cavitation induce exfoliation
of the graphite target. Cavitation creates shockwave dam-
age on the target, which weakens Van Der Waals forces
between adjacent graphene layers. This combined with
shear forces favors graphene exfoliation. This difference
in behavior may be related to the fact that the power of the
ultrasonic excitation used in this work is not high enough
to exfoliate the graphite target or to the use a non-HOPG
graphite target as deduced form the Raman spectra shown
in Fig. 3.

The best results are obtained in the present work when
combining laser ablation and ultrasonic excitation. In this
case, laser ablation generates carbon aggregates and most
likely multiple-layer lamellar structures due to shockwave
exfoliation, while ultrasonic vibrations in liquid media
inside a container are transformed into stationary waves
which are able to vibrate the present lamellar structures.
The induced vibration enables overcoming the Van der
Waals forces that keep bonded the lamellar units inducing
their exfoliation to give rise to the formation of individual
and few layer sheets [17].

@ Springer



141 Page 6 of 7

L. Escobar-Alarcon et al.

3.3 Optical properties

We have finally characterized the optical properties of the
produced colloids. Their UV-Vis spectra are presented in
Fig. 6. Samples prepared using ultrasonic excitation have a
greater absorbance than samples without ultrasound, with a
reduction in transmittance of approximately three times due
to the presence of a larger amount of material and suggest-
ing a more efficient production of carbon nanostructures.
Additionally, the absorbance is found to increase as the laser
fluence increases consistent with a greater amount of mate-
rial ablated at higher fluences. All spectra show an absorp-
tion band peaking close to 267 nm attributed to the z—z*
transitions of aromatic C—C bonds, in good agreement with
previous reports for graphene [27, 28]. The PL spectra cor-
responding to samples upon excitation at 320 nm with and
without ultrasonic excitation are shown in Fig. 6b. A blue
photoluminescent emission is observed around 421 nm for
the sample without ultrasound, whereas a slight blue-shift is
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Fig.6 a UV-Vis absorption spectra and b photoluminescent emis-
sion for the samples prepared with and without ultrasound of the
obtained carbon colloids
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detected for samples with ultrasound, which would be con-
sistent with a decrease of the size of the graphene quantum
dots present in the sample produced with ultrasound [28].
Still, the overall emission intensity is apparently smaller in
these samples in spite of showing a larger absorption. While
the origin of this behavior is unclear at present, we may
speculate with the presence of size and shape effects affect-
ing both the position of the absorption peak and emission
wavelength in a non-monotonic manner as shown in [28].

4 Conclusions

2D carbon nanostructures, specifically graphene with one
to up to four layers, were successfully obtained combin-
ing liquid laser ablation with an ultrasonic field for the first
time. Without ultrasound, carbon nanosheets agglomer-
ated (stacked) combined with carbon nanoparticles were
obtained. The presence of the ultrasonic field promotes the
exfoliation of nanosheets producing graphene with one up
to four layers as was confirmed by direct observation using
transmission electron microscopy and Raman spectroscopy.
The obtained results confirm that the combination of laser
ablation in liquid media with an ultrasonic field can have
potential advantages to produce 2D nanostructures.
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