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Porous graphene (PG) and graphene quantum dots (GQDs) are attracting attention for potential
applications in photovoltaics, catalysis, and bio-related fields. We present a novel way for mass
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production of these promising materials. The femtosecond laser ablation of highly oriented pyrolytic
graphite (HOPG) is employed for their synthesis. Porous graphene (PG) layers were found to float at the
water-air interface, while graphene quantum dots (GQDs) were dispersed in the solution. The sheets
consist of one to six stacked layers of spongy graphene, which form an irregular 3D porous structure that
displays pores with an average size of 15-20 nm. Several characterization techniques have confirmed the
15 porous nature of the collected layers. The analyses of the aqueous solution confirmed the presence of
GQDs with dimensions of about 2-5 nm. It is found that the formation of both PG and GQDs depends on
the fs- laser ablation energy. At laser fluences less than 12 J/em?, no evidence of either PG or GQDs is
detected. However, polyynes with six and eight carbon atoms per chain are found in the solution. For
laser energies in the 20-30 J/cm® range, these polyynes disappeared, while PG and GQDs were found at
20 the water-air interface and in the solution, respectively. The origin of these materials can be explained
based on the mechanisms for water breakdown and coal gasification. The absence of PG and GQDs, after
the laser ablation of HOPG in liquid nitrogen, confirms the proposed mechanisms.

sieves,'? as electrode material for supercapacitors'® for energy
1. Introduction storage, and in functional components in nanoelectronics. PG can
be obtained by either physical'® or chemical methods," but
techniques that permit bulk scale fabrication are still lacking.
so GQDs are zero-dimensional materials and have great potential for
a variety of uses in photovoltaics'®, water treatment'’ and other
applications.'® The increasing interest towards these materials is
correlated to their unique optical and electronic properties and
differ from those of graphene, due to quantum confinement and
ss edge effects.' The GQDs can be regarded as small fragments of
graphene sheets with dimensions less than 100 nm. Thus, one of
the strategies utilized for their synthesis is to cut graphene sheets
into small pieces. The cutting methods employed so far involve
the hydrothermal breaking of graphene sheets,”® and the photo-
o0 Fenton reaction of graphene oxide.”' However, these methods for
the production of both PG and GQDs are expensive and time
consuming since most of them involve many reaction steps.
In this paper, we present a novel, green, scalable and one-pot
approach for the synthesis of both porous graphene and graphene
6s quantum dots using the femtosecond laser ablation of HOPG in
water. Pulsed laser ablation in liquids is a general approach that
facilitates the creation of a large variety of nanomaterials in the
colloidal state including metallic particles, metal oxides,
semiconductors, and carbon-related materials, depending on the

Graphene, a two-dimensional (2D) sheet of sp*-hybridized carbon
25 atoms, was discovered in 2004." Since then, many studies have

been published regarding various methods that have been

employed for the synthesis of this promising material for

numerous applications.'” Many advances in this area have

involved the growth by chemical vapor deposition (CVD),” liquid
3 phase exfoliation of graphite,” thermal exfoliation® and ultrasonic
dispersion’ of graphitic oxide. Among these methods, the
mechanical exfoliation of highly oriented pyrolytic graphite
(HOPGQG) is considered as one of the most suitable approaches to
obtain high quality graphene sheets. However, due to a low
production rate, it is still limited in large-scale applications.
Recently, special attention has been paid to graphene-based
materials in order to obtain tuneable physical, electronic and
mechanical properties of this material. The possibility of using
graphene as a membrane for gaseous purification, or for gas
storage, has been the focus of the latest energy-related research.®
" In particular, two graphene-based materials appear in the
spotlight: porous graphene (PG) and graphene quantum dots
(GQDs). PG can be described as a graphene sheet with nanopores
originating from the removal of some sp* carbon atoms from the
ss plane, leading to applications as a membrane in molecular
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nature of ablated targets.”>** In particular, the laser ablation of
carbon in water has been established to be a useful method for the
production of solutions of hydrogen-terminated polyynes,? >’
linear carbon chains with alternating single and triple bonds.
These molecules are usually produced in vacuum® as they are
unstable in air since they are easily oxidized and/or
decomposed.”>! On the other hand, linear carbon chains tend to
undergo chain-chain cross-linking reactions resulting in sp?
graphene structures as a final product.” However, relatively
stable polyynes can be produced by pulse laser ablation of
graphite in water and remain well separated in the liquid with
lifetimes exceeding 24 hours.*? In addition, the laser heating
effect is remarkably localized, which also contributes to the
stability of polyyne. Recently, there have been a number of
theoretical studies® ** exploring the use of laser pulses for the
exfoliation of graphite in order to obtain graphene sheets. In
particular, Jeschke et al. reported that a femtosecond laser pulse
is able to induce strong vibrations of graphite planes that lead to
collision of the graphitic planes. Therefore, the planes at the top
and the bottom are removed from the surface of the film, causing
the exfoliation of graphite.”> Miyamoto and co-workers
demonstrated, via TDDFT-MD ab initio simulations, that
ultrashort laser pulses can be used for the detachment of graphene
monolayers from graphite.’® In a previous work, we have
reported™ the production of graphene sheets, via laser ablation of
HOPG in water with nanosecond laser pulses. This approach
enabled large-scale production of many graphene sheets that were
collected at the water surface. It is long known that femtosecond
(fs) and nanosecond (ns) lasers, due to different pulse durations,
induce distinct ablation mechansims.’®*’ Femtosecond laser
pulses transfer energy to electrons of the target material on a
time-scale that is much shorter than the electron—phonon thermal
process, while nanosecond laser pulses release energy on a time-
scale comparable with the thermal relaxation process of the
target.”’ Therefore, the induction of thermal effects in ablated
materials can be avoided when short-duration pulses®® are used.
In addition, the pressure and temperature of the plasma during the
fs-ablation in liquids are reported to be as large as 20,000 K and
28 GPa, respectively.® These values are much higher than those
reported for nanosecond laser ablation (4,000-5,000 K and
several GPa, respectively).*’ Therefore, materials ablated with fs
pulses should be dissimilar from those that are produced with
longer laser pulses. With this in mind, we have investigated the fs
laser ablation of HOPG in water. We have succeeded in
producing porous graphene and GQDs in a green, single step
process and an inexpensive way. The main results and the
mechanisms proposed to explain the formation of these materials
are presented in this paper.

ie.

2. Experimental

2.1 Samples Preparation. A target of HOPG (ZYH from
Momentive Performance) was placed at the bottom of a quartz
cell filled with water (Millipore grade water, 18 Mega Ohm.m)
and a femtosecond laser (I KHz, 800 nm, Coherent Inc.) with
pulse duration of 35 fs, was used for ablation of the target. The
laser beam was deflected by 90° by means of mirrors in order to
perform the ablation of the target from the top of the water layer.
HOPG was continuing to be ablated for 20 minutes at a constant
fluence. Within the range of 20-30 J/cm?, slight black films were
formed and covered the whole water surface and at the same
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o time, the solution changed into a grey color. The floating film

was collected onto silicon wafers with a certain thickness of
silicon dioxide (285 nm in thickness from Graphene Laboratories
Inc.) for optical imaging analysis. The solution was dripped onto
Si  wafer and subsequently dried for microstructure
characterization.

2.2 Instrumentation. Ultraviolet-visible (UV-VIS) analysis of
solutions, obtained after laser processing, were carried out with a
Shimidazu UV-2100 PC spectrophotometer over a spectral range
of 190-500 nm. The optical imaging analysis of the floating
layers was performed by means of an optical microscope (Nikon
BX) with 10x, 20x, and 50x objectives. The layers were analyzed
using a Reneishaw In Via micro-Raman spectrometer, employing
an excitation laser with a wavelength of 633 nm, and the spectra
were acquired with a 50x objective at 0.1 mW of the laser power.
A field emission scanning electron microscope — (FE-SEM,
Magellan 400) was used to analyze the structure of the layers
recovered at the water-air interface. The layer morphology was
investigated with an atomic force microscope (Parks system
NSOM model). In order to study the layer chemistry, X-ray
photoelectron spectroscopy (XPS) analysis was carried out using
a multi-technique ultra-high vacuum imaging XPS microprobe
spectrometer (Thermo VG Scientific ESCALab 250) with a
monochromatic Al-K, 1486.6 eV X-ray source. The spectrometer
was calibrated by Au 4f7/2 (Binding energy of 84.0 eV) with
respect to the Fermi level. The chamber vacuum level was
maintained below 2 x 10™'° Torr.

3. Results and discussion

3.1 Formation of Porous Graphene (PG)

Solutions obtained after the laser ablation experiments, performed
at 25 J/em?, showed the presence of a large amount of material in
the form of layers floating at the water-air interface. These layers,
recovered onto suitable substrates, were first characterized by
optical microscopy, which permits the distinction of a single layer
graphene sheet (SLG) from bi- or multi-layers of graphene as a
result of different contrasts. The single layer usually appears as a
light blue sheet, and the color becomes darker as the number of
layers increases.*' In the present work, the layers have been
collected onto a silicon substrate with a 285 nm silicon dioxide
layer as reported in the methods section. Optical images of the
sheets, shown in Figure 1a, b, clearly demonstrate that the fs laser
ablation of HOPG, compared to the case of the nanosecond
laser,”® induced the exfoliation of graphite and yielded large
graphene sheets located at the water-air interface. The average
dimensions of the floating layers were found to be in the range of
~100-200 pm, and once they have been collected onto the
substrate, they appeared as a uniform veil. However, a small
amount of multi-layers and some pieces of graphite were also
produced, as indicated by contrast difference in Figure la. Layers
detached by the laser process, displayed a corrugated surface and
some folds were also visible, as shown in Figure 1b. The
presence of these bends are likely to be related to the deposition
procedure of these ultrathin layers onto the silicon substrate since
these layers floating at the water-air interface were picked up
using the silicon substrate at the end of the laser process. This
rough collection method is expected to lead to the corrugation of
the surface of the resulting layers. Moreover, the layers also
exhibited a discontinuous surface where some holes were
detected as clearly seen in the higher magnification inset of
Figure 1b. The atomic force microscopy (AFM) analysis was
carried out in order to determine the morphology and the number
of these layers. In figure S1 (See Supporting Information
material), a topographic image of a layer and its relative height
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profile are displayed. We can define the edges of the analyzed
layer from AFM images, proving that the collected materials
consisted of layers with well-defined borders and that they were
not agglomerated nanoparticles.

Substrate

/

Single-layer g

Few-layers

Fig. 1 a), b) Optical images of graphene layers. a) single and a few -layers
are indicated with yellow arrows. b) a layer displaying ripples is shown.
c), d) field emission SEM imaging (FE-SEM): ¢) overview of layers
deposited on the substrate. d) high magnification of the area marked with
a circle in figure 1c, showing the porous structure of the layers.

This point is further supported by a post-treatment with ultra-
sonication, which did not break these sheets into individual
particles. However, AFM data confirm the irregular nature of the
sheet, even though it is not able to give the exact number of
layers involved, because of the significant roughness and a
limited lateral resolution. Looking at the height profile (on the
right of Figure S1), the step between the substrate and the layer is
~ 10 nm corresponding to ~ 30 layers, as the interlayer distance in
graphite is 0.34 nm. It is clear that this number of layers is over
estimated from the sheet roughness.

To further elucidate layer structure, field emission scanning
electron microscopy imaging analysis was performed on the
samples as shown in Figure lc, d. Figure 1c shows an overview
of the suspended layers collected on the silicon substrate. It is
easy to identify either layers with dimensions of ~ 100 pm
covering a large area of substrate or smaller pieces about 10-20
um in size that appear very close together so that they almost
form a continuous layer. The bigger sheets exhibited many
ripples on the surface, while the smaller ones appear almost flat at
the same magnification. The area inside the yellow circle was
then examined at increased magnification, as shown in Figure 1d.
The irregular composition of these layers indicates that they have
a three-dimensional (3D) porous structure. The pores are ~ 10-20
nm in size as shown in the inset. This porosity may be the cause
of the overestimation of the height of these layers as determined
from AFM analysis. All the layers collected exhibited this spongy
structure independent of the size or thickness of the layer. Figure
S2, shows an FE-SEM image of a single layer of graphene, where
many ~20nm holes are visible. Thus, porous graphene can be
described as a graphene sheet with nanopores created by the
removal of carbon atoms from the plane. From SEM analysis, it
is evident that all sheets detached by the laser ablation process
exhibit a homogeneously porous structure. Transmission electron
microscopy (TEM) images of these layers are shown in Figure 2.
TEM samples were collected by a lacey carbon coated copper
grid, and subsequently dried naturally. Figure 2a indicates the
presence of structures with varying number of folded layers
(between one and five) and the presence of ripples, as seen by
FE-SEM and optical microscopy.

=
=)

100

Fig. 2 TEM images of the folded graphene layers (a) floating at the water-
air interface. b) TEM image of a single layer of porous graphene. A 2D
FFT of this image is reported in the inset, and the pores on the graphene
sheet have been highlighted by yellow loops.

The interlayer d-spacing of 0.34 nm was found to be the same as
reported for graphite.*? Figure 2b shows a TEM image of a single
layer of porous graphene, where the d-spacing was calculated to
be 0.21 nm, corresponding to the distance of the zigzag (C—C-C)
chains in graphite.?A 2D fast Fourier transform (FFT) was
performed on this image and the results are shown in the inset in
Figure 2b. The FFT showed only six spots in a hexagonal pattern
with 0.21 nm spacing, confirming the monolayer structure of
graphene, consistent with prior reports***. Previous TEM studies
have demonstrated the possibility of identifying the presence of
defects in terms of mono-or multi- vacancies on the graphene
plane.* **7 Figure 2b highlights some areas where missing rows
of carbon atoms can be observed. This confirms the presence of
nanoholes or nanopores within the graphene network, and
provides supporting evidence for the formation of porous
graphene by fs ablation. Figure S3 shows the highlighted area in
Figure 2b where the missing rows can be easily distinguished. It
is significant that all the layers recovered from solution have this
porous structure, thus confirming the fact that the present
technique is a simple, green, and scalable method for the
exfoliation of graphite and the production of porous graphene.

3.2 Formation of Graphene Quantum Dots

Following the fs ablation and after removal of the floating sheets,
the solutions were analyzed by means of absorption spectroscopy.
The main results are shown in Figure 3. The absorption spectrum
of the obtained solution after laser ablation at 25 J/cm® revealed
the presence of an absorption peak centered at 270 nm. This peak
was also detected in solutions prepared with nanosecond laser
pulses,”® and can be attributed to the presence of GQDs* or
graphene nanosheets® as it arises from the excitation of a 7-
plasmon resonance in the graphitic structure.’® It is significant
that only the signal at 270 nm was detected, while with longer
pulses, the spectra also showed absorption bands at 225 nm and
215 nm arising from polyynes.> Recently, several groups
reported that GQDs produced with different methods display
photoluminescence properties'. The luminescence mechanism of
GQDs is not fully understood and it may derive from intrinsic
state emission and defect state emission. In order to investigate
the photoluminescence properties of our GQDs, we performed
the PL analysis of the solution and the obtained spectrum is
reported in Figure 3 (blue line). Excitation has been performed at
270 nm (absorption maximum) and PL show a single signal at
297 nm which is blue shifted with respect to the emission of the
GQDs produced with other methods. In general, depending on the
synthetic path, GQDs can show blue, green, yellow and red
luminescence, and it was reported that the PL emission in GQDs
could be size-, excitation-, solvent- dependent. In particular, a
decrease of the GQDs size leads to a blue shift of the
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luminescence emission. In our case, it seems that we were able to

produce smaller GQDs. For TEM characterization, some drops of

the solution were deposited onto a copper grid.

Intensity (a.u.)

T T T 1
350 400 450 500

Wavelenght (nm)

200 250 300
5 Fig. 3 Absorption spectrum (red), PL spectrum (blue) and TEM images of
the solid component in the solution after fs ablation at 25 J/cm®.

The results are shown on the right side of Figure 3. The presence
of graphene quantum dots with dimensions in the order of 2-5 nm
is clearly seen in this image (see the inset), in accordance with the
PL results. The measured d-spacing was 0.23 nm, which agrees
well with that reported in the literature for graphene.***>* The
GQDs are embedded within an amorphous matrix, and some
wrapped graphene sheets were also detected, suggesting that
some graphene sheets remain dispersed in the liquid. Based on
these results, we conclude that the GQDs dispersed in water gave
rise to the absorption band at 270 nm. A similar conclusion was
reported by Zhou et al.*® The fs laser ablation experiments were
also performed using lower fluence. In particular, the HOPG
target was ablated with a fluence of ~ 10 J/cm? and neither the
20 PG layers nor the GQDs were subsequently detected in the
aqueous solution. Under these conditions, the absorption
spectrum of the solution showed the presence of hydrogen-
terminated polyynes containing six and eight carbon atoms per
chain. This suggests that the formation of both PG and GQDs
depends on the laser energy during the ablation experiments. In
particular, we found that, in the range of 5-12 J/cm?, polyynes (C
and Cy) are produced, while for fluences > 20 J/em?, porous
graphene, and GQDs are obtained, without detectable quantities
of polyynes. The yield of GQDs is estimated to reach 16 mg/L
30 after 20 minute irradiation at 20 J/cm?® The effect of the ablation
duration on the optimized yields of PG and GQDs will be
elucidated in the coming work, together with the AFM analysis of
GQDs in order to determine the heights of these systems™*.
The solution of GQDs, was then analyzed by IR spectroscopy and
the results are displayed in Figure 4. In particular, for
comparison, it has been reported the IR spectrum of the solution
containing the GQDs (c), the IR spectrum of GO produced by
Hummers method (a) and the IR spectrum of reduced GO (b). It
is easy to see that, the GQDs obtained after the PLA in water
40 show the presence of two peaks representing the asymmetric and
symmetric CH, stretching vibrations at 2923 cm™ and 2850 cm™,
respectively. These peaks are absent in the spectrum of GO and
they are slightly evident in the reduced GO. If we look at the
spectra of GO and rGO, it is notable the presence of the following
4s features: a peak representing the stretching of carbonyl group
(C=0) at 1739 cm’', a peak representing the stretching of
aromatic ethers (aryl-o) observed at 1310 cm™ to 1210 em™ and
the peak of the O-H stretching in aromatic rings in the 1260-1000
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em’! region. These peaks are absent in the spectrum of GQDs,

so confirming that the GQDs produced by PLA in water do not
show the presence of oxygen groups bonded to the carbon atoms.
In the spectrum of GQDs two peaks are detected at 1685 cm™ and
1597 cm™ representing the alkenyl C=C stretching and the ring
stretches in benzene derivatives, respectively.

i
——GO produced by Hummers method | —="%

VA

Solution of GQDs obtained after PLA )’ '\ a)

| Graphens oxde 1604 ”/ ”:_D Ve \__ :/'
il l‘w‘ plmn.f.l;:::)ﬂ,upuny

. LR T A )]

‘e

N

-GH

Transmittance (%)

Selutisn of GQDe after PLA ablaton

Alkenyl C=C stretch

Fig. 4 IR spectra of GO (a), reduced GO (b) and the solution of GQDs (c)
obtained after fs ablation at 25 J/cm?

3.3 Mechanisms for the Production of PG and GQDs

In order to explain the formation of either PG or GQDs, two

¢ primary related mechanisms should be considered. These involve
laser-induced water breakdown and a laser-induced mechanism
similar to that occurring in the coal gasification process. When a
fs-laser is focused into water, laser ionization and photo
dissociation of water molecules leads to the formation of H, O

ssand OH radicals as indicated in reaction (1).>> Subsequent
reactions result in the formation and evolution of H, and O, as
well as H,O, which acts as a strong oxidizer.

Femtosscond laeer

6H,0 BH + 20 + 4HO
o —4H, + 0y +2H, 0y (2]

The second mechanism, related to the decomposition of water is
called the coal gasification. This process occurs when solid
carbon-based materials (C(s)) react with oxygen, steam, carbon
7s dioxide, and hydrogen to produce fuel-rich products.®® The

reaction can be expressed as:
20(s) + 05 = 2C0 (3]

Any free oxygen rapidly reacts with CO in the gas phase to
so produce CO,, according to reaction (4):

1
CG+;G:—:CG: (4
Cls)+ €0, = 2C0 (5]
C{s)+ H,O0(g) = 0O + H, (a)
gs OO0 + HyG(g) = €Oy + Hy (7

These reactions, acting collectively, are suggested as the
mechanism leading to the formation of porous graphene in the
present experiments and are initiated by the decomposition of
water associated with the femtosecond laser ablation. The water
breakdown is the first crucial step, producing the reactive species
0,, H,, and H,0,. Simultaneously, the laser pulses exfoliate the
graphite, causing the detachment of graphene sheets.
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Subsequently, O, and the H,O, molecules oxidize the graphene
sheets, forming several layers of graphene oxide (GO), in which
carbon atoms possess sp> hybridization due to their bonds with
oxygen atoms. In the second important step, the sp>carbon atoms
of the GO sheet react with oxidized species, in a way similar to
the coal gasification mechanism of solid carbon. This reaction
leads to the formation of CO and CO, molecules, which leave
behind a distribution of carbon vacancies and creating nanopores.
As a result, porous graphene is produced and it floats toward the
water-air interface where it can be easily collected and
characterized. Recently, Koinuma and coworkers have reported®’
the production of nanopores in GO sheets, via photoreaction in
O, under UV irradiation. In their work, they demonstrated that,
for the formation of pores, carbon atoms with sp> hybridization
must be present, as no pores were produced when sp* hybridized
graphene sheets were subjected to the same photoreaction in O,.
The mechanisms proposed here show that the first crucial step for
the synthesis of porous graphene is the breakdown of water, since
it produces O, and H,0O, that leads to the formation of GO,
without which porous graphene cannot be formed. This step is
confirmed by the observation of laser filamentation formation in
water during fs laser exfoliation. The second important step is the
reaction between sp3 carbon atoms in the GO sheets with O,,
which leads to the formation of the pores. X-ray photoelectron
spectroscopy (XPS) analysis of the recovered layers is shown in
figure S4. The spectrum is similar to that reported for graphene
sheets having a very low content of oxygen®. This indicates that
GO sheets formed during the experiments are completely
converted into PG as an intermediate step by the coal gasification
mechanism.

Noteworthy, in the experiments with ns laser, the sheets
appeared to be almost flat without any evidence of pores.*® These
different results can be attributed to the absence of the hydrogen
peroxide in the water solution and a relatively low lattice
temperature during the nanosecond laser ablation. Chin S.L.
reported that, when a nanosecond laser is focused into water
producing breakdown, only O, and H, are detected, since H,O,
molecules are dissociated by the shock waves of the plasma.>
Therefore, in the absence of hydrogen peroxide, graphene sheets
exfoliated by ns laser pulses are subject to a lower oxidation rate
than is the case with fs laser irradiation. Indeed, in our previous
work,*® we demonstrated that the sheets obtained were reduced
GO sheets and that sp’ domains were still detectable. This
suggests that the concentration of sp3 carbon atoms was small so
that the coal gasification process was inhibited. With a focused fs
beam, the intensity is ~ 10" W/cm? so that liquid molecules are
readily ionized.” For the coal gasification, operating temperature,
operating pressure, coal particle size, and O,/coal ratio are key
process variables. In particular, a decrease in the coal size
requires a higher O,/coal ratio and very high operating
temperatures™ (up to 2200 K in oxygen-blown gasifiers).
Considering these factors, e.g. the liquid environment, the small
quantity of material produced, and quantity of ~3x107 mol® of
O, present, it seems that the temperature reached during the ns
laser ablation experiments (~4000-5000 K) is not high enough to
obtain the gasification reaction of the sp® carbon atoms in the
graphene layers. Instead, when ultrashort pulses are used, not
only hydrogen peroxide is produced, which leads to stronger
oxidation of the layers, but the possibility of reaching ~ 20000 K
permits the coal gasification reaction of the graphene oxide sheets
and the formation of PG. The formation of GQDs is then a
natural consequence of the continuing gasification of PG. During
fs ablation, many layers are detached from the HOPG target.
These sheets are more easily oxidized via the reactions described
above. As a result of coal gasification process, many holes are
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formed. The continuing destruction of porous graphene results in
very small GQD fragments dispersed in water. This is consistent
with the reported approaches for the synthesis of GQDs by
cutting GO layers with suitable reactants.?*?!

3.4 Experiments in liquid nitrogen (N,)

In order to prove the validity of these mechanisms, femtosecond
laser ablation of HOPG was carried out in liquid nitrogen (N).
The experiments were set at the same fluence (25 J/cm?) and time
(20 minutes) employed for the experiments in water. The
products of the ablation were collected at the end of the laser
ablation by submerging a substrate of Si/SiO, in the remaining
liquid nitrogen and waiting for its evaporation. In this way, the
materials produced were allowed to deposit on the top of the
substrate and then characterized by means of optical microscopy,
FE-SEM, and Raman spectroscopy. Figure 5 shows the results of
FE-SEM analysis, while figure S4 shows the results of the XPS
spectra. The analysis of the samples using the optical microscope
(Figure S5) showed that the exfoliation of HOPG is possible in
liquid N,. Most of the detached layers were thicker than the ones
obtained in water and a large quantity of graphitic material
covered the layers.

Fig. 5 SEM image of a layer obtained after fs laser ablation of HOPG in
liquid N,. The inset shows a magnification of the area inside the yellow
dashed box.

However, the dimensions of the detached layers (~100 pm) were
found to be comparable to those obtained after fs ablation in
water (see figure S5). fs ablation of HOPG in liquid N, seems to
have a higher ablation rate together with less efficient exfoliation.
Figure 5 shows the FE-SEM image of a thin sheet, where the
edges are clearly visible together with superimposed graphitic
material. The absence of ripples suggests that the improved way
to deposit the layers is by placing the substrate at the bottom of
the quartz cell and letting the solvent evaporate. The inset of
Figure 5 is a high magnification SEM image of the area indicated
with a dashed yellow box. It is obvious that the layer did not
show the presence of pores, proving the validity of the
mechanisms proposed above. Hence, for the synthesis of porous
graphene, both O, and H,0, are necessary. After the evaporation
of the liquid nitrogen, we also observed some material attached to
the walls of the beaker. These materials were recovered with
water and analyzed by means of absorption spectroscopy. The
results are shown in Figure 6a. The absorption spectrum shows
the presence of four absorption bands at 223, 235, 247, 260 nm
respectively, which can be attributed to cyanopolyynes.”> " These
systems are polyynes chains ending with a cyanide functional
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group, and generally, they are produced by arc discharge in liquid
nitrogen,”® or found in the interstellar medium.>**' Comparing the
absorption bands reported in the literature®® with that for our
solutions, it is apparent that the fs-ablation of HOPG in liquid N,
results in the synthesis of cyanopolyynes containing eight carbon
atoms per chain (CgN,). It was also found that the synthesis of
the cyanopolyynes depended on fluence. In particular, large
quantities of these molecules can be produced with fluences in
the range between 20 and 30 J/em?, while for lower values (10-15
J/em?), no cyanopolyynes were detected. These results can be
attributed to the strong femtosecond laser pulse being able to
directly ionize N, molecules. The nitrogen ion can attach to
polyynes and can form the stable cyanopolyynes. To our
knowledge, the fs laser ablation in liquid nitrogen has not yet
been reported as a technique for the synthesis of cyanopolyynes,
suggesting that this is a novel and facile route for their
production.

The samples were then characterized by Raman spectroscopy.
Generally, the Raman signals of polyynes are very weak,
therefore, we employed the surface enhanced Raman
spectroscopy (SERS) technique.®*% This is known to increase the
Raman signals from molecules that are attached to metallic
nanostructures. In the present work, for the SERS
characterization, some drops of silver nanoparticles solution were
first deposited onto a glass substrate.

a) b)

Absorbance (a.u.)
Intensity (a.u)

HH

900 1200 1500 1800 2100
Raman shift (cm™)

220 240 260 280 300 600

Wavelenght (nm})

200

Fig. 6 a) absorption spectrum of the solution obtained after fs-ablation of
HOPG in Ny; b) SERS of the solution.

The Raman spectrum shown in Figure 6b was then collected after
dripping a drop of solution onto silver colloid film. The spectrum
displayed in Figure 6b, shows the presence of a band at 2100 cm’
!, that can be attributed to the presence of polyynes. Indeed,
Raman bands located around 1800-2100 cmare related to sp-
hybridized linear carbon chains of different lengths.5* © The band
found at 2100 cm™ suggests the presence of polyynes with eight
carbon atoms per chain,* in accordance with the UV-VIS results.
Between 1200-1600 cm™, the D and G peaks, rising from the
vibrations of sp* carbon atoms, are visible. The shape of these
peaks suggests that the material analyzed consisted of disordered
graphite and other carbon nanostructures.®® ¢ It should be noted
that, even if the fs-laser ablation is performed in N,, some water
molecules can still be present due to the adsorbed water.
However, the amount of water is pretty low, and the
concentration of the reactive species formed during water
breakdown is not high enough to initiate the reaction for the
formation of PGs. Nevertheless, some trace hydrogen is present
and the spectral peaks at frequencies of ~ 657, 707, and 866 cm
'can be attributed to the out- of-plane (0op) bending modes of CH
groups in polycyclic aromatic hydrocarbon (PAH) molecules.®® ™
It has been reported that the energies of these oop vibrations
depend on the number of adjacent CH groups.®® In particular, the

1

=)
=3

105

110

observed signals at 707 and 866 cm™ can be attributed to quintet
and duo groups’" " respectively, while the peak at ~650 cm™ can
be assigned to the oop vibrations of benzene.”' The presence of
these molecules can be attributed to the crosslinking of the
polyynes into PAHs,* as it is known and accepted that polyynes
can be precursors to PAH formation.”

4. Conclusions

In summary, we have developed a novel, scalable and green
method for the synthesis of either PG or GQDs by femtosecond
laser ablation of HOPG in water. PG was found to float at the
water-air interface, while GQDs were dispersed in the solution.
The suspended layers showed pore dimensions of ~ 20 nm, while
GQDs displayed dimensions of about 2-5 nm. The fs ablation of
HOPG led to the exfoliation of graphene layers, which are then
oxidized to GO layers by O, and H,0, produced by the
femtosecond laser-induced breakdown of water. The sp® carbon
atoms of the GO layers reacted simultaneously with O, in a way
similar to that occurring in the coal gasification process.
Consequently, CO and CO, molecules are formed leaving carbon
vacancies and creating nanopores and PG. Experiments
performed in liquid nitrogen have confirmed these proposed
mechanisms as PG and GQDs that are not formed in the absence
of O, and H,0,, the key reagents for the formation of both
materials. Moreover, cyanopolyynes were formed during the fs
ablation of HOPG in liquid nitrogen. To our knowledge, this is
the first use of fs ablation for the production of porous graphene,
performed in water, and for the production of cyanopolyynes with
ablation achieved in liquid N,. During the paper layout, we found
that Habiba’™ and coworkers reported the synthesis of
luminescent GQDs by pulsed laser ablation. The authors
employed a nanosecond laser and synthesized the GQDs
irradiating a suspension of nickel oxide in benzene. In this
respect, our method seems to be simpler and greener compared to
the Habiba’s one, since we are able to obtain GQDs directly in
water avoiding the use of a catalyst and benzene.
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