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ABSTRACT: The processing of vertical graphene nanowalls (VGNWs) via laser irradiation is
proposed as a means to modulate their physicochemical properties. The effects of the number
of applied pulses and fluence of each pulse are examined. Raman spectroscopy studies the
effect of irradiation on the chemical structure of the VGNWs. Results show a decrease in
density of defects and number of layers, which points toward a mechanism including
evaporation of amorphous or loosely bonded C from defective points and recrystallization of
graphene. Moreover, the effect of laser irradiation parameters on the morphology of Mo thin
films deposited on VGNWs is investigated. The received thermal dosage results in the
formation of particles. In this case, the number of pulses and pulse fluence are found to affect
the size and distribution of these particles. The study provides a novel approach for the
functionalization of VGNWs via laser irradiation, which can be extended to other graphene-
based nanostructures.

Graphene and graphene-related materials have been
extensively studied during the course of the last 15

years, and nowadays, we possess a good understanding of their
rich physical and chemical properties.1 Therefore, these
materials have been used in a vast range of applications, like
in nanoelectronics, energy harvesting and storage, and sensors,
and as composite materials.2−4 Modulation of the intrinsic
properties of the graphene nanostructures can be beneficial to
match the requirements of specific applications.5,6 For
graphene prepared through vapor deposition techniques, like
chemical vapor deposition,7 in situ modulation of these
properties during the growth is challenging, thus post-growth
processing is often preferred. In the above context, processing
via laser irradiation has emerged as a versatile, non-contact,
programmed processing method, which offers precise physical
and chemical property regulation.8 Examples of applications
are the use of a laser for the reduction of graphene oxide,9 the
modulation of defect density present on the graphene lattice,10

and the preparation of so-called laser-induced graphene (LIG),
which occurs via irradiation of a polyimide film by a CO2 laser
and has been extensively used for the preparation of three-
dimensional graphene electrodes for supercapacitors.11−13

Vertical graphene nanowalls (VGNWs), also known as
carbon nanowalls,14 are a three-dimensional graphene
derivative, in which few-layer graphene sheets are deposited
perpendicularly to the growth substrate. They possess a very
large surface area and high conductivity, which makes them
attractive as electrochemical electrodes15,16 and gas sensors.17

VGNWs are typically synthesized using plasma-enhanced
chemical vapor deposition (PECVD) technology, mainly by

microwave (MW), radio-frequency (RF) plasma, and
inductively coupled plasma (ICP).18 Functionalization of the
VGNWs occurs by decorating them with transition metal
carbide and oxide particles for the preparation of hybrid
structures that are very efficient in electrocatalysis, batteries,
and supercapacitor applications.19−22 Taking into consider-
ation the vast reach of applications, tuning of the
physicochemical properties of VGNWs may be required.
Modulation and functionalization via laser processing can be a
fast and non-destructive method that is fitted in the above
purpose. As proof of principle, here, we present results on the
post-growth laser irradiation of pristine VGNWs in an inert
atmosphere and its effect on the Raman fingerprint of the
VGNWs. In addition, we investigate the effect of laser
irradiation on molybdenum (Mo) thin films previously
deposited on the VGNWs and the subsequent formation of
particles as a result of Mo dewetting and clustering.

The setup of the laser irradiation experiments is illustrated in
Figure 1a. A detailed description of the material preparation,
conditions of laser irradiation experiments with pulses with the
duration of few nanoseconds, and physicochemical character-
ization is included in the Supporting Information and previous
works.23,24 Scanning electron microscopy (SEM) character-
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ization of the substrate reveals a contrast between irradiated
and non-irradiated areas (Figure 1b). Nevertheless, a magnified
image shows no ablation or structural degradation of the
VGNWs present in the irradiated area (Figure 1c). A SEM
image of pristine VGNWs is exhibited for comparison in
Supplementary Figure 1 of the Supporting Information. Thus,
the observed contrast is anticipated to be due to variation in
charge carrier doping related to VGNW surface chemistry.25

Upon irradiation, samples were characterized by Raman
spectroscopy to evaluate the modification in the crystal quality
of the graphene lattice. The studied parameters were the laser
pulse fluence per sample area and the number of applied
pulses. Raman spectra of pristine VGNWs (black graph) and
VGNWs upon irradiation (red graph) are exhibited in Figure
2a. Three main peaks associated with graphene are distinguish-
able. The D band, centered at ∼1347 cm−1, is related to the
presence of structural defects, vacancies, and boundaries that
are present in the graphene crystal and activate the breathing
mode of hexagonal carbon rings. On the other hand, the G
band, centered at 1580 cm−1, corresponds to the doubly

degenerate E2g phonon at the Brillouin zone center. The 2D
band is centered at ∼2696 cm−1 and arises as the second order
of the D band. It is manifested in a single peak in monolayer
graphene, whereas it splits in four bands in bilayer graphene.26

A comparison of the spectra in Figure 2a makes a decrease in
the D band intensity of the irradiated sample evident with
respect to the intensity of the D band in the pristine sample.
This indicates a decrease in structural defect density upon
irradiation, because this can be calculated taking into
consideration the intensity ratio between the D and G
modes, ID/IG. Briefly, the density of defects can be calculated
by the following equation:
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where λ is the laser wavelength in nanometers.27,28 It is
assumed that evaporation of loosely bonded species on
defective graphene sites occurs during laser irradiation. This
is followed by a recrystallization process, which explains the

Figure 1. (a) Schematic illustration of the experimental setup used for the laser irradiation of the VGNW samples. (b) SEM image of the irradiated
area of the sample. The scale bar is 1 mm. (c) SEM image with a top view of the VGNWs upon irradiation (100 pulses of 0.186 J cm−2 fluence).
The scale bar is 1 μm.

Figure 2. Raman spectroscopy characterization of the pristine and irradiated samples. (a) Raman spectra of pristine VGNWs (black spectrum) and
upon irradiation (red spectrum). (b) Evolution of ID/IG, (c) I2D/IG, and (d) fwhm2D with respect to the number of pulses for a fixed pulse fluence
value. (e) Evolution of ID/IG, (f) I2D/IG, and (g) fwhm2D with respect to the fluence of pulses for a fixed number of 10 applied pulses.
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decrease in the density of defects present in the graphene
lattice.29 The characteristics in terms of intensities and widths
of these peaks provide insight regarding the crystal quality of
the graphene nanosheets. Here, Raman spectra are analyzed to
extract the following information: (i) the thickness of the
VGNW flakes, estimated by the full width at half maximum of
the graphene 2D peak (fwhm2D) and I2D/IG,

30 and (ii) the
density of defects, estimated by IG/ID.

27 Results are presented
in panels b−g of Figure 2. Three spectra are recorded for each
experimental condition. Panels b−d of Figure 2 show the
evolution of ID/IG, I2D/IG, and fwhm2D with respect to the
number of pulses for a fixed pulse fluence of 0.282 J cm−2 as
well as the data for the pristine VGNW sample. The observed
trend confirms the mechanism that has been described above.
Specifically, ID/IG decreases from ∼1.6 for the pristine sample
to ∼0.7 for the samples irradiated with 10 pulses with a
maximum fluence of 0.282 J cm−2 (Figure 2b). This trend
indicates a decrease in defect density, according to eq 1. I2D/IG
increases from ∼0.52 for the pristine sample to ∼0.66 for the
samples irradiated with 10 pulses with a maximum fluence of
0.282 J cm−2 (Figure 2c). The fwhm2D decreases from ∼80
cm−1 for the pristine sample to ∼73 cm−1 for the samples
irradiated with 10 pulses with a maximum fluence of 0.282 J
cm−2 (Figure 2d). These trends indicate a decrease in the
number of graphene layers that form the VGNW flakes. Panels

e and f of Figure 2 show the evolution of ID/IG, I2D/IG, and
fwhm2D with respect to pulse fluence. All samples were
irradiated with 10 pulses. The data of pristine VGNW samples
are included in the graphs. The observed trend confirms the
mechanism that has been described above. Specifically, ID/IG
decreases from ∼1.65 for the pristine sample to ∼0.81 for the
samples irradiated with 10 pulses with a maximum fluence of
0.282 J cm−2 (Figure 2e). This trend indicates a decrease in
defect density, according to eq 1. I2D/IG increases from ∼0.52
for the pristine sample to ∼0.67 for the samples irradiated with
10 pulses with a maximum fluence of 0.282 J cm−2 (Figure 2f).
The fwhm2D decreases from ∼80 cm−1 for the pristine sample
to ∼69 cm−1 for the samples irradiated with 10 pulses with a
maximum fluence of 0.282 J cm−2 (Figure 2g). Spectra from
samples irradiated with pulses of lower energy provide an
intermediate to the above values. Conclusively, with the
control of the laser fluence and number of applied pulses, the
crystal quality of the VGNWs can be modified on demand.
This feature can serve for the tuning of the physicochemical
properties of the VGNWs and has important implications on
their use on energy storage, catalysis, and sensing applica-
tions.31

Mo thin films with thicknesses of 50 and 100 nm were
deposited on the VGNWs via magnetron sputtering. A SEM
image of the pristine Mo (50 nm)/VGNW compound is

Figure 3. (a and b) SEM images of a 50 nm thick Mo film deposited on VGNWs in (a) pristine state and (b) upon irradiation. (c and d) EDS
elemental mapping of C and Mo distributed on the irradiated sample. (e) Size distribution histogram of the formed Mo particles formed in two
distinguished irradiation conditions. (f and g) SEM images and schematic representations of the samples resulting from the above distinguished
irradiation conditions. (h and i) Mo weight percentage calculated by EDS for pristine samples with (h) 100 nm and (i) 50 nm thick Mo films, as a
function of the number and fluence of applied laser pulses.
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shown in Figure 3a. Samples were irradiated by a laser source,
with varying numbers of pulses and laser fluence. During
irradiation, dewetting and ripening of the Mo thin film
occurs32 and results in the formation of Mo particles with a
very narrow size distribution. A SEM image of an irradiated
Mo (50 nm)/VGNW compound is shown in Figure 3b. Panels
c and d of Figure 3 show energy-dispersive X-ray spectroscopy
(EDS) mapping images of Mo and C, confirming the
formation of Mo clusters, while the C distribution is
homogeneous in the sample surface. Mo particles are quasi-
spherical, with a diameter in the order of hundreds of
nanometers. SEM images are analyzed to extract the diameter
of the particle as a function of the laser fluence and number of
laser pulses in a sample in which 100 nm of Mo was initially
deposited by sputtering. Results are presented in Figure 3e.
Two samples with distinguished irradiation conditions are
analyzed. The first sample was irradiated with 100 pulses of
0.189 J cm−2 (denominated as a high dosage), and the second
sample was irradiated with 20 pulses of 0.122 J cm−2

(denominated as a low dosage). The size distribution
histogram shows that, in the sample that was irradiated with
100 pulses of high fluence, formed Mo particles have a
diameter between 350 and 550 nm. In the sample that was
irradiated with 20 pulses of low fluence, formed Mo particles
have a wider diameter distribution, which takes values between
100 and 500 nm. Observation of the SEM images of the above
samples (Figure 3f) reveals that, in the sample irradiated with
100 pulses of high fluence, Mo particles are distributed with a
lower density on the VGNWs and show a narrower size
distribution (left panel of Figure 3f). In the sample irradiated
with 20 pulses of low fluence, Mo particles are distributed with
a higher density on the VGNWs. Moreover, in addition to
these larger clusters, smaller particles are distributed on the
basal plane of the VGNWs, which results in a wider size
distribution (right panel of Figure 3f). A schematic
representation presented in Figure 3g illustrates the morphol-
ogy of each sample. For the sample irradiated with 100 pulses
of high fluence, Mo receives enough energy to form
distinguished large clusters via dewetting and subsequent
merging of the Mo film (left panel of Figure 3g). For the
sample irradiated with 20 pulses of low fluence, the same
process occurs but without completing the merging and cluster
formation. As a result, smaller particles remain on the basal
planes of the graphene flakes, while the clustered particles
formed on the edges of the VGNWs possess lower diameters
on average (right panel of Figure 3g). In addition, high fluence
pulses result in the detachment of materials as a result of
thermal evaporation. EDS characterization is used to evaluate
the Mo weight percentage of the above samples upon
irradiation. Results are depicted in panels h and i of Figure
3. The Mo content is decreasing with the increase in both the
number of pulses and pulse fluence. This is the case for films
with thicknesses of both 50 and 100 nm.33 The 100 nm thick
film has an initial Mo weight percentage of 14.45%, which is
reduced to 3.77% upon irradiation with the maximum number
of pulses (100) of the highest fluence (0.186 J cm−2) (Figure
3h). In a similar trend, the 50 nm thick film has an initial Mo
weight percentage of 5.18%, which is reduced to 2.57% upon
irradiation with the maximum number of pulses (100) of the
highest fluence (0.186 J cm−2) (Figure 3i). Lower weight
percentage reduction rates are recorded when pulses of lower
fluences (0.149 and 0.122 J cm−2) are applied. These results

demonstrate the capacity to control the mass of Mo particles
on VGNWs via controlled pulsed laser irradiation.

Finally, structural modifications between the pristine and
irradiated samples have been detected by X-ray diffraction
(XRD) characterization, depicted in Figure 4. The Mo film

deposited by magneton sputtering is initially amorphous. Thus,
the pristine sample of a 100 nm Mo film on VGNWs shows
only diffraction peaks originating from the VGNWs and no
diffraction peaks related to Mo compounds (red graph). Upon
laser irradiation, the (111) diffraction peak of monoclinic
MoO2 appears at 36.35° [black graph, Joint Committee on
Powder Diffraction Standards (JCPDS) file number 00-032-
0671],34,35 showcasing the partial crystallization of the
resulting particles formed on the VGNWs. We argue that the
formation of the Mo oxide phase occurs as a result of migration
and reaction with oxygen species that are loosely bonded or
physisorbed on defective sites of the VGNWs, as confirmed by
X-ray photoemission spectroscopy in previous studies.23

Surface heating as a result of laser irradiation induces migration
and metal oxidation. EDS characterization reveals the presence
of C, O, and Mo on the resulting irradiated nanostructures
(Supplementary Figure 2 of the Supporting Information).

In conclusion, our research proposes a novel approach for
the rapid functionalization of VGNWs through pulsed laser
irradiation. The study systematically examines the impact of
two critical irradiation parameters, namely, the number of
applied pulses and the fluence of each pulse, on the
physicochemical properties of VGNWs. Raman spectroscopy
serves to characterize the changes in the chemical structure of
VGNWs induced by irradiation. We observe that an increase in
the number of pulses and fluence leads to a notable reduction
in the density of defects and fwhm2D. This phenomenon
suggests a mechanism involving the evaporation of amorphous
or loosely bonded carbon from defective points and
subsequent recrystallization of the graphene lattice. Further-
more, our investigation extends to the effect of laser irradiation
on Mo thin films deposited on the VGNWs. The received
thermal dosage induces dewetting, evaporation, and clustering
of Mo, resulting in the formation of particles with diameters of
hundreds of nanometers according to SEM and EDS
characterization. Importantly, we find that both the number
of pulses and the pulse fluence significantly influence the size
and distribution of these formed particles. This comprehensive
study not only sheds light on the intricate mechanisms

Figure 4. XRD characterization of pristine Mo deposited on VGNWs
(red graph) and upon laser irradiation (black graph), revealing the
formation of MoO2 nanoparticles (NPs).
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underlying the laser-induced modifications of VGNWs but also
introduces a promising method for the rapid functionalization
of VGNWs. The applicability of this approach extends beyond
VGNWs and holds the potential for the functionalization of
other graphene derivatives and carbon-based nanostructures.
The findings presented here contribute to the evolving field of
advanced materials and pave the way for further exploration of
laser-based techniques in tailoring the properties of nanoma-
terials.36,37
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Parameters and sample orientation. Phys. Rev. B 2009, 79, 205433.
(27) Canca̧do, L. G.; Jorio, A.; Ferreira, E. H. M.; Stavale, F.; Achete,

C. A.; Capaz, R. B.; Moutinho, M. V. O.; Lombardo, A.; Kulmala, T.
S.; Ferrari, A. C. Quantifying Defects in Graphene via Raman
Spectroscopy at Different Excitation Energies. Nano Lett. 2011, 11,
3190−3196.
(28) Chaitoglou, S.; Bertran, E. Control of the Strain in Chemical

Vapor Deposition-Grown Graphene over Copper via H2 Flow. J. Phys.
Chem. C 2016, 120, 25572−25577.
(29) Zhang, A.; Chen, T.; Song, S.; Yang, W.; Gooding, J. J.; Liu, J.

Ultrafast Generation of Highly Crystalline Graphene Quantum Dots
from Graphite Paper via Laser Writing. J. Colloid Interface Sci. 2021,
594, 460−465.
(30) Bertran-Serra, E.; Musheghyan-Avetisyan, A.; Chaitoglou, S.;

Amade Rovira, R.; Alshaikh, I.; Pantoja-Suarez, F.; Anduj́ar-Bella, J.-
L.; Jawhari, T.; Perez-del-Pino, A.; Gyorgy, E. Temperature-
Modulated Synthesis of Vertically Oriented Atomic Bilayer Graphene
Nanowalls Grown on Stainless Steel by Inductively Coupled Plasma
Chemical Vapour Deposition. Appl. Surf. Sci. 2023, 610, 155530.
(31) Bertran-Serra, E.; Rodriguez-Miguel, S.; Li, Z.; Ma, Y.; Farid,

G.; Chaitoglou, S.; Amade, R.; Ospina, R.; Anduj́ar, J.-L. Advance-
ments in Plasma-Enhanced Chemical Vapor Deposition for Producing
Vertical Graphene Nanowalls. Nanomaterials 2023, 13, 2533.

(32) Wang, L.; Chi, X.; Wang, X.; Liu, Q.; Sun, L. Preparing
Ripening-Suppressed Metallic Nanoparticles Using a Laser Irradiated
Carbon Nanotube Sacrificial Layer. Appl. Surf. Sci. 2020, 506, 144705.
(33) Stafast, H.; Von Przychowski, M. Evaporation of Solids by

Pulsed Laser Irradiation. Appl. Surf. Sci. 1989, 36, 150−156.
(34) Moulahi, A.; Ibrahim, M. A.; Mjejri, I.; Al-Marri, A. H.; Sediri,

F. Controlled Hydrothermal Synthesis of Nano-MoO2 as Anode for
Lithium-Ion Battery. Indian J. Sci. Technol. 2020, 13, 277−285.
(35) Li, Z. Q.; Lu, C. J.; Xia, Z. P.; Zhou, Y.; Luo, Z. X-ray

Diffraction Patterns of Graphite and Turbostratic Carbon. Carbon
2007, 45, 1686−1695.
(36) Poimenidis, I. A.; Tsanakas, M. D.; Papakosta, N.; Klini, A.;

Farsari, M.; Moustaizis, S. D.; Loukakos, P. A. Enhanced Hydrogen
Production through Alkaline Electrolysis Using Laser-Nanostructured
Nickel Electrodes. Int. J. Hydrogen Energy 2021, 46, 37162−37173.
(37) Poimenidis, I. A.; Papakosta, N.; Manousaki, A.; Klini, A.;

Farsari, M.; Moustaizis, S. D.; Loukakos, P. A. Electrodeposited
Laser�Nanostructured Electrodes for Increased Hydrogen Produc-
tion. Int. J. Hydrogen Energy 2022, 47, 9527−9536.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c00193
J. Phys. Chem. Lett. 2024, 15, 3779−3784

3784

https://doi.org/10.1021/acs.jpclett.0c01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0022-3727/48/31/314008
https://doi.org/10.1088/0022-3727/48/31/314008
https://doi.org/10.1002/advs.201600003
https://doi.org/10.1002/advs.201600003
https://doi.org/10.1021/acsaem.3c00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.3c00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.3c00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jallcom.2023.172109
https://doi.org/10.1016/j.jallcom.2023.172109
https://doi.org/10.1016/j.jallcom.2023.172109
https://doi.org/10.1016/j.jallcom.2023.172891
https://doi.org/10.1016/j.jallcom.2023.172891
https://doi.org/10.1016/j.jallcom.2023.172891
https://doi.org/10.3390/ma12030483
https://doi.org/10.3390/ma12030483
https://doi.org/10.3390/ma12030483
https://doi.org/10.1016/j.apsusc.2022.153327
https://doi.org/10.1016/j.apsusc.2022.153327
https://doi.org/10.1016/j.apsusc.2022.153327
https://doi.org/10.1088/2053-1591/3/7/075603
https://doi.org/10.1088/2053-1591/3/7/075603
https://doi.org/10.1088/2053-1591/3/7/075603
https://doi.org/10.1021/acsomega.9b04222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b04222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b04222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1021/nl201432g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl201432g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b07055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b07055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2021.03.044
https://doi.org/10.1016/j.jcis.2021.03.044
https://doi.org/10.1016/j.apsusc.2022.155530
https://doi.org/10.1016/j.apsusc.2022.155530
https://doi.org/10.1016/j.apsusc.2022.155530
https://doi.org/10.1016/j.apsusc.2022.155530
https://doi.org/10.3390/nano13182533
https://doi.org/10.3390/nano13182533
https://doi.org/10.3390/nano13182533
https://doi.org/10.1016/j.apsusc.2019.144705
https://doi.org/10.1016/j.apsusc.2019.144705
https://doi.org/10.1016/j.apsusc.2019.144705
https://doi.org/10.1016/0169-4332(89)90908-2
https://doi.org/10.1016/0169-4332(89)90908-2
https://doi.org/10.17485/ijst/2020/v13i03/149476
https://doi.org/10.17485/ijst/2020/v13i03/149476
https://doi.org/10.1016/j.carbon.2007.03.038
https://doi.org/10.1016/j.carbon.2007.03.038
https://doi.org/10.1016/j.ijhydene.2021.09.010
https://doi.org/10.1016/j.ijhydene.2021.09.010
https://doi.org/10.1016/j.ijhydene.2021.09.010
https://doi.org/10.1016/j.ijhydene.2022.01.062
https://doi.org/10.1016/j.ijhydene.2022.01.062
https://doi.org/10.1016/j.ijhydene.2022.01.062
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

