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Laser-based methods to reduce of Graphene Oxide (GO) have been pointed out as a promising methodology to
produce reduced graphene (rGO) due to its potential for scalable production without the use of chemicals and
the processing taking place in ambient conditions. Within this context, this study presents the results of a sys-
tematic investigation of the reduction of graphene oxide films by means of an Nd:YAG pulsed laser radiation
using wavelengths ranging from Ultra-Violet (UV) to Infra-Red (IR). Our results demonstrated that the reduction
carried out using infrared (A, = 1064 nm) and visible radiation (A, = 532 nm) yield higher sp®-sp® conversion as

a consequence of photothermal reduction. On the other hand, UV radiation is more efficient in removing oxygen
groups due to an enhanced photochemical effect. Furthermore, our results demonstrate that rGO films with C/O
ratio greater than 100 can be produced if both photochemical and photothermal effects are present in the

reduction process.

1. Introduction

Graphene is a two-dimensional material because it consists of a
single layer of carbon atoms that are spatially arranged in a hexagonal
symmetry. The atoms are bonded through sp? hybridization as in full-
erenes, carbon nanotubes or graphite [1]. Interestingly, three o-elec-
trons participate in the chemical bonding, while the fourth s-electron is
the one responsible for electronic transport that could be confined in
zero (fullerenes), one (carbon nanotubes), two (graphene), or three
(graphite) dimensions. In the case of graphene, it has been shown that
its m-electrons have unique properties. For instance, Andre Geim and
Kostantine Novoselov, who have isolated graphene through mechanical
exfoliation in 2004 [2], experimentally demonstrated that charge
transport in graphene is governed by relativistic Dirac equation. Hence
it exhibits a linear dispersion relation and quantum Hall effect [3,4]. In
2010, Geim and Novoselov awarded the Nobel Prize in physics due to
their work on graphene. As a consequence of these remarkable funda-
mental properties, graphene also holds the record for electron mobility,
thermal conductivity, mechanical tensile strength, and intrinsic surface
area [5]. This nanomaterial has been pointed out as an enormous po-
tential for applications in fields such as energy harvesting [6] and
storage [7], biosensors [8], and chemical sensors [9,10].

Pristine graphene has been obtained mainly through chemical vapor
deposition using hydrocarbon gases as a source of carbon or through
graphitization of the surface of SiC single crystals [11]. Both methods
operate in temperatures as high as 1000 °C, high vacuum, and require
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transfer steps that can alter its physical properties [12]. Hence, these
methods do not yet provide a technological path for industrial pro-
duction of graphene-based devices. Within this context, several alter-
native approaches to produce graphene-related materials have been
proposed based on the reduction of Graphene Oxide (GO), because the
removal of oxygenated groups restore the graphene properties. For in-
stance, GO exhibit sheet resistance higher than 1 x 10* S cm ™! while
values in the order of 1 x 10 S cm™! and 400 S cm ™! are found for
reduced graphene oxide (rGO) and pristine graphene, respectively [13].
Typically, GO is produced via chemical oxidation of graphite layers that
are separated by sonication forming stable colloids, like the Hummer’s
method [14]. Then, these colloids can be reduced via a chemical re-
action with strong reducing agents such as hydrazine [13,15]. Also, GO
can be reduced by thermal annealing upon heat treatment in tem-
peratures in the order of 1000 °C [16]. Recently, Wang and collabora-
tors demonstrated that rGO with C/O ratio higher than 130 could be
achieved with thermal annealing at 3000 K [17].

Within this context, several laser-based methods have been devel-
oped to process graphene-related materials [18,19]. Frequently, these
methods are pointed out as a potential greener technology to produce
high-quality graphene-related devices as the processing takes place
under ambient condition and require no chemicals. For instance, UV ns-
pulsed laser was used to reduce GO solutions successfully [20]. It has
been shown that pulsed CO, laser can induce the formation of 3D
porous graphene in commercial polyimide [21]. More recently, a study
demonstrated that the GO powder could be reduced when irradiated
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with ns pulsed radiation of 355 nm [22]. Regarding ns pulses of infra-
red (IR) radiation, an interesting paper from Evlashin et al. demon-
strated that rGO with oxygen content lower than 3% can be produced
by adjusting the laser power and the scanning speed [23]. The use of IR
radiation in the reduction of GO has been point out as an efficient
manner to decrease defect density in rGO films [24]. IR radiation from
CO, lasers has been pointed out as very effective radiation to reduce GO
films. For instance, Bhattacharjya et al. have produced rGO films with
an oxygen content of 1.6% [25]. Ultra-short pulses have also been ex-
tensively used to transfer and reduce GO simultaneously [26,27].

It has been proposed that laser-assisted GO reduction is governed by
two different mechanisms that depend on the type of light-matter in-
teraction. According to Arul et al. [28], the photochemical reduction is
the process in which light interacts with the chemical bonds and re-
move oxygen functional groups of the surface. This mechanism is
mainly activated when GO is irradiated with UV light (typically
A < 400 nm). Another photoreduction mechanism proposed by Arul
et al. takes place under IR radiation (A > 750 nm). This process
consists of a structural reorganization of GO upon localized temperature
rise that may be pictured as carbon sp® to sp? conversion. This process is
usually referred to as photothermal reduction or graphenization [28].
Recently, the C sp® to sp> conversion was studied in detail by Wan et al.
using fs IR radiation. They observed that sp® content could be finely
tuned through laser fluence and scanning speed [29].

Different studies on laser reduction of GO have been conducted
using pulsed radiation with remarkable results [20-23,25-30]. There
are still, however, a limited number of studies that are dedicated to the
investigation of the photochemical and photothermal reduction me-
chanisms. Within this context, this study reports an experimental in-
vestigation on the reduction of GO films using Nd:YAG ns-pulsed laser
with different wavelengths. XPS and Raman spectroscopy results sug-
gested that visible and IR radiation have higher sp°-sp? conversion rate
while UV light is more efficient in removing oxygenated groups. Fur-
thermore, rGO films with C/O ratio higher than 100 could be achieved
by combining both photochemical and photothermal mechanisms.

2. Experimental procedure
2.1. Laser reduction of GO films

GO aqueous solution (1 mg/mL) was purchased from Sigma Aldrich
and drop cast in silicon substrates freshly cleaned with piranha solu-
tions. The substrates were kept at 80 °C for water evaporation, and four
cycles of 25 puL each were used in the drop-casting procedure. These
films covered an area with a diameter of approximately 5 mm. The laser
reduction process was carried out in ambient conditions using a
Spectron SL400 Nd:YAG laser system operating with 6 ns pulse duration
and a repetition rate of 30 Hz in the TEMO0O mode without any focusing
lens. In order to investigate the influence of the wavelength in the re-
duction process we have used fundamental radiation (1064 nm), second
(532 nm), third (355 nm) and forth (266 nm) harmonic radiation
generated by non-linear type I potassium dideteurium crystals followed
by dichroic mirrors that have maximum reflectivity for each of the
wavelengths used in order to separate the desired radiation. The beam
diameter was approximately 5 mm, and the energy of the beam was
kept in the maximum value below any ablation was detected by the
naked eye. The ablation fluence for each wavelength is estimated in
380, 150, 85, and 50 mJ/cm? for 1064, 532, 355, and 266 nm, re-
spectively. The laser beam scanned a squared area of 20x10 mm at a
rate of 1 mm/s with a space between each scan line of 0.25 mm. The
scanning was necessary to guarantee that the point of the beam with the
highest intensity would interact with the whole sample and to avoid
ablation over time due to sample overheating. Each Si substrate with
the GO films was kept in the center of this area, and the scanning
process was carried out five times to maximize the reduction effect of
each radiation and to produce homogeneous films.
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2.2. GO and rGO characterization

X-ray diffraction data were collected in a Rigaku Ultima IV dif-
fractometer within the range of 26 = 20 to 60° using Cu-Ka radiation
(A = 1.5418 1°\) and LiF (1 0 0) monochromator in the conventional 6-
20 configuration. Raman spectra were measured in a Witec (Ulm,
Germany) microscope equipped with a highly linear stage and objective
lens from Nikon (100 X NA = 0.9). Raman signals of our samples were
excited with an Nd:YAG laser (532 nm; 10 mW) and Raman light was
detected by high sensitivity, back-illuminated Peltier-cooled CCD be-
hind a 600 grooves/mm grating. The data were recorded in the wave-
number range from 600 to 3600 cm ™', All measurements were carried
out at room temperature. X-ray Photoelectron Spectroscopy (XPS)
measurements were carried out in Scientia Omicron ESCA spectrometer
with monochromatic X-ray source Al-Ka (1486.7 eV, with the power of
280 W and a constant pass energy mode of 50 eV). The XPS peaks were
fitted using a Voigt function after subtracting a Shirley background. In
the fitting procedure, FWHM values were fixed equal to the C-sp>
component while the position of each peak was allowed to change
0.5 eV in the binding energy.

3. Results and discussion
3.1. GO characterization

To study the effect of wavelength on the laser reduction of GO, let us
first discuss the main features of our starting material. Fig. 1(a) and (b)
present the XPS chemical surface analysis of a GO film before any laser
irradiation. In the survey spectrum, Fig. 1(a), the peaks observed at
532, 400, 285, 232, 169, and 18 were assigned to O 1s, N 1s, C 1s, S 2s,
S 2p, and S 3s. According to these results, the C and O contents were
68.28 and 27.51%, respectively, which grants a starting C/O ratio of
2.48. N and S contents were measured as 0.52 and 3.69%, respectively.
The XPS survey results of all samples discussed in this report are
summarized in Table 1. Fig. 1(b) shows the high-resolution C 1s peak of
this GO film. This peak was deconvoluted into C-sp? (284.5 eV, re-
ference), C sp3 (285 eV), epoxide (286.9 eV), carbonyl (288 eV), and
carboxyl groups (289 eV). The C-C components represent 34.3% of the
chemical states, while C-O represents 65.7%. The results regarding the
content of Cls components are summarized in Table 2. Fig. 1(c) pre-
sents a typical Raman spectrum obtained from GO films. The most
important features discussed in this manuscript are related to the re-
lative intensities of the D, G, and 2D bands, which are highlighted in
this Figure.

The D band (~1350 cm™?!) is related to defects in the graphene
structure, such as vacancies. The D’ band (~1610 cm ™ 1) should not be
present in few-layer graphene, and a decrease in its intensity has been
pointed out as direct evidence of GO reduction [31]. The G band
(~1580 cm ™) is related to the vibration of C-sp2 planes, while the 2D
band (~2700 ecm ™ ') is associated with the resonant electronic band
structure of graphene [32,33]. The intensity of D and 2D bands relative
to the intensity of the G band, namely Ip/Ig and I>p/Ig, are two para-
meters commonly used to quantify the quality of graphene-related
materials. During the reduction process, an increase in the relative in-
tensity of G and 2D bands (measured by a decrease in Ip/Ig and an
increase in the I,p/Ig) is attributed to the growth of sp? carbon in the
hexagonal structure of graphene layers. Furthermore, the ratio I5p/Ig is
often used to determine the number of graphene layers. Ideally, single-
layer pristine graphene should have I, = 0 and I5p/Ig = 2. Our starting
GO film exhibits Ip/Ig = 1.81 and I,p/Ig = 0.17.

3.2. Characterization of laser reduced GO (rGO) with different wavelengths
The influence of photon energy in the reduction of GO studied

through XPS analysis were carried out in samples irradiated with the
laser with different wavelengths, from infra-red to ultra-violet. Figs. 2
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Fig. 1. Typical XPS and Raman spectra of GO films. XPS (a) Survey, (b) high-resolution C 1s, and (c) Raman spectra.

Table 1
Elemental content (%) of GO and rGO films using different wavelengths.
(6] C S N C/0

Graphene Oxide 27.51 68.28 3.69 0.52 2.48
1064 3.68 94.44 1.88 0 25.66
532 8.89 89.04 2.07 0 10.01
355 1.74 98.26 0 0 56.47
266 1.25 98.75 0 0 79.00
266/1064 0.94 99.06 0 0 105.38

Table 2
Content of the components (%) of GO and rGO films using different wave-
lengths.

G sp2 Csp3 c-0 c=0 COOH
Graphene Oxide 15.65 18.64 48.91 12.23 4.57
1064 46.36 36.53 10.95 4.35 1.81
532 42.21 32.78 15.64 5.75 3.62
355 44.69 38.62 10.93 3.55 2.21
266 45.41 38.42 10.5 3.67 2
266/1064 48.02 37.52 10.3 2.72 1.44

and 3 show the XPS results of four laser-reduced samples with 1064,
532, 355, and 266 nm wavelengths. The intensity of the O 1s peak
observed in the vicinity of 532 eV is significantly smaller than the in-
tensity of O 1s peak found in GO, shown in Fig. 1(a). After the reduc-
tion, the amount of carbon in these samples is estimated at 94.44,
89.04, 98.26, and 98.75% to 1064, 532, 355, and 266 nm, respectively.
The results regarding the reduction using 1064 nm radiation (~3.7% of
remaining oxygen) are in agreement with a previous report from Ev-
lashin et al. [23], in which they achieved remaining oxygen content
lower than 3% by using the same wavelength. Besides the significant
decrease of the O 1s peak intensity, the peaks related to N and S

o o
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= | A= 950 nm
©
= ‘,J L =532 nm
g
S A =1064 nm
GO
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Binding Energy (eV)

Fig. 2. XPS survey spectra of laser-reduced GO films with different wave-
lengths.

completely vanished from samples exposed to 1064, 355, and 266 nm.
The elemental analysis of these samples made using the XPS survey
spectra is summarized in Table 1. Regarding the C 1s high-resolution
spectrum of rGO samples, data shown in Fig. 3, the component ob-
served at 284.5 eV assigned to C-sp?, increased significantly for all
samples. The sample 1064-rGO exhibits the highest value of this com-
ponent (46.4%), followed by the two UV reduced samples 355-rGO
(44.7%), and 266-rGO (45.4%). 532-rGO showed the smallest value
(42.2%). Regarding the component observed at 285 eV assigned to C-
sp>, also increased significantly. Interestingly, in this case, the sample
that showed a higher value was the one reduced with UV radiation. For
this component, the results were 36.5, 32.8, 38.6, and 38.4% for 1064,
532, 355, and 266 nm. Finally, the C-Ox components represented 17.1,
25, 16.7, and 16.2% for 1064, 532, 355, and 266 nm reduced GO, re-
spectively. From these results, one can observe that the sample with the
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Fig. 3. C 1s high-resolution spectra of laser-reduced GO films with different
wavelengths.

highest sp-sp® conversion rate is the one reduced with IR radiation
(1064-rGO), the one with the highest removal of oxygenating groups is
the one reduced with UV radiation (266-rGO). Regarding the C/O ratio,
the samples reduced with UV light exhibit C/O = 56.5 and 79 for 355-
rGO and 266-rGO, respectively, against C/O = 25 and 10 for 1064-rGO
and 532-rGO respectively. According to Arul et al. [28], UV light is
more efficient in reducing the oxygenated groups content from GO
while IR radiation is more effective in the sp? structure restoration,
which strongly agrees with the results discussed presented in Figs. 2
and 3.

Fig. 4 presents the Raman spectra obtained from samples reduced
with different wavelengths to further characterize the effect of the
wavelength on the rGO structure. First, one should note that for all rtGO

o~ 26nm
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3
S
P
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\ 1064 nm
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. -1
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Fig. 4. Comparison of Raman spectra of laser-reduced GO films with different
wavelengths.
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Table 3
Raman characterization of GO and rGO films using different wavelengths.
Position-FWHM (cm ™) In/Ig L/l
D G 2D
Graphene Oxide 1358-122 1578-77 2711-247 1.81 0.17
1064 1349-95 1577-57 2684-125 1.04 0.25
532 1347-100 1576-61 2678-118 1.22 0.32
355 1349-112 1575-76 2683-132 1.44 0.43
266 1351-117 1579-70 2679-145 1.22 0.21
266/1064 1345-80 1571-46 2676-106 0.69 0.27

samples the intensity of the D band did not change significantly relative
to the intensity of the apparent G band (result of deconvolution of G
and D’ bands), suggesting that the laser reduction process did not in-
crease the defects density of the GO structure and hence was kept under
the ablation limit. It is possible to observe that the relative intensity of
the G band, which is related to the in-plane C-sp® vibration, increased
significantly for all samples if compared to that of GO. The 1064-rGO
sample showed the lowest value (1.04) for Ip/Ig, while this ratio was
found to be 1.22, 1.44, 1.23, and 1.81 for 532, 355, 266-rGO, and GO
respectively, please check Table 3. This is a key parameter to evaluate
both photothermal and photochemical aspects of the GO photoreduc-
tion. It is important to mention that our laser reduction experiments
were carried out using high-intensity laser and, therefore, local heating
is expected for all wavelengths. If one considers that sp? structure re-
storation is the reduction mechanism activated due to local temperature
rise, the GO samples reduced with wavelengths that are not absorbed by
the C-O bonds should exhibit the highest increase in the relative in-
tensity of the G band. This is the case of 1064 and 532-rGO, which
showed the lowest values Ip/Ig.

Interestingly, both samples showed the highest oxygen content of
3.68 and 8.89%, respectively, according to Table 1. Now, if the hy-
pothesis of local heating cannot be ruled out for UV-laser radiation, the
reduction mechanism observed for the 355-rGO, and 266-rGO samples
should have a photothermal and a photochemical contribution. If a
localized temperature rise is partially responsible for the effective re-
duction of these samples, it could not solely explain the low oxygen
content of both samples. While these samples showed the lowest values
of Ip/Ig, they were the ones that showed the highest degree of reduction
with 1.74 and 1.25% of oxygen. Another interesting feature that should
be discussed is the significant increase in the relative intensity of the 2D
band. The relative intensity of this band with regards to the G band has
changed from 0.17 (GO) to 0.25, 0.32, 0.43, and 0.21 for 1064, 532,
355, and 266-rGO, respectively. The FWHM of this band also decreased
significantly from 247 to ~ 130 ecm ™! for GO and laser rGO. The pre-
sence of a sharper and more intensity 2D band is experimental evidence
of small disorder in the rGO structure [34]. Another interesting feature
that should be evaluated is the crystalline size (L,) that can be calcu-
lated according to the study of Cancado et al. [35]. The L, increased
from 9.3 nm in GO to 16.2, 13.7, 11.63, and 13.62 nm for 1064, 532,
355, and 266-rGO, which also shows that IR radiation is more efficient
in graphene structural restoration than UV radiation.

3.3. Photochemical followed by photothermal laser reduction of GO

Now, let us turn the discussion to the results of a sample prepared
first by illuminating it with 266 nm laser followed by 1064 nm laser
radiation. These results are presented in Fig. 5. One can observe in
Fig. 5(a) that the peak related to O 1s (532 eV) have decreased when
compared to the GO sample shown in Fig. 1. Here, the oxygen accounts
for 0.96% of the elemental content, while C 1s (285 eV) represents
99.04%. To our best knowledge, this is the lowest oxygen content
achieved by laser-assisted reduction of GO. As expected, peaks related
to N and S were not identified in this sample. Fig. 5(b) shows the C 1s
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Fig. 5. XPS and Raman spectra comparison of GO and laser rGO using photochemical followed by photothermal reduction.

high-resolution spectrum of this sample. This sample showed the
highest content of C-sp? (48%) and C-sp® (37.5%), and the lowest
materials of epoxide (10.3%), carbonyl (2.7%), and carboxyl groups
(1.4%). Hence, the C-C components represent 85.5% of the chemical
states, while C-O represents 14.5%, please check Table 2. Fig. 5(c)
presents the Raman spectra of original GO and rGO obtained through
illumination with 266 and 1064 nm respectively. Both values changed
significantly from GO sample shown in Fig. 1(c) and from 266-rGO
showed in Fig. 4.

The relative intensity of G and 2D bands of the sample reduced with
both UV and IR radiations were the highest observed from all samples
of the present study, which strongly suggests that the graphene C-sp>
structure can be restored even further using both UV and IR radiations.
In other words, the significant increase in the relative intensity of G and
2D bands shows that the IR radiation may be used to restore the sp? C
structure of a highly reduced GO with UV light.

X-ray diffraction can be used to estimate the average distance of GO
and rGO layers from the position of the peak observed in the 6-26
diffraction pattern. This peak is indirectly related to the number of
oxygen groups bonded to the GO molecule. Fig. 6 presents the XRD data
obtained from GO samples reduced with 266 nm radiation (red line)
and another that was further reduced with 1064 nm radiation (blue
line). The peak is centered in 26 = 10.13, 10.38, and 11°, respectively.
These results indicate that the GO layer distances decreased from 8.7 to
8.5 A when the GO is irradiated with 266 nm radiation and the distance
decrease to 8 A. It is important to mention that samples prepared with
1064, 532, and 355 nm radiation exhibit the diffraction peak in the
vicinity of 26 = 10.4° (data not shown), which results in the distance
between layers of 8.5 A.

Another interesting feature that should be noted in laser rGO films
prepared in this study is the laser-induced periodic surface structure

rGO 266 / 1064 nm
rGO 266 nm
—GO

Intensity (a.u.)

10.0
20 (degrees)

5.0 7.5

Fig. 6. XRD analysis of GO and laser rGO with different wavelengths.

(LIPSS). Fig. 7 shows micrographs obtained from GO and laser rGO
using radiation at 266 nm, 1064 nm and both wavelenghts. It is im-
portant to mention that the surface structuring was observed in samples
prepared with any wavelength. The difference between them, however,
lies in the average size of the periodic structure formed. It is possible to
observe that IR radiation induces larger periodic structures on GO than
does UV radiation. Samples prepared by using IR radiation after UV
radiation do not show any increase in the size of the periodic structures.
Fig. 7(a) shows a typical graphene oxide morphology in which it is
possible to observe a smooth sheet-like surface with wrinkles due to the
stacking of several GO layers. Fig. 7(b)-(d) show a highly porous rGO
structure formed by using 266, 1064 and both 266,/1064 nm radiations,
respectively. A similar structure has been observed by Yung et al.
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Fig. 7. SEM images of GO and laser rGO films. Microstructure of rGO films shows laser-induced periodic surface structuring.

during laser reduction of graphene oxide with 1064 nm radiation in the
same level of fluence (150 mJ/cm?) of this report. The authors have
attributed the formation of this structure to the deoxygenation of the
GO layers.

4. Conclusions

This study showed the influence of the wavelength on a laser-as-
sisted reduction of GO. Our results demonstrate that laser reduction of
GO with UV light is more effective in decreasing the oxygen content of
GO, although less effective in the conversion to the typical sp? carbon
structure of graphene. This is known as the photochemical reduction
mechanism. Furthermore, our results confirm that the IR laser reduces
GO mainly due to a local temperature rise that converts more efficiently
C-sp® to C-sp?, the so-called photothermal reduction mechanism. By
keeping the laser intensity just under the ablation limit and processing
GO films with two different wavelengths, we have demonstrated that
ns-pulsed laser 266 nm radiation can efficiently remove oxygen groups
and while 1064 nm radiation can efficiently restore C-sp?, granting an
oxygen content of less than 1%. To our best knowledge, this is the
lowest oxygen content obtained through laser-assisted reduction
methods in the literature of GO. Furthermore, our results open new
perspectives to explore the other laser processing parameters such as
pulse duration, repetition rate, and scanning speed with different wa-
velengths.
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