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Abstract: Laser scribing has been proposed as a fast and easy tool to reduce graphene oxide (GO) for
a wide range of applications. Here, we investigate laser reduction of GO under a range of processing
and material parameters, such as laser scan speed, number of laser passes, and material coverage. We
use Raman spectroscopy for the characterization of the obtained materials. We demonstrate that laser
scan speed is the most influential parameter, as a slower scan speed yields poor GO reduction. The
number of laser passes is influential where the material coverage is higher, producing a significant
improvement of GO reduction on a second pass. Material coverage is the least influential parameter,
as it affects GO reduction only under restricted conditions.
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1. Introduction
Laser scribing has arisen over the past decade as an easy, efficient and low-cost method
for the modification of materials, which can be mask-less patterned without the use of
expensive lithographic techniques that also require a clean room environment [1,2].
Processing graphene in liquid media is a challenge that has been solved over the years
via different approaches. It can be dissolved in organic solvents [3], in water with the
aid of surfactants [4], or in its oxidized form [5]. The oxidation of graphene introduces
oxygen-containing groups, such as hydroxyl, carboxyl, or epoxy, into the carbon-based
honeycomb structure of pristine graphene, thus making it soluble in water without the use
of any surfactants or polymers [5]. Graphene oxide (GO) properties are deeply different
from pristine graphene, so it has to be reduced back after processing to obtain a new
material known as reduced GO (RGO) that resembles graphene [5–7].
While GO reduction is typically carried out chemically, laser scribing of GO has been
proposed as a faster, easier, and chemical-free alternative, able to produce conductive
patterns with a resolution down to 1 µm with no need of expensive lithography and cleanroom technology. In this process, the laser energy transferred onto GO induces the material
to release CO2 and H2 O, thus partially recreating the graphene structure [1,8]. Moreover,
laser scribing is particularly suitable to create patterned structures with resolution in the
order of 1 µm. Indeed, laser-produced RGO has mainly found applications in sensing, such
as humidity sensing [9–13], gas sensing [9,10], and strain sensing [11], as well as energy
storage [12–15]. Moreover, it has the potential to expand its application range to photonics
and optoelectronics [16], where graphene employment has already been proven.
In our previous work [17], we demonstrated that the scribing environment is a key
factor in achieving high-quality RGO and that Argon-based atmospheres yield the best
outcome in terms of similarity of RGO to pristine graphene. In this paper, we determine
the best materials and processing conditions to achieve the best possible RGO quality
by investigating parameters such as scribing speed, amount of material, and number of
scribing passes. We show that the most influential parameter is the scribing speed, while
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the amount of material and number of scribing passes are only influential under certain
conditions.
2. Materials and Methods
GO was purchased from Graphenea as a 0.4 wt% water solution, with a declared
monolayer content >95%. The solution was used after a 30 min bath ultrasonication.
Defined volumes (400 and 850 µL) of such solution were drop-casted onto PET substrates
(size 2 × 2 cm) to give samples with 400 and 850 µg/cm2 , respectively, which from now on
we will refer to as #400 and #850 samples for simplicity. Once drop-casted, the solution was
left to dry on the PET substrate under ambient conditions, which took around two days.
The as-produced samples were laser-scribed under Argon and Argon:H2 (95:5) atmospheres using a Qiilu DK-BL machine bearing a 405 nm laser with 1.5 W power. Three
different scan rates were used (5.9, 2.7, 1.2 mm/s) to produce a simple pattern made of a
2 cm-long line. Note that 5.9 and 1.2 mm/s are, respectively, the fastest and slowest scan
speeds allowed by our system.
The quality of RGO was investigated by performing Raman spectroscopy (WITec
Alpha 300 RS spectrometer) at 532 nm excitation. For each sample produced, we acquired
20 spectra
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REVIEWat random locations (10 × 10 s acquisitions). For each spectrum, peaks were fitted
by Lorentzian curves using the OriginPro 8.5 package, and the fitting parameters were
statistically analyzed. Examples of such fittings are shown in Figures 1–4 from Ref. [18].
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RGO spectra also show a 2D band that appears as a single component. Fro
analysis, the peak width falls in the range of 50–70 cm−1, much larger than pristin
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In Figure 3, we perform a similar comparison by reporting cumulative ID/IG
frequencies for samples produced at the best performing scan speed towards the amount
of material deposited, that is, 2.7 mm/s for Argon and 5.9 mm/s for Argon/H2. It can be
observed that in Argon, sample #850 shows a better performance, while in Argon/H2,
sample #400 shows a slightly better performance in terms of RGO quality. Similar
comparisons at the other scan speeds, reported in Figures 6 and 7 from Ref. [18], show
wider gaps in favor of the #400 samples, while no clear trends can be observed for the
other Argon samples.
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In a second set of experiments, we analyze similar samples where the pattern was
created by passing the laser twice, again using both Argon and Argon/H2 atmospheres
and the two different material coverages. We chose the same scan speed we used in Figure
3, as this produced the best performance in terms of the lowest ID/IG distribution, namely
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1200 cm−1 ), D” (around 1450–1500 cm−1 ), and D’ (around 1600 cm−1 ) [21–25]. Other
metrics for disorder evaluation have thus been suggested. For example, the width of the
D and G peaks has been observed to decrease upon GO reduction [26]. From the fittings
shown in Figures 1–4 from Ref. [18], we can notice that D’ is not observed in the GO spectra,
while D* is not observed in the RGO spectra. From the fittings carried out in all our spectra,
it emerges that a monotonic, increasing relation exists between the ID /IG ratio and the
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D and G peak widths (Figure 5 in Ref. [18]). We can thus infer that we are in a region
in which ID /IG increases with disorder, and thus adopt this parameter, from now on, to
interpret our results. King et al. suggested that the peak position difference between D’
and G is directly related to the oxygen content in GO [25]. Interestingly, they categorized
the material depending on such D’-G position difference, whereby D’-G < 0 identifies GO,
0 < D’-G < 25 identifies RGO and D’-G > 25 identifies graphene. From fitting our data,
where a D’ peak arises from the fitting procedure, the D’-G quantity is always greater than
25, thus according to this definition, our material properties go beyond RGO and can be
indeed considered as graphene.
RGO spectra also show a 2D band that appears as a single component. From our analysis, the peak width falls in the range of 50–70 cm−1 , much larger than pristine graphene.
This is an indication that RGO layers rest on top of each other without electronically interacting [27,28]. This is not surprising as the starting GO material is made of monolayers.
Therefore, due to the sample preparation method, we can infer that RGO monolayers are
stacked on top of each other.
For a thorough investigation of the sample and processing conditions, we performed
two different sets of experiments. In the first set, we investigated the quality of the obtained
RGO according to the quantity of material deposited and the scan speed in both Argon
and Argon/H2 atmospheres.
Figure 2 shows cumulative ID /IG frequencies for all samples in the said set of experiments, comparing different scan speeds. This means, according to textbook definitions
of cumulative distribution, that the value of the distribution at ID /IG = x is the number
of occurrences in which ID /IG < x. We observe that samples produced in the Argon/H2
atmosphere show a clear trend, where the fastest scan speed produces the best quality RGO
while the slowest scan speed produces the worst. For example, #850 samples produced at
5.9 mm/s have 50% of ID /IG < 0.2, while samples produced at 2.7 mm/s have 35% and
none for 1.2 mm/s. Moreover, #400 samples produced at 5.9 mm/s have 85% of ID /IG
below 0.4, while this fraction falls to 65% at 2.7 mm/s and 45% at 1.2 mm/s. In Argon,
the #850 sample shows a clear trend, where the slowest scan speed (1.2 mm/s) still shows
the poorest performance, while the best performance is shown by the intermediate scan
speed (2.7 mm/s). On the other hand, for the #400 sample, there is no clear trend like in the
previous cases, but the 2.7 mm/s scan speed seems to offer the best RGO overall quality.
In Figure 3, we perform a similar comparison by reporting cumulative ID /IG frequencies for samples produced at the best performing scan speed towards the amount of
material deposited, that is, 2.7 mm/s for Argon and 5.9 mm/s for Argon/H2 . It can be observed that in Argon, sample #850 shows a better performance, while in Argon/H2 , sample
#400 shows a slightly better performance in terms of RGO quality. Similar comparisons at
the other scan speeds, reported in Figures 6 and 7 from Ref. [18], show wider gaps in favor
of the #400 samples, while no clear trends can be observed for the other Argon samples.
In a second set of experiments, we analyze similar samples where the pattern was
created by passing the laser twice, again using both Argon and Argon/H2 atmospheres and
the two different material coverages. We chose the same scan speed we used in Figure 3,
as this produced the best performance in terms of the lowest ID /IG distribution, namely
2.7 mm/s for Argon and 5.9 mm/s for Argon/H2 . Figure 4 shows the cumulative ID /IG
frequencies for #850 samples. It can be observed that in both Argon and Argon/H2 a
second scribing pass improves the yield of very low ID /IG data. Again, the Argon/H2
atmosphere shows a better performance, with an impressive 90% data with ID /IG < 0.3. In
samples #400, shown in Figure 8 from Ref. [18], there is no significant improvement on a
second laser pass.
Our results suggest that the key for optimizing the laser reduction conditions is to
achieve the best balance between reduction by heat and the dissipation of the heat itself.
Moreover, this balance is influenced by the environment in which the reduction takes
place. If we consider the scan speed, a slower speed introduces much more heat into the
system than a faster speed. Thus one might think that a heat-induced reduction would be
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more efficient. Instead, we observe the opposite since slower speeds yield poor reduction
performance. This suggests that an excess accumulation of heat is detrimental to the
reduction process. On the other hand, while faster speeds yield better results in terms
of GO reduction, this is not to the same extent in the two different atmospheres we used.
Argon/H2 seems by far the best atmosphere to carry out GO laser reduction. In this
atmosphere, the reduction process is very efficient at the fastest scan speed, suggesting that
in the presence of H2 , thus in a slightly reducing atmosphere, the process needs a lower
amount of heat. However, in pure Argon, the optimum performance, while still inferior to
the Argon/H2 atmosphere, happens at an intermediate speed, suggesting that in an inert
atmosphere, the need for heat is superior.
The results obtained in the second set of experiments, introducing a second laser pass,
give a further insight into the process and the effect of material coverage. The fact that a
second laser pass provides a significant improvement on #850 samples only suggests that
where less material is present, a single laser pass provides enough heat to maximize the
reduction process. On the other hand, where more material is present on the substrate,
there is still the need for heat to bring the reduction process forward. However, this is
better provided by a second laser pass rather than a slower scan speed. Indeed, in the
former case, there is enough time between the two passes to dissipate the heat, while
in the latter case, excess heat would accumulate and hinder the reduction process. This
can be understood by the significantly reduced thermal conductivity of GO compared to
graphite [29]. Focusing on the single-pass experiments, material coverage has little or no
effect in Argon samples, while it has a dramatic effect in samples produced at slower scan
speed in Argon/H2 , so hydrogen clearly has an effect. We might hypothesize that in this
atmosphere, the reduction is mainly hydrogen-driven and that a slower scan speed lets the
system accumulate more heat. Such heat is then hardly dissipated in a system that could
be more-packed, like in samples #850.
4. Conclusions
We carried out a systematic investigation of the laser reduction of GO under a range
of experimental conditions, using Raman spectroscopy as a tool to determine the quality
of the obtained material. We demonstrated that the scan speed is a crucial parameter, as
a slow speed would negatively affect the material’s quality, while material density was
found to be less influential. We have also demonstrated that a second laser pass, over an
already treated surface, is beneficial to the final RGO quality for higher density samples.
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