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Abstract: Reduced graphene oxide (rGO) has attracted attention as an active electrode material for
flexible electrochemical devices due to its high electric conductivity and large surface area. Compared
to other reduction processes, laser reduction is a precise, low-cost, and chemical-free process that is
directly applied to graphene oxide (GO) membranes. This study aims to develop rGO through laser
irradiation for application as electrodes in thin flexible electrochemical sensors. Laser irradiation
parameters will be optimized to achieve reduction of a low oxygen to carbon (O/C) ratio and
surface impedance. The influence of humidity on the impedance of rGO electrodes will be studied.
The observed instability of the rGO electrode is related to incomplete reduction and oxygenated
defects involved in reduction. Partially removed oxygenated functional groups not only influence
the impedance of the electrode but make it sensitive to the humidity of the working environment.
The result provides references for GO’s laser reduction optimization, demonstrates the potential of
applying rGO as an electrode in sensing applications, but also reveals the limitation of applying the
laser reduced rGO electrode in a non-constant humidity environment.

Keywords: reduced graphene oxide (rGO); graphene oxide (GO); laser reduction; electrode;
impedance; humidity sensing

1. Introduction

GO is a monolayer carbon graphene sheet with abundant oxygenated functional
groups (OFGs) such as hydroxyl, epoxy, ketone, and carboxyl groups. The OFGs present
along the membrane impart electrically insulating and hydrophilic properties of GO. The re-
duction process of GO involves decomposition and subsequent removal of OFGs in the form
of H2O, CO, and CO2 from the structure. This causes an increase in conductivity and re-
duces the hydrophilicity of the GO [1,2]. There are a variety of GO reduction methods rang-
ing from thermal, irradiation, chemical, electrochemical, bacterial degradation, etc. [3–5].
The quality of rGO is limited compared to pristine graphene (unoxidized form) due to
incomplete reduction, defects, and chemical residues involved in the reduction process. The
application of rGO as a potential electrode material for flexible electrochemical devices and
sensors has received attention due to the high electrical conductivity, high specific surface
area, and low cost when compared with pristine graphene [6,7]. Compared to chemical and
thermal reduction methods, laser-induced reduction of GO (LrGO) has many advantages,
such as repeatability, speed, low cost, non-hazardousness, and an automated fabrication
process [8,9]. The presence of partially removed OFGs also makes LrGO sensitive to water
molecules. Additionally, there are a lack of systematic studies and publications observing
the relationship between the laser parameters and the quality of the LrGO, making it diffi-
cult to characterize appropriate laser operational settings. Using a high-speed pulse CO2
laser beam with a wavelength of 10.6 µm, Trusovas et al. [10] determined that a laser power
of 50 mW and a scanning speed of 30 mm/s yield optimal reduction results. Alternatively,
Dhrubajyoti et al. [11] found that a laser power of 30 W and scanning speed of 10 mm/s
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fully reduced a 15 µm GO membrane. Provided that OFGs are a key factor in tailoring
electrical resistance and hydrophilicity of GO, the presence of remaining OFGs on the
LrGO tends to absorb water vapor molecules in the air. This absorption process impacts
the electrochemical performance of the LrGO-based electrochemical supercapacitors and
sensors, with working environments of variable humidity. In addition, high-speed pulsed
CO2 lasers tend to generate either foam-like or ablative surface structuring during GO
membrane reduction. Combined with the deoxygenation effect, these porous carbon struc-
tures serve as an effective electrode candidate for disposable and flexible devices such as
supercapacitors and sensors.

In this study, a 200 µm width x 5 cm length LrGO electrode was prepared via a GO
membrane (~12 µm thick), with a CO2 pulse laser beam operating under ambient conditions.
Laser parameters including power, scan rate, and focal distance will be optimized to achieve
a minimum O/C ratio. The surface morphology and composition of the rGO following
laser treatment will be explored via scanning electron microscope (SEM) imaging to further
understand the limitations of laser-induced reduction and its effects. Furthermore, the
impact of humidity variation on the surface impedance of the rGO electrode will be
evaluated in addition to potential sensor applications. Future study will be discussed
regarding the application of advanced gold nanoparticles for improved sensitivity.

2. Materials and Methods

Free-standing GO membranes [12] with varying thicknesses between 10 and 16 µm
were adhered on flexible substrates with GO solution and left to dry overnight. The GO
membrane was reduced using a conventional CO2 laser engraver (Epilog Fusion Pro,
wavelength: 1065 nm) under ambient conditions (21 ◦C, 30% RH). The surface morphology
of the as-prepared pure GO and laser-reduced GO was characterized by Zeiss EVO SEM.
The elemental analysis was investigated using Energy Dispersive Spectroscopy (EDS)
equipped with SEM. The AC impedance of the LrGO electrode was collected through a
four-point probe station using Electrochemistry Impedance Spectra (EIS) (CHI608E) in
the frequency range of 1 Hz–0.1 MHz. In the four-point probe station, current was forced
through the load via one set of source leads, while the voltage across the load was measured
through a second set of leads. To investigate the impact of the humidity of the working
environmental on the electric property of the as-prepared rGO electrode, the electrical
impedance response to environmental humidity (RH) was measured. This was conducted
using saturated salts to produce relatively stable humid environments in an enclosure
at a constant temperature of 21 ◦C [13,14]. To ensure the reliability of the humidity, RH
was monitored with a temperature and humidity sensor (Arduino DHT22). The LrGO
electrodes were placed into a two-point configuration test mount with two leads attached
directly to the electrochemical analyzer, and the impedance was recorded for varying
frequencies between 0.01 Hz and 100 kHz at a constant humidity.

3. Results and Discussion

As shown in Figure 1a, the GO membrane surface exhibited a large amount of wrinkle.
The “brick-and-mortar” stacking of GO sheets during membrane formation led to ‘peak
and valley’ undulations, which appear as wrinkles on the surface [15]. The surface height
variation of the GO membrane due to the wrinkles could result in laser to sample surface
distance variation during laser-induced reduction. Laser reduction has its advantage as the
only chemical-free, dry, and fast deoxygenation reaction, but also has the disadvantages
of incomplete reduction and non-uniformity. In general, laser-induced reduction of GO
with a laser wavelength above 800 nm is a photothermal reaction, where local GO flakes
are heated above their thermal reduction threshold with the laser beam [16,17]. As shown
in Figure 1b, c, two parallel lines separated by a 220 µm distance are directly applied to
the GO membrane with a constant laser frequency of 20% and scan speed of 100%. The
photothermal and photochemical reduction induced by the laser beam causes the laminated
GO sheets to curl up. For laser power below 1 W, only the top few layers of the GO sheet
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along the laser beam path curl up, as shown in Figure 1b. The depth of the laser reduction
increases with higher laser power. Through optimizing the laser power, frequency, and the
planar distance, the resulting LrGO structure (Figure 1c) shows an optimal “bloom”, or
“raising pastry”. The reduction is further confirmed via elemental analysis and resistance
measurements. While, visually, the surface of the LrGO appears to be optimal, surface
morphology change is not by itself enough to prove that laser irradiation is the most
effective reduction method. In our study, the focused laser beam with a smaller diameter
generated a large amount of energy on the GO membrane surface to enable instantaneous
reduction, which appeared as a “blooming” around the position of the laser dot rather than
as uniform exfoliation.
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Figure 1. SEM image of a pristine GO membrane (a) under reduced LrGO electrode (b) and optimized
LrGO electrode (c). White scale bars indicate 100 µm.

Further carbon and oxygen elemental maps can be applied to confirm the removal of
the oxygenated functional groups. Figure 2 depicts an SEM image and the corresponding
energy dispersive x-ray analysis (EDX) maps for carbon (green) and oxygen (blue) at the
interface of GO and rGO obtained via line beam irradiation. Comparing the LrGO (bloom)
region in Figure 2a with the GO area below it, an oxygen atomic ratio decrease is observed
while the carbon atomic ratio does not have a visible difference. It is also observed that 100%
reduction is not achieved; there are still plenty of unreduced OFGs present within the GO
membrane. This oxygen atomic decrease could greatly influence the effective conductivity
of the reduced rGO. The composition is differentiated based on the EDX mapping results.
The O/C ratio undergoes significant reduction from the GO region (0.4~0.5) to the rGO
region (0.1~0.2), indicating successful laser-induced removal of the majority of the OFGs.
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Figure 2. SEM image (a), carbon (b), and oxygen (c) EDX mapping of an LrGO electrode. White scale
bars indicate 200 µm.

The carbon and oxygen element map of GO demonstrates a uniform atom distribution.
Upon further observation in Figure 3, a lower carbon concentration and oxygen concen-
tration variation at the location of the laser dot is shown, which indicates non-uniform
reduction of the GO due to the nature of the pulse laser. In addition, there is potential
carbon removal from overreduction during the laser irradiation process. The hydrophilicity
of GO originated from its hydrophilic OFGs, and the removal of OFGs through reduction
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processes will decrease its hydrophilicity, as shown in Figure 3d. It is observed that the
laser reduction process decreases the hydrophilicity by increasing the average contact
angle from 46o to 67o for GO and rGO, respectively. The hydrophilic GO membrane is
dispersible in water as GO sheets after sonication, but the LrGO is not dispersible. It is
worth mentioning that the hydrophilicity partially contributed to the “bloom” structure
of the rGO electrode. There is a large volume increase during the reduction that will
increase the porosity of the as-fabricated LrGO electrode. However, the LrGO “bloom”
does not hold the same mechanical strength as the GO membrane and can be squeezed
through by a gentle push or collected through a brush, which limits the application of the
as-fabricated LrGO electrode-based sensor. If the sensing materials’ composite with the
GO membrane before laser reduction, the sensing materials will undergo “blooming” with
the graphene sheet, which could form many nanosized micro-sensors with sensing layers
pre-coordinated with the LrGO nanosheets.
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With either laser power increase or frequency decrease, the laser beam cuts through
the GO membrane directly along its path, rather than inducing and forming a “wrapping”
effect through deoxidation. Figure 4 illustrates a typical front view (a) and cross-section
view (b) of a laser cut GO membrane, with a corresponding laser power of 3.6 W. Figure 4b
demonstrates a membrane thickness increase by a factor of 400 from the GO region to the
fully reduced LrGO region when exposed to laser irradiation. Additionally, it is noted that
the effective width of laser reduction is limited to within 300 µm. Currently, there is not
an effective strategy to form perfect uniform laser reduction of GO membrane on a large
area and from top to bottom, which is critical to develop high quality LrGO-based sensors.
Therefore, three-dimensional and in situ characterizations of LrGO electrode are needed to
better understand the “blooming” mechanism of the GO membrane during the reduction.

As the OFGs on the GO sheet will cut the charge transfer route of the graphene sheet
of the GO, the optimized laser reduction should result in the lowest resistance. Here, the
Electrochemical Impedance Spectrum (EIS) is applied to evaluate a reduction-induced
resistance decrease. The Nyquist plot of an as-prepared LrGO electrode is shown as part of
two semicircles. The direct result from EIS was complex impedance (Z = Zr + i·Zi), which
includes both the real part (Zr) and the imaginary part (Zi), as shown in Figure 5a. An
equivalent circuit inserted in Figure 5a was applied to analyze the effect of laser reduction
of the electrode. The equivalent circuit consists of a series resistance, Rs, from the probe
connections; interface resistance, Rct, which represents the charge transfer resistivity of the
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rGO; and capacitance, C, formed by a rGO/GO/rGO capacitive effect from non-uniform
reduction. Figure 5b summarizes the fitted series resistance of the LrGO electrode of the
same width and length but with a different laser power and frequency. The longer times
and higher temperatures lead to lower resistivity due to the removal of more polymer
residue. It was observed that the optimized laser parameter will be 20% frequency, 100%
speed, and 2 W power for a 12 µm thick GO membrane.
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The as-prepared LrGO electrode demonstrates promising OFGs removal without
overreduction, called “overburn”, to the graphene surface of GO. Further power increase
either cuts the membrane through or causes burning of the membrane. However, the OFG
residue of the LrGO electrode could both lead to water vapor sensitivity and difficulty of
recovery following sensing since it will be hard to desorb water after it is bonded with
residue OFGs. To evaluate the impact of the humidity of the working environment on
the surface impedance of the LrGO electrode, a relative humidity (RH) variation from
30% under ambient condition to 90% under working condition is utilized for a sensing
test. Figure 6a shows the impedance of the LrGO electrode as a function of time for a 25 s
exposure to a 90% RH working environment, followed by 25 s of recovery. Exposure was
under ambient condition (30% RH). It was observed that the total impedance across the
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surface of the LrGO electrode decreased 17% over five cycles. While the LrGO electrode
responds to humidity change, the impedance drops after working in a high humidity
environment, limiting its potential application in a non-dry condition. Similar instability of
LrGO is observed in other humidity ranges and temperatures. Such instability from the
OFG residue can be solved through either further reduction optimization or by applying
sensing layers such as gold nanoparticles above the electrode.
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The application of LrGO as the electrode in the sensor attracts much attention due to
its good electrical conductivity, large surface area, and high stability [17,18]. The humidity
sensor made with an LrGO electrode exhibits high sensitivity, stability, reliability, and
fast response and recovery in a wide relative humidity (RH) range (11~97%) [19–21].
However, the “bloom” morphology of LrGO represents a non-uniform reduction of the GO
membrane. As laser reduction is dependent on the distance from laser tip to the sample
surface, the tip of the “bloom” tends to have fewer OFGs than the bottom of the “bloom”.
Generally, rGO is visualized as hole doped (p-type) semiconductor and charge transport
through proton hopping mechanism [22]. As the amount of water adsorbed on the LrGO
electrode increases, RH increases and hence the concentration of H+ ions increase, which
will facilitate the proton hopping between hydroxyl groups on the LrGO surface and result
in an impedance decrease. In the humidity range of our study, the hydronium ion, H3O+,
is the major charge carrier, and the charge transport occurs by releasing a proton from each
H3O+ ion and it bonding to neighboring water molecules, which accept it while releasing
another proton by the Grotthuss mechanism [23]. At equilibrium state, the amount of
water molecules that physically adsorb and desorb from the LrGO surface is equivalent.
As the humidity increases, more water molecules are adsorbed to the LrGO electrode than
desorbed until they reach the new equilibrium. The residue OFGs on the LrGO has a
tendency to absorb the water molecule, which means it takes a longer time for the LrGO
electrode to reach a new equilibrium impedance when switching to a new RH.

Generally, the absorption of water molecules to the carbon surface can be explained
with chemisorption and physisorption [24,25]. Chemisorption involves the formation of
a chemical bond and is thus difficult to break, while physisorption forms weak van der
Waals bonds, and thus physiosorbed water molecules can be easily removed. As shown in
Figure 6a, the impedance drop caused by water molecules adsorbed by the LrGO electrode
from a high humidity environment is larger than the impedance increases from water
molecular desorption after leaving the high humidity range during the same time period.
Similarly, in Figure 6b, the impedance increases of the LrGO electrode caused by water
molecular desorption when moved to a chamber with dry air humidity is larger than the
impedance decreases from slowly absorbing the water molecular back after returning to
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the ambient condition. The combination of Figure 6a,b indicates that the slope does not
represent the adsorption and desorption rate difference of the LrGO electrode. Instead, it
can be considerate as it is easier to interrupt an adsorption/desorption equilibrium than for
it to recover after it reaches equilibrium during the humidity change. Such a slope could be
a sensing pattern of the LrGO electrode with “bloom “morphology, but more experimental
study is needed to better understand its sensing mechanism.

4. Conclusions

In this study, laser-reduced graphene oxide electrodes were fabricated with a CO2
pulse laser under ambient conditions. The optimized laser irradiation parameter of 2~2.4 W
power, 20% frequency, and 100% speed for reducing the GO membrane of 12~16 µm thick-
ness were identified via SEM, EDX, and impedance analyses. The complex impedance of
the as-prepared LrGO is fitted through a simplified Randles circuit for valid resistance data.
The surface impedance of the as-prepared LrGO electrode is sensitive to the humidity of the
working environment and has difficultly recovering after being influenced by the working
environment humidity change. The RH%-dependent impedance of the LrGO electrodes
impacts their potential application in a non-dry working environment and demonstrates
the potential of the LrGO electrode for application as a non-contact sensor. This study
promotes the understanding of laser reduction condition optimization and the sensing
behavior limitations of LrGO electrodes. Further study on the sensing behavior of LrGO
electrode-based sensors with the application of added sensing material will be explored.
Under the influence of this complex working environment, a better understanding of the
limitations of LrGO and the potential solutions is necessary in future research.
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