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Abstract

®

CrossMark

Laser-induced graphene (LIG) possesses desirable properties for numerous applications.
However, LIG formation on biocompatible substrates is needed to further augment the
integration of LIG-based technologies into nanobiotechnology. Here, LIG formation on cross-
linked sodium alginate is reported. The LIG is systematically investigated, providing a
comprehensive understanding of the physicochemical characteristics of the material. Raman
spectroscopy, scanning electron microscopy with energy-dispersive x-ray analysis, x-ray
diffraction, transmission electron microscopy, Fourier-transform infrared spectroscopy and x-ray
photoelectron spectroscopy techniques confirm the successful generation of oxidized graphene
on the surface of cross-linked sodium alginate. The influence of laser parameters and the amount
of crosslinker incorporated into the alginate substrate is explored, revealing that lower laser
speed, higher resolution, and increased CaCl, content leads to LIG with lower electrical
resistance. These findings could have significant implications for the fabrication of LIG on
alginate with tailored conductive properties, but they could also play a guiding role for LIG

formation on other biocompatible substrates.

Supplementary material for this article is available online
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1. Introduction

Ever since the discovery of graphene in 2004, the exceptional
physical and chemical properties of this material have moti-
vated scientists worldwide to search for novel techniques for
its production. Micromechanical exfoliation is the method
that led to the discovery of graphene. However, pristine
graphene flakes produced this way are only suitable for
laboratory-scale testing of fundamental properties of this

© 2023 The Author(s). Published by IOP Publishing Ltd
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material, and small-scale proof-of-concept demonstrations
[1, 2]. An alternative production method, potentially compa-
tible with mass production is chemical vapor deposition
(CVD). This method yields high-quality large area graphene
layers deposited on copper or nickel substrates but requires
subsequent transfer to substrates that are useful for applica-
tions. However, the transfer process often results in the for-
mation of defects, cracks and wrinkles, leading to a reduction
in quality [3-5]. Another technique for obtaining large
quantities of graphene is liquid phase exfoliation (LPE). The
method is based on the exfoliation of graphene flakes from
graphite dispersed in organic solvents or water in assistance
of surfactants or polymers. Although graphene flakes
obtained with LPE are small compared to the ones obtained
by CVD or micromechanical exfoliation, this method is sui-
table for a variety of applications, especially when coupled
with reliable methods of flake deposition into thin films on
solid substrates [6, 7]. However, LPE typically has low effi-
ciency requiring extensive ultrasonication, which fractures the
graphene flakes. In addition, graphene obtained with LPE is
plagued by chemical impurities, and the method is inherently
limited by the choice of solvents [8, 9]. Yet another graphene
preparation approach that is frequently used involves the
oxidation of graphite, which is then exfoliated in a liquid to
produce graphene oxide (GO) [10, 11], which can be reduced
to obtain graphene. This method introduces many defects in
the carbon lattice that degrade the electronic properties of
graphene. Moreover, this method requires the use of strongly
oxidizing and reducing agents, which leads to safety and
environmental concerns. The mentioned techniques have
limitations in terms of efficiency, time consumption, and
environmental impact.

The use of lasers in graphene production opens new
possibilities. For example, laser-mediated explosive synthesis
and transfer (LEST) has been used to generate and transfer
graphene flakes and nanohybrids onto a substrate [12], and
laser-induced backside transfer (LIBT), has demonstrated the
potential for the precise and efficient transfer of monolayer
graphene and other 2D materials [13]. In 2014 it was dis-
covered that 3D porous graphene can be produced by using a
CO; infrared laser to write directly on commercial polyimide
(PI) precursor films under ambient conditions [14]. Graphene
made with this method possesses interesting properties, such
as a high surface-to-volume ratio, mechanical and thermal
stability and good conductivity. This straightforward fabri-
cation is easily accessible, since it does not require expensive
tools, special ambient conditions or post-fabrication treat-
ment. Over time, the range of precursor materials for laser-
induced graphene (LIG) production has been broadened to
different types of carbon containing substrates. A variety of
commercial polymers have been investigated to achieve and
optimize the production of LIG. Polymers similar in structure
to PI and polyetherimide (PEI) such as polysulfone, poly-
ethersulfone and sulfonated polyether ether ketone are found
to be suitable for LIG synthesis [15, 16]. Besides pure
polymers, the conversion of metal/plastic composites into
LIG has also been investigated. Direct scribing on metal-
complex-containing PI film leads to the formation of

nanoparticles embedded in porous graphene [17]. PI sheets
containing boric acid resulted in the formation of boron-
doped porous graphene [18]. Among naturally occurring
materials, examples that showed good conversion to LIG
include wood, lignin, coconut and potato surface [19-21].
These materials are interesting candidates as precursors for
LIG because they are natural and environmentally friendly.

In general, biopolymers seem to be optimal candidates
for LIG precursors, because of their large variety, rich carbon
content, biocompatibility and wide availability. One particu-
larly interesting biopolymer is sodium alginate (SA). In
general, alginate is a linear polysaccharide composed of
D-mannuronate and L-guluronate residues linked in various
degrees through an «a(1,4) linkage [22]. This material is
extracted from brown algae species like Laminaria hyper-
borea and Lessonia, which are commonly found in coastal
areas worldwide [23-25]. SA is a non-toxic, biodegradable,
biocompatible and cost-effective material [22]. In the pre-
sence of a crosslinker such as calcium chloride, SA can create
a hydrogel. The crosslinking process enhances the stability
and viscosity of the sodium alginate, making it suitable for a
range of applications. Some of the applications include drug
and protein delivery, wound dressing, tissue regeneration and
cartilage growth promotion [26]. Despite its excellent prop-
erties and numerous applications, this material has not been
previously reported as a precursor for laser induction of
graphene. Direct laser induction of graphene on the surface of
sodium alginate would open possibilities of inscribing electric
circuits such as sensors on biological structures with little
effort, which would propel the use of wearable LIG-based
sensors [27-29]. This study demonstrates the production of
graphene on cross-linked sodium alginate (CL-SA) substrates
through laser induction, as illustrated in figure 1. In addition,
we provide a comprehensive analysis of the physicochemical
properties of the produced LIG under different laser para-
meters, using Raman spectroscopy, scanning electron
microscopy (SEM) with energy-dispersive x-ray analysis
(EDS), x-ray diffraction (XRD), transmission electron
microscopy (TEM), Fourier-transform infrared spectroscopy
(FTIR), and x-ray photoelectron spectroscopy (XPS). We find
that all methods confirm formation of graphene on the CL-SA
surface. LIG on CL-SA has potential applications in bioe-
lectronics, including medical wearables.

2. Experimental

2.1. Alginate synthesis and graphene induction

Sodium alginate (SA) and calcium chloride dihydrate (CaCl,)
were purchased from Sigma Aldrich (9005-38-3). For this
work, three sets of samples were prepared with three different
concentrations of the CaCl, crosslinker. SA was dissolved in
distilled water at 4% (w/v) concentration. The solution was
stirred for 2h at 40 °C until it became homogeneous and
degassed for 2 h to eliminate air bubbles. The solution was
then ionically crosslinked by immersing it in a bath of CaCl,
water solution for lh to ensure complete crosslinking. The
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Figure 1. Schematic view of laser induction of graphene on CL-SA. The CL-SA, depicted on the left side of the image, is exposed to laser
radiation (middle), which converts a thin layer of CL-SA into LIG (right).

CaCl, water solution was prepared by dissolving the CaCl,
powder in distilled water and stirring for 15 min until the salt
was completely dissolved. Dried alginate samples had a
thickness of ~0.1 mm. Prepared CL-SA samples were used as
precursors for the laser-induced formation of graphene. The
laser used to produce LIG was a DBK FL-350.

2.2. LIG characterization

Raman spectra of the samples were recorded with a DXR
Raman microscope (Thermo Fisher Scientific, Waltham, MA,
USA). The samples were excited with a diode laser at a
wavelength of 532 nm and a power of 10 mW, focused on a
2.1 pum spot on the surface. Spectra were obtained as averages
of three measurements from different positions on each
sample (10 exposures, 10s each per position). The recorded
Raman spectra were treated to correct the fluorescence
background using a Sth-order polynomial baseline correction
method built-in the Omnic software (OMNIC for Dispersive
Raman 9.2.41.). FTIR of CL-SA and LIG were recorded in
reflectance mode with a Nicolet™ iN10 Infrared Microscope
and FTIR spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). SEM with EDS was done with a
PhenomProX scanning electron microscope (Phenom,
Thermo Fisher Scientific, Waltham, MA, USA). XRD ana-
lysis was carried out on a D8 Advance Eco diffractometer
with Cu Ko radiation (A = 0.15406 nm, Bruker, Germany).
The FEI Talos F200X microscope (Thermo Fisher Scientific,
Waltham, MA, USA) operating at 200kV was utilized to
conduct both conventional and high-resolution transmission
electron microscopy (TEM/HRTEM) analysis. To prepare a
sample for TEM analysis, the LIG powder peeled off the
substrate was dispersed in ethanol using ultrasound. Once
dispersed, a small amount of the solution was deposited onto
a carbon-coated copper grid and allowed to dry in ambient air.
For XPS measurements, a PHI VersaProbe III instrument
equipped with a micro-focused monochromatic Al Ko source
(1486.6eV) and dual beam charge neutralization is used.
Core level spectra are recorded with PHI SmartSoft VersaP-
robe software and processed with CasaXPS. Binding energies
are referenced to the adventitious carbon signal at 284.8 eV.
After subtraction of a Shirley type background, the spectra are

fitted with Gaussian—Lorentzian peak shapes. Four-point
measurements were conducted using a Keithley 2450 SMU
device to obtain sheet resistance values of LIG samples. The
probes were spaced 3 mm apart.

3. Results and discussion

The laser power was set to 14% (8.4 W of the total available
60W), which is equivalent to an irradiance of 47 kW cm 2,
This observed optimal irradiance is 20%—25% lower than the
optimal value for polyimide (PI), which is the traditional
material for LIG formation. Even with pulsed lasers, a higher
threshold irradiance was observed on polyimide [30], which
indicates that CLSA is more easily converted to graphene
than PI. Laser power below this threshold does not lead to
graphene induction, while higher power causes substrate
degradation. The effects of varying laser power are depicted
in the optical images of the resultant samples in figures 2(a)—
(c). The remaining two laser parameters, speed and resolution,
were varied to analyze their impact on the properties of LIG.
The effect of changing laser scanning speed was investigated
in the range from 100 to 900 mm s~ '. The sample produced
with the lowest speed is shown in figure 2(d), while
figure 2(f) shows the effect that the highest laser scanning
speed has on sample appearance. It is evident that in these two
cases the produced LIG is not homogeneous. Conversely,
figure 2(e) illustrates an example with moderate speed
(300 mm s '), displaying a homogeneous LIG film. Laser
resolution was varied between 500 and 1400 DPI. Figure 2(g)
depicts a film made with low resolution, demonstrating that
lower resolution results in inhomogeneous graphene films.
Medium and higher laser resolutions (figures 2(h) and figure
(1)) result in continuous, uniform LIG films. The complete set
of the studied laser parameters is provided in table 1. Suc-
cessful graphenization results in samples that are black and
opaque. This is due to the fact that LIG is on the order of
8 pum thick [27]. Hence, as opposed to thinner forms of gra-
phene, LIG cannot be characterized with UV-vis transmit-
tance spectroscopy to determine material thickness.
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Figure 2. Optical images of LIG samples produced on CL-SA with
15% CaCl, and different laser parameters. (a) Power <8.4 W,
scanning speed = 400 mm s~ ', resolution = 800 DPI, (b) optimal
power (8.4 W), scanning speed = 400 mm s, resolution =

800 DPI, (c) power > 8.4 W, scanning speed = 400 mm s,
resolution = 800 DPI, (d) power = 8.4 W, scanning speed =

100 mm s™"', resolution = 800 DPI, () power = 8.4 W, scanning
speed = 450 mm s~ ', resolution = 800 DPI, (f) power =

8.4 W, scanning speed = 750 mm s, resolution = 800 DPI,

(g) power = 8.4 W, scanning speed = 300 mm s, resolution =
500 DPI, (h), power = 8.4 W, scanning speed = 300 mm s~
resolution = 800 DPI, and (i) power = 8.4 W, scanning speed =
300 mm sfl, resolution = 1100 DPI. The observed threshold power
of 8.4 W corresponds to an irradiance of 47 kW cm™ 2.

3.1. Raman spectroscopy

The Raman spectrum of LIG on CL-SA (figure 3(a)) exhibits
typical features of graphene. Strong D and G bands occur at
1335cm™ ! and 1593 cm ™', respectively. The G peak indi-
cates the presence of sp> carbon atoms, whereas the D peak
indicates the presence of defects. The 2D region
(2250-3000cm™ ") is well-developed, and the peak at
2700cm™' originates from second-order zone boundary
phonons [31, 32]. The Raman spectra of samples with dif-
ferent concentrations of CaCl,, shown in figure 3(b), contain
the characteritstic peaks, regardless of the quantity of cross-
linker. In figures 3(c) and (d) we demonstrate the effects of
varying laser parameters. From figure 3(c) it is apparent that
at low scanning speed, the G peak intensifies, the ratio of
intensities of the D and G peaks (Ip/Ig) changes, and the 2D
peak is less pronounced. Such an effect of low scanning speed
is expected since the laser irradiates the substrate locally for
longer time periods when moving slower, causing degrada-
tion of the substrate. From figure 3(d), we conclude that the
laser resolution does not impact the quality of graphene.

Detailed deconvolution for the Raman spectra depicted in
figure 3 is presented in figure 4. We have fitted the LIG
spectra to five functions: three pseudo-Voigt and two Gaus-
sian [33]. Figure S1 shows an example of the deconvoluted
spectrum of LIG. Table S1 of the Supporting Information
presents band parameters obtained from the fit process.

The relationship between the positions of the D and G
bands with laser scanning speed and resolution is illustrated in
figures 5(a) and (b), respectively. With an increase in scan-
ning speed, the spectral position of the G band shows a slight
shift towards higher values, whereas an increase in laser
resolution results in a slight shift towards lower values.
Conversely, the position of the D band shifts to lower values
with increased scanning speed, but it remains unchanged
when the laser resolution is increased. Plotting the I/l ratio
can be used to estimate the crystalline size of LIG [34].
Figures 5(c) and (d) display the changes in the Ip/Ig ratio
concerning laser scanning speed and resolution, respectively.
The Ip/Ig ratio reaches a maximum at high scanning speed
and low resolution, indicating that the crystalline size of LIG
is maximized at 800 mms ' scanning speed and 500 DPI
laser resolution. The D* band has been associated with a
disordered graphitic lattice found in soot due to the presence
of sp® bonds [35]. Consequently, an investigation into the
variations in D* band intensity was conducted using different
laser parameters. Figure 5(e) illustrates the plot of the D* band
intensity, normalized to the intensity of the G band, as a
function of oxygen content. It can be noted that samples
produced with low scanning speed and high-resolution dis-
play reduced D* band intensity. According to the interpreta-
tion of Vollebregt et al, the D* band is related to amorphous
phases since its intensity decreases with the increase of the
crystallinity [36]. The D* band intensity normalized to the
intensity of the G band is related to ordering length L,, as an
indicator of the crystallinity. The I, /I ratio decreases as the
crystallinity increases in the case of lower scanning speed
values, in the range from 100 to 450 mm s~'. The lowest
crystallinity is observed when applying scanning speed
500 mms~' and very low resolution = 500 DPI. Since the
laser spot diameter at focus is ~150 mm, there is significant
overlap between laser passes even at the lowest resolution
setting. At 500 DPI, the spot passes about 3 times over the
same area of the CL-SA, whereas at 1100 DPI the spot passes
about 6 times over the same area. It is evident, especially from
figure 5(f), that the crystallinity (level of graphenization) rises
with resolution, which results from a higher number of laser
passes over any given area. The dependence of crystallinity
on the number of passes has also been observed with LIG on
PI [37]. To compare the levels of structural order among the
LIG samples presented in figure 3, we have depicted the
relationship between the full width at half maximum
(FWHM) of the D and G peaks and the material production
parameters in figure S3. A decrease in the FWHM of the G
peak signifies the presence of larger sp2 grains. Therefore, the
variations shown in figure S3a indicate the formation of
better-defined graphene domains in the case of the polymer
precursor with higher CaCl, content. In terms of varying laser
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Figure 3. (a) Raman spectrum of LIG obtained with laser power = 14%, scanning speed = 300 mm s~ ', and resolution = 1100 DPI on CL-
SA with 15% CaCl,, (b) LIG on CL-SA with 5%, 10% and 15% CaCl,, obtained with laser power = 14%, scanning speed = 450 mm sfl,
and resolution = 1100 DPI. (c) LIG on CL-SA with 15% CaCl, obtained with laser power = 14% and resolution = 1100 DPI, but different
laser scanning speed, and (d) LIG on CL-SA with 15% CaCl, obtained with laser power = 14% and scanning speed = 500 mm s~ ', but

different resolution.

Table 1. Laser parameters used to produce LIG on CL-SA.

Sample % CaCl, Speed (mm s™1)  Resolution (DPI) Sample % CaCl, Speed (mm s  Resolution (DPI)
1 5 350 1100 11 5 500 700
2 5 400 1100 12 5 500 900
3 5 450 1100 13 5 500 1300
4 10 300 1100 14 10 500 1000
5 10 600 1100 15 10 500 1200
6 10 900 1100 16 10 500 1400
7 15 100 1100 17 15 500 500
8 15 450 1100 18 15 500 800
9 15 600 1100 19 15 500 1100
10 15 750 1100 20 15 800 1100

scanning speed, the lowest FWHM values for both peaks are
observed at a medium speed of 450 mm s~ '. The high FWHM
values for the G and D peaks at the lowest scanning speed
(100mms ") suggest the presence of amorphous or dis-
ordered material. In contrast, the laser scanning resolution
does not play a significant effect on the FWHM of G and D
peaks within the chosen resolution range. According to the
conducted Raman spectroscopy study, we observe that the

scanning speed of 300 mms ' and laser resolution of 1100

DPI represent optimal laser parameters for producing LIG on
CL-SA.

It is instructive to observe the evolution of the 2D peak
with varying cross-linker content, laser scanning speed and
resolution. Figure S4 depicts the evolution of the position of
this peak as a function of the mentioned three parameters.
Taking into account the above discussion, we cannot
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LIG on CL-SA obtained with laser power = 14%, scanning speed =

450 mm s, and resolution = 1100 DPI, with (a) 5% CaCl,, (b) 10% CaCl,, and (c) 15% CaCl,. LIG on CL-SA with 15% CaCl, obtained
with laser power = 14%, resolution = 1100 DPI and laser scanning speed (d) 100 mm s~ ! (e)450 mm s, and (f) 800 mm s~ . LIG on CL-
SA with 15% CaCl, obtained with laser power = 14%, laser scanning speed = 500 mm s~ ! and resolution (g) 500 DPI, (h) 800 DPI, and (i)

1100 DPL

conclude that an increase in crystallinity necessarily leads to a
red or blue shift of the 2D peak. In fact, it has been shown
before that both doping [38] and strain [39] can induce a shift
of the 2D peak. In our case, the oxygen content of LIG
changes with changing laser parameters, as does the strain,
due to different thermal expansion coefficients of the LIG and
the precursor substrate. Since both the oxygen content and the
strain change simultaneously, it is difficult to claim what is
the exact cause of the shift in 2D peak position.

3.2. FTIR spectroscopy

The FTIR spectra of CL-SA with different calcium chloride
content are depicted in figure 6(a). The characteristic peaks of
CL-SA appear at 1670 cm ™' and 1440 cm™ ' due to asym-
metric and symmetric stretching vibrations of COO- groups,
respectively [40-42]. The broad peak at ~3560 cm™' corre-
sponds to the stretching vibration of the O-H group [43, 44].
The presence of the 1180 cm™' band may be due to the

elongation of C-O groups [45]. These vibrations are visible
regardless of the content of CaCl,. To observe the changes in
chemical bonds in the substrate or the appearance of new
bonds upon laser irradiation, FTIR spectra of LIG on CL-SA
were taken, and are shown in figure 6(b). The FTIR spectrum
of LIG manifests the —OH stretching vibration as a broad peak
at 3400 cm ', symmetric and asymmetric CH, stretching
vibrations at 2950 and 2873 cmfl, C=0 vibrations of car-
boxylic groups at 1385 cm™' and 1700 cm ™", the presence of
the C=C skeleton at 1690 cm ™' and C—-O vibrations at 1491
cm ! [46-49]. The —OH stretching vibration of LIG shifts to
lower wavelengths compared to pure CL-SA, indicating the
interaction of GO and ‘non-converted’ CL-SA molecules
through intermolecular hydrogen bonds [50].

Spectra of LIG produced at various laser scanning speeds
are shown in figure 6(c). It is noticeable that the intensity of
CH, stretching bands decreases as scanning speed increases.
This commonly happens when CL-SA molecules and Ca*"
ions crosslink, forming the ‘egg-box’ structures that limit the
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C-H stretching and weaken the peak at 2900 cm ™' [20-22].
However, this peak is visible when laser parameters are
optimized, as demonstrated in figure 6(c). With specific
values of laser speed (450 mm s 1) and resolution
(1100 DPI), this peak is well-developed, indicating a suc-
cessful conversion of CL-SA to LIG. At higher speeds, the
conversion is not efficient due to the laser spot moving too
fast, while at lower speeds the samples degrade because of

longer local irradiation of the surface. In the region from
2700 to 1700 cm ™', it is evident that the intensity of peaks
associated with CL-SA decreases in the case of correctly
chosen parameters. In the end, in the region from 1700 to
400 cm™', all the characteristic peaks shown in figure 6(b)
can be observed, when optimal laser parameters are used.
FTIR spectra of LIG produced with different laser reso-
lution are depicted in figure 6(d). CH, stretching bands are
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Figure 6. FTIR spectra of CL-SA and LIG. (a) FTIR spectra of pure
CL-SA with 5%, 10%, and 15% CaCl,. (b) FTIR spectra of CL-SA
with 10% CaCl, and LIG obtained with laser power = 14%, laser
scanning speed = 300 mm s~ ', and laser resolution = 1100 DPI. (c)
Compared spectra of samples obtained with laser power = 14%,
laser resolution = 1100 DPI and laser scanning speeds 450, 600, and
750 mm s~ '. (d) Compared spectra of samples obtained with laser
power = 14%, laser scanning speed = 500 mm s~', and laser
resolutions 500, 800, and 1100 DPI.

most visible at a resolution of 800 DPL In the region from
2700 to 1700 cm™!, the peaks associated with CL-SA
decrease in intensity with the appropriate parameters. When
the resolution exceeds 500 DPI, the peaks in the region from
1700 to 650 cm™' become more prominent, indicating gra-
phene formation. As with Raman spectroscopy, FTIR analysis
reveals that low speed and high resolution are favorable
conditions for LIG formation.

3.3. SEM-EDS analysis

In order to investigate the effect of laser parameters on the
surface morphology and elemental composition, SEM with
energy dispersive x-ray analysis (SEM-EDS) was performed
on LIG samples produced with various sets of parameters.
Figures 7 and 8 depict scanning electron micrographs of the
LIG. Pronounced micro-scale pores are evident inside the
carbonized structure. At SEM micrographs at 20 000X

magnification it becomes visible that carbon sheets form
channel-like structures perpendicular to the substrate surface
(marked in figure 8(f)). This occurrence can be attributed to
the rapid pyrolysis and carbonization of the CL-SA film
caused by localized laser heating. The produced pyrolysis
gases are discharged, causing a reorientation of the graphitic
and graphene sheets and resulting in the formation of verti-
cally aligned channel networks [51]. To examine the influ-
ence of laser speed on the formation of the graphene network,
the resolution was kept constant at 1100 DPI. Figure 7 dis-
plays surface morphologies of four LIG samples produced
with different laser scanning speed. It is evident that lower
scanning speed results in better-formed graphene networks,
i.e. graphene with more pores. To examine the effect of laser
resolution on the formation of the graphene networks, we
maintained laser power and laser speed at fixed values of 14%
and 500 mms ™', respectively. Figure 8 displays surface
morphologies of four LIG samples generated using four dif-
ferent laser resolutions. Higher resolution yields LIG of a
denser microstructure, resulting in more conductive pathways
[52]. The effects of such tuned microstructure on electrical
resistance will be discussed in subsequent sections.

The same samples were used to analyze the elemental
composition of the resulting LIG structures. Table 2 provides
the elemental composition of the samples induced with dif-
ferent laser parameters. EDS analysis reveals the presence of
carbon, oxygen, calcium and chlorine. To investigate the
proportions of these elements in the samples induced with
moderate laser scanning speed and resolution, we conducted a
systematic study. In order to investigate the effect of speed,
laser power and resolution were fixed to 14% and 1100 DPI,
respectively. The results indicate that the elemental compo-
sition does not vary significantly with scanning speed, within
the chosen optimal range of speeds. A fixed laser scanning
speed of 500 mm s~ was employed to investigate the impact
of scanning resolution. Samples with laser resolution equal to
or greater than 800 DPI exhibited slightly higher carbon
content. In any of the investigated cases, we find a high O/C
ratio, suggesting heavily oxidized LIG being produced on the
CL-SA films.

3.3.1. XRD analysis. The XRD patterns of SA and LIG on
SA are depicted in figure S5. LIG produced on a 10% SA
substrate with 14% laser power, 300 mm s~ ' scanning speed
and a resolution of 900 DPI is chosen for this measurement.
The pattern shows a prominent peak at 20 = 26.5°, which
corresponds to the (002) plane of LIG. Additionally, there is a
peak at 2 § = 43°, indexed to (100) reflections associated with
an in-plane structure [14, 52]. The inter-planar distance (d)
can be calculated using Bragg’s equation nA = 2dsinf. For
the first diffraction order (n = 1), x-ray wavelength of 1.54 z&,
and an incident angle (0) of 13.25°, the calculated value of the
inter-planar distance between (002) planes is 3.4 A, which is
in accordance with the literature data [53]. Reflections
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Figure 7. SEM images of LIG on CL-SA with 15% CaCl, at magnification 2000 <. Laser parameters include power = 14%,

resolution = 1100 DPI, and scanning speed: (a) 300 mm s, (b) 450 mm s~ ', (¢) 600 mm s~ ', (d) 750 mm s~ '. SEM images of LIG on CL-
SA at magnification 20 000x. Laser parameters include power = 14%, resolution = 1100 DPI, and scanning speed: (¢) 300 mm s~ ',

() 450 mm s~ ', (2) 600 mm s, and (h) 750 mm s~ .

Figure 8. SEM images of LIG on CL-SA with 15% CaCl, at magnification 2000 Laser parameters include power = 14%, speed = 500 mms ™!,
and resolution: (a) 500 DPI, (b) 800 DPI, (c) 1100 DPI, and (d) 1400 DPI. SEM images of LIG on CL-SA at magnification 20 000x. Laser
parameters include power = 14%, scanning speed = 500 mm s~ and resolution: (¢) 500 DPI, (f) 800 DPI, (g) 1100 DPI, and (h) 1400 DPL



Nanotechnology 35 (2024) 115103

T Vicenti¢ et al

Table 2. Elemental composition of the samples produced with
different laser parameters, as obtained with EDS.

Speed Resolution

(mm s™") (DPI) C@%®) O(%) Ca(%) Cl(%)
300 1100 59.7 35.8 3.8 0.7
450 1100 56.6 383 3.6 1.5
600 1100 57.9 35.2 55 14
750 1100 60.2 35.6 35 0.7
500 500 61.4 33.1 42 1.3
500 800 63.6 322 39 0.3
500 1100 63.3 322 3.7 0.8
500 1400 63.2 3255 3.6 0.7

occurring at 26 = 30.5° and 20 = 33° originate from vaterite
CaCQO;j; crystals formed on the surface during laser irradiation.

3.4. TEM analysis

TEM reveals (figure 9) a surface with randomly oriented
domains appearing as groups of parallel lines. The spacing
between intensity maxima of the parallel lines translates to
interlayer spacing of 0.34 nm, which is the value expected for
graphene, and is consistent with results obtained with XRD
(see supplementary information) [53, 54]. Figure 9(c) illus-
trates the EDS maps of carbon and oxygen, confirming the
predominant presence of carbon atoms.

3.5. XPS analysis

The impact of the scanning speed and the CaCl, content on
the formation of LIG has been demonstrated with previously
mentioned techniques. To investigate the influence of these
parameters on the surface chemical composition of the formed
LIG, XPS was employed. Two samples with different CaCl,
content, produced with different scanning speeds, were
selected for analysis. In particular, we chose substrates with
15% and 10% CaCl,, while the laser power and resolution
were fixed at 14% and 1100 DPI, respectively. The scanning
speed was set at 700 mm s~ for the first sample and 350 mm
s~! for the second sample. Survey spectra of CL-SA with
10% and 15% CaCl, are depicted in figure S6. Figure 10(a)
depicts XPS survey spectra of both samples, revealing the
presence of C, O, Ca, and Cl, as also observed with EDS.
High-resolution C 1s spectra of the LIG samples, shown in
figure 10(b) were deconvoluted into five peaks. The major
functionalities observed were sp2 carbon bonds (~284.3 eV),
sp3 carbon bonds (~284.9 eV), C-OH (~286.2 ¢V), O-C-0O
(~288.0 eV), and O-C=0 (~288.5 eV) [55-58]. The sp”
carbon atom hybridization percentages of both LIG samples
exhibit similar values. The elemental composition determined
with XPS is presented in table 3. It is evident that the che-
mical composition of the LIG does not change with linker
concentration and laser scanning speed. The results of char-
acterization with the different presented methods reveal a
plethora of information about the material at hand. XPS data
(figure 10 and table 3) confirm the presence of sp’
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hybridization in the carbon lattice, which indicates the for-
mation of graphene. The same data, however, also indicate
sp3 hybridization, which indicates that other allotropes of
carbon are still present in the sample. The ratio of sp> to sp’
does not unambiguously change with changing cross-linker
concentration. EDS analysis, presented in table 2, shows a
high content of carbon in all samples, although it also points
to a strong presence of oxygen, which, together with XPS
results, indicates the presence of some degree of graphene
oxide in all samples. Finally, the efficiency of graphenization
can be related to the prominence of graphene-related peaks in
Raman spectra, such as G and D peaks, against a non-gra-
phene background. Figure S2 (Supporting Information)
depicts the same Raman spectra that are shown in figure 4, but
without correction for the fluorescence background. In
agreement with results from XPS, it cannot be conclusively
stated that increasing cross-linker concentration from 5% to
15% leads to a higher degree of graphitization. It is, however,
evident that changing the scanning speed from 100 to
400 mms ™' does lead to increased prominence of G and D
peaks, and a suppression of fluorescence background, which
indicates better graphitization at 400 mm s '. Further
increasing the scanning speed to 800 mms ™' has no effect on
the degree of graphitization. Similarly, increasing laser
scanning resolution from 500 DPI to 800 DPI and 1100 DPI
does lead to progressive improvement of the degree of gra-
phitization with increasing resolution. Such results have been
observed before in the case of laser-induced graphenization of
textile yarn [59].

3.6. Electrical resistance measurements

Figure 11 displays the electrical resistances of the samples
listed in table 1. We evaluated the impact on electrical
resistance of varying laser scanning speed and resolution, for
all three concentrations of CaCl,. From figure 11(a) it is
apparent that for all three concentrations of the cross-linker,
measured resistance increases with increasing scanning speed.
This is not surprising, given that at higher speeds the laser
spends less time converting the CL-SA to LIG. The increase
of resistance with scanning speed is especially apparent in the
case of 5% concentration of CaCl,, which could indicate poor
CL-SA crosslinking at CaCl, concentrations smaller than
10%. We believe that the resistance variations are primarily
due to the efficiency of cross-linking and not the degree of
oxidation, as oxygen content does not vary significantly
among the samples (tables 2 and 3). Figure 11(b) depicts the
dependence of electrical resistance on laser resolution. The
data indicate a decrease of resistance with increasing laser
resolution regardless of the concentration of cross-linker. The
results indicate that the combination of low laser scanning
speed, high resolution and higher CaCl, content is required if
a low resistance is desired when creating LIG on CL-SA.
Varying the laser parameters offers a facile route to tuning
electrical resistance of the obtained structures. Based on the
results depicted in figure 11, we conclude that the combina-
tion of parameters that yields the lowest sheet resistance,
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10 nm

Figure 9. TEM image of LIG on CL-SA. Randomly oriented domains of graphene are seen as groups of parallel lines. (a) 10 nm scale,

(b) 5 nm scale, (c) carbon (red) and oxygen (green) EDS maps.
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Figure 10. XPS spectra. (a) Survey spectra of LIG on CL-SA with 15% CaCl, and applied laser scanning speed of 700 mm s~ (green) and
LIG on CL-SA with 10% CaCl, and applied laser scanning speed of 350 mm s~ ' (orange). (b) High resolution C 1s spectra.

Table 3. Elemental composition determined by XPS.
LIG on CL-SA (15%

LIG on CL-SA (10%

Bond CaCl,) CaCl,)
C Is (at%) 67.7 68.0
O 1s (at%) 27.2 27.0
Ca 2p (at%) 3.6 3.6
ClI 2p (at%) 1.5 1.4

among the parameters examined, is achieved with a laser
scanning speed of 300 mm s~ ' and a resolution of 1400 DPI.
LIG obtained from the commonly used polymer polyimide
exhibits average sheet resistance values of 50 Qsq~'. While
LIG samples based on sodium alginate exhibit higher sheet
resistance, they can still find utility in applications where
moderate conductivity suffices or in scenarios where other
attributes such as biocompatibility take precedence. Con-
sidering that the conductivity of oxidized graphene is highly

11

dependent on the oxidation degree and that the oxidation
degree can be relatively easily tuned electrochemically [60],
precise and broad control of conductivity may be possible by
combining electrochemical and laser tuning. Moreover, the
inherent biocompatibility of alginate hydrogels, when com-
bined with their controllable resistance properties, presents a
compelling avenue for implementation in the realm of
nanobiotechnology.

4. Conclusion

LIG formation on CL-SA has been systematically studied in
this work. Physicochemical characterization of the resulting
LIG was conducted, including Raman spectroscopy, SEM-
EDS, XRD, TEM, FTIR and XPS. All methods demonstrate
formation of graphene on the surface of CL-SA. The effect of
laser parameters and the amount of crosslinker added to the
CL-SA substrate have also been investigated. The results
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Figure 11. Measured electrical resistance of LIG produced with different laser parameters and with different concentrations of CaCl,. (a)
Electrical resistance of samples produced with varying laser scanning speed. (b) Electrical resistance of samples produced with varying laser

resolution.

show that the combination of low laser scanning speed, high
resolution, and higher CaCl, content is required when creat-
ing LIG from CL-SA with a desired low resistance. LIG on
CL-SA has potential applications in bioelectronics, including
medical wearables. The remarkable biocompatibility of algi-
nate hydrogels further augments the appeal of this hybrid
system, offering a platform that seamlessly integrates con-
trollable resistance with the biocompatibility required for
interfacing with biological systems. Assessing the properties
of LIG derived from different polymers, it is clear that the
choice of the polymeric precursor plays a crucial role in the
characteristics of the resulting graphene material. Namely,
LIG obtained from the commonly used polymer polyimide
exhibits excellent electrical conductivity, thermal stability and
flexibility. On the other hand, sodium alginate-based LIG may
exhibit lower conductivity but can still be utilized in appli-
cations where moderate conductivity is sufficient or where
other properties like biocompatibility are prioritized.
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