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Abstract

Laser-induced graphene (LIS, is a foam-like porous material consisting of few-layer
graphene obtained by laser ‘rradiation of a wide range of carbon-containing substrates.
Among these, the abi..t/ w synthesize LIG from paper and other cellulose-related
materials is particai.*ly cxciting, as it opens the door to a wide assortment of potential
applications in the Torm of low-cost, flexible, and biodegradable devices. Here, the
synthesis of this material, dubbed paper-LIG, on different types of filter papers and
xylan biopolymer is discussed. In particular, we report the formation of paper-LIG by
single-step irradiation, providing an improvement over the conventional multiple lasing
approach and giving an explanation of the conditions that allow this simplified
synthesis. All the relevant process parameters are covered, assessing their effect on the
resulting electrical properties, structure, and morphology. Additionally, we demonstrate
the application of LIG obtained from xylan, an abundant and often underutilized
biopolymer, for temperature sensing. These results provide a better understanding of the

conditions required for the synthesis of highly conductive LIG from paper and related



materials, paving the way for its application, with reduced cost and low environmental

impact, in fields ranging from biomonitoring to consumer electronics.
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1. Introduction

The emergence of graphene in 2004 as a novel material with outstanding properties[1]
has captivated the attention of not just the scientific community, but of the world at
large. Motivated by the promise of scientific disccvery and groundbreaking
applications, this interest spurred an ever-growing body 71 vo.k.[2] Remarkably, the
world of graphene turned out to be even richer than ps..23us initially expected, with a
wide range of different types of graphene-based mawiials. From chemical vapor
deposited large area single-layer graphene films wih extremely high charge carrier
mobilities[3] and large crystal sizes,[4] to the eas’ty p: ocessable liquid-phase exfoliated
few-layer graphene flakes,[5,6] each class ¢€ ariphene-based materials shows unique

properties which make them ideally su’.eu foi their respective fields of application.

One of the most recent addition: to the graphene family is laser-induced graphene
(LIG).[7] The first report concer m ™ ns synthesis was given in 2014, by the group of
James M. Tour, describing u:"us 3D-structures composed of few-layer graphene,
obtained by CO, laser (10.“ un.) irradiation of flexible commercial polymers such as
polyimide.[8] This abilitv tc easily pattern conductive paths onto flexible substrates
motivated great intere st, sourred by the demonstration of applications in sensing,[9,10]
actuation[11] and ene: >y storage,[8] among others. Since then, the formation of LIG has
been achieved using laser radiation with different wavelengths,[9,10] as well as using
other materials as precursors, such as wood,[12] cork[10] and paper.[13,14] Among
these, paper is a particularly attractive one, being extremely versatile, cheap, lightweight
and biodegradable. After the initial report of the use of paper for the synthesis of laser-
induced graphene in 2018, this material, also referred to as paper-LIG, has already
shown potential in several different fields.[15-21] Still, having been recently
discovered, there are many unanswered questions about the synthesis process of paper-
LIG.



In this work, we attempt to shed light on some of these questions. Namely, we
systematically explore the formation of paper-LIG from activated charcoal filter paper.
Secondly, we report the synthesis of this material from common filter paper using a
single irradiation step, not only improving on the conventional multiple lasing process,
but also providing an explanation of the mechanisms and conditions which allow it.
Lastly, we show, for the first time (to the best of our knowledge), the formation of laser-
induced graphene from xylan, an abundant, environmentally friendly biopolymer,
demonstrating its proof-of-concept application in temperature sensing. These results
further the understanding of the laser-induced graphene formation process from paper
and related materials, widening the array of precursor substrc.2s and resulting materials,

as well as encouraging their future applications.

2. Experimental
2.1. Laser-induced graphene synthesis from f lt:r Japer

Cellulose filter paper with active.ed charcoal by Prat Dumas (500 pm of
thickness, 160 g m2) and hardened ashic>s cellulose filter paper by Cytiva (Whatman
grade 40, 95 g m2, 210 pm of thicki.zss, <0.007% ash content) were sprayed with a
commercial phosphate-based fi*~ r.t~rdant (Anti-Flame by BBT), prior to irradiation by
a K40 CO; (10.6 um) contit uo.< wave 40 W laser engraver, by Liaocheng Julong CO.
Ltd. The latter was operateu in a unidirectional line scan mode. The parameters varied
throughout this work w.ore laser power, beam scan speed and distance (Separation)
between scan lines. The laser powers used throughout this work were 700 mw, 800
mW and 900 mW, curresponding to power densities of 45.5 W mm~ %, 51.9 W mm"™ 2
and 58.4 W mm~ 2 in focus, and 4.8 W mm~ %, 5.5 W mm~ ?and 6.2 W mm~ ?at 9 mm
below focus, respectively (nominal focal length of the lens is 50.8 mm). For the
synthesis of LIG from activated charcoal filter paper, two irradiation steps were
employed. In the first one the paper was placed 9 mm below focus, while in the second
one it was irradiated in focus. For the study of paper-LIG formation with a single
irradiation step, the filter paper was fixed at the focal plane. In all instances the

irradiated area was 6x6 mm?.

2.2. Xylan film preparation and laser-induced graphene synthesis



Xylan was isolated from Eucalyptus globulus bleached kraft pulp by extraction with
10% NaOH according to previously described procedure.[22] Carboxymethyl xylan
synthesis was carried out according to the method developed by Petzold et al.[23] Xylan
was dissolved in NaOH aqueous solution (5M), and vigorously stirred at 30 °C for 30
min. After that, sodium chloroacetate (SCA) was added to the mixture and the
temperature was raised up to 65 °C for 60 min. Carboxymethyl xylan was then
neutralised by the addition of sulfuric acid until pH ~7, and further dialysed in a tubing,
benzoylated with molecular weight cut-off 2000 Da, to remove salts. Subsequently, the
dialysed carboxymethyl xylan was freeze-dried. The synthesis procedure was performed
with the molar ratio of 1:2:4 for xyl:SCA:NaOH.

Carboxymethyl xylan films were prepared by the solvent ~a_**:1g approach. Specifically,
carboxymethyl xylan (1 g) was dissolved in distilled \va.>* 2%, 50 mL) under magnetic
stirring for 3 h. The solution was then deposited ir.o . syuare Teflon mould (7 cm?) and
the films were cast, at 45 °C for 96 h at relative bum.ity of 50 %. For the synthesis of
LIG, the obtained films were then sprayed ‘vvith a commercial phosphate-based fire
retardant (Anti-Flame by BBT), fixinc (e Silms onto filter paper to provide support.
Two irradiation steps were employed, .* 9 mm below focus and in focus, with 1 W of

irradiation power, 30 mm s of scar ~need and a line separation of 0.1 mm.
2.3. Material characterization

Optical photographs of the scmpies were acquired with a UI-3880CP-C-HQ R2 CMOS
6.41 MP camera, by ILS. mrough a stereo microscope, using both front and back
lighting. Secondar’ ad bi.ckscattered electron scanning electron microscopy (SE-SEM
and BSE-SEM) image: were acquired using Vega 3 SBH system, by TESCAN, with an
acceleration voltage of 15 kV and a working distance of 15 mm. Raman spectroscopy
was performed using a Jobin Yvon HR800 Raman system, by Horiba, and a He-Cd
441.6 nm laser, with a x50 lens (NA = 0.5), by Olympus. A neutral density filter OD =
1 was used to attenuate the laser power to prevent any potential thermally induced
chemical modification of the samples. Sheet resistance measurements were performed

by the van der Pauw method, using a Keysight B2902A dual-channel source meter unit.
2.4. Preparation and testing of the xylan film temperature sensor

A temperature sensor employing LIG obtained from modified xylan was prepared by

irradiating a 6x12 mm? area of the xylan film fixed onto filter paper, using 1.5 W of



power, 30 mm s * as the scan speed and a line separation of 0.1 mm. Silver paste was
used to connect tin-coated 20 awg copper wires at each end of the sensor. To test the
response to temperature, the sensor was placed over a TECD2S Peltier element,
controlled by a MTDEVALL1 board by ThorLabs. The temperature was varied in 5 °C
steps over a 20 °C to 45 °C range, while the resistance of the LIG sensor (along the
conductive path) was measured by a Keysight B2902A source meter unit, applying a
constant voltage of 0.05 V. Each temperature value was held for ~90 s and the
resistance values of the last 30 s of each stage were averaged to obtain the response of
the sensor at that temperature. Additional real-time measurements were performed by
repeatedly alternating the temperature between 30 °C and 35 ~, as well as by varying it
in steps of 1 °C steps in the range between 30 °C and 35 °C

3. Results and Discussion

3.1. Paper-LIG from activated charcoal filter papr

Commonly, the formation of laser-ind'.cet graphene from paper requires two irradiation
steps. The first one converts the cellulosc of the paper into aromatic char. To this end,
the paper usually must be treated h~foi hand with a fire-retardant compound, in order to
prevent the volatilization of the ~e.ulose.[13] We note that irradiation under inert
atmosphere is a viable alteriau .= to the use of fire-retardants, as has been reported for
the synthesis of LIG from v.n0d.[12] However, this requires a more complicated setup.
Moreover, one must con.'der the active role of the phosphate-based fire retardant in the
synthesis process, «> uie phosphate groups promote the dehydration of cellulose,
preventing its decomposition into levoglucosan and further volatilization, as has also
been reported previously.[16] Then, the second laser irradiation step leads to the
graphitization of the aromatic char into a graphene-based material. As such, it becomes
appealing to explore the formation of laser-induced graphene from papers already
containing amorphous carbon components, with filter paper containing activated

charcoal presenting itself as an example of such precursors.

In a typical laser-induced graphene synthesis experiment, the laser beam is scanned over
the precursor paper along straight lines filling up the area to be irradiated. Here, the
varied parameters were irradiation power, scan speed and separation between the scan

lines (the position of the sample relative to the laser head was fixed at 9 mm below



focus for the first step, while the second one was performed in focus). Figure 1 shows
secondary electron scanning electron microscopy (SE-SEM) images of the samples
obtained at different irradiation powers and scan speeds, at 100 um line separation. For
lower irradiation power one can see that the fibers retain more of their original shape
and structure than for higher power. The porosity appears to increase with the
irradiation power, with more voids in the fibers irradiated at higher power. Lower scan
speed also seems to lead to greater porosity inside the fibers, which can be explained by
the fact that a lower scan speed implies that the laser beam remains for a longer period
of time at each point along the scanned lines, delivering more energy at each such point.
This is consistent with what has been reported for common t:.:=r paper,[14] with greater
porosity signaling a more extensive transformation of tt 2 cellulose fibers into laser-
induced graphene. However, it can also be seen th't a: the porosity development
becomes more extensive there is greater damage tn ~e fibers, as each fiber loses its
structural integrity. This is reflected in the she>t esistance measurements of the
obtained samples (Figure 2(a)). Here, one ce.i 2e a trend where, for irradiation power
of 700 mW and 800 mW, lower scan spec results in more conductive samples, up to
the point where the scan speed becorr as )0 low and the energy delivered at each point
along the scanned region becomes too larye, leading to the damage of the top layers of
the transformed paper. Interestir.gr, tiowever, for an even further irradiation power
increase this tendency is inver.eu for scan speeds lower than 40 mm s}, with the sheet
resistance being lower for . owe, scan speed. This can be explained by the irradiation
power being high enough to “llow a fast removal of the top layers of the laser-induced
graphene with enougl tin 2 remaining for the graphitization of the remaining ones (but
not enough for them tc suffer extensive damage and be removed as well). Additionally,
Figure 2(a) shows that, in general, smaller line separations result in less conductive
samples, potentially due to the increase damage suffered by the irradiated material with
on account of the larger overlap between the scan lines. Finally, in what concerns the
crystalline quality of the obtained material, Raman spectroscopy of the most conductive
samples presents the characteristic spectra of laser-induced graphene, characterized by a
sharp and narrow G peak and a symmetrical 2D peak, with the respective intensity ratio,
I.o/lg, of ~0.5 (Figure 2(b), bottom). As for the D peak, while it indicates the presence
of disorder, it is common in LIG.[8] We also note that the less conductive samples
predominantly show spectra representative of amorphous carbon (Figure 2(b), top),

indicating that the reason behind their high sheet resistances is incomplete



graphitization. In the case of samples formed at 800 mW and low scan speed, this
provides further support to the idea that there is a removal of the upper layers of the
irradiated paper, revealing poorly transformed material underneath.

20mms1

40 mm s

Figure 1. SE-SEM images of laser-induced gi.."".ene formed on activated charcoal filter

paper, for different irradiation powers and scari speeds, at 0.1 mm scan line separation.

Overall, it appears that the presen ‘e of activated charcoal does not provide substantial
advantage to the process of fu,mation of laser-induced graphene from paper. However,
one has to consider the ru:» o the other additives present in this type of paper, with
energy dispersive X-rz;, suectra (EDS) of the paper revealing the presence of elements
such as Mg, Si, <. a.2 Fe. These can be attributed to inorganic fillers, which are
additives commonly wsed in the papermaking process.[24] Thus, we argue that these
additives cover the underlying fibers from the incident laser radiation, which leads to
incomplete graphitization in these region and, consequently, low conductivity, with
even the most conductive samples presenting sheet resistances nearly five times larger
than those obtained with hardened ashless filter paper without any additives.[14] Still,
the high quality of the synthesized material, as indicated by the Raman spectra of the
most conductive samples, show that activated charcoal filter paper can function as a



LIG precursor.
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Figure 2. (a) Sheet resistance of paper-LIG samplec synuiesized on activated charcoal
filter paper at different irradiation powers, scan ‘ine separations and scan speeds. (b)
Raman spectra of the most (top) and least (bottc.n) resistive samples (identified in (a)

by colored arrows).

3.2. Paper-LIG with a single irradia.’on

The formation of laser-inducs? ¢ ~phene on materials such as paper is a two-step
process, where the first irradiaticn, performed with the sample out of focus, converts the
cellulose into char, and the >acond one, done in focus, graphitizes this char into laser-
induced graphene. Hewe ‘er, any future commercial application of this material could
benefit if it were po.~ibie to obtain it using just a single irradiation step. This would
halve the synthesis time, which would represent a significant productivity gain,

particularly for scaled up production.

Figure 3(a) shows a photograph of a sample obtained by scanning the laser beam once
over fire-retardant treated filter paper. Extensive damage of the paper can be seen, with
the yellow backlight revealing perforations along the lines scanned by the laser.
However, as the separation between the scan lines is reduced, this damage becomes less
extensive, with fewer perforations visible (Figure 3(b-d)). The sample obtained with a
line separation of 30 um is fairly continuous, with only a few through holes visible,
while SE-SEM cross-section images reveal an ~85 um layer of transformed fibers

(Figure 3(e)). Moreover, the sample shows a blacker coloration indicative of a more



complete transformation of the irradiated cellulose, which is confirmed by Raman

spectroscopy, indicating that LIG was obtained (Figure 3(f)).

These observations can be explained as follows. When the laser beam is scanned over
the paper, due to the gaussian intensity profile of the beam, the central part of the
scanned line is ablated due to the high peak fluence of the focused laser (Figure 3(Q)).
However, in the periphery of the scanned line, where the fluence is lower, the irradiated
paper gets charred without ablation. This charred material is more resistant to laser
damage, so when the next adjacent line is scanned by the beam, if the lines are
sufficiently close to ensure the overlapping of the irradiated regions, the beam will pass
over the char formed by the previous scan, and it will get ¢x>nn.*ized into laser-induced
graphene without getting ablated (as seen in Figure 5.7)). If, however, the line
separation is too large, each new one will pass over 1. -~aarred paper, which will get
ablated due to its lower resistance to damage, recui.ng in perforations seen in Figure
3(a-c). This also explains the presence of an extrns: e cut at the top of the sample in
Figure 3(d), as the first line necessarily pzsces over non-charred paper, resulting in
ablation along this line. In our experimz.*a1 cetup the laser beam diameter at focus was
determined to be 140 um, so to ensure *.at each subsequent scanning line passes inside
the area irradiated by the previous 0i.~ the line separation must be below 70 pum. This is
why already at 50 um one begiis to see some black colored material reminiscent of
LIG. Still, one has to take intc account that the charring at the edges of the affected area
IS not as extensive as nea: the center of the scanned line, so a further decrease in line
separation, down to 20 '), is necessary for the subsequent lines to pass over

sufficiently charre. ~e.!"1luse, as confirmed by Figure 3(d).
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Figure 3. (a-d) Photographs of samples obtained “uw.~ single scan irradiation (in focus)
of filter paper, at scan line separations of 10" pm, 80 pum, 50 pum and 30 pm,
respectively. (e) SE-SEM cross-section imag ~.nC (f) representative Raman spectrum of
the paper-LIG sample in (d). (g) Hlusiaten of how a reduced scan line separation
allows to obtain LIG with a single s.~a. Each time the laser beam passes over the
regions charred when scanning the p.2vious line, these regions convert into LIG without

ablation.

The general observation that smaller line separations result in less perforated samples is
confirmed by SE-SE. 1 iriages of samples obtained with different irradiation powers
and distance between 1 nes (Figure 4). Separations of 80 um and 50 um lead to ablation
along the scanned lines, which gets more pronounced at higher irradiation powers. With
a line separation of 30 um, however, even at 900 mW the sample shows no through
holes. Moreover, with large line separations the remaining material appears to be poorly
transformed, showing limited porosity development and thicker fiber walls. On the
contrary, a line separation of 30 pm vyields a thin, porous, veil-like material
characteristic of paper-LIG, even at irradiation powers as low as 700 mW. This feature
Is in accordance with the above proposed explanation, as with larger line separations the
charred paper does not undergo a second irradiation by the subsequent scan of the laser

beam passing over the next line.



Figure 4. SE-SEM images of laser-~duced graphene formed on filter paper, for

different irradiation powers and sca. line separation, at a scan speed of 40 mm s ™.

Figure 5(a) shows photogra,*hs uf samples obtained using different irradiation powers
and scan speeds. While :ncrexsing the irradiation power results in fewer through holes,
in agreement with th> di: cussion above, a combination of high power and low scan
speed can lead to the ‘rumbling of the resulting material. This is similar to what was
observed for activated charcoal filter paper, where excessive energy delivery originates
the loss of the structural integrity of the fiber, and has also been reported for paper-LIG

formed using two irradiation steps.[14]

The sheet resistance measurements, presented in Figure 5(b), reflect the ideas discussed
in this section. In general, smaller line separation and higher irradiation energy gives
more conductive samples. Moreover, there is a trend where lower scan speeds result in
smaller sheet resistances, up to the point where the energy delivered to the irradiated

substrate becomes too large and the samples lose their structural integrity by cracking



and crumbling. In these cases, even though the obtained material might be highly

conductive, no sheet resistance values can be obtained.
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Figure 5. (a) Photographs of samples obtained after single scan irradiation (in focus) of
filter paper, at irradiation powers of 700 mW, 8fu mv/ and 900 mW (top) and scan
speeds of 30 mm s, 40 mm s and 50 mm s (bow.om). (b) Sheet resistance of paper-
LIG samples synthesized with single scan irtacia‘ion (in focus) filter paper, at different

irradiation powers, scan line separations ~nu ~can speeds.

On balance, paper-LIG can be ok .ar.. 7 after a single irradiation step in focus, as long as
the separation between the scan n.hes is small enough to ensure overlap. In this case, the
two irradiation steps are esc>ntially replicated by the repeated irradiation of the same
regions by adjacent scan 'ine:. Higher irradiation energies and lower scan speeds lead to
more conductive samles, up to a limit where the samples begin to crack and crumble
due to the loss of the «‘ructural integrity of the fibers as they become thinner and more
porous. Compared to the conventional approach involving two irradiation steps, the
paper-LIG obtained here presents a slightly more fragile appearance with a bit more
damage to the fibers.[14] This is also reflected in a somewhat larger sheet resistance
than the one reported for double-irradiated paper-LIG. However, the obtained material
is still very conductive, while benefitting from a faster synthesis process. This is
particularly important when exploring the low-cost and environmentally friendly
applications enabled by paper-LIG, with the efficiency of the synthesis process being as
important as the material itself.

3.3. Paper-LIG from xylan and its application in temperature sensing



Beside cellulose, there are other abundant structural biopolymers present in plants
which are often underutilized. With vast amounts of biomass residues/subproducts
generated by agriculture every year, there is a growing interest in its valorization. The
most abundant components of plant-based biomass, beside cellulose, are lignin and
hemicellulose, with xylan being the most common type of the latter in vascular
plants.[25] Throughout the last several decades xylan has been proposed for several
application fields, with potential in wound dressings, coatings or as a pharmaceutical
auxiliary, for example.[26] As such, it becomes appealing to explore xylan as a
precursor for LIG synthesis, which we undertake by irradiating carboxymethyl xylan
films prepared by the solvent casting method. Two irradia.~n steps were employed,
with the film being fixed at 9 mm below focus during the firsi one and in focus during
the second one. The laser power was set to ~1 W, the s-an ¢ 2eed was 30 mm s * and the
line separation was 0.1 mm. Figure 6(a) shows a nhu*ngraph of the material obtained
after irradiation. While some through holes can be cheerved, overall it presents the dark
color characteristic of laser-induced graphene. r-aman spectroscopy allows to confirm it
as LIG (Figure 6(b)). The observed transf‘rmauon of carboxymethyl xylan into laser-
induced graphene is further illustrate 1 by the porosity development seen in SE-SEM
images, although some heterogene 'ty can ve seen (Figure 6(c)). This porosity is typical
of laser-induced graphene obtairec frum both commercial polymers[8] and cellulose
paper.[14] Compared to the 1ater, however, xylan-derived LIG presents a denser
structure. The lack of long, noruus fibers such as the ones seen in paper-LIG can be
explained by the less fibrcus morphology of the carboxymethyl xylan precursor.
Additionally, the thickne:s of the LIG layer was measured at ~80 pum (Figure 6(d)).
This is slightly thinnc+ that what has been observed for paper-LIG (~100 um),[14]
potentially due to the denser nature of the xylan film, which should result in a shallower
penetration depth of the laser beam during synthesis. The sheet resistance of the LIG

obtained from carboxymethyl xylan was measured at 186 Q sq .

These results provide a solid basis for the application of laser-induced graphene
obtained from xylan in devices such as sensors. To better demonstrate this, we develop
a simple, low-cost and environmentally friendly temperature sensor employing this
material. To this end, a 6x12 mm? conductive path was obtained by laser irradiation of
the modified xylan film (an output power of ~1.5 W was used). Then, the resistance

along this path was measured in response to different temperatures (controlled by a



Peltier element), in the range of 20 °C to 45 °C. Figure 6(e) shows real-time monitoring
of the sensor’s response to two sweeps where the temperature was varied several times
between 20 °C and 45 °C in steps of 5 °C. Additionally, the temperature was repeatedly
set at either 30 °C or 35 °C to evaluate the reproducibility and stability of the measured
resistances at each temperature. Lastly, sweeps between 30 °C and 35 °C in 1 °C steps
were performed. A magnified view of these can be seen in Figure 6(f), demonstrating
the sensor’s ability to reproducibly resolve temperature changes of 1 °C. Overall, the
response is stable and reproducible, and the resistance values stabilize quickly at each

temperature.

Interestingly, the resistance decreases with temperature Thc negative temperature
coefficient is consistent with the trend previously renni:u for both laser-induced
graphene from polyimide[27,28] and for reduced grépi.>n% oxide (rGO).[29,30] In the
case of the latter, it has been ascribed to the incrcasc or the number of charge carriers
with temperature, as well as to hopping and turaen~g between adjacent rGO sheets,
with the increase in temperature allowing © o 'ercome potential barriers. A similar
explanation has been recently given fr. *he temperature response of glass-like carbon
obtained by laser irradiation of polynide.[31] Likewise, recently the concept of
temperature dependent hopping (mcre specifically variable range hopping) has been
employed to describe the electrcn’c conduction mechanism (and, correspondingly, its

temperature dependence) in nc ner-_IG formed under UV laser.[32]

In Figure 6(g), the resistan.ce values measured during the four sweeps in the range
between 45 °C and 2€ ~C in steps of 5 °C were used to determine the calibration curve
of the sensor (the vai.'es corresponding to the last 30 s at each temperature were used).
The response is contirmed to be linear (coefficient of determination, r?, of 0.998) and
the sensitivity has a value of —1.29 Q °C™*, demonstrating the potential of this material
for sensing applications. For example, taking into consideration the prospective
application of xylan as an effective barrier coating for packaging papers,[33] this could

open new opportunities for sensing solutions in food packing materials.
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Figure 6. (a) Photograph of the sample obtained .»v ‘'aser irradiation of the
carboxymethyl xylan film. (b) Raman spectrum of he rample in (a), showing the
characteristic signature of laser-induced graphene. /~) CE-SEM image of LIG obtained
from modified xylan. (d) Cross-section SE-SEM .™uge of LIG obtained from xylan,
showing the thickness of the LIG. (e) Real-tin'2 measurements of the resistance along
the conductive path formed by laser irral'iation of the carboxymethyl xylan film in
response to different temperatures. S.»ow cased are sweeps where the temperature was
varied several times between 20 °C and 45 °C in steps of 5 °C, repeating cycles between
30 °C and 35 °C, as well as swece between 30 °C and 35 °C in 1 °C steps. (f)
Amplified view of the sweep, botween 30 °C and 35 °C (highlighted in (e) by a red
frame), showing the sensor * abiiity to reproducibly resolve temperature changes of 1
°C. (g) Calibration cur.e o' the temperature sensor employing LIG obtained from

modified xylan, show ng ¢ ood linearity (r?=0.998).

4. Conclusions

In this work, we presented a systematic study of the formation of paper-LIG, a versatile
porous 3D graphene material obtained by laser irradiation of paper, on activated
charcoal filter paper. Moreover, we reported the synthesis of paper-LIG with a single
irradiation step, improving upon the conventional multiple lasing approach. These
results are accompanied by a description of the conditions and mechanisms that allow
this simplified synthesis, where the scan line separation must be reduced to ensure the

overlap of adjacent beam paths. Lastly, we show that laser-induced graphene can be



obtained by irradiation of fire-retardant treated xylan film, which is an abundant,
environmentally friendly biopolymer. The obtained material is then employed as a
proof-of-concept temperature sensor, showing a sensitivity of —1.29 Q °C™. Overall,
this work contributes to a better understanding of the laser-induced graphene synthesis
process, complementing the array of precursor substrates and resulting materials in this
field. This encourages future applications in flexible, conductive, and environmentally
friendly devices.
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Highlights
. Synthesis of laser-induced graphene from filter paper by a single irradiation step.

. Synthesis of laser-induced graphene by irradiation of filter paper containing
activated charcoal.

. Laser-induced graphene from a xylan substrate, valorizing this underutilized
natural product.

. Temperature sensor employing laser-induced graphene obtained from modified
xylan.



