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Laser-induced graphene (LIG) is a novel 3D porous material formed by laser treatment of specific 
carbon substrates, boasting remarkable properties including high porosity, electrical conductivity, and 
mechanical flexibility. Understanding the relationship between laser parameters and resulting LIG 
characteristics is fundamental, and often investigated through computational methods. Leveraging its 
unique attributes, LIG finds application in sensors, particularly gas sensing, owing to its characteris-
tics and facile fabrication process. This study employs a digital twin to predict LIG characteristics 
and explore their correlation with nitrogen dioxide (NO2) gas sensing efficacy. LIG sensors with var-
ious morphologies (woolly fibers, porous formation, cellular network) and electrical resistances were 
fabricated and assessed for response and recovery to NO2 exposure. Results demonstrate morphology-
dependent performance, with woolly fibers morphology showing optimal response and recovery at 
low resistance values. Conversely, porous formations and cellular networks exhibit superior response 
at high resistance values but complete recovery at lower values. These findings underscore the critical 
role of laser parameter optimization in tailoring LIG for enhanced gas sensing capabilities. 
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1. Introduction
Laser-induced graphene (LIG) is a newly emerging 3D

porous material crafted through the precise application of a 
laser beam on certain carbon precursor materials (e.g., poly-
mers, leaf, paper, wood, and food) [1–4]. This single-step 
method has surfaced as a substitute for conventional ap-
proaches to obtaining graphene. It can be performed in am-
bient air without any solvents, wet chemical procedures, 
subsequent treatments, or other supporting processes mak-
ing it exceedingly attractive for industrial use [5-6]. 

The unique properties of LIG, including high porosity, 
mechanical flexibility, and outstanding electrical conductiv-
ity, position it as an ideal material for a wide range of appli-
cations. These range from energy storage devices as super-
capacitors [7], batteries [8]) and triboelectric nanogenerators 
[9], to microfluidic systems [10], catalysis systems [11], and 
water purification [12]. Additionally, LIG has been used in 
sensor applications including biosensors [13], and physical 
sensors [14-15]. Particularly noteworthy is its use in gas 
sensing due to its sensitivity and selectivity [16–21]. 

The optimization of laser graphitization involves tailor-
ing process parameters, like average laser power and scan 
speed, to specific materials. These parameters enable the di-
rect writing of 3D porous structures with graphene-like car-
bon. Avoiding nonoptimal laser settings is crucial to prevent 
undesired effects such as material ablation or incomplete 
graphitization [1-22]. The intricate relationship between the 
laser configuration parameters and the LIG characteristics 
obtained has been extensively studied, and several research-
ers have used computational methods to understand this re-
lationship [23-24]. 

Digital twins are becoming increasingly important, offer-
ing virtual representations of physical machines, compli-
cated processes, and complex systems through computa-
tional models. In material science and chemical synthesis, 
digital twins accelerate the development of new materials by 
depicting their structure, processes, and performance evolu-
tion [25]. They enable predictions of material behavior un-
der different conditions and optimize manufacturing pro-
cesses to ensure materials meet the required specifications 
[26]. In the case of the LIG, laser parameters have been vir-
tually tested to understand their relationship with the synthe-
ses through simulations within the digital twin [27]. This has 
helped to predict the characteristics of the material without 
physically experimenting, saving time and resources. 

This work used a digital twin previously developed by 
our research group to estimate the characteristics of the fab-
ricated LIG layer (morphology, electrical resistance) [27]. 
This simulation, integrated with machine learning tech-
niques, explored the interplay between LIG's characteristics 
and its efficacy in nitrogen dioxide (NO2) gas sensing. 

2. Materials and methods
2.1 Sensing device fabrication and gas-sensing meas-
urements

To understand the influence of the characteristics of the 
LIG layer for gas detection, the workflow depicted in the di-
agram in Fig. 1 has been followed. The digital twin was ini-
tially employed to predict LIG's characteristics by various 
laser parameters (speed, frequency, and power). 
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The models used were obtained through machine learn-
ing algorithms, specifically utilizing artificial neural net-
works and Gaussian process regression. This approach gen-
erated samples with three distinct morphologies (woolly fi-
bers (WF), cellular networks (CN), and porous formations 
(PF)) exposed by Abdul Hafez et al. [22]. Each type exhib-
ited different electrical resistance values. Table 1 shows the 
different combinations of laser parameters (speed, frequency, 
and power) used and the results obtained. Subsequently, var-
ious gas sensors were fabricated. The LIG gas sensors were 
fabricated using a commercial polyimide film (50 µm thick-
ness) as the substrate. LIG was synthesized using a carbon 
dioxide (CO2) laser system (SYNRARD 48-2) with a wave-
length of 10.6 μm and a maximum power of 25 W. The gas 
sensors feature a sensitive area comprising a straight line 
LIG (6 mm long and a width equal to 116 µm), with the pre-
viously predicted characteristics. 

Then, the gas-sensing performance of manufactured sen-
sors was evaluated in the gas measurement system shown in 
Fig. 2. The sensors were put in an airtight Teflon chamber 
with a volume of 35 cm3 at room temperature. The detection 
chamber was connected to a gas supply and mixing system 
that used a cylinder of 100 ppm NO2 and another cylinder of 
pure, dry air as a carrier. Then, the resistance of the different 
sensors was monitored using a multimeter (HP 34972A, Ag-
ilent), and resistance changes were recorded while 50 ppm 
of NO2 was applied. The sensors were stabilized under dry 
air for 120 minutes before exposure to NO2 species for 15 
minutes. To work under more realistic experimental condi-
tions, the total flow was adjusted at a low rate (100 mL/mi-
nute) using a set of mass-flow controllers (Bronkhorst High-
Tech B.V.) and electro valves. The sensor response is defined 

as ΔR/R0 expressed in percentage, where ΔR corresponds to 
the resistance changes recorded over gas exposure (15 
minutes), while R0 is given by the sensor's resistance in the 
air (or baseline); simultaneously evaluating sensitivity and 
response time. Also, sensor recovery (the percentage of re-
sistance recovery to the baseline 60 minutes after gas expo-
sure) was analyzed. 

Table 1 Shows the laser parameters (power, speed, frequency) 
used, the LIG characteristics (morphology, electrical resistance) 

obtained and the gas sensing performance (response, recovery) of 
each of the sensors. 

Power 
(%) 

Speed 
(mm/s) 

Fre-
quency 
(kHz) 

Morphology R0
(kΩ) 

∆R/R0 
(%) 

Recov-
ery (%) 

50 400 5 WF 15.1 0.8 100.0 
50 500 15 WF 16.5 1.0 100.0 
40 700 17.5 WF 26.1 0.4 90.5 
50 800 10 WF 35.7 0.9 75.6 
20 300 17.5 PF 11.9 0.6 100.0 
10 300 15 PF 20.2 0.6 82.3 
30 600 15 PF 25.4 0.8 68.4 
30 700 20 PF 29.7 0.9 70.1 
5 75 15 CN 10.9 0.8 100.0 
10 200 7.5 CN 20.2 0.6 85.9 
30 600 20 CN 28.1 1.1 61.6 
30 500 10 CN 32.7 1.2 78.1 

Fig. 1  Block diagram shows the workflow in this research. 

Fig. 2  Block diagram shows the gas measurement system. 
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2.2 Characterization of the gas-sensitive materials 
A Scios 2 DualBeam field emission scanning electron 

microscope (FESEM) was used to analyze the morphology 
of the synthesized layers. The Raman analysis was con-
ducted using a Raman spectrometer (Renishaw plc) with a 
coupled confocal Leica DM2500 microscope (Leica Mi-
crosystems GmbH) with a laser of 514 nm wavelength. 
3. Results and discussion
3.1 Structural and morphological studies of LIG

The FESEM images (Fig 3) from the fabricated LIG gas 
sensor samples depict the three morphologies cited previ-
ously. Fig. 3a shows the initial stages of carbonization (po-
rous formation), marked by the formation of porosity, 
wherein the polyimide precursor undergoes a transformative 
process, yielding graphene-like structures. The formation of 
interconnected cellular networks of 3D graphene is shown 
in Fig. 3b. The presence of this morphology underscores the 
unique structural properties of the fabricated material, which 
are distinct from conventional two-dimensional graphene 
structures. In contrast, a remarkable transition to a fibrous 
morphology characterized by the presence of woolly fibers 
was observed under conditions of high laser fluxes. This ob-
servation suggests that the laser flux plays a pivotal role in 
dictating the final morphology of the fabricated material, in-
fluencing the spatial arrangement and structural characteris-
tics of the LIG. 

Raman spectroscopy was performed along the LIG lay-
ers to investigate the correlation between the morphologies 
and molecular structure of LIG. In the Raman spectrum 
(Fig.4) corresponding to the PF morphology, the appearance 
of G and D peaks is observed, located in the typical positions 
(around 1580 cm-1 and 1350 cm-1) of the graphite formation 
in the material [6-22-23-28]. Furthermore, peaks G and D 
show a large full width at half maximum (FWHM), which 
covers a wide band around the 2D peak, indicating the pres-
ence of porous graphite structures. The CN morphology ex-
hibits a distinctive spectral signature characterized by a 
sharper and more well-defined 2D band, accompanied by a 
notable reduction in the FWHM of both the G and D peaks. 
The reduction in FWHM of the G peak suggests the for-
mation of larger sp2 grains within the material, indicating the 
development of 3D graphene structure. The WF morphology 
showed similar Raman spectra to those of the PF, character-
ized by the absence of a sharp 2D peak and a larger FWHM 
for the G peak compared to the cellular networks. These re-
sults suggested that woolly fibrous structures possess lower-
quality sp2 carbon than network cellular structures. 

3.2 Gas sensing performance of LIG 
The sensing performance of the LIG gas sensors devel-

oped for NO2 detection was assessed under conditions like 
those required for real-time monitoring. Fig. 5 illustrates the 
electrical response observed for one of the LIG gas sensors 
fabricated, which exhibited decreased resistance upon expo-
sure to the target gas (50 ppm of NO2). The reduced re-
sistance results from the increased hole density and electri-
cal conductivity of the p-type LIG upon exposure to the ox-
idating NO2 species. Additionally, it is observed that the sen-
sor can increase its electrical resistance until it recovers the 
baseline when it stops being exposed to NO2. The longer re-
covery time (60 minutes) compared to the response time (15 
minutes), is attributed to the persistence of gas molecules 
within the sensitive layer, requiring a longer duration for 

Fig. 3  Field emission scanning electron microscope 
(FESEM) images of  a) porous formations,  b) cellular 

networks and  c) woolly fibers morphologies. 
 

Fig. 4  Raman spectra of  porous formations (red line), cellu-
lar networks (green line) and woolly fibers (blue line) 

morphologies. 
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desorption or complete elimination during re-exposure to air. 
Considering that this experiment has been carried out at 
room temperature, the use of a heater or ultraviolet light 
would facilitate the desorption of the gas, thus reducing the 
recovery time [29–31]. 

Fig. 6(a and b) reveals that, in the case of the first phase 
of graphitization (PF morphology), the response of the sen-
sors is better at high electrical resistance baseline values (R0). 
However, at low values, the sensor recovery is complete 
(100% in less than 50 minutes). This performance pattern is 
also observed in samples with CN morphology (Fig. 6(c and 
d)). The WF morphology (Fig. 6(e and f)) exhibits improved 
response and recovery at low electrical resistance values. 
Conclusively, an intelligent selection of the laser's parame-
ters in the fabrication of LIG is crucial for optimizing their 
gas sensing capabilities. The study establishes that LIG with 
a woolly fibers morphology and low electrical resistance ex-
hibits the most promising characteristics for effective gas 
sensing applications. 

4. Conclusions
In conclusion, laser-induced graphene (LIG) stands out

as a versatile material with exceptional properties for gas 
sensing applications. Through meticulous control of laser 
parameters, LIG can be precisely tailored to exhibit specific 
morphologies and electrical resistances, influencing its 

performance in detecting gases such as NO2. Our study, in-
tegrating digital twin simulations and machine learning tech-
niques, highlights the importance of this parameter optimi-
zation process. We observed that LIG with woolly fibers 
morphology and low electrical resistance shows the most 
promising characteristics for effective gas sensing. However, 
we also noted that different morphologies exhibit distinct re-
sponse and recovery patterns, indicating a nuanced relation-
ship between morphology, resistance, and sensing perfor-
mance. These findings underscore the significance of intel-
ligent material design in maximizing gas sensing capabilities. 
Moving forward, further exploration into the underlying 
mechanisms governing the relationship between LIG char-
acteristics and gas sensing performance will be crucial for 
advancing the development of highly efficient and selective 
gas sensing technologies. Considering the results of this 
work, our next investigations will be directed in two main 
directions. The first involves using the same methodology to 
explore the relationship between the characteristics of the 
LIG in different sensing areas with digital twins and the sec-
ond is improving the gas sensing performance of the LIG by 
doping and compositing it with other materials, such as 
metal oxides or metals for selective gas sensors.  
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