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A B S T R A C T

The development of cost-effective and durable electrocatalysts capable of replacing platinum in proton-exchange 
membrane fuel cells (PEM-FCs) remains a major barrier to large-scale implementation. Here, we present a one- 
step laser-assisted strategy to produce a nitrogen and sulfur co-doped laser-induced graphene (N/S-LIG) elec
trocatalyst layer (EL). The EL is generated by CO2-laser processing of a multilayer assembly composed of a NaOH- 
treated polyacrylonitrile (PAN) nanofiber mat deposited onto a sulfonated poly(ether ether ketone) (SPEEK) 
membrane. Laser irradiation enables the simultaneous in situ carbonization of both polymers, yielding a 
graphene-like architecture featuring hierarchical porosity and intrinsic N/S co-doping. Structural and spectro
scopic analyses reveal the formation of N–C2–S and N–C–S configurations, confirming the cooperative contri
bution of both heteroatoms to the catalytic function. Electrochemical measurements in acidic media demonstrate 
an efficient four-electron oxygen reduction reaction (ORR) pathway, with an onset potential of 0.94 V versus 
RHE, comparable to commercial Pt/C. Under gas-diffusion electrode operation, the N/S-LIG catalyst delivers a 
fivefold current increase relative to S-doped LIG, highlighting the impact of dual-heteroatom incorporation. This 
scalable, chemical-free method offers a direct route to high-performance, metal-free ORR catalysts, supporting 
the advancement of practical LIG-based electrodes for next-generation fuel cells and enabling broader adoption 
in energy conversion technologies worldwide applications.

1. Introduction

The increasing global energy demand and the environmental impact 
of traditional energy resources are driving experimental research on 
alternative green energy sources [1–3]. Targeting the global energy 
transition toward a more sustainable growth require a strong trans
national commitment, closely aligned to the European decarbonization 
goals [4–7].

In this context, hydrogen plays a key role in achieving sustainability 
and energy transition goals [8,9]. Not only it represents the most 
promising route for integrating energy from renewables into the energy 
system on a large scale, but as a clean, versatile and flexible energy 
carrier, it acquires an enabling role for initiating electrification in the 

transportation sector and in hard-to-abate industrial-type processes, as 
well as to produce so-called “solar chemicals,” with a practical contri
bution toward decarbonization.

To date, low/medium temperature fuel cells (Proton Exchange 
Membrane, PEM-FCs) represent the pivotal technology for meeting the 
challenge of energy conversion for future clean power generation, 
acquiring a complementary role to that already established for batteries 
[10,11]. PEM-FCs are electrochemical devices that directly convert 
chemical energy from a fuel, represented by hydrogen, into electrical 
energy, minimizing emissions and environmental impact [10]. These 
latter considerations, coupled with the capability of PEM-FCs to operate 
at near ambient temperature, make such devices very attractive [10,11]. 
However, PEM-FCs still have a long way to go to become commercially 
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viable for other than niche applications. The use of the noble metal 
platinum as the preferred catalyst for the anode and cathode is one of the 
obstacles to widespread commercialization of PEMFC, due to its high 
cost and environmental scarcity [12].

On the cathode side of the fuel cell, the slow reaction kinetics of the 
oxygen reduction reaction (ORR), which leads to high voltage losses 
inside the fuel cell and thus low conversion efficiency [13–16], has 
stimulated researchers around the world to look for alternative materials 
that are cheaper but perform equivalently to or even better than stan
dard Pt.

PEM-FCs also suffer from inadequate performance and durability 
that result mainly from oxidation of the cathode catalyst, catalyst 
migration, loss of active electrode surface area, membrane degradation, 
and corrosion of the carbon support [17–22]. In this context, to obtain 
an adequate performance, the synthesis, optimization and engineering 
of non-noble metal catalysts received great interest in accelerating the 
ORR [23–25].

In recent decades, enormous attention has been devoted to carbon 
structures doped with heteroatoms as promising catalysts for the oxygen 
reduction reaction in PEM fuel cells [26]. Thanks to their high electro
catalytic properties with respect to ORR, greater chemical stability, good 
electrical conductivity, high specific surface area and intrinsic porosity 
of the carbonaceous material, and low cost [18–25], it was expected that 
they could effectively replace the Pt/C catalyst.

Despite high expectations, particularly for nitrogen-doped carbon 
nanostructures, several studies in the literature have shown that 
nitrogen-doped carbon nanomaterials are actually effective substitutes 
for the Pt/C during ORR, when applied in an alkaline environment 
[27–30]. Indeed, due to its high electronegativity, nitrogen doping in the 
carbon lattice redistributes the charge density. This interaction with 
neighbouring carbon atoms enhances O2 adsorption and weakens the 
O–O bonds, promoting a direct ORR pathway with efficient 
four-electron transfer [27–30]. In addition to N-doped carbon materials, 
other heteroatoms, such as P, S and B, act as dopants for carbon mate
rials [27,31–38] and can play a pivotal role to improve electrocatalytic 
behaviour of carbon-based catalyst layers toward ORR, making them 
one of the most promising candidates to substitute Pt in alkaline media.

After extensive and in-depth searching, it was possible to define that 
one of the main constraints of these heteroatoms-doped carbon mate
rials can be identified in their fast degradation and low ORR perfor
mance in acidic media, limiting their application as catalyst layers in 
acidic polymer electrolyte membrane (PEM) fuel cells [39–43]. To 
overcome these limitations, new strategies to tune heteroatoms 
doped-carbon nanomaterials were investigated with a focus on 
co-doping to improve catalytic performance for ORR [43–45].

Therefore, many studies investigated the importance of modulating 
active sites by controlling different types of doping and balancing their 
content, including N/S, N/P and N/S/P doped CNTs [33,34], graphene 
[35–39] and graphite [40–45]. Indeed, it was demonstrated how the 
co-doping, i.e. the doping by two different heteroatoms, was effective in 
inducing more active sites for the ORR than the simple increase of 
content of a single heteroatom [46,47]. Indeed, in co-doping the het
eroatoms play a synergic effect that significantly enhances their prop
erties [47]. Among all possible heteroatoms, the presence of N and S in 
the carbon structure ensured the synergic dissociation of oxygen by ni
trogen and proton transfer by sulfur atoms, enhancing the 
electro-catalytic properties of final co-doped catalyst layers and their 
stability in acidic environments [48,49].

Herein, a fast, versatile, effective and new method was proposed to 
tune and control the incorporation of N and S heteroatoms in carbon- 
based nanomaterials, through the CO2 laser-induced conversion of 
synthetic polymeric precursors. Electrospun polyacrylonitrile nano
fibers (PAN-NFs), with a high yield of carbonization and large amount of 
nitrogen, were directly deposited onto sulfonated poly (ether ether ke
tone) (SPEEK) membrane, supported carbon paper (CP), employed as 
electron collectors. Upon CO2 laser irradiation, both PAN-NFs and 

SPEEK were simultaneously transformed into Laser-Induced Graphene 
(LIG), resulting in a novel N/S- LIG catalyst suitable for direct oxygen 
reduction reaction (ORR).

Although previous studies have successfully demonstrated the con
version of SPEEK to LIG in air [50], this work proposes for the first time 
the direct laser-assisted conversion in air of electrospun PAN nanofibers 
to LIG nanofibers (LIG-NFs), according to a base-mediated process.

The obtained LIG-NFs preserve the intrinsic nanostructured features, 
exhibiting continuous porosity and a high surface-to-volume ratio, while 
featuring a self-induced nitrogen doping that generates abundant 
intrinsic active sites for ORR. Moreover, the simultaneous laser con
version of SPEEK introduces inherent sulfur doping, effectively 
addressing the common issue of catalyst instability in acidic media.

This study establishes a novel in situ dual-conversion and self-co- 
doping approach, where both the nitrogen and sulfur functionalities 
arise intrinsically from the precursor chemistry, eliminating the need for 
any external dopants or post-treatment steps, and yielding a robust, 
catalytically active LIG-based layer with outstanding ORR performance.

X-ray photoelectron Spectroscopy (XPS) analysis was carried out to 
confirm the achievement of successful N/S co-doping in the final LIG 
catalyst layer, a key feature underpinning their promising electro
catalytic activity toward ORR under acidic conditions. The electro
chemical performance of the LIG-based nanocatalysts was 
systematically investigated using Rotating Ring-Disk Electrode (RRDE) 
measurements, which revealed a dominant 4-electron ORR pathway. To 
further validate their practical applicability in energy conversion de
vices, the prepared cathode catalysts were integrated into a Gas Diffu
sion Electrode (GDE) configuration, demonstrating their suitability for 
fuel cell applications.

2. Results and discussion

The rational design of heteroatom-doped carbon nanomaterials is 
essential for achieving efficient metal-free ORR catalysts. To overcome 
the limited doping versatility of conventional Polyimide (PI)-derived 
LIG [50–56], a dual laser-conversion strategy enabling the in-situ for
mation of N/S-doped LIG from synthetic polymeric precursors was 
implemented. Electrospun PAN nanofibers were deposited on a 
sulfur-rich SPEEK membrane, and CO2-laser irradiation induced the 
simultaneous carbonization of both layers, yielding a self-assembled 
N/S-LIG architecture [57]. The novelty of this approach lies in the 
first demonstration that electrospun nanofibers derived from synthetic 
polymers can be directly transformed into LIG.

A mild NaOH/ethanol pretreatment was found essential for the 
successful laser conversion in ambient condition. The alkaline medium 
moderated the heating rate through moisture-assisted cooling and pre
vented excessive ablation of the nanofibers [58], while sodium ions 
acted as promoters for graphitic carbon formation with hierarchical 
porosity of the resulting catalyst [59],inducing an activation process 
that enhance the surface area and the defects density, both the proper
ties being beneficial to improve the ORR performance.

The synthetic pathway leading to the formation of N/S-LIG is 
depicted in Scheme 1.

As confirmed by Scanning Electron Microscopy (SEM) images, the 
resulting material exhibits a hierarchical porous morphology distinct 
from standard PI-derived LIG. Raman and XPS analyses confirm the 
formation of graphene-like domains together with simultaneous incor
poration of nitrogen and sulfur species. Notably, the direct laser con
version of PAN nanofibers, reported here for the first time, resulted in 
enhanced defect density and abundant catalytic sites. These structural 
features play a crucial role in the electrocatalytic behavior discussed in 
the following sections.

2.1. Morphological and chemical-physical characterizations

The CO2 laser conversion preserves the nanostructural features of the 
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PAN-NFs, producing LIG-nanofibers (LIG-NFs) that retain their high 
porosity and surface area while introducing self-generated nitrogen 
functionalities acting as active sites for ORR. Meanwhile, the simulta
neous conversion of the underlying SPEEK membrane introduces sulfur 
species, ensuring co-doping without external reagents or post- 
treatments. This intrinsic self-co-doping mechanism, achieved through 

the laser processing itself, not only simplifies material synthesis but also 
improves the catalytic stability and activity under acidic conditions, 
typically a major challenge for carbon-based ORR catalysts. To validate 
the morphological integrity and hierarchical structure of the obtained 
materials, Fig. 1 provides a detailed SEM analysis of the surface archi
tecture of the LIG samples, highlighting how the proposed laser 

Scheme 1. Represents all steps followed to design and optimize final N, S co-doped LIG. Step 1 consist of electrospinning process implemented to ensure the 
deposition of PAN-based nanofibers onto SPEEK membrane; step 2 is based on spraying alkaline solution (0.05M NaOH in ethanol) onto the upper surface of 
nanofibers to ensure the transformation of PAN-NFs into LIG-NFs, preserving nanostructuration and step 3 reports CO2 laser process provided to ensure the 
simultaneous conversion of PAN-NFs and SPEEK membrane into LIG materials, defined in the present work N,S co-doped LIG.

Fig. 1. SEM characterizations. Morphological properties of a) LIG-NFs with a preserved nanostructuration after CO2 laser process; b) LIG-S obtained by transforming 
SPEEK membrane into LIG materials; c) N/S-LIG obtained by simultaneous in-situ conversion of PAN_NFs, SPEEK membrane.
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approach effectively preserves nanostructural features while promoting 
porosity, key parameters to optimize ORR performance. In particular, 
Fig. 1a) confirmed the preservation of the nanostructures in the LIG-NFs, 
thus demonstrating the ability of the process proposed in the patent to 
ensure the transformation of PAN-NFs into LIG nanofibers, completely 
avoiding disruptive effects regarding the structuring. LIG-NFs main
tained the intrinsic properties of nanofibers in terms of high continuous 
porosity and high surface area to volume ratio. Fig. 1b) reports the 
morphological characteristics of LIG-S, obtained by converting SPEEK 
membrane through CO2 Laser writing. As described in published refer
ence work [51], LIG-S showed a foam-like appearance combined with a 
porous structure distributed across different scales. It is important to 
note that the N/S-LIG, exhibits a greater porosity than that obtained in 
LIG-S samples and closer to the characteristic porosity of LIG-NFs 
(Fig. 1c)). This last consideration leads to the conclusion that N/S-LIG 
played a fundamental role in increasing the triple phase boundaries, 
responsible for the improvement of the electrocatalytic properties of the 
final catalyst layers.

The degree of graphitization for all the synthetized nanomaterials 
was characterized with Raman spectroscopy. The correspondent spectra 
are collected in Fig. 2a). LIG-S, LIG-NFs and N/S-LIG exhibit the three 
characteristic peaks of LIG-materials, evidencing a turbostratic 
arrangement [52–54]. D-peak at about 1350 cm− 1 was representative of 
disordered features of graphene [52–54]. G-peak close to 1566 cm− 1 

characterized the symmetry and order of graphene; and 2D-peak at 
about 2688 cm− 1 was indicative of the second-order Raman peak of 
double phonon resonance to reflect the stacking mode of carbon atom 
layers [51–54]. The higher ratio of D-band to G-band (close to 1) for 
N/S-LIG suggested the abundant presence of defects inside the graphene 
plane that can act as active catalytic sites. At the same time, by evalu
ating the intensity ratio between 2D-band and G-band, characteristic of 
graphene layers in all samples, it was determined that both N/S-LIG and 
LIG-S exhibited comparable I2D/IG values, close to 0.9 which lies within 
the range associated with few-layers graphene.

XPS spectroscopy was performed to investigate the elemental 
composition and doping states of N/S-LIG, with the aim of elucidating 
the presence of nitrogen- and sulfur-related active sites, which are 

known to play a crucial role in determining the electrocatalytic behav
iour toward the ORR in acidic media. Considering that LIG-NFs exhibi
ted self-induced N-doping and LIG-S showed effective S-doping (as 
reported in Figure S1 and Figure S2, and summarized in Table S2 and 
Table S3), a key objective of this study is to evaluate the capability of the 
CO2 laser writing process to induce and tune the formation of N/S-LIG. 
The resulting material incorporates N- and S-containing functional 
groups that are electrochemically active toward the oxygen reduction 
reaction. The XPS high-resolution spectra are presented in Fig. 3, and the 
corresponding quantitative data are summarized in Table 1. The results 
clearly demonstrate the effectiveness of laser processing in introducing 
both N and S atoms into the final LIG structure.

Deconvolution of the C 1s peak (see Fig. 3a)) revealed four distinct 
components, associated with sp2 hybridized C–C bonds, which was fitted 
with an asymmetric curve (LA), which is the highest component 
(77.7%), meaning that the graphitization procedure was effective, while 
mixed Gaussian-Lorentzian (GL-30) curves have been used for fitting the 
curves related to C–N/S bonds (9.7%), C–O species (10.8%) and the 
characteristic π–π* shake-up structure (1.8%), further confirming the 
formation of heteroatom-doped graphitic domains [60].

To identify and quantify the individual nitrogen species within the 
catalyst, the high-resolution N 1s spectra were deconvoluted into their 
characteristic components. As shown in Fig. 3b, N/S-LIG predominantly 
contains pyridinic-N (≈399.5 eV) (75.1 %) and graphitic-N (≈401.4 eV) 
(24.9 %), two species widely recognized for enhancing the electro
catalytic activity of heteroatom-doped carbon materials toward ORR 
[56–59]. As discussed, co-doping with nitrogen and sulfur is expected to 
yield a new class of LIG materials with improved electrocatalytic per
formance and stability in acidic environments.

To this end, the S 2p region of the laser-treated SPEEK was also 
examined (see Fig. 3c). The spectra display two main features at 
approximately 164 and 165 eV, corresponding to the S 2p3/2 and S 2p1/2 
spin–orbit components, respectively. These peaks are commonly asso
ciated with thiophenic (C–S–C) sulfur (9.7 %), typically located at edge 
or defect sites of the carbon lattice, and known to contribute signifi
cantly to ORR enhancement [59–74]. In N/S-LIG, two additional peaks 
appear at 168.3 eV and 169.5 eV, attributed to sulfonic groups (90.3 %) 
[50,61,62].

Thus, the high-resolution C, N and S spectra indicate the coexistence 
of pyridinic C–N species and neighbouring C–S bonds exhibiting partial 
metallic character. The close interaction between these heteroatom- 
doped sites is known to generate synergistic effects that govern the 
formation of ORR active centres [63–68]. Overall, these findings 
confirm the successful laser-assisted synthesis of an electrochemically 
active N/S-co-doped LIG material, displaying promising ORR activity for 
proton exchange membrane fuel cell applications [62,63].

2.2. Electrochemical characterization in acidic media

The electrochemical performance of the N/S-LIG was systematically 
assessed using a rotating ring–disk electrode (RRDE) configuration, 
providing insights into its catalytic behaviour under realistic operating 
conditions. N/S-LIG was tested in 0.1 M HCLO4 electrolytes and its 
electrocatalytic performance was continuously compared with the one 
achieved by LIG-S, LIG-NFs and CP, used for all of them as substrate 
(data reported in Supporting Information).

Cyclic voltammetry measurements under oxygen-saturated condi
tions (Fig. 4) revealed a more pronounced cathodic feature at ~0.5 V vs. 
Ag/AgCl for the N/S-LIG compared to the LIG-S (Figure s3), indicating 
enhanced ORR kinetics.

Subsequent analyses confirmed that the simultaneous incorporation 
of N and S heteroatoms significantly improved the catalytic efficiency 
toward the ORR. As shown in Fig. 5a), the disk current density of the N/ 
S-LIG exceeded the ring current across the potential range, demon
strating superior ORR activity, with the corresponding onset and half- 
wave potentials, respectively close to 0.94V vs RHE and 0.84V vs 

Fig. 2. a) Raman spectra of all LIG-obtained nanomaterials: i) LIG-NFs (dark 
grey line) obtained by implementing CO2 laser writing onto electrospun 
nanofibers; ii) LIG-S (blue line) obtained by providing CO2 laser writing onto 
SPEEK membrane; iii) N/S-LIG (Pink line) achieved through on an in-situ 
conversion/transformation at the same moment of PAN-NFs and SPEEK mem
brane into LIG material to design catalytic layer.
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RHE. As summarized in Table s4, it was possible to assess that the onset 
potential of N/S-LIG is comparable with the one achieved when 20 wt% 
of Pt/C is used as catalyst layer, while the half wave potential is lower 
than Pt/C, but outperform existing carbon materials based 

electrocatalysts [67–77]. All these results places N/S-LIG among the 
most promising heteroatom-doped carbon catalysts reported for ORR in 
acidic media.

The number of transferred electrons and the percentage of peroxide 
formation, derived from Equation (1) (described in Experimental Sec
tion) and plotted in Fig. 5b), further substantiated the enhanced cata
lytic pathway.

The N/S-LIG exhibited an average electron transfer number of 
approximately 3.91, higher than the 3.75 showed by LIG-S and the 3.50 
achieved by LIG-NFs, as depicted in Figure s4. Among the materials 
under analysis in this work, the LIG-NFs showed the worst electro
catalytic behaviour in acidic media, with a dominant 2 electrons reac
tion path as demonstrated by a percentage of hydrogen peroxide close to 
the 79.9%. This behaviour is overcome by the new N/S-LIG, that thanks 
to the co-doping showed an excellent electrocatalytic stability with a 
reduction of peroxide production close to the 5%.

These findings confirm the synergistic effect of nitrogen and sulfur 
co-doping in optimizing the electronic structure and active site distri
bution of LIG for efficient ORR catalysis. Although preliminary elec
trochemical indicators (low peroxide yield and near 4-electron pathway) 
suggest good catalytic stability, systematic long-term durability tests are 
currently under investigation.

2.3. Half cell testing in gas diffusion electrode setup (HC-GDE SetUP)

With the purpose to demonstrate that the new N/S-LIG catalyst could 
be successfully used as GDEs for PEM-FCs and the one-shot process here 
reported easily added to fabricate GDEs, we decided to test and evaluate 
the N/S-LIG catalyst in a half-cell gas diffusion electrode configuration 
(HC-GDE SetUp). Such systems [61], beyond assessing the intrinsic 
catalytic activity of the material, allows to appreciate the formation of a 
well-defined triple-phase boundary (TPB), i.e. the interfacial region 
where the gaseous reactants, the solid catalyst, and the liquid electrolyte 
simultaneously interact. The information that can be obtained by tests in 
the HC-GDE SetUp is thus more complete and of particular importance 
towards the use of the new materials in PEM-FC, since it offers insights in 
the performance of the overall active interface created during the ORR.

HC-GDE SetUps have recently gained attention as an intermediate 
platform bridging conventional RRDE measurements and full-cell 
operation, since the promising ORR performance often observed in 
RRDE experiments does not always translate directly under realistic 
working conditions [61].

The linear sweep voltammetry (LSV) profile obtained in the GDE 
setup (Fig. 6) exhibited a distinct ORR peak at approximately 0.6 V vs. 
RHE. Compared to the LIG-S tested under identical conditions, the N/S- 
LIG displayed a more than fivefold increase in current density, clearly 
demonstrating the beneficial effect of dual heteroatom doping. The 

Fig. 3. XPS results obtained by analyzing N, S co-doped LIG, leading thus to define which functional groups characterized final LIG samples: a) High resolution C1s 
spectrum; b) N1s spectrum and c) S2p spectrum; all of them are analyzed to evaluate the presence of sulfur atoms as co-doping atom, ensured by in-situ trans
formation of PAN-NFs and SPEEK membrane, through the implementation of CO2 laser writing.

Table 1 
XPS relative atomic concentration values (at.%) and deconvolution results from 
N1s and S2p regions.

Relative atomic Concentration [at.%]

C1s 77.6
O1s 12.6
N1s 8.1
S2p 1.7
C1s peak deconvolution results [%]
C-C sp2 77.7
C-N/S 9.7
C-O- 10.8
p-p* shake-up 1.8
N1s peak deconvolution results [at%]
Pyridinic-N 75.1
Graphitic-N 24.9
S2p peak deconvolution results [at%]
C-S-C 9.7
Sulfonic group 90.3

Fig. 4. Cyclic Voltammetry employed on N/S-LIG in the RRDE setup; scan rate 
10 mVs− 1; 0.1M HClO4; oxygen gas flow rate 30mLmin− 1.
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onset and half-wave potentials were consistent with those derived from 
RRDE measurements, with a minor shift toward lower potentials, an 
expected behaviour given that the GDE setup provides a more 
application-relevant environment where mass transport and interfacial 
phenomena impose additional constraints on catalyst performance.

Beyond confirming the RRDE findings, the successful operation of 
the N/S-LIG catalyst in the GDE setup validated the overall functionality 
of the complete gas diffusion electrode, comprising the carbon paper 
substrate, and catalyst layer, composed by N/S-LIG, under realistic 
conditions. This outcome provides strong evidence that the laser- 
fabricated LIG-based electrodes can be effectively integrated as cata
lyst layers into full fuel cell assemblies, paving the way toward their 
practical application.

The same electrochemical characterization was carried out on LIG- 
NFs, which consist exclusively of catalyst layers. As shown in Fig. S6, 
the material exhibits a discernible electrocatalytic activity toward the 
ORR, attributable to the incorporation of N-heteroatoms within the 
nanostructured carbon matrix. Nevertheless, the recorded current den
sity was notably limited, likely due to flooding phenomena occurring 
near the catalyst surface, which hindered effective gas diffusion. In 
addition, the catalytic layer demonstrated poor stability under acidic 
conditions, further constraining its overall electrochemical 
performance.

All achieved results allowed demonstrating for the first time the 

feasibility of laser assisted techniques involved in designing electro
active catalysts, simplifying the fuel cell production chain. The syner
gistic interaction between nitrogen and sulfur dopants in the LIG 
framework proved to be a key factor in enabling its excellent electro
catalytic behaviour.

3. Conclusion

The synergistic interaction between nitrogen and sulfur dopants in 
the LIG framework proved to be a key factor in enabling its improved 
electrocatalytic behaviour. In summary, a straightforward one-step LIG 
process was successfully developed to achieve N, S co-doping on a 
multilayer architecture composed of NaOH-treated PAN nanofibers and 
SPEEK. The resulting N, S co-doped carbon catalyst demonstrates the 
combined effect of nitrogen and sulfur incorporation. To the best of our 
knowledge, it represents the first demonstration of in situ laser-induced 
synthesis on a microporous layer of a catalytic layer based on graphene 
doped with heteroatoms.

The coexistence of N–C2–S and N–C–S configurations within the 
graphene lattice was verified through XPS spectra and consistent with 
electrochemical results. Furthermore, both RRDE and GDE analyses 
confirm the synergistic contribution of the heteroatoms toward the ORR. 
Remarkably, the LIG technique emerged as an efficient route capable of 
simultaneously synthesizing and depositing carbon-based ORR catalysts 
in a single step. These findings demonstrate that targeted carbon doping, 
typically requiring multiple chemical and thermal post-treatments, can 
instead be accomplished directly during the laser-induced graphitization 
process by selecting appropriate LIG-compatible precursors.

This simplified, single-step approach offers a ready-to-use LIG cata
lyst featuring optimized morphology and embedded heteroatoms 
tailored for ORR, highlighting a significant advance toward scalable, 
cost-effective fabrication of functional electrodes for fuel cell 
applications.

4. Experimental Section

4.1. SPEEK films and nanofibers synthesis

This work developed heteroatom-doped carbon nanomaterials with 
tailored composition and structure is crucial to enhance the electro
catalytic performance toward the oxygen reduction reaction. In this 
scenario, a new dual strategy, based on the CO2 laser process and the 
consequent synthesis of LIG, was proposed to synthetize the simulta
neous formation of nitrogen- and sulfur-doped LIG.

In particular, the deposition of PAN nanofibers (NFs) directly onto 
SPEEK membrane, supported on carbon paper (Sigracet 28 BC Carbon 
Paper (CP) with microporous, purchased from Fuel Cell Store, USA), was 
achieved by implementing the electrospinning process. As deeply 

Fig. 5. (a) Current Disk and Ring density referred to N/S-LIG (pink line); LIG-S (blue line); LIG-NFs (dark grey line) and Carbon Paper, as reference material (black 
line); (b) number of electrons (continuous lines) and H2O2 production (dashed lines) to evaluate the electrocatalytic properties of all tested materials.

Fig. 6. Linear sweep voltammetry in HC-GDE SetUP comparing LIG-S and N/S- 
LIG samples.
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investigated in our previous work [56], PAN polymer (Mw = 150 kDa, 
purchased from Sigma Aldrich) was selected thanks to its high yield of 
carbonization and a larger content of nitrogen inside its polymeric 
chain. Furthermore, the electrospinning process ensured the collection 
of PAN nanofibers mats directly on SPEEK membrane, without further 
materials act as binder to adhere the nanofibers’ mat on the substrate.

Moreover, SPEEK membranes with diameters ranging from 5 cm to 
10 cm and a thickness of just a few micrometres, were produced using a 
procedure similar to that described in our previous work [49,50]. Since 
the present work illustrated for the first time the capability to convert 
electrospun nanofibers derived from synthetic polymers into LIG 
through the implementation of CO2 laser writing under ambient con
dition, it was important to describe in detail the procedure followed to 
synthesize all materials: i) LIG-NFs, that is the conversion of PAN NFs 
deposited onto substrate and converted into LIG; ii) LIG-S, which rep
resents the conversion of SPEEK membrane into LIG materials and iii) 
N/S-LIG based on the nitrogen and sulfur heteroatoms doped LIG ma
terials, obtained by the simultaneous conversion of PAN NFs deposited 
onto SPEEK membrane, supported on carbon paper. All CO2 laser 
writing process were summarized in Table s1. All final LIG materials 
were supported onto Carbon paper, as reference substrate for the func
tional and electrochemical characterizations.

To convert the synthetic polymers, such as PAN nanofibers, into LIG 
materials through CO2 laser process in ambient condition, a pre- 
treatment with alkaline solution results to be mandatory. To this pur
pose, as electrospun PAN nanofibers were manually and carefully 
sprayed with a 0.05M NaOH-containing ethanol-based solution. NaOH 
treatment was applied to promote the controlled carbonization of PAN 
nanofibers. The hydroxyl groups reduced the heating rate by moisture 
evaporation, while sodium species facilitated graphitic carbon forma
tion and contributed to the development of hierarchical porosity in the 
final N/S-LIG structures. The transformation of all materials into LIG- 
samples was ensured by implementing CO2 laser writing (purchased 
from Laser Veronesi, nominal power of laser source equal to 10W), 
equipped with a pulsed CO2 source was employed in the fabrication of 
LIG-containing samples. The conversion processes were all carried out 
under ambient conditions, applying a power of approximately 60% of 
maximum nominal power and a pulse frequency of 20 kHz. The beam is 
controlled by a galvanometric scanner, and the spot diameter is 270 μm 
on sample.

Both SPEEK and NFs could be converted into LIG via photothermal 
processing initiated by pulsed CO2 laser radiation [50,51]. Thin NFs and 
SPEEK films could be converted entirely into LIG due to their low 
thickness, but they also became fragile in the process. For this reason, 
they were deposited onto a CP support that provides these materials 
with the necessary mechanical support.

4.2. Physico-chemical and morphological characterizations

Morphological characterizations were performed with a Zeiss Supra 
40 Field Emission Scanning Electron Microscope (FESEM) to investigate 
the nanostructures preservation also after CO2 laser writing and the 
capability to induce a hierarchical porosity distribution inside the final 
N, S, co-doped LIG, exploiting the intrinsic porosity of nanofibers and 
the active role of NaOH to modulate the porosity of carbon materials 
[78,79]. It is important to clarify that N, S co-doped LIG was supported 
onto Carbon Paper substrate for morphological investigations. To eval
uate the LIG quality, characterizing all obtained materials, such as 
LIG-NFs, LIG-S and N, S, co-doped LIG, Raman spectroscopy studies 
were performed with a Renishaw inVia Reflex micro-Raman spectro
photometer with a excitation wavelength of 514.5 nm. The laser spot 
was ~20 μm in diameter.

X-ray Photoelectron Spectroscopy (XPS) was carried out with a PHI 
5000 Versaprobe II scanning X-ray photoelectron spectrometer (mono
chromatic Al Kα X-ray source with 1486.6 eV energy) to investigate the 
surface chemical composition and chemical bonds of all LIG samples. 

Survey and High-Resolution (HR) spectra were acquired on spots of 
diameter equal to 100 μm.

4.3. Electrochemical characterizations

Electrochemical characterizations were performed with a CH1760E 
electrochemical workstation (CH Instruments, Inc., Bee Cave, TX, USA). 
An RRDE-3A Rotating Ring Disk Electrode Apparatus (ALS Co., Ltd, 
Tokyo, Japan) was used to characterize the intrinsic catalytic capabil
ities of the samples. RRDE experiments were conducted in 0.1 M 
perchloric acid (HClO4 70%, Sigma–Aldrich, St. Louis, Missouri, USA) 
electrolyte in a four-electrodes configuration to polarize both the disk 
and ring electrodes at the same time. A Nafion TM 117 containing so
lution as binder (ca. 5% in a mixture of aliphatic alcohols and water, 
Sigma Aldrich, St. Louis, Missouri, USA) was used to fix all LIG-based 
synthetized materials onto the disk-shaped Glassy Carbon working 
electrode. The counter electrode was based on graphite rod. The refer
ence electrode was an Ag–AgCl electrode (197 mV versus Reference 
Hydrogen Electrode) (BioLogic RE-1B reference electrode, in 3 M NaCl). 
A rigorous comparison of the electrochemical behaviour of the two 
catalyst layers toward ORR requires accounting for their similar loading. 
Specifically, the loading of N/S LIG was set at 5.7 mg/cm2, which is close 
to that of LIG/S, at approximately 7.9 mg/cm2.

The fourth electrode was connected to the platinum ring to define the 
remaining content of reduced HO2

− in the electrolyte, to derive the 
number of electrons involved in the ORR reaction, and to compare the 
disk and ring currents, as reported in Equation (1). 

n = 4⋅
ID

ID +
IR

NC

H2O− = 2⋅

IR

NC

ID +
IR

NC

(1) 

Where ID and IR are respectively Disk current and Ring Current, while 
NC = 0.4 represents RRDE collection efficiency.

In this setup, the electrolyte has been saturated with gases (Nitrogen 
or Oxygen) for at least 20 min prior to the measurements. With the main 
aim to investigate the electrocatalytic properties of all LIG-based ma
terials, Cyclic Voltammetry characterizations were performed with the 
same setup in all configurations (Nitrogen-saturated and Oxygen- 
saturated electrolyte).

4.4. Half cell test with a gas diffusion setup

In recent years, GDE systems have established themselves as an in
termediate stage between RRDE and full cell setups. They are often 
referred as half-cell configurations, in which the electrolyte remains in 
liquid form instead of solid ion-conducting polymer membrane, but, at 
the same time, the full electrode can be evaluated. Oxygen in its gaseous 
state diffuses through the porous electrode to reach active sites, and a 
three-phase boundary forms at the GDE–electrolyte interface between 
ions in the liquid electrolyte, gaseous oxygen, and solid-state catalyst 
[80]. GDE measurements were obtained with a Gaskatel FlexCell–PTFE 
electrochemical test cell.

For all these tests, an aqueous electrolyte containing 2 M perchloric 
acid (HClO4 70%, Sigma–Aldrich, St. Louis, Missouri, USA) was selected 
and a three-electrodes configuration was used. The working electrode 
was created by applying copper tape to the back of the samples. The 
purpose of this preparation technique is to optimize electrical contact 
among all samples, and the gold-plated banana plugs existing out of the 
Gaskatel Flex Cell. Counter electrode consisted of graphite rod, while the 
reference was Hydrogen Electrode. An exposed active area of 1 cm2 was 
created, in direct contact with electrolyte, by wrapping the samples with 
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insulating tape.
For the half-cell tests using a gas diffusion electrode (GDE) setup, the 

same catalyst loading was adopted, with N/S LIG (12 mg) comparable to 
LIG/S (approximately 15 mg). To perform GDE measurements, N2 and 
O2 were supplied to the back side of the LIG-based electrodes at a con
stant flow rate of 300 mL min− 1. Both gases diffuse through the elec
trodes, reaching electrocatalytically active sites where the oxygen 
reduction reaction occurs.
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