crystals WVI\D\Py

Article

Empirical Screening of Two Laser Processing Conditions
with Respect to Graphitic Ordering and Electrochemical
Performance of PEI-Derived Laser-Induced Carbon

1

Pamela Rivera Rivera 1(7, Sariinas Mickus 2, Ausra Selskiené 3, Tomas Murauskas 3, Sandra Stanionyté 37,

2

Romualdas Trusovas 2(7, Justina Gaidukevi¢ 1 and Rasa Pauliukaite 1*

Department of Nanoengineering, Center for Physical Sciences and Technology (FTMC), Savanoriu Ave. 231,
LT-02300 Vilnius, Lithuania; pamela.rivera@ftmc.lt (PR.R.); justina.gaidukevic@ftme.lt (J.G.)

Department of Laser Technology, Center for Physical Sciences and Technology (FTMC), Savanoriu Ave. 231,
LT-02300 Vilnius, Lithuania; sarunas.mickus@ftmc.lt (5.M.); romualdas.trusovas@ftmc.lt (R.T.)

Department of Characterisation of Materials Structure, Center for Physical Sciences and Technology (FTMC),
Sauletekio Ave. 3, LT-02300 Vilnius, Lithuania; ausra.selskiene@ftmc.lt (A.S.);

tomas.murauskas@ftme.lt (T.M.); sandra.stanionyte@ftmc.1t (S.S.)

Faculty of Chemistry and Geosciences, Institute of Chemistry, Vilnius University, Naugarduko Str. 24,
LT-03225 Vilnius, Lithuania

Correspondence: rasa.pauliukaite@ftmc.lt

Abstract

Laser-induced graphene (LIG) enables rapid conversion of polymer substrates into con-
ductive carbon materials. In this study, nitrogen-containing carbon nanomaterials were
fabricated on polyetherimide (PEI) substrates using empirical screening of two specific pro-
cess points. The resulting materials were characterized using scanning electron microscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy, cyclic voltammetry, and electro-
chemical impedance spectroscopy to correlate structural features with electron-transfer
behavior. Raman and XPS analyses showed different structure and morphology depending
on irradiation regime. The carbon materials with a higher sp® fraction (~55-59%), larger in-
plane crystallite size (L, up to 8.0 nm), and pronounced m—m* shake-up satellites indicated
enhanced graphitic ordering when a shorter nanosecond laser was used. These structural
differences resulted in substantially lower charge-transfer resistance (0.53-0.79 kQ-cm?)
and larger electroactive surface areas for the porous electrodes compared with foam struc-
tured carbon nanomaterials. The results show that, under the selected fabrication con-
ditions, variations in laser processing parameters correspond to differences in graphitic
ordering and electron-transfer properties in PEI-derived laser-induced carbon materials.

Keywords: laser-induced graphene; graphitic ordering; carbon nanomaterials; electrochemical
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and electronic performance of the resulting materials are often inferior compared to those
obtained via more sophisticated techniques [1]. Consequently, the development of rapid,
scalable, and cost-effective strategies for producing conductive carbon nanomaterials
remains an important research priority.

Laser-induced graphene (LIG) has emerged as a promising alternative due to its
simplicity, low cost, and rapid fabrication process [2]. Laser irradiation enables the direct
conversion of insulating polymers, such as polyimide (PI) or polyetherimide (PEI), into
porous, graphene-like conductive networks through localized photothermal carbonization.
The resulting materials typically exhibit a three-dimensional architecture with tunable
defect density, heteroatom content, and surface morphology, making them particularly
attractive for electrochemical applications.

The structural and functional properties of LIG are strongly governed by the
laser—material interaction regime, which depends on multiple irradiation parameters, in-
cluding wavelength, pulse duration, energy density, and thermal dynamics [3-6]. While
CO;, infrared lasers (10.6 pm) are widely employed due to their efficient photothermal
conversion and accessibility, visible nanosecond lasers (e.g., 532 nm) interact with poly-
mer substrates through distinct absorption characteristics and energy deposition profiles.
Although numerous studies report the fabrication and application of LIG electrodes, sys-
tematic investigations that directly correlate specific irradiation regimes with graphitic
ordering and quantitative interfacial charge-transfer kinetics remain limited. In particular,
comparative studies that combine structural characterization (Raman and XPS) with rigor-
ous electrochemical impedance modeling to elucidate transport-dominated performance
differences are scarce.

For electrochemical applications, performance is governed not only by surface area
and defect density but also by electronic transport properties, graphitic domain size, and
the quality of the electrode—electrolyte interface [7,8]. Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) provide insights into structural ordering and surface
chemistry [9-11], while electrochemical impedance spectroscopy (EIS) enables quantitative
assessment of charge-transfer resistance and interfacial capacitance [12,13]. However,
the relative contributions of graphitic ordering versus heteroatom functionalization to
charge-transfer efficiency in LIG systems are still insufficiently clarified.

This work is a proof-of-concept study aimed at identifying key differences of graphi-
tization of polyetherimide (PEI) employing two specific process points. Nitrogen-doped
carbon nanomaterials were fabricated directly on PEI substrates using a CO; laser and
a nanosecond green laser. The resulting materials were comprehensively characterized
by scanning electron microscopy (SEM), Raman spectroscopy, XPS, cyclic voltammetry
(CV), and EIS to correlate structural features with interfacial charge-transfer behavior. Ac-
cordingly, this comparison should be interpreted as an empirical evaluation under defined
irradiation conditions, in which multiple processing parameters contribute to the observed
outcomes. By relating structural metrics to electrochemical behavior, this study reports
trends associated with variations in graphitic character and electron-transfer kinetics in
laser-induced carbon electrodes.

2. Materials and Methods
2.1. Materials

Commercial PEI sheets (Ultem® 1000, unfilled grade) (PrimaCreator, Malmo, Sweden)
were used as the precursor substrate. Sodium acetate, nitric acid (>69%), cadmium ni-
trate tetrahydrate (Cd(NO3),-4H,0), lead(Il) nitrate (Pb(NOj3);), and glacial acetic acid
(>99.7%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Zinc nitrate hexahy-
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drate (Zn(NO3),-6H,0, >96% purity) was obtained from Carl Roth (Karlsruhe, Germany).
Ultrapure water (18.2 M()-cm) was used for the preparation of all solutions.

2.2. Methods
2.2.1. Scanning Electron Microscopy

An Helios Nanolab 650 scanning electron microscope (SEM) (FEI, Eindhoven,
The Netherlands) equipped with an energy-dispersive X-ray spectrometer (Oxford Instru-
ments, Abingdon, UK, Xmax 20 mm? detector, INCA 4.15 software) was used for sample
surface investigation. The samples were examined in the secondary electron imaging (SEI)
mode at 3 kV acceleration voltage and 25 pA beam current. The elemental analysis was
performed using 5 kV acceleration voltage and 1.6 nA beam current.

2.2.2. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos
Axis Supra spectrometer (Kratos Analytical, Kyoto, Japan) equipped with a monochromatic
Al Ko radiation source (1486.69 eV). Spectral calibration was carried out based on the C 1's
peak set at 284.6 eV, and data were collected using a pass energy of 20 eV. The collected
spectra were processed and deconvoluted using CasaXPS software Version 2.3.25PR1.0.
After subtracting a Shirley-type background, the peaks were fitted with symmetric
Gaussian-Lorentzian functions.

2.2.3. Raman Spectroscopy

Raman measurements were performed with a Raman spectrometer/microscope in Via
(Renishaw, Wotton-under-Edge, UK) equipped with a thermoelectrically cooled (—70 °C)
CCD detector. Spectra were excited with the 532 nm wavelength laser and dispersed by
1800 grooves/mm grating. Raman spectra were taken using a 50 /0.75 NA objective lens.
The raw Raman data were processed using Origin 2021 Pro software. The structural metrics
were quantified by performing a spectral deconvolution using a Lorentzian function to
resolve the primary vibrational modes of the samples.

To mitigate the interference from the PEI substrate, a laser preirradiation (photobleach-
ing) procedure was implemented. Specifically, the measurement spot was exposed to
the 532 nm laser for 500 s prior to spectral acquisition. Following this treatment, Raman
spectra were collected from the same location using identical measurement conditions
(100 s acquisition). This approach effectively reduced background interference and enabled
clear observation of the characteristic D, G, and 2D bands in the PEI spectra.

2.2.4. Cyclic Voltammetry

Cyclic voltammetry (CV) measurements were performed with PalmSens4 potentiostat
(PalmSens, Houten, The Netherlands) in a 0.1 M KC1/HCI solution (pH 2.0) containing
10.0 mM Ky4[Fe(CN)4] using a three-electrode configuration with the LINDCN sample as
the working electrode, Ag/AgCl (3 M KCl) as the reference electrode, and a platinum wire
as the counter electrode. The potential was cycled within the range of 1.0 V to —1.0 V, using
a potential step of 7 mV. CVs were recorded at different potential scan rates to evaluate
the electron-transfer characteristics of the LINDCN electrodes. The geometric area of the
electrode exposed to the electrochemical reaction was 1 cm?.

2.2.5. Electrochemical Impedance Spectroscopy

EIS measurements were performed using an IviumStat (Ivium Technologies,
Eindhoven, The Netherlands) or PalmSens4 potentiostats in a three-electrode configuration
identical to that used for CV, with LINDCN as the working electrode (geometric area 1 cm?),
Ag/AgCl (3 M KCI) as the reference electrode, and a platinum wire as the counter electrode.
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EIS measurements in blank electrolyte were carried out in 1.0 M KCL Prior to each
measurement, the electrode was allowed to equilibrate for 10 s at the applied potential.
Spectra were recorded by applying a 5 mV sinusoidal AC perturbation superimposed on a
0.00 V DC bias over a frequency range from 100 kHz to 0.1 Hz, using 31 logarithmically
spaced frequency points.

To evaluate interfacial charge-transfer behavior, EIS was additionally performed in
the presence of a redox probe — 5.0 mM [Fe(CN )62~ /4~ in 0.1 M KCl. Measurements were
conducted at open-circuit potential following a 30 s equilibration period, using a 5 mV AC
amplitude over the same frequency range (100 kHz to 0.1 Hz), with 61 frequency points
(10 per decade). The spectra were analyzed using either ZView?2 or PSTrace4 software,
depending on which instrument was used to register spectra.

2.2.6. Square Wave Adsorptive Stripping Voltammetry

Square wave adsorptive stripping voltammetry (SWASV) was conducted using the
IviumStat potentiostat in the same three-electrode electrochemical cell. Adsorption was
performed at the potential of 1.4 V vs. Ag/AgCl for 5 min. The SWASV parameters were
set as follows: frequency of 20 Hz, amplitude of 40 mV, and step potential of 5 mV.

2.3. Synthesis of Laser-Induced N-Doped Carbon Nanomaterials

Laser-induced carbon nanomaterials were fabricated on PEI sheets (0.5 mm thickness)
using two laser systems: a CO, laser (10.6 um) and a nanosecond 532 nm laser (Lithuania).
For the CO;, laser, patterning was performed under ambient atmosphere using 1.4 W power,

18 mm s~ !

scan speed, 0.05 mm hatch spacing, and two passes, with the beam focused
using a 250 mm focal length lens. For the 532 nm laser, a 10 ns pulsed laser operating
at 100 kHz was used with 300 mW power, scan speeds of 70 or 100 mm s~!, 0.02 mm
hatch spacing, and three passes, with a 4 mm positive defocus using a 100 mm focal length
lens. Two samples were fabricated under both laser irradiation conditions and designated

LINDCN_CO;-1, LINDCN_CO;-2, LINDCN_532-1, and LINDCN_532-2.

3. Results

As stated in the Introduction, LIG materials are usually produced using a CO, pulsed
laser on the PI surface [14]. To compare the quality of the obtained laser-induced nitrogen-
doped carbon nanomaterials (LINDCNSs), those under both laser irradiation conditions
were also used with PEIL The obtained LINDCNs were characterized using SEM, XPS,
and Raman spectroscopy, commonly used to evaluate the quality of carbon nanomaterials.
Electrochemical methods were also used to assess the suitability of LINDCN as a platform
for electrochemical sensing.

3.1. LINDCN Characterization
3.1.1. Surface Morphology

SEM images were recorded in order to evaluate the surface morphology of the obtained
LINDCNSs. Zooms of 150x, 1000x, 10,000, and 50,000 x were used for characterization.
The surface morphologies of LINDCN_CO,-1 and LINDCN_CO,-2 were similar, with
both exhibiting clear lines caused by the laser beam, as well as large, porous structures
formed by the photothermal and photochemical processes of PEI resulting from laser
irradiation (Figure 1A-D) as observed on the PI surface [2,15]. These structures were visible
on both LINDCN sample surfaces, with a pore size of 5-50 um. This structure is formed
by PEI swelling and blistering during the photothermal process as obtained for PI [15].
Abdulhafez et al. also observed a clearly defined porous structure with isotropic pores
on a polyimide surface. The authors clarified that such structures are obtained using a
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focused beam with a fluence of z = 3.6 mm. The fact that both samples have the same
structure indicates that the morphology of LINDCN on a PEI surface can be reproduced
using identical laser parameters. Increasing the magnification, LINDCN_CO; samples
revealed some kind of nanoparticle on the surface (Figure 1B,D), showing that the obtained
material is carbon nanostructures rather than graphitic materials. Wal et al. obtained a
similar surface morphology on PI [16], but they used microwave-driven plasma-mediated
methane cracking to produce carbon.

Figure 1. SEM images of LINDCN_CO,-1 (A,B), LINDCN_CO,-2 (C,D), LINDCN_532-1 (E,F), and
LINDCN_532-2 (G,H) at different magnifications.

The morphology of the LINDC_532 appeared different (Figure 1E-H). Lines from
the laser irradiation are also visible on the surface of these samples, but they are less
expressed than in the case of LINDCN_CO, (Figure 1E,G). Furthermore, the structures
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are also smaller than those on the LINDCN_CO; samples. Moreover, the pores were also
significantly smaller, i.e., 1-5 pm, clearly visible at high magnifications (Figure 1E,H).

It is important to note that the morphology differences are caused by different mecha-
nisms of action of each of these lasers. CO; and 532 nm nanosecond lasers operate under
fundamentally different energy-matter interaction regimes. For CO; laser irradiation
(A = 10.6 um), the interaction is dominated by vibrational absorption within the polymer
matrix, which leads to efficient conversion of laser energy into heat over a relatively large
interaction volume. This produces a photothermal regime in which temperatures exceed
2000 K, driving the reorganization of carbon atoms into sp3-bonded networks. The pro-
longed thermal exposure promotes graphitization and substantial gas evolution (e.g., CO,
COy), resulting in the characteristic three-dimensional porous morphology of LIG. In this
case, graphene formation is primarily governed by thermally driven carbonization path-
ways that approach local thermodynamic equilibrium. This mechanism has been widely
reported for CO,-laser-induced graphene on polymers such as polyimide and lignin-based
precursors and others [17].

In contrast, irradiation with a 532 nm nanosecond laser introduces a fundamentally
different interaction mechanism. Due to the shorter wavelength and higher photon en-
ergy, absorption is more strongly associated with electronic excitation rather than purely
vibrational modes, and energy deposition occurs over much shorter timescales [18]. As
a result, the process is inherently non-equilibrium, involving a combination of localized
photothermal heating, photochemical bond disruption, and, at higher fluences, photome-
chanical effects such as ablation or exfoliation. Such mechanisms, including laser-induced
exfoliation and non-thermal bond breaking, have been reported in studies of visible- and
near-IR-pulsed-laser processing of carbon precursors and graphene oxide [19,20].

This distinction in energy coupling—bulk thermal heating versus localized electronic
excitation—directly influences the carbonization pathway and ultimately the resulting ma-
terial properties. While CO, laser processing favors porous, foam-like graphene structures
with a large surface area, the 532 nm nanosecond laser tends to produce denser, more planar
or layered carbon structures, reflecting the reduced role of sustained high-temperature
pyrolysis and the increased contribution of non-thermal mechanisms [21-23].

3.1.2. Chemical and Structural Composition

EDS and XPS analyses were performed to confirm the elemental composition of the
LINDCN samples. EDS was performed in conjunction with SEM morphology studies.
The EDS and XPS analysis data are shown in Table 1. As expected, carbon was the most
abundant element, accounting for approximately 84% and 98% of LINDCN_CO, and
LINDCN_532, respectively. Oxygen accounted for approximately 11% of LINDCN_CO,
and 1.8% of LINDCN_532. Around 5% of LINDCN_CO, was nitrogen, indicating that PEI
was not fully carbonized. Nevertheless, nitrogen was below the detection limit (which
is 0.1%) in the LINDCN_532 samples. Here and below, all data are given in atomic %.
The XPS results revealed a noticeably different surface composition. For LINDCN_CO,,
the average surface composition was 76.64 at.% C, 4.58 at.% N, and 18.78 at.% O, while
for LINDCN_532 it was 83.12 at.% C, 3.28 at.% N, and 13.59 at.% O. Importantly, unlike
EDS, XPS also detected nitrogen on the surface of the LINDCN_532 samples, indicating
that N-containing species were still present, although in amounts too low to be detected
by EDS. The discrepancy between EDS and XPS most likely arises from the different in-
formation depths and sensitivities of the two techniques. XPS is a highly surface-sensitive
method, typically probing the outermost <10 nm of the material, whereas SEM-EDS provides
bulk-averaged information with an interaction depth of approximately 0.3-3.0 pm [24,25]. In
addition, EDS quantification of light elements such as nitrogen is less reliable, especially for
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rough, porous, or heterogeneous carbon-based materials. Furthermore, XPS consistently
showed lower carbon and higher oxygen contents than EDS for both sample series, indi-
cating that oxygen-containing functional groups are predominantly located on the surface
rather than in the bulk of the material.

Table 1. Elemental composition (atomic %) of the samples as determined by XPS and EDS.

EDS XPS

Sample
C N (0] C/O C N (0] C/O
LINDCN_CO»-1 84.04 5.00 10.96 7.67 78.98 4.56 16.46 4.80
LINDCN_CO;,-2 84.17 4.79 11.04 7.62 74.30 4.59 21.10 3.52
Average 84.11 4.89 11.00 7.65 76.64 4.58 18.78 4.16
LINDCN_532-1 98.22 <0.1 1.79 55.02 83.96 3.31 12.70 6.61
LINDCN_532-2 98.30 <0.1 1.70 57.82 82.27 3.25 14.48 5.68
Average 98.26 <0.1 1.74 56.42 83.12 3.28 13.59 6.15

Wu et al. [17] stated that the underlying LIG formation chemical mechanism also
depends on the precursor material. Although in the majority of studies LIG is formed
on poly(4,4’-oxydiphenylene-pyromellitimide) (PI), which contains nitrogen atoms in its
backbone, 2,2-bis(4-(2,3-dicarboxyphenoxy)phenyl)propane dianhydride (PEI; Figure 2)
also contains nitrogen in phthalimide groups and is likewise suitable as a precursor for LIG,
with a similar formation mechanism. The process most likely involves photochemical bond
disruption via oxidation of the bisphenol moiety [26], which can subsequently contribute
either to graphitization or to the formation of oxygen-containing functional groups. The
observed similarity in surface morphology between PI1[15,16] and PEI (in our case) supports
the hypothesis that the underlying graphitization mechanism is likely similar.

-
O
‘soNe s AT
(@)

(0]

- - N

Figure 2. PEI chemical structure.

According to the literature, the C/O ratio is an important parameter that indicates
the conductivity and structural properties of LIG [27]. In both sample types, the C/O
ratio was high (7.65 for LINDCN_CO; and 56.4 for LINDCN_532), indicating a reduced
graphene structure and improved conductivity. However, LINDCN_532 exhibited the
highest C/O ratio (ca. 7.4 times higher than LINDCN_CO,). Similar results were obtained
when comparing CO; and UV laser irradiations: the LIG produced on PI using the UV laser
had a slightly higher C/O ratio (17.3) than that produced using the CO, laser (11.0) [28].
These results differ considerably from those reported in [19], where the authors doped
the LIG with phosphorus during fabrication. The C/O ratio was just 0.588, and the LIG
contained 18.92% phosphorus (P). Moreover, different laser parameters were used. A
significantly lower C/O ratio (ranging from 3 to 27, depending on laser pulse duration and
irradiation dose) was also found when LIG was prepared from pinewood [27].

As can be seen in Table 1, the composition of the samples obtained using the same
laser was reproducible.
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The chemical composition and bonding configuration of the LINDCN samples were
examined using XPS, and the high-resolution C1s spectra are presented in Figure 3a.

(a) (b)
LINDCN_532-2 C-0O/C-N
C=0/C=N
O-C=0/N-C=0 \

LINDCN_532-2 &

e O < At
LINDCN_532-1 LINDCN_532-1
2 A\
5 2 A
. = /
Kol )
< 3 / \
3 Q o S
2z L [t e e
2 A 3
£ |LINDCN_CO,-2 2 [LINDCN_CO,-2
B Q
£ 7N
N
A\
/ \
o
N v \»\‘
LINDCN_CO,-1 LINDCN_CO,-1 N

204 202 200 288 286 284 282 280 a4 402 400 398 3%
Binding Energy, eV Binding Energy, eV

Figure 3. High-resolution XPS Cl1s (a) and N1s (b) spectra of LINDCN samples prepared using

CO; and 532 nm lasers. Fitting components of Cls: C sp2 (pink), C sp3 (green), C-O/C-N (violet),

C=0/C=N (blue), O-C=0/N-C=0 (magenta), and m—m* (grey) (a); N1s: C-N/C=N (green) and

pyridinic-like N (pink).

The Cl1s spectra of the CO,-laser-treated samples (LINDCN_CO;-1 and LINDCN_CO,-2)
were deconvoluted into five components centered at approximately 283.5-283.9 eV (sp?
C=C), 284.8 eV (sp® C-C), 286.2 eV (C-O/C-N), 287.1 eV (C=0/C=N), and 288.1 eV
(O-C=0/N-C=0) [29-31]. In addition, a m—7* shake-up satellite at ~290.9 eV was ob-
served only for the LINDCN samples, indicating the presence of extended aromatic sp?
domains [32]. The data are in good agreement with the morphology data obtained with
SEM, showing a carbon nanostructured surface (Figure 1A-D).

The presence of oxygen- and nitrogen-containing functional groups, including hy-
droxyl, epoxy, or amine-type (C-O/C-N, 5.39%), carbonyl or imine (C=0/C=N, 1.25%),
and carboxyl or amide-type (O-C=0/N-C=0, 8.80%) species, confirms substantial surface
functionalization of the carbon network (Table 2). A comparable composition was observed
for LINDCN_CO»-2, which exhibits an even lower sp2 carbon content (10.82%) and a
higher sp? contribution (69.01%), indicating a less aromatic and more amorphous struc-
ture. The relative abundance of oxygen-containing groups was also comparable, including
C-0O/C-N (7.36%), C=0/C=N (2.34%), and O-C=0/N-C=0 (10.47%). The absence of
a detectable m—mt* shake-up satellite in both CO,-treated samples supports their limited
extent of extended aromatic conjugation. Minor differences between the LINDCN_CO,
samples indicate some variability in laser-induced structural modifications.
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Table 2. Analysis of the XPS spectra for LINDCN samples from C1s and N1s spectra in Figure 3.

Binding Energy, eV (Relative Area, %)

Sample Cls Ni1s

C sp? Csp® C-O/C-N (ézg/ 3:((3;(3/ - (é;ll\\T]/ PyridirI:IiC-Like
T A M S N Q.
npovcosa GRS S Feaah ol e
TNSSNPEEI O O I L
noovsma B2 G m o mel RS0

In contrast, the LINDCN_532 samples exhibit a more consistent chemical compo-
sition. Both samples are dominated by sp?-hybridized carbon, with contributions of
59.48% and 54.67%, respectively, indicative of a well-developed graphitic framework.
The data are in good agreement with the surface morphology, indicating graphitic struc-
ture (Figure 1E-H, Table 2). The significantly lower sp®> C-C content compared to the
CO;-treated samples reflects reduced structural disorder. Although oxygen- and nitrogen-
containing functional groups are still present, the pronounced 7—* shake-up satellite
peaks at ~290.9 eV and the higher sp? fraction confirm the formation of extended aromatic
domains characteristic of graphitic carbon [31,32]. The presence of C-O/C-N (13.21% for
LINDCN_532-1 and 11.51% for LINDCN_532-2), C=0/C=N (4.04% for LINDCN_532-1
and 7.31% for LINDCN_532-2), and O-C=0/N-C=0 (7.32% for LINDCN_532-1 and 5.57%
for LINDCN_532-2) indicates that a moderate level of surface functionalization is retained
after laser processing.

Defect-dominated carbon frameworks with a high density of surface functional groups
are advantageous for applications requiring abundant active sites, such as electrochemical
sensing in LINDCN_CO, samples. In contrast, LINDCNG_532 had a higher proportion of
sp? carbon, pronounced 7—7* interactions, and a more ordered aromatic framework, which
is expected to provide enhanced electrical conductivity [33].

Analysis of the N1s spectra of the laser-treated PEI samples revealed two main compo-
nents centered at approximately 399.0 eV and 400.0 eV. The higher binding energy feature
(~400.0-400.3 eV) is attributed to amine-type nitrogen (C-IN/C=N), originating from the
polyethyleneimine structure and its laser-induced chemical modifications [34]. The for-
mation of imine groups is associated with laser-driven dehydrogenation and crosslinking
of amine functionalities, which represents the dominant chemical transformation of PEI
under localized thermal conditions [35].

The lower binding energy component (~398.6-399.3 eV) is assigned to pyridinic-like
nitrogen [31]. Taken together, the relative intensities of these components demonstrate
that laser processing induces substantial chemical restructuring of PEI, resulting in a
coexistence of residual amine/imine nitrogen and newly formed pyridinic-like nitrogen.
The dominance of amine/imine nitrogen in LINDCN_532 samples arises from localized
dehydrogenation and crosslinking of PEI, whereas the increased contribution of pyridinic-
like nitrogen in the LINDCN_CO, samples reflects deeper laser-induced carbonization and
incorporation of nitrogen into conjugated carbon structures.

Further structural analysis was performed using resonance Raman spectroscopy,
which is the main tool for the evaluation of the quality of graphitic nanomaterials [36-38].
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The Raman spectra obtained for the LINDCN samples, shown in Figure 4, exhibit
features typical of graphene-based materials. The spectra are dominated by two first-
order bands, namely the D and G bands, located at approximately 1365 and 1583 cm ™!,
respectively. The G band originates from in-plane vibrational modes of sp?-hybridized
carbon atoms that are part of aromatic rings and conjugated chains (E2g phonon mode).
In contrast, the D band originates from breathing-type vibrations of six-membered sp?
carbon rings (Alg mode) and becomes Raman-active only in the presence of structural
defects or lattice disorder, reflecting the breaking of translational symmetry in the sp?
carbon network [39].
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Figure 4. Raman spectra of LINDCN samples with fitted Lorentzian-Gaussian (D (yellow line),
G (blue line), 2D (black line), D” (maroon line) and D* (dark yellow line) bands).

In addition to these first-order features, the presence of the 2D band is related to the
stacking and interaction of graphene layers along the c-axis [40]. Furthermore, in more
oxidized or highly disordered graphene-derived materials, additional broad features such
as the D* band in the 1100-1250 cm ! region and the D’ band around 1500-1550 cm ! are
observed and are commonly associated with sp>-hybridized carbon species and amorphous
carbon phases, respectively [41-43]. Notably, both of these features are also present in the
LINDCN samples.

Another key quantitative parameter related to the structure of graphitic nanomaterials
can be obtained by analyzing the full width at half maximum of the G band (FWHM(G)) [38].
The determined FWHM(G) value can likewise be employed to estimate the parameter
L, [27]:

I c
L= 21n<FWHM(G) - FWHM(GO)) @

where Ic is the photon coherence length (32 nm), C = 95 cm™!, and FWHM(Gy) is the
width of the G band of undoped pristine graphene (15 cm™). Equation (1) is valid for L,
between 2.8 and 32 nm [44]. Moreover, it can also be related to the fact that the D band
for LINDCN_CO, samples was not sharp. The corresponding G band parameters and
calculated L, values are summarized in Table 3.
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Table 3. Analysis of the Raman spectra for LINDCN samples.
FWHM(G), FWHM(@2D),
LINDCN Ip/ig em-1 em-1 Ly, nm Ipi/lg
LINDCN_CO,-1 0.74 88.7 144.0 41 0.40
LINDCN_CO,-2 0.60 83.7 117.1 52 0.24
LINDCN_532-1 0.56 72.5 98.4 8.0 0.15
LINDCN_532-2 0.56 78.0 108.4 6.6 0.10

As summarized in Table 3, the Raman parameters of the LINDCN samples strongly
depend on the laser type used during synthesis. Overall, all LINDCN samples exhibit
relatively large FWHM(G) values, ranging from 72.5 to 88.7 cm™!. The pronounced broad-
ening of the G band, together with the higher I, /I ratios, consistently reflects a high
density of defects in the sp? carbon network, resulting from rapid localized heating dur-
ing laser irradiation [45,46]. The samples produced using the CO, laser show the largest
FWHM(G) values (88.7 cm™! for LINDCN_CO,-1 and 83.7 cm™! for LINDCN_CO,-2), indi-
cating moderate to high disorder in the crystallinity and a relatively large number of defects
associated with the presence of functional groups [40,47], which is in good agreement with
the XPS data. In contrast, the LINDCN_532-1 and LINDCN_532-2 samples exhibit lower
FWHM(G) values (72.5 and 78.0 cm™!, respectively), suggesting a slightly higher structural
order and more efficient graphitization. This difference can be attributed to the different
laser-material interaction mechanisms associated with different laser parameters [17-20]
(see Section 3.1.1).

The calculated in-plane crystallite size (L;) values range from 4.1 to 8.0 nm, confirming
the presence of small graphitic domains in all LINDCN samples. The smallest L, value
is observed for LINDCN_CO;-1 (4.1 nm), while the largest crystallite size is obtained for
LINDCN_532-1 (8.0 nm). Larger L, values are indicative of more extended sp?> domains
with fewer structural interruptions, suggesting again that irradiation with a 532 nm laser
promotes more efficient graphitization compared to CO; laser processing.

The Iy /I intensity ratio was used to evaluate the degree of amorphization in the
LINDCN samples. The LINDCN_CO, samples exhibit higher Iy /I values (0.40 and 0.24)
compared to the LINDCN_532 samples (0.15 and 0.10), indicating a higher contribution of
amorphous carbon and greater structural disorder in the LINDCN_CO, samples.

The full width at half maximum of the 2D band (FWHM(2D)) values are widely
employed to assess both the layer count and the stacking arrangement in graphene-like
materials [48]. It has been reported that single-layer graphene typically exhibits a narrow
2D band with an FWHM(2D) of approximately 30 cm !, while an increase in the number
of stacked graphene layers leads to a progressive broadening of this band [49]. In addition,
the shape and width of the 2D band allow differentiation between few-layer and multilayer
graphene structures. In monolayer graphene, the 2D band consists of a single component, in
bilayer graphene, it can be decomposed into four components, and in multilayer graphene,
the 2D band can be separated into two components. The measured FWHM(2D) values
for the synthesized samples (Figure 4) are greater than 30 cm~! and are most accurately
described using a two-component fit, suggesting that the materials produced in this study
possess a multilayer structure.

All structural and morphological methods showed inhomogeneity of LINDCN ob-
tained on the PEI surface. According to the literature, the best LIG for biosensing applica-
tions is when the structure is highly disordered, i.e., the I /I ratio is ca. 0.9 [50] to 3.5 [49]
and, with multilayered structures, the I,p /I ratio is between 0.35 [51] and 0.44 [50]. Both
LINDCN s indicated a moderate applicability to electrochemical sensing.
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3.1.3. Electrochemical Characterization

The electrochemical characterization of different LINDCN electrodes was performed
using CV with the usual redox probe K4[Fe(CN)¢] to assess the process-limiting step and
electron-transfer kinetics. The profile of the CVs depended significantly on the laser used
for LINDCN fabrication. Current density and quasi-reversible behavior for LINDCN_CO,
(Figure 5A,B) were substantially lower than those obtained for LINDCN_532 (Figure 5C,D).
It was also noted that LINDCN_CO,, with the set of parameters described in the Materials
and Methods, exhibited inconsistent electrochemical properties, as also revealed by Raman
spectroscopy, which showed different Ip/Ig and I,p/Ig values (Figure 4) and XPS data
(Figure 3). These results indicate that further optimization of other CO; laser parameters is
required to obtain LINDCN suitable for electrochemical sensing.

200 mV/s

200 mV/s

10 05 0.0 05 10 1.0 -0.5 0.0 05 1.0
E, V (Ag/AgCl) E, V (Ag/AgCl)
C D
2.0
1.8
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E, V (Ag/AgCI) E, V (Ag/AgCl)

Figure 5. CVs recorded at LINDCD_CO;-1 (A), LINDCD_CO;-2 (B), LINDCD_532-1 (C),
LINDCD_532-2 (D) at different scan rates in 0.1 M KCl solution containing 10 mM K4 [Fe(CN);].

To evaluate the electrochemical behavior of the LINDCN electrodes, CVs were
recorded at different potential scan rates to determine the limiting step of the electro-
chemical reaction (Figure 5). All electrodes had a linear relationship of the current den-
sity on the square root of the potential scan rate (insets in Figure 4), usually indicat-
ing a diffusion-controlled process [52]. However, in the case of the LINDCN_CO,-1
electrode (Figure 5A), the slopes for oxidation and reduction were low, i.e., 23.6 and
—27.4 uA ecm~2 V12 s71/2 (inset of Figure 5A), which could be due to adsorption as a
limiting step or slow kinetics [52]. In this case, slow kinetics are more likely than an
adsorption-controlled process because no other indications were obtained to confirm slow
adsorption. Moreover, the LINDCN_CO,-2 electrode exhibited clear diffusion-controlled
behavior (inset of Figure 5B) with the slopes of 118.2 and —166.2 uA cm~2 V125172,
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Both LINDCN_CO; electrodes exhibited quasi-reversible electron-transfer behavior
(Figure 5A,B). For LINDCN_CO;-1, the peak-to-peak separation was 88 mV at a scan rate of
25 mV s~ ! and increased with higher scan rates, while the peak current ratio (Iox/Ieq) Was
1.10. Similarly, LINDCN_CO,-2 showed a peak-to-peak separation of 86 mV at 25 mV s~ !,
with an Iox /I eq ratio of 0.900. These values indicate that the Randles-Sev¢ik equation,
typically applied to reversible systems, could not provide an accurate determination of
the electroactive surface area in this case. Applied IR compensation, using cell resistance
obtained from analysis of EIS spectra, did not change the peak-to-peak separation signifi-
cantly (85 and 78 mV for LINDCN_CO,-1 and LINDCN_CO,-2, respectively, at 25 mV s 1).
Masood et al. [53] precisely and elegantly explained and discussed the most accurate
modification of the Randles-Sev¢ik equation. Consequently, the modified Randles-Sevéik
equation was employed for this purpose [53]:

Ip = 2.99 x 10°ACn(anDv)"/? )

where I, is the peak current in [A], A is the surface area of the working electrode in [em?], ¢
is the concentration of the redox compound (in this case [Fe(CN )6]*7) in [mmol ecm 3], n
is the number of electrons participating in the electrochemical reaction, « is the transfer
coefficient, D is the diffusion coefficient of the redox species ([Fe(CN)]*7) in [em?2 s71],
and v is the potential scan rate in [V s~ 1]. D was taken from the literature and equal to
6.2 x 107 ecm? s~1in 0.1 M KCl [54].

The transfer coefficient (¢) was obtained from the anodic region of the Tafel slope and
shown in Table 4 as referenced in [53]. The coefficient & decreased from 0.421 to 0.371 with
an increase in the potential scan rate, with an average value of 0.392 for LINDCN_CO,-1.
For LINDCN_CO,-2, the « values exhibited a similar trend, decreasing from 0.547 to 0.410
(from 25 to 200 mV s~ 1) with an average value of 0.455. This is closer to the ideal value
of 0.5 [53] than for LINDCN_CO,-1. This fact again shows that the CO; laser parameters
need further optimization to achieve reproducible electrochemical properties.

The electroactive area was calculated using Equation (2) with the average value of «
inserted. The data are shown in Table 4. LINDCN_CO,-2 had a larger electroactive area
(Aga) than LINDCN_CO»-1, 0.187 and 0.035 cm3, respectively. However, in both cases,
this was significantly smaller than the geometric area of the electrodes (1 cm3). Again, it
confirms that these electrodes have limited application for electrochemical sensing without
further modification or optimization of the laser parameters.

LINDCN_532 electrodes had significantly different CV profiles under the same electro-
chemical conditions (Figure 5C,D). The current density was at least 10 times higher than at
LINDCN_CO;, electrodes, and the peak separation increased significantly with the increase
in the potential scan rate. The AEp, increased from 200 to almost 500 mV (depending on the
electrode), which is likely an irreversible electrochemical reaction. However, the Iy /I1eq Ta-
tio was closer to reversible/quasi-reversible reactions, i.e., 1.09 and 1.06 for LINDCN_532-1
and LINDCN_532-2, respectively. This indicates the potential drop across the electrical
double layer and/or the potential drop across the bulk electrolyte of the electrodes due to
surface porosity; therefore, the ohmic compensation is required [55,56]. To apply the IR
compensation, EIS spectra were analyzed, and cell resistance was used for the ohmic drop
compensation. The CVs after this correction showed reversible to quasi-reversible behavior
with AE,, from 59 to 135 mV, depending on the potential scan rate (Table 4).

The « values were obtained from Tafel plots and were dependent on the potential
scan rate. The data are provided in Table 4. Interestingly, the « values were lower for
the LINDCN_532 electrodes than for the LINDCN_CO, electrodes. Similar « values of
0.3 were obtained for unmodified screen-printed graphite electrodes, since usually o for
quasi-reversible reactions is between 0.3 and 0.5. The obtained « values were used to
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calculate the Agp; the data are given in Table 4. The Aga was 3.43 cm?® and 4.07 cm? for
LINDCN_532-1 and LINDCN_532-2, respectively, which is much higher than the geometric
area (1 cm®). These results confirm that the porosity of the LINDCN_532 electrodes, as
seen in the SEM images (Figure 1E-H), contributes to the large electroactive area. These
electrodes can be suitable for use in electrochemical sensing, since the large electroactive
area improves sensitivity.

Table 4. Parameters of CV analysis for LINDCN electrodes. Data are given after ohmic compensation.

Electrode v,Vs1 TIox/Tieq AE, mV « ko, cm s—1 Aga, cm?
LINDCN_CO»-1 0.025 1.12 85 0.422
0.050 1.21 90 0.418
0.075 1.08 103 0.400
0.100 1.06 111 0.390
0.125 1.06 125 0.388
0.150 1.04 139 0.382
0.175 1.14 153 0.376
0.200 1.06 163 0.373
Average 1.10 121 + 36 0.394 +0.021  0.487 £0.022  0.035 4 0.003
LINDCN_CO,-2 0.025 1.132 78 0.573
0.050 1.005 85 0.494
0.075 0.944 95 0.472
0.100 0.903 101 0.440
0.125 0.836 114 0.438
0.150 0.798 126 0.433
0.175 0.797 130 0.427
0.200 0.785 137 0.420
Average 0.900 108 £ 30 0462 +0.042 0.651 £0.009 0.166 4 0.028
LINDCN_532-1 0.025 1.073 59 0.313
0.050 1.058 65 0.290
0.075 1.072 70 0.269
0.100 1.112 90 0.274
0.125 1.111 90 0.267
0.150 1.085 110 0.264
0.175 1.066 120 0.253
0.200 1.121 125 0.255
Average 1.087 92 +27 0.271 4+ 0.016 2.25 4+ 0.09 343 +0.15
LINDCN_532-2 0.025 1.007 59 0.309
0.050 1.027 60 0.287
0.075 1.046 65 0.268
0.100 1.081 85 0.249
0.125 1.097 100 0.251
0.150 1.099 110 0.254
0.175 1.075 115 0.250
0.200 1.045 135 0.247
Average 1.060 91 4+ 31 0.264 £+ 0.017 5.66 + 1.01 4.07 £0.12

Another parameter that describes electrode kinetics is the heterogeneous rate constant
(ko). However, there are many discussions about which model is more suitable for quasi-
reversible and irreversible systems. Masood et al. [53] compared several methods for
detecting ky in quasi-reversible electrochemical reactions. The authors found that the
Kochi and Gileadi methods provided reliable ky values, whereas Nicholson and Shain’s
equation gave overestimated values. Nevertheless, they found that kg calculated from

-1/2

the plot of v versus ¥, as derived from the Nicholson and Shain equation, agreed
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well with values obtained using the Kochi and Gilaedi methods. It should be noted that
their research aimed to calculate the D of paracetamol. Meanwhile, Guermeche et al. [57]
compared kg when applying various equations to the electrochemical reaction in the
hexacyanoferrate system. Argwal [58] conducted a thorough analysis of Nicholson’s
method, providing corrected ¥ values for determining ky. We used the D value from the
literature (as described above) to calculate ky. The ¥ values were taken from this reference
for further CV analysis. The kg values obtained around 0.5 cm s~ again confirmed that, in
the case of LINDCN_CO,, electrons are transferred slowly at the electrode interface, thus
confirming a quasi-reversible electrochemical reaction [57,58]. Furthermore, ky was found
to be 2.25 and 5.66 cm s~ ! for LINDCN_532-1 and LINDCN_532-2, respectively, indicating
fast electrochemical reactions. However, the reproducibility of electron transfer at different
samples from the same production batch was rather low, as was also evident from the EDS
data (Table 1). This suggests that further optimization of the laser parameters for electrode
fabrication on the PEI surface is required.

EIS is a powerful tool, which allows for assessing differences between electrode
structures that it is not possible by voltammetric techniques such as CV or pulse
voltammetries [59]. A comprehensive interpretation of impedance spectra in carbon-
electrode-based systems often depends on having a predefined or well-organized molec-
ular arrangement at the electrode or modified surface, ensuring uniformity at the
nanoscale [60,61].

To evaluate the processes occurring at the solution—electrode interface, EIS was
recorded at OCP in blank electrolyte (0.1 M KCl). The data are depicted in Figure 6A.
The spectra have a small, misshaped semicircle (visible in the inset of Figure 6A) typical
of carbon nanomaterials in buffer solution without a redox probe [62,63]. The classical or
modified Randles equivalent circuit was not suitable for the fitting of an entire spectrum,
since no redox species were in the solution. The same circuit for all the electrodes (pre-
sented in Figure 6B) was applied for the analysis of the spectra: spectra were fitted to the
modified Randles (CPE was used instead of a capacitor) with another R||CPE connected
in series (Ro—[Rct||CPE4 ]-[RLinpeN ||[CPELNDeN])- The second couple R||CPE is related to
the electroactive species transfer through the LINDCD film.
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Figure 6. EIS spectra recorded at LINDCN_CO»-1 (red circles), LINDCN_CO;-2 (red triangles),
LINDCN_532-1 (blue circles), and LINDCN_532-2 (blue triangles) in 0.1 M KCI (A) and in the
presence of [Fe(CN)g]>~ /4~ redox probe (B). Insets show the high-frequency region.

All parameters of the spectra fitting are given in Table 5. The cell resistance, Rq,

represents solution and bull resistances, combined in series R¢t||CPEq; (Figure 6B). Rt is

the charge-transfer resistance. CPE was modeled as a non-ideal capacitor [59]:

CPE =

Cliw)®™

)
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where the capacitance C describes the charge separation at the double layer interface and
the « exponent is due to the heterogeneity of the surface; when « =1, it is for a uniformly
flat surface.

Table 5. Parameters obtained by analyzing EIS spectra in Figure 6A, in blank electrolyte and in
5.0 mM [Fe(CN)¢ 3~ /4~ (Figure 6B). The equivalent circuits are described in the text. The fitting error
(x3) was below 5% for all samples. C was calculated from CPE using the Brug relation (Equation (4)).

Rq, Car R, Runpen,  CLinpen,
Electrode Q cm? uF cm—2 “1 kQ cm? Q cm? uF cm—2 *2

Blank electrolyte

LINDCN_CO»-1 114 62.4 0.812 15.2 17.3 42.2 0.761

LINDCN_CO,-2 144 30.5 0.787 14.7 28.7 39.1 0.794

LINDCN_532-1 94.0 19.2 0.872 94.0 29.0 39.4 0.876

LINDCN_532-2 79.7 13.4 0.881 120 39.6 43.3 0.899
[Fe(CN)e]*~ /4~

LINDCN_CO»-1 110 0.106 0.760 15.9

LINDCN_CO,-2 111 0.050 0.762 41.7

LINDCN_532-1 75.6 258 0.746 0.794

LINDCN_532-2 65.1 377 0.870 0.525

According to the heterogeneity constant, the surface is more homogeneous at
LINDCN_532 than at LINDCN_CO,, which is consistent with the SEM data. The R
values at LINDCN_532 are almost ten times higher than at LINDCN_CO; at low frequen-
cies and, because charge separation is predominant, as seen in the spectra, they have much
higher imaginary impedance values (Figure 6A).

The redox probe helps to assess charge transfer at the interface; therefore, EIS spectra
were recorded in the presence of the [Fe(CN)g]>~ /4. The obtained spectra are presented in
Figure 6A, and they show clear semicircles typical of the behaviors where charge transfer is
predominant. However, the semicircles are misshaped and have “tails” in the low-frequency
region, indicating that diffusion is also important in the control of the electrochemical
process [59]. The spectra were analyzed by non-linear least-squares fitting using equivalent
circuit models. For LINDCN_532 electrodes, the spectra were fitted with the modified
Randles circuit Ro—[(Rct + W)||CPE], and W is a semi-infinite Warburg element accounting
for diffusion of redox species at low frequencies. The Warburg component was included due
to the presence of a diffusion-controlled contribution observed in the low-frequency region.

In contrast, spectra obtained from CO, laser-fabricated electrodes exhibited no well-
defined diffusion-controlled region within the investigated frequency window and were
therefore fitted using a simplified Randles-type circuit Ro—(Rt||CPE), without inclusion
of a Warburg element. The impedance values of the spectra show more difficult charge
transfer, as the impedance values are higher than at LINDCN_532 electrodes. This is in
good agreement with the characterization by CV. In all cases, the CPE accounts for surface
heterogeneity and distributed interfacial time constants.

The effective double-layer capacitance (Cq;) was calculated from the fitted CPE param-
eters using the Brug relation [59]:

Ca= (cPE-R™)"" @)

and normalized to the geometric electrode area (1 cm3). Only fits yielding low x2 values
and physically meaningful parameters were considered acceptable.
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The definition of the Warburg element used is [59]

coth[(iTw)%]

(iTw)* ©)

Zw(w) = Ryif
where Ry is the diffusion resistance of electroactive species, f is the time constant depend-
ing on the diffusion rate (t = I>/D, where 1 is the effective diffusion thickness and D is the
effective diffusion coefficient of the species), and a = 0.5 means a perfect uniformly flat
interface. At high frequencies, the impedance behavior is that of infinite diffusion (phase
angle 45°), and at low frequencies, it tends to that of a capacitor (phase angle 90°). Values
of « of less than 0.5 express the fact that the interface is not uniform.

The EIS results recorded in the presence of the [Fe(CN)g]*~ /4~ redox probe
(Figure 6B, Table 5) provide direct insight into the interfacial charge-transfer properties of
the LINDCN electrodes and strongly corroborate the trends observed in Raman, XPS, and
CV analyses.

As shown in the Nyquist plots, the LINDCN_532 electrodes exhibit a dramatically re-
duced semicircle diameter compared to the LINDCN_CO, samples, indicating significantly
faster electron-transfer kinetics. This is quantitatively reflected in the R, which decreases
from 15.9-41.7 kQ-cm? for LINDCN_CO, to 0.525-0.794 kQ)-cm? for LINDCN_532. Such
a reduction of nearly two orders of magnitude confirms that the electron-transfer process is
severely hindered in LINDCN_CO; electrodes but highly efficient in the LINDCN_532 samples.

The discrepancies of Rt in blank electrolyte and presence of the redox probe are caused
by different processes dominating under different conditions. The blank electrolyte exhibits
predominantly capacitive behavior, which reflects interfacial phenomena associated with
the Helmholtz double layer and is governed mainly by mass transport rather than charge-
transfer processes. In contrast, the addition of a redox probe enables the assessment of
charge-transfer properties.

This behavior is directly consistent with the structural characterization. Raman anal-
ysis showed that LINDCN_532 exhibits larger in-plane crystallite sizes (L, up to 8.0 nm)
and lower disorder (lower FWHM(G) and Iy /Ig), while XPS revealed a significantly
higher sp® carbon fraction (~55-59%) and the presence of —m* shake-up satellites, in-
dicative of extended aromatic domains. These features facilitate electron delocalization
and reduce the energetic barrier for charge transfer, explaining the low R values. In
contrast, the LINDCN_CO, electrodes, characterized by high sp® content and abundant
oxygen/nitrogen functional groups, exhibit disrupted electronic pathways and conse-
quently sluggish charge-transfer kinetics.

The Cy; further supports this interpretation. The LINDCN_532 electrodes show ex-
ceptionally high capacitance values (258-377 uF-cm~3), several orders of magnitude larger
than those of the LINDCN_CO, electrodes (0.0499-0.106 uF-cm~3). This increase reflects a
significantly larger electrochemically active surface area, in agreement with CV-derived
Aga values (up to 4.07 cm®) and SEM observations of finer, more accessible porous struc-
tures. The high capacitance indicates enhanced charge storage capability and improved
electrode/electrolyte interaction.

The CPE exponent « provides additional insight into surface homogeneity. While
CO,-derived electrodes exhibit a ~ 0.76, indicative of highly heterogeneous and defect-rich
interfaces, LINDCN_532-2 shows a higher « value (0.87), suggesting a more uniform and
ideal capacitive behavior. This again aligns with the improved structural ordering observed
in Raman and XPS analyses.

Additionally, the lower solution resistance (Rq) observed for the LINDCN_532 elec-
trodes (65-76 Q-cm? vs. ~110 Q-cm? for CO, samples) indicates improved overall conduc-
tivity and better electrical connectivity within the electrode structure.
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Importantly, these EIS findings are fully consistent with the CV results. The
LINDCN_532 electrodes exhibited significantly higher current densities, reversible behav-
ior after ohmic correction, and higher heterogeneous rate constants (kg up to 5.66 cm-s 1),
whereas the LINDCN_CO; electrodes showed quasi-reversible behavior and much slower
kinetics. Together, these results demonstrate that graphitic ordering and electronic trans-
port properties dominate electrochemical performance, outweighing the potential benefits
of higher surface functionalization.

A higher amount of defects usually improves the electrochemical properties of carbon
nanomaterials, and a higher content of N and defects was found in LINDCN_CO; elec-
trodes, but as seen from electrochemical characterization, its electrochemical performance
was worse than at LINDCN_532. This apparent contradiction arises from the well-known
trade-off between surface chemical activity and long-range electronic transport in carbon-
based materials [64]. Specifically, an excessive number of defects can disrupt the percolating
sp® network, leading to increased R¢; and thus poorer electrochemical performance [65].

Moreover, literature data confirm that a moderate nitrogen content enhances
the electrochemical response, whereas excessive nitrogen incorporation leads to its
deterioration [66]. The optimal nitrogen content reported in bulk graphene materials
is approximately 6%, although this value may differ for LIG, as suggested by our results.

Overall, the EIS analysis confirms that LINDCN_532 carbon materials have superior
interfacial charge-transfer properties, driven by enhanced graphitic structure, improved
electronic conductivity, and increased electroactive surface area.

3.2. Detection of the Trace of Heavy Metals

The superior analytical performance of LINDCN_532 electrodes in heavy metal detec-
tion is directly correlated with their enhanced graphitic character and improved electron-
transfer kinetics. XPS and Raman analyses revealed a significantly higher sp® carbon
fraction, larger in-plane crystallite size (L, up to 8.0 nm), and the presence of m—7t* shake-up
satellites, all indicative of extended aromatic domains and improved electronic delocaliza-
tion. These structural characteristics translate into a dramatically reduced charge-transfer
resistance (Rt ~ 0.66 k() compared to 28.8 k(2 for CO;-derived electrodes) and a substan-
tially larger electroactive surface area (up to 4.07 cm?). In contrast, although CO,-treated
samples exhibit higher nitrogen and oxygen functionalization, the predominance of sp®
carbon and structural disorder limits electronic conductivity and results in sluggish electron-
transfer kinetics, ultimately suppressing stripping current responses. Collectively, these
findings demonstrate that, for electrochemical heavy metal sensing, efficient electronic
transport and accessible electroactive surface area outweigh the benefits of increased het-
eroatom functionalization.

This structure—function relationship is clearly reflected in the analytical performance
for individual metals. For Zn%* detection (Figure 7B), LINDCN_532 exhibited a sensitivity
approximately 2.7-fold higher than LINDCN_CO, (0.322 vs. 0.121 pA pM~! em~2; nor-
malized to geometric area), together with improved linearity (R® = 0.963 vs. 0.866) and
lower relative slope uncertainty. The inferior response of the LINDCN_CO, electrodes
is consistent with their higher charge-transfer resistance and smaller electroactive area,
confirming that graphitic ordering and enhanced conductivity dominate stripping-based
Zn** detection.

For Cd3*, the difference between the two fabrication routes becomes even more
pronounced. While LINDCN_532 provided a monotonic increase in stripping current
with concentration, the LINDCN_CO, electrodes exhibited progressive peak broadening
accompanied by a decrease in peak current (Figure 7C). At higher concentrations, the
Cd stripping peak became indistinguishable from the background, preventing reliable
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quantification across the tested range. This behavior suggests a transition to a surface-
limited regime, likely driven by passivation and/or highly heterogeneous metal deposition
on the defect-rich, poorly conductive CO;-derived carbon surface. The sensitivity was

0.515 vs. —0.248 pA pM ! ecm 2 for LINDCN_532 and LINDCN_COs, respectively.
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Figure 7. Representative stripping voltammograms showing peak currents (I) for Zn3+, Cd3*,
and Pb%* at ~6.8 uM obtained using LINDCN_CO; (red) and LINDCN_532 (blue) electrodes (A).
Calibration curve for Zn3* (B), Cd3* (C) and Pb®* (D). Error bars represent the standard deviation of
replicate measurements (n = 3).

The contrast is most striking for Pb®>* detection (Figure 7D). LINDCN_532 demon-
strated excellent analytical performance, with high sensitivity (2.04 4+ 0.15 pA uM~! cm~2)
and strong linear correlation (R® = 0.978), indicative of efficient nucleation and rapid strip-
ping kinetics on the graphitized carbon framework. In contrast, LINDCN_CO; showed
no statistically meaningful dependence of current on Pb3* concentration (R ~ 0.006),
indicating that the defect-rich, high-resistance carbon structure is unsuitable for reliable
Pb%* quantification.

Such a signal decrease could be related to a specific binding of Pb3* to the electrode
surface. Since the detection is performed simultaneously, the preconcentration potential
was set to the same value for all metals. LINDCN_CO; contains a higher amount of
nitrogen than LINDCN_532, and it is well known that heavy metal ions can be coordinated
by nitrogen-containing groups. Jin et al. [67] used density functional theory (DFT) to
investigate the adsorption of various heavy metals on graphene and N-doped graphene
surfaces. The authors found that N-doped graphene adsorbs transition metals with higher
adsorption energies than pristine graphene and that these metals tend to form clusters on
the surface. The geometry and size of these clusters depend on the nature of the metal: 4d
and 5d metals exhibit different structures compared to 3d metals. Although the metals
studied in our work were not included in the study by Jin et al., a similar trend can be
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considered. Zinc is a 3d metal, whereas cadmium and lead (although the latter is not a
transition metal) belong to the 4d and 5d groups, respectively. Based on this DFT study, we
propose the hypothesis that Cd and Pb are more strongly adsorbed on LINDCN than Zn.
On the other hand, LINDCN_532 contains a lower amount of nitrogen, which may lead
to weaker adsorption of the metal analytes. As a result, these electrodes exhibit improved
SWASYV performance compared to LINDCN_CO, samples. The analytical parameters are
summarized in Table 6. Sensitivity is normalized to the geometric electrode area because
the electroactive area is a relative parameter that depends on the [Fe(CN)g]?~ /% redox
probe and its electrochemical behavior. The redox couple is diffusion-controlled, whereas
metal ions are preconcentrated through adsorption onto the electrode surface.

Table 6. Calibration parameters for 7Zn3*, Cd3*, and Pb3* detection at LINDCN electrodes fabri-
cated with 532 nm and CO; lasers, including sensitivity (slope), intercept, R3, and relative error.
NQ = not quantifiable.

e s Relative
Sensitivity *, yA Intercept, 3
Analyte Electrode uM-1 cm -2 UA cm-2 R Ei;'or,
Zn3* LINDCN_532 0.322 + 0.031 1.606 £ 0.207 0.963 9.7
Zn3* LINDCN_CO, 0.121 + 0.024 1.639 £ 0.158 0.866 19.7
Cds+ LINDCN_532 0.515 + 0.116 3.229 +0.733 0.831 22.6
Ccds+ LINDCN_CO, ** 0.248 + 0.023 3.506 + 0.100 0.984 9.1
Pb3* LINDCN_532 2.042 + 0.154 —0.440 + 0.907 0.978 7.6
Pb3* LINDCN_CO, *** NQ — 0.006 —

* Sensitivity is normalized to geometric area. ** Cd peak broadened and disappeared at higher concentrations;
regression reflects a limited monotonic region only. *** No meaningful correlation between Pb>* concentration
and stripping current (R® ~ 0.006); electrode unsuitable for quantitative detection under tested conditions.

In the literature, LIG has been explored only rarely for the detection of heavy metals,
and none of the reported studies specifically targeted Zn®* detection. In most cases,
modified or doped LIG electrodes were used. For example, Jeong et al. [68] reported
Ag-nanoparticle-incorporated LIG electrodes for the detection of Cd**, Pb3*, and Cu®*. The
reported sensitivities were 0.271 and 0.037 pA uM ! em~2 for Cd3* and Pb?*, respectively,
in model solutions, and 0.034 and 0.025 pA nM~! in tap water. Chaudhary et al. [69]
used N- and B-co-doped LIG electrodes to detect Cd** and Pb®*, achieving sensitivities of
0.661 and 0.725 nA uM 1, respectively. Chu et al. [70] employed Bi film modified LIG to
detect Cd** and Pb®*, with sensitivities of 0.000410 and 0.000792 pA uM~!, respectively. In
this context, LINDCN electrodes exhibit comparable sensitivity, although in some cases
the reported sensitivities appear to be much lower, which is likely because they are not
normalized to the electrode area, as the authors do not specify the geometric area of the
electrodes. Importantly, LINDCN electrodes enable the detection of Zn3*.

Overall, these results consistently demonstrate that electron-transfer efficiency and
effective electroactive surface accessibility govern analytical performance more strongly
than surface functional group density. The different laser processing, therefore, critically
determines the balance between structural order and defect density, which in turn defines
the suitability of laser-induced carbon nanomaterials as platforms for electrochemical heavy
metal sensing.

4. Conclusions

This empirical study demonstrates that both CO, and 532 nm lasers are suitable for
electrode fabrication on PEI substrates. By combining structural (SEM, Raman, XPS) and
electrochemical (CV, EIS) analyses, relationships between graphitic ordering and interfacial
charge-transfer behavior were identified under the investigated processing conditions.

https:/ /doi.org/10.3390/ cryst16050332


https://doi.org/10.3390/cryst16050332

Crystals 2026, 16, 332 21 of 24

Under the selected fabrication parameters, the LINDCN_532 samples exhibited a
higher apparent degree of graphitization, characterized by increased sp® carbon content,
larger in-plane crystallite size, and extended aromatic domains. These features were
associated with lower charge-transfer resistance, larger electroactive surface area, and faster
electron-transfer kinetics.

In contrast, LINDCN_CO, samples displayed a higher degree of surface functionaliza-
tion but also greater structural disorder, which correlated with reduced conductivity and
less favorable electrochemical performance under the same conditions.

These differences were reflected in analytical applications, where the LINDCN_532 elec-
trodes showed improved sensitivity, linearity, and quantification performance for Zn3*,
Cd?3*, and Pb®* detection within the tested parameter space.

Importantly, these results should not be interpreted as a direct comparison of fully
optimized fabrication regimes but rather as an indication of how different laser-material
interaction modes can influence the resulting structure and electrochemical behavior.

More broadly, the findings suggest that irradiation parameters must be carefully tai-
lored to balance structural order and surface chemistry depending on the target application.
Defect-rich, functionalized materials may be advantageous for catalytic or adsorption-
driven processes, whereas more graphitized structures may benefit sensing platforms
requiring efficient electron transfer.

Future work will focus on systematic optimization of processing parameters for each
laser system and on establishing causal structure-property relationships through controlled
parameter variation. In addition, hybrid strategies combining graphitic backbones with
controlled surface functionalization or nanomaterial integration will be explored.

Opverall, this work provides a foundation for the rational engineering of laser-induced
carbon materials and highlights the importance of processing conditions in tuning electro-
chemical performance.
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