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A B S T R A C T

Diclofenac is a widely used pharmaceutical pollutant that is frequently detected in wastewater and natural 
waters; however, its reliable on-site quantification remains challenging because of costly instrumentation, labor- 
intensive sample preparation, and electrodes with limited electron-transfer efficiency. In this study, we report a 
simple, scalable, and mask-free strategy for constructing high-performance electrochemical electrodes based on 
laser-induced graphene (LIG) produced by direct laser graphene writing on polyimide. The porous three- 
dimensional LIG scaffold was subsequently functionalized with Co(II)-chelated graphitic carbon nitride (Co(II) 
@g-C₃N₄) to introduce redox-active sites and enhance interfacial charge transfer. Structural and electrochemical 
analyses revealed a seven-fold increase in the electrochemically active surface area and markedly improved 
heterogeneous electron-transfer kinetics after functionalization. Owing to these synergistic effects, the hybrid LIG 
electrodes enabled highly sensitive square-wave voltammetric detection of diclofenac over a wide linear range 
(1–200 μM), with a low detection limit of 0.10 μM (S/N = 3) and two distinct sensitivity regions. The sensor 
exhibited excellent selectivity toward diclofenac in the presence of common interferents and demonstrated 
reliable performance in pharmaceutical formulations and spiked human urine samples. This study highlights 
laser-induced graphene as a versatile and environmentally friendly electrode scaffold for advanced electro
chemical sensing platforms in the pharmaceutical and environmental monitoring fields.

1. Introduction

Diclofenac, 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetic acid, is a 
nonsteroidal anti-inflammatory drug that is widely used for its antipy
retic and anti-inflammatory properties to alleviate pain and symptoms 
associated with arthritis. Despite its therapeutic benefits, diclofenac 
poses challenges in terms of biodegradation, and its removal in con
ventional wastewater treatment plants (WWTPs) is only partial, typi
cally ranging from 20% to 40% [1]. Consequently, DF has been detected 
in effluents from WWTPs, surface water, groundwater, and drinking 
water at concentrations ranging from ng⋅L− 1 to g⋅L− 1 [2]. The wide
spread presence of diclofenac in aquatic bodies raises concerns owing to 
its persistence and potential long-term impact on both ecological sys
tems and human health, even at low concentrations [3].

Conventional analytical methods are robust and accurate; however, 
they often require expensive equipment, involve lengthy analysis times, 
and require skilled technicians. Various conventional methods, such as 
high-performance liquid chromatography [4], gas chromatography [5], 
thin-layer chromatography [6], capillary zone electrophoresis [7], and 
spectrophotometry [8,9], have been used for DF determination. 
Although these methods are robust and accurate, they often require 
expensive equipment and involve lengthy analysis times. Recognizing 
the electroactivity of diclofenac, electrochemical approaches have 
gained attention as alternatives for its detection [10–13]. Electro
chemical methods offer advantages such as high sensitivity, specificity, 
low detection limits, cost effectiveness, and simplicity. Furthermore, 
these methods are highly sensitive, specific, have low detection limits, 
are cost-effective, and are amenable. They comply well with the WHO 
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ASSURED criteria for devising low-cost and easy-to-handle analytical 
methods for low-resource settings [14,15].

In direct electrochemical measurements of electroactive species, 
bare electrodes may exhibit low responsiveness. To address this, nano
materials, mediators, and modified electrodes have been usd to enhance 
electrochemical response. Numerous research groups have developed 
electrochemical (bio)sensors for the rapid and sensitive detection of 
diclofenac in various samples and matrices [16]. These sensors typically 
consist of an electrode serving as a transduction element coated with a 
chemical recognition film to impart specific identification capabilities, 
resulting in highly selective sensors. However, there is a growing need to 
develop eco-friendly and cost-effective modified electrodes for the 
detection of diclofenac. Graphene-based sensors, which leverage the 
unique properties of graphene, have shown promise in applications 
spanning biology, medicine, and environmental monitoring [17–19]. 
Traditional methods of graphene production, such as mechanical exfo
liation (ME), chemical vapor deposition (CVD), epitaxial growth (EG), 
and reduction of graphene oxide (rGO), have drawbacks: ME is ineffi
cient, CVD and EG are energy-intensive and costly, and rGO contributes 
to environmental pollution during preparation [20,21]. Therefore, the 
development of a technique for graphene production that overcomes 
these limitations is of significant importance [22].

The laser direct-writing approach has gained significant attention in 
recent years owing to its advantages, including selective and localized 
reduction, accurate and rapid patterning, and the absence of masks and 
additional chemicals. In the context of graphene production, laser- 
induced graphene has been generated using two methods: reduction of 
graphene oxide (GO) and direct laser writing of graphene [23–25]. The 
former involves the photochemical/photophysical reduction of GO 
using laser irradiation with various types of lasers, resulting in LIG [26]. 
The latter involves the irradiation of polymer precursors, such as poly
imide and phenolic resin, as well as natural materials, such as paper and 
wood, with a laser to produce LIG [23,24]. Doping has been used to 
enhance the range and sensitivity of laser-induced graphene (LIG)-based 
sensors. The formation of conductive channels between the dopants and 
LIG increases the number of microcracks and resistance, thereby 
improving the performance of stress and strain sensors. LIG has been 
applied in various sensors owing to its high sensitivity, wide detection 
range, rapid reaction time, and strong repeatability. For example, in 
stress sensors, LIG, which is mechanically durable, highly conductive, 
and sensitive to various stresses, exhibits altered capacitance and 
resistance, effectively translating force impulses into electrical signals 
[27]. Although the intrinsic electrical conductivity of laser-induced 
graphene (~102–104 S⋅cm− 1) is lower than that of high-quality CVD 
graphene (~104–105 S⋅cm− 1), it is comparable to or higher than that of 
most reduced graphene oxide films (~101–103 S⋅cm− 1) [28,29], while 
offering key practical advantages such as direct mask-free fabrication, 
high accessible surface area, and abundant electrochemically active 
edge sites.

The success of electrochemical sensing depends on the electrode 
materials used, including metals, metal oxides, conducting polymers, 
and carbon nanostructures [30]. A portable electrode sensor based on 
laser-induced graphene has been reported for the electrochemical 
detection of carbendazim [29]. Several bioactive compounds, such as 
dopamine, uric acid, and paracetamol, have been detected at sub- 
micromolar levels using AuNP-modified LIG electrodes [31–33]. The 
addition of platinum nanoparticles to the surface of LIG improved the 
electrode sensitivity, demonstrating a large dynamic range varying from 
1 to 40 μM, with a detection limit of 0.67 μM. In contrast, nickel 
nanoparticles and graphene oxide were synthesized and independently 
characterized using spectroscopic and microscopic methods [35]. The 
electrodeposition method was then used to create a novel glassy carbon 
electrode modified with electrochemically reduced graphene oxide 
coated with nickel nanoparticles for diclofenac detection. The sensing 
range of this platform was 0.25–125 μM. The limits of detection and 
quantification of the proposed method were determined to be 0.09 and 

0.30 μM, respectively. Furthermore, a differential pulse voltammetric 
technique for determining DCF is presented, utilizing a glassy carbon 
electrode modified with zeolitic imidazolate framework-67/graphitic 
carbon nitride (ZIF-67/g-C3N4). The modified electrode exhibited 
acceptable repeatability, reproducibility, and selectivity toward DF in 
the range of 0.2–2.2μmol⋅L− 1 and had a detection limit of 
0.071μmol⋅L− 1 [36]. For the first time, we offer a unique strategy for 
constructing conductive sensors for diclofenac by employing electrodes 
with sensitive detection limits, high surface areas, and laser scribing to 
generate graphene from a polyimide sheet. To boost the detection 
sensitivity, the LIG electrode surface was modified with Co(II)- 
functionalized graphitic carbon nitride (Co(II)@g-C3N4) nanoplates. 
To provide optimal performance, we optimized the LIG electrode pro
duction process and characterized the physicochemical parameters of 
the electrodes, including the heterogeneous electron transfer rate and 
electrochemically active surface area. Furthermore, by functionalizing 
the electrodes with gold nanoparticles, we improved the physicochem
ical characteristics of the electrodes, resulting in greater sensing capa
bilities for DCF and a reduced detection limit. Furthermore, we used a 
variety of analytical methods to gain insights into the structure, 
composition, and surface morphology of the (Co(II)@g-C3N4) films, 
including FTIR, X-ray diffraction (XRD), and SEM. This study demon
strates the enormous potential of LIG-based electrochemical sensors for 
a wide range of applications. We opened new opportunities in the in
dustry by establishing a simple yet effective approach for producing 
highly conductive sensors and improving their characteristics through 
functionalization.

2. Methods

2.1. Apparatuses

SEM/EDAX measurements were performed using an F250 apparatus 
(Thermo Fisher). Raman spectra were recorded using a Horiba LabRAM 
HR800 system at 23 ◦C with a He–Ne laser (632.8 nm) at a power of 2.4 
mW. X-ray diffraction was performed using a PANalytical XRD diffrac
tometer with CuKα = 1.54 Å radiation measured at room temperature 
(RT).

Electrochemical measurements were performed using a Palmsens4 
potentiostat equipped with an FRA module at RT. The experimental 
design and data were collected using PSTrace v5.10 software. The gra
phene electrodes were scribed on polyimide sheets using a 40 W laser 
machine equipped with a CO2 laser source (λ = 10.6 μm).

2.2. Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (Germany) and 
used as received. Graphitic carbon nitride (g-C3N4) was prepared ac
cording to a previously reported method [37]. 1× PBS was prepared by 
dissolving NaCl, KCl, Na2HPO4, and KH2PO4 in deionized water. DI 
water, obtained by osmosis filtration using a Millipore system, was used 
for all preparations. Polyimide Kapton® scotch tape (thickness = 75 μm) 
was purchased from a local retailer for electronic components. A stock 
solution of diclofenac sodium salt was prepared by dissolving diclofenac 
sodium salt in PBS, and daughter solutions were prepared by dilution.

2.3. Preparation of Co(II)@g-C3N4

The g-C3N4 was synthesized via one-step pyrolysis of thiourea [37]. 
Specifically, 6.0 g of thiourea was calcined at 500 ◦C in a covered 50-mL 
ceramic crucible within a muffle furnace for 3 h, yielding a yellow 
powder. Subsequently, the powder was washed several times with 
ethanol to remove unreacted thiourea and dried overnight at 60 ◦C.

The Co(II)@g-C3N4 complex was synthesized by combining CoCl2 
with graphitic carbon nitride. Briefly, 1.0 mg of CoCl2 was introduced 
into a 1.0 mg suspension of g-C3N4 in DI water (1.5 mL). The mixture 
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was sonicated at 42 Hz for 30 min, followed by centrifugation for 15 min 
at 10,000 rpm. The supernatant containing excess Co(II) was then 
removed. The solid was washed twice with DI water and redispersed in 
DI water prior to use.

2.4. Fabrication of the electrodes

A PI film with a thickness of 75–80 μm was first affixed to the surface 
of a polyethylene terephthalate film. A CAD three-electrode configura
tion was used to scribe the LIGEs using a water-cooled CO2 laser scribing 
machine (Fig. 1). The laser power and speed were set to 6.0 W and 15.0 
cm⋅s− 1, respectively. These parameters were optimized in previous 
studies from our group [38,39]. The diameter of the working surface 
electrode was 0.5 cm, and the connectors were covered with a UV- 
curable polymer.

The Co(II)@g-C3N4-modified LIGEs were prepared by drop-casting 
10 μL of the Co(II)@g-C3N4 suspension onto the surface of the work
ing electrode. The drop was allowed to dry at room temperature. The 
electrode was then rinsed with DI water to remove non-adsorbed ma
terials before use.

2.5. Electrochemistry

The bare and modified electrodes were fully characterized using 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). Electrochemical measurements were performed in 10 mM PBS, 
and the data were collected. The electrode surface was examined in a 
solution containing 5.0 mM ferrocenedimethanol, serving as the redox 
probe to evaluate the electrode kinetics and electrochemical surface 
area, and to determine the heterogeneous electron transfer rate. Square- 

wave voltammetry (SWV) was used to detect DF. The optimal operating 
parameters were a potential amplitude of 10 mV, potential step of 50 
mV, and frequency of 25 Hz. Uric acid (UA), salicylic acid (SA), and 
ascorbic acid (AA) were examined as potential interfering molecules for 
selectivity.

2.6. Determining the heterogenous electron transfer rates

The Randles–Sevcik equation (Eq. 1) was used to estimate the elec
trochemically active surface areas of both bare LIGE and Co(II)@g- 
C3N4/LIGE [40]. 

ip =
(
2.6×10− 5)n3/2 A(Dv)1/2 C0 (1) 

where ip is expressed in amperes (A), A is the geometric area of the 
electrode in cm2, C0 is the concentration of the redox probe in mol⋅cm− 3, 
n is the number of electrons participating in the redox reaction, v is the 
scan rate in V⋅s− 1, and D is the diffusion coefficient in cm2⋅s− 1.

The Nicholson equation (Eq. 2) was used to determine the hetero
geneous electron transfer (HET) rate (k0) [41]. 

ψ = k0
(

D0

DR

)
α
2 •

(
RT

πnFD0v

)
1
2 (2) 

where ψ is the dimensionless kinetic parameter, k0 is the HET rate, DO 
and DR are the diffusion coefficients of ferrocenedimethanol, α is the 
transfer coefficient, n is the number of electrons involved in the process 
(n = 1), F is the Faraday constant (F = 96,489C⋅mol− 1), v is the scan rate 
(V⋅s− 1), and R is the gas constant (8.314 J/mol⋅K), and T is the absolute 
temperature (K). This equation can be simplified if the values of DO and 
DR are approximately equal, as in this case, and α = 0.5 (Eqs. 3 and 4). 

Fig. 1. Graphical illustration of the fabrication process of the modified laser-induced graphene electrodes: (a) direct laser writing, (b) cutting and insulating the 
electrodes with UV-curable polymers, (c) drop-casting of Co(II)@g-C3N4, and (d) sensing of diclofenac.
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ψ = k0
(

RT
πnFDv

)
1
2 (3) 

Or simply, 

ψ = k0 • β • v−
1
2,with β =

(
RT

πnFD

)
1
2 (4) 

In this case, ψ depends only on ΔEp and can be determined using Eq. 
5. 

ψ =
− 0.6288 + 0.0021X

(1 − 0.017X)
,Where X = ΔE < 300 mV (5) 

The mass transport coefficient, mT, was calculated using Eq. 6. 

mT =

̅̅̅̅̅̅̅̅
FDv
RT

√

(6) 

The Matsuda-Ayabe parameter for assessing the system reversibility 
was calculated using Eq. 7 [42]. 

ζ = k0 •

(
RT
FDv

)
1
2 =

k0

mT
(7) 

From the complex impedance Z* (Eq. 8) and its real and imaginary 
(Z′ and Z″) components. 

Z*(ω) = Zʹ(ω)+ jZ˝(ω) (8) 

The complex capacitance, derived from the complex impedance, is 
given by Eq. 9: 

C*(ω) = Cʹ(ω) − jC˝(ω) (9) 

The real and imaginary capacitance components are derived from Z′ 
and Z″, respectively, according to Eqs. 10 and 11. 

Cʹ(ω) = −
Z˝(ω)

ω
(
Zʹ2(ω) + Z˝2(ω)

) (10) 

C''(ω) = Z'(ω)
ω(Z'2(ω) + Z''2(ω) )

(11) 

Finally, the in-plane crystallite size (Lₐ) was estimated using the 
Tuinstra–Koenig equation (Eq. 12) [43,44]. 

La(nm) =
2.4 × 10− 10 • λ4

ID/IG

(12) 

Where λ is the excitation laser wavelength and ID/IG is the ratio of the D 
to G bands of LIG.

3. Results

3.1. Preparation of the Co(II)@g-C3N4-modified LIGEs

The modified electrodes were prepared in two straightforward steps, 
starting with a commercial PI membrane affixed to a PET film to with
stand high temperatures during the laser ablation process. Direct laser 
writing was used to prepare a series of computer-aided design electrodes 
with dimensions that matched those of commonly used screen-printed 
electrodes. The laser-induced conversion of polyimide into graphene 
occurs through synergistic photothermal and photochemical pathways 
driven by localized laser heating (local T > 2500 ◦C) and bond scission 
[45], yielding turbostratic, poorly ordered graphene domains with an in- 
plane crystallite size of approximately 124 nm. This choice was made to 
ensure the use of identical electrical connectors and small volumes of 
chemical reagents. In the next step, the electrodes were modified by 
drop casting small volumes of Co(II)@g-C3N4 onto the surface of bare 
LIGE. Nitrogen-chelated Co(II) complexes can be oxidized to Co(III) at 
relatively low potentials, resulting in a surface that is both more 

conductive and catalytic, which could enhance the efficient oxidation of 
DF.

3.2. Microscopic and spectroscopic characterizations

The electrodes were characterized using SEM, Raman spectroscopy, 
and XRD. Fig. 2a-b show the secondary electron SEM images of both 
unaltered and modified electrodes at various magnifications, illustrating 
a porous tunnel network on the electrode surface, which is a result of gas 
molecules during the laser ablation process. The SEM images of the 
modified electrode surfaces revealed flakes of graphitic carbon nitride. 
Furthermore, EDX chemical analysis of the surface showed that the 
materials formed contained carbon (93.8 wt%), oxygen (5.1 wt%), and a 
minor amount of nitrogen (1.1 wt%) resulting from the photochemical 
decomposition of the polyimide membranes. The EDX results for the 
modified electrode indicated an increase in the nitrogen content and the 
presence of cobalt at a low concentration (0.6 wt. %), stemming from the 
added Co(II)@g-C3N4.

Raman spectra were obtained for the electrode surface both prior and 
following the modification with Co(II)@g-C3N4 (Fig. 2c). The spectrum 
of unmodified polyimide displays several peaks located at 1150–1200 
cm− 1, 1650 cm− 1, and between 2850 and 3100 cm− 1, which are 
attributed to the vibrational modes of the pristine polymer (Fig. S1). The 
unaltered electrode material exhibited distinctive graphene bands at 
~1350 cm− 1 (D band) linked to structural defects in laser-induced 
graphene, a second band at around 1560 cm− 1 (G band) related to the 
carbon‑carbon stretching, and the 2D harmonic band at ~2700 cm− 1 

[40]. Graphitic carbon nitride is characterized by the presence of four 
peaks at ~690, ~990, ~1360, and ~ 1560 cm− 1 [46]. The first two 
peaks correspond to s-triazine vibrations, whereas the latter two are 
attributed to structural defects and the breathing of the 2D surface. The 
bands at ~1350 and ~ 1560 cm− 1 overlapped with those of graphene, 
and the bands at approximately 690 and ~ 990 cm− 1 were too weak to 
be detected owing to the low Co(II)@g-C3N4 content.

Using the modified Tuinstra–Koenig relation [44], the in-plane 
crystallite sizes were estimated to be 124 and 30 nm for pristine LIG 
and Co(II)@g-C₃N₄/LIG, respectively. However, because Co(II)@g-C₃N₄ 
was drop-casted over LIG, the Raman signal predominantly probes the 
outer modified surface, and the increase in the ID/IG ratio (from 0.31 to 
1.28) may partially originate from overcoating rather than from intrinsic 
structural degradation of the underlying graphene lattice. Consequently, 
the estimated crystallite size of Co(II)@g-C₃N₄/LIG reflects the com
posite surface structure and should not be considered as a direct measure 
of the intrinsic graphene domain size.

The XRD patterns of both the pristine and modified graphene sur
faces are shown in Fig. 2d. The presence of graphene is indicated by the 
characteristic large peaks corresponding to the (200) and (100) reflec
tion planes, located at 25.8◦ and 54.0◦, respectively. The XRD pattern of 
Co(II)@g-C3N4/LIG shows different patterns at ~16◦, ~28◦, and ~ 42◦

with graphitic carbon nitride. The broad (002) reflection indicates 
reduced stacking coherence and turbostratic disorder, which may 
include contributions from disordered carbon, wheras the calculated 
interlayer spacing (d002 ≈ 0.345 nm) exceeds that of ideal graphite 
(0.335 nm), consistent with few-layer graphene with expanded inter
layer spacing and structural defects.

3.3. Electrochemical characterizations

3.3.1. Fabrication reproducibility
First, we compared the electrochemical responses of five modified 

LIGEs prepared under the same conditions using cyclic voltammetry in a 
10 mM phosphate-buffered saline solution containing 100 μM DF. This 
allowed us to assess the reproducibility of LIGEs. The data showed that 
the signal change from electrode to electrode was relatively low, proving 
that the electrode preparation method was satisfactory (Fig. S2).
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3.3.2. Catalytic and enhancement effects
The electrochemical activities of the bare LIGE, g-C3N4/LIGE, and Co 

(II)@g-C3N4/LIGE electrodes were evaluated in the presence of 100 μM 
DF dissolved in 10 mM PBS (Fig. 3a-b). The CV curves show higher 
current densities for the modified electrodes than those for the bare 
LIGE. The electroactivity of the electrodes varied in the following order: 
Co(II)@g-C3N4/LIGE > g-C3N4/LIGE > LIGE, implying the importance 
of modifying the LIGE electrode with Co(II)@g-C3N4. Furthermore, the 
data showed that the peak-to-peak potential differences were 254, 146, 
and 107 mV for LIGE, g-C3N4/LIGE, and Co(II)@g-C3N4/LIGE, respec
tively, suggesting the quasi-reversible behavior of these electrodes. 
Plotting the current density as a function of the square root of the scan 
rate showed a linear dependence, suggesting that the electrode kinetics 
were controlled by the diffusion of electroactive species (Fig. 3c-d). 
Notably, the area under the CV for the Co(II)@g-C3N4/LIGE electrode 
was significantly larger than that of the bare electrode, indicating that 
the Co(II)@g-C3N4/LIGE electrode can also be applied in faradaic 
capacitive sensing.

The addition of Co(II)@g-C3N4 to the LIGE surface induced a 
cathodic potential shift and improved the electron transfer kinetics, 
resulting in an increased redox current density. To understand this 

effect, the electrochemical activities of the modified and bare LIGEs 
were evaluated using water-soluble ferrocenedimethanol as the redox 
probe (Fig. 4). Hexacyanoferrate, hydroquinone, and catechol are 
commonly used as inner-sphere mediators to probe interfacial electron 
transfer mechanisms [32,33]. However, our data suggest that these 
probes are not applicable in this case because the peak-to-peak separa
tion was greater than 300 mV, even at low scan rates, preventing their 
use in determining the heterogeneous electron transfer rate.

3.3.3. Heterogeneous electron transfer rate
The voltammograms in Fig. 4a and b show increased oxidation and 

reduction peak current densities with increasing scan rates for both 
electrodes, which is attributed to improved electrode kinetics. Further
more, plotting the calibration curves of the redox current densities as a 
function of the square root of the scan rate (inset in Fig. 4a and b) 
revealed a linear dependence, suggesting diffusion-controlled kinetics, 
similar to those observed for diclofenac using the Co(II)@g-C3N4/LIG 
electrode.

Using (Eq. 5), the heterogeneous electron transfer rate, k0, was 
determined from the slope of the plot of ψ as a function of the reciprocal 
of the scan rate (Fig. 4c). The k0 values were 0.89 ± 0.08 × 10− 3 and 

Fig. 2. Secondary electron SEM images at different magnifications (a-b) with the EDX composition analysis, Raman (c) and XRD (d) plots for the pristine (i) and 
modified (ii) electrode surfaces.
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1.27 ± 0.04 × 10− 3 cm⋅s− 1 for the bare LIG and Co(II)@g-C3N4/LIG 
electrodes, respectively, representing an approximate increase of 43% 
after the modification. These values are roughly one order of magnitude 
lower than the values reported by Masood et al. (2.20 × 10− 2 cm⋅s− 1) 
[47] for glassy carbon electrodes in a paracetamol solution with LiClO4 
as the supporting electrolyte, Griffiths et al. (2.37 × 10− 2 cm⋅s− 1) for 
laser-induced GO reduction [48], and Silva et al. (5.2 × 10− 3 cm s− 1 and 
4.5 × 10− 3 cm s− 1) [49] using dopamine and acetaminophen as redox 
probes. Other studies using laser-induced graphene electrodes by Bosch- 
Navarro et al. (1.40 × 10− 2 cm⋅s− 1) for CVD graphene [50] and Kavai 
et al. (3.20 × 10− 2 cm⋅s− 1) [51] reported similar permeation rates. 
These differences are attributed to a slower electron transfer rate, as 
reflected by the larger peak separation (≈ 300 mV), which was higher 
than that observed in the aforementioned studies.

Furthermore, the mass transfer coefficient (Fig. S3A) increased lin
early with the square root of the scan rate, consistent with diffusion- 
controlled transport, with a median value of 3.95 × 10− 3 cm⋅s− 1. The 
Matsuda–Ayabe parameter plotted as a function of scan rate exhibited a 
pronounced decrease with increasing scan rate (Fig. S3B), with median 
values of 0.321 ± 0.028 and 0.446 ± 0.014 for the two electrodes, 
respectively. These values indicate quasi-reversible electron-transfer 
behavior (ζ < 15) for both electrodes, with a ~ 39% improvement in the 
modified electrode compared to the pristine one.

3.3.4. Electrochemical surface area
Utilizing the Randles–Sevcik equation (Eq. 1), the electrochemically 

active areas for the various electrodes were determined to be 0.590, 
0.824, and 1.392 cm2, which are 3 to 7 times larger than the geometrical 
surface area (Ageo = 0.196 cm2). This finding highlights the increased 

surface area attributable to the three-dimensional network in the laser- 
induced graphene and the advantageous effect of the deposited com
posite, which substantially augmented the three-dimensional surface 
area of the electrode.

3.3.5. Impedance and capacitance spectroscopies
Electrochemical impedance spectroscopy was performed to examine 

the other electrochemical characteristics of the electrodes. Fig. 4F shows 
Nyquist plots for both the modified and bare electrodes. A strong 
decrease in impedance was observed for the g-C3N4/LIG and Co(II)@g- 
C3N4/LIG electrodes, indicating an increase in the surface conductivity 
after adding g-C3N4 or Co(II)@g-C3N4. Furthermore, the Nyquist plots 
for the real and imaginary capacitance components showed an increase 
in capacitance in the following order: Co(II)@g-C3N4/LIGE > g-C3N4/ 
LIGE > LIGE, confirming the increase in capacitance after modification 
of the LIGE electrode with the Co(II)@g-C3N4 composite. This was 
confirmed by the plots of the capacitance magnitudes of the three 
different electrodes.

3.4. Sensing of diclofenac

Square-wave voltammetry was used to detect diclofenac because it 
allows the removal of capacitive currents. The sensing performances of 
the bare and Co(II)@g-C3N4-modified electrodes were examined for 
comparison.

3.4.1. Using bare LIG electrode
First, a bare electrode was used in the presence of different DF 

concentrations. The peak current density increased with increasing DF 

Fig. 3. CV (a) and SWV (b) plots for 100 μM diclofenac recorded using bare (i), g-C3N4 (ii), and Co(II)@g-C3N4-modified (iii) LIGEs recorded at 50 mV/s vs. Ag-Cl/ 
Ag/KCl reference electrode. (c) CV plots recorded at different scan rates using Co(II)@g-C3N4-modified and (d) dependence of current density on the square root of 
scan rate.
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Fig. 4. CV curves recorded at different scan rates for the bare (a) and Co(II)@g-C3N4 (b) electrodes in a PBS solution containing 5 mM ferrocenedimethanol and 
corresponding plots of current densities versus scan rates (insets c and d). Plot of ψ versus the reciprocal of the scan rate to determine the heterogeneous electron 
transfer rate (e) and Nyquist plots of the three different electrodes (f) recorded in PBS.

Fig. 5. (a and c) SWV plots and (b and d) corresponding calibration plots obtained with bare and Co(II)@g-C3N4 electrodes with increasing DF concentration.
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concentration (Fig. 5a) at a relatively low oxidation potential of 0.13 V. 
The peak current density exhibited a linear dependence on DF concen
tration over two dynamic ranges of 1–80 μM and 80–200 μM, with 
Person's coefficients of 0.993 and 0.998, respectively (Fig. 5a). The 
sensitivities for the ranges were respectively 0.900 and 0.227 
μA⋅μM− 1⋅cm− 2, denoting two different behaviors at low and high con
centrations of the target analytes. The Eqs. (13) and (14) for the cali
bration curves are as follows: 

jp
(
μA⋅cm− 2) = 0.90× [DF] (μM)+ 9.84

(
R2 = 0.993

)
(13) 

jp
(
μA⋅cm− 2) = 0.23× [DF] (μM)+ 59.66

(
R2 = 0.996

)
(14) 

The detection limit was calculated by dividing three times the 
standard deviation of the blank responses, σ0 (n = 10), by the slope of 
the calibration curve, 0.4 μM.

3.4.2. Using Co(II)@g-C3N4-modified LIG electrode
Fig. 5c shows the increase in the peak current densities related to DF 

oxidation as a function of increasing concentration. The oxidation peak 
potential was 0.03 V, which is 0.1 V lower than that of the bare elec
trode, denoting the catalytic effect of the Co(II)@g-C3N4 complex. 
Plotting the current densities versus the DF concentration revealed a 
linear dependence (Fig. 5d). In this case, two dynamic ranges were 
observed: 1–80 and 80–200 μM, with correlation R-squared values of 
0.994 and 0.998, respectively. The sensitivities were 10% and 23% 
higher than those of the bare electrode. Eqs. (15) and (16) are related to 
the calibration curves for these two ranges. 

jp
(
μA⋅cm− 2) = 0.99× [DF] (μM)+ 7.90

(
R2 = 0, 994

)
(15) 

jp
(
μA⋅cm− 2) = 0.28× [DF] (μM)+ 63.89

(
R2 = 0, 998

)
(16) 

The detection limit for DF was 0.1 μM, which was four times lower 
than that of the bare electrode.

3.4.3. Selectivity
Using SWV at the same conditions, the simultaneous detection of DF, 

UA, and AA at a concentration of 100 μM for all three compounds was 
assayed. The plot shows three well-resolved and well-defined peaks at 
0.03, 0.28, and 0.47 V for DF, UA, and AA, respectively. This result 
demonstrates the selectivity of the Co(II)g-C3N4 modified electrode, 
which can be used to analyze a mixture of drugs with interference 
(Fig. 6).

3.5. Detection of diclofenac in real samples

3.5.1. Commercial tablets
Solutions prepared by dissolving commercial DF tablets and doping 

urine samples with known amounts of DF were analyzed using the 
developed sensor. The results demonstrated a strong correlation be
tween the added quantity and recovered concentration (Table 1). The 
recovery percentages ranged from 92.60 ± 8.37% to 102.33 ± 6.50%, 
indicating the high analytical performance of the prepared electrode.

3.5.2. Urine
A urine sample from a voluntary donor who had previously used 

diclofenac-containing medications was used to detect DF in a more 
complex sample. First, the sample was diluted five times with PBS and 
spiked with different DF concentrations. The recovery percentages 
ranged from 88.70 ± 15.55% to 96.45 ± 3.10%, indicating the high 
analytical performance of the prepared electrode.

3.6. Comparison with literature

Compared to other modified electrodes used for the detection of 
diclofenac, these electrodes presented very good performance in terms 
of a large dynamic range (1–200 μM) and a decent limit of detection of 
0.3 μM (S/N = 3), without the need to modify the electrodes with noble 
metals (Au or Pt) [52,53], carbon nanotubes [10,54], or reduced gra
phene oxide [55] to improve their performance or extend their dynamic 
range. It is worth noting that DF concentrations below 1 μM were not 
assayed because the target drug concentrations in real samples are 
usually in the micromolar range. Using pulsed and anodic stripping 

Fig. 6. (a) Individual SWV curves for DF, UA, SA, and AA, and (b) simultaneous DF, UA, and AA recorded using the Co(II)@g-C3N4/LIG electrode.

Table 1 
Results for the analysis of spiked solutions of commercial diclofenac and urine 
samples.

Samples [DF]added (μM) [DF]found (μM) %R* (±RSD) **

Tablet 20 19.30 ± 2.88 96.50 ± 14.40
30 27.78 ± 2.51 92.60 ± 8.37
40 38.85 ± 3.80 97.12 ± 9.50
60 61.40 ± 3.90 102.33 ± 6.50

100 94.77 ± 2.77 94.77 ± 2.77
Urine 20 17.74 ± 3.11 88.70 ± 15.55

40 38.06 ± 2.80 95.15 ± 7.00
60 55.73 ± 3.42 92.88 ± 5.70
80 72.73 ± 3.78 90.91 ± 4.72

100 96.45 ± 3.10 96.45 ± 3.10
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techniques, such as DPV, SWV, and SWASV, this electrode and others 
showed that they can be used to determine diclofenac in real samples, 
such as human serum [10], pharmaceutical tablets [10,53,56], and 
human or synthetic urine samples [52,55,57]. To the best of our 
knowledge, this is the first example of a sensor based on laser-induced 
graphene for diclofenac detection (Table 2).

4. Discussion

This study demonstrates the successful fabrication and functionali
zation of a few layers of turbostratic laser-induced graphene electrodes 
using a simple, rapid, and eco-friendly direct laser writing technique, 
followed by surface modification with Co(II)-chelated graphitic carbon 
nitride. Raman data analysis showed that the in-plane crystallite sizes 
were 124 and 30 nm for the bare and Co(II)@g-C₃N₄/LIGE, respectively. 
The combination of porous 3D laser-induced graphene and the catalytic/ 
electron-mediating properties of Co(II)@g-C₃N₄ led to significant im
provements in the physicochemical and electrochemical performances 
of the electrodes. Moreover, the cost of electrode production is minimal, 
and the electrodes are designed for single-use, which is essential for 
bioanalytical purposes [58]. The estimated material cost is less US$ 0.01 
per electrode.

Microscopic and spectroscopic analyses confirmed the formation of a 
high-surface-area porous LIG structure decorated with uniformly 
distributed Co(II)@g-C₃N₄ nanosheets. The increased weight percent
ages of nitrogen and cobalt on the surface, along with the observed shifts 
in the Raman and XRD profiles, validated the successful modification. 
These structural changes directly translated into superior electro
chemical performance. Cyclic voltammetry showed a clear enhance
ment in the current density and reduced peak-to-peak separation after 
modification, indicating accelerated electron transfer. The heteroge
neous electron transfer rate increased by approximately 43%, and the 
electroactive surface area became seven times larger than the geometric 
area, strongly suggesting that the Co(II)@g-C₃N₄ coating increased the 
abundance of catalytic sites and improved the electronic conductivity. 
Furthermore, the calculated mass transport coefficients and Matsuda
–Ayabe parameters increased by 39% supported these findings, 
respectively.

Electrochemical impedance spectroscopy further supported this 
enhancement: both the charge-transfer resistance and overall imped
ance decreased substantially, whereas the capacitance increased in the 
order LIGE < g-C₃N₄/LIGE < Co(II)@g-C₃N₄/LIGE. These findings reflect 
faster charge transport and superior interfacial properties, which are 
consistent with the kinetic parameters of the electrodes. These are 
essential for the sensitive detection of electroactive molecules.

Diclofenac, an environmentally persistent and clinically relevant 
pharmaceutical, was selected as the model analyte to assess sensor 
performance. Both the bare and modified electrodes exhibited two 
distinct linear response ranges (1–80 and 80–200 μM); however, Co(II) 
@g-C₃N₄/LIGE clearly outperformed unmodified LIGE. The modified 
electrode provided higher sensitivities (10% and 23% improvements), a 
lower oxidation potential (shift of ~100 mV), and a fourfold lower 
detection limit (0.10 μM vs. 0.40 μM for bare LIGE). These enhance
ments stem from the synergistic effect between the conductive graphene 
network and redox-active Co(II)/Co(III) centers within g-C₃N₄, which 
facilitates the oxidation of diclofenac.

In addition to sensitivity, the modified electrode demonstrated 
excellent selectivity toward DF, even in the presence of common inter
fering species, such as uric acid, ascorbic acid, and salicylic acid. The 
ability to resolve these analytes through well-separated oxidation peaks 
highlights the suitability of the electrode for complex matrices. High 
recovery values (88.7–102.3%) obtained from commercial tablet solu
tions and spiked urine samples further confirmed the analytical reli
ability and practical applicability of the sensor.

Compared with previously reported DF sensors, including those 
based on nickel nanoparticles, metal–organic frameworks, or noble 
metals, Co(II)@g-C₃N₄/LIGE offers a competitive or superior detection 
range, low detection limit, excellent selectivity, and a fabrication 
method that is both low-cost and environmentally friendly. This posi
tions the proposed platform as a promising alternative to more resource- 
intensive methods of graphene production and electrode modification.

In summary, the findings highlight that combining direct laser 
writing with rational surface functionalization provides an effective 
strategy for producing high-performance electrochemical sensors. The 
versatility of LIG fabrication and tunability of g-C₃N₄-based modifiers 
offer opportunities to extend this approach to a broad range of phar
maceutical, biological, and environmental analytes.

5. Conclusion

This work suggests a straightforward and scalable technique for 
fabricating high-performance electrochemical sensors. It incorporates 
direct laser writing of polyimide with Co(II)-chelated graphitic carbon 
nitride surface modification. The Co(II)@g-C3N4 hybrid electrode ad
dresses the limitations of conventional diclofenac detection technolo
gies, including sluggish electron transfer kinetics, limited active surface 
area, and costly fabrication techniques. The incorporation of a porous 
3D laser-induced graphene network and redox-active Co(II)/Co(III) sites 
increased the electron transfer rate and electrochemically active surface 
area, allowing for sensitive square-wave voltametric detection of 
diclofenac over a wide linear range (1–200 μM) with a LOD of 0.10 μM. 
The electrode also showed high selectivity against common interferents 
and consistent performance in pharmaceutical tablets and spiked urine 
samples, proving its durability in complex matrices. This study dem
onstrates that Co(II)-chelated g-C3N4/LIGE is a cost-effective, mask-free, 
and environmentally friendly sensing platform with significant potential 
for real-world pharmacological monitoring and environmental studies.
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Table 2 
Key performances of sensors for diclofenac.

Electrode Detection 
technique

Dynamic 
range (μM)

Detection 
limit (μM)

Real 
sample

Ref.

PtNfs/rGO/ 
SPCE

DPV 0.1–100 0.04 Urine [52]

AuNPs/ 
MWCNTs/ 
GCE

DPV 0.03–200 0.02 Urine/ 
Tablets

[53]

fCNTs/ZnO/ 
GCE

SWASV 78 10− 9 [54]

MWCNT- 
BMIMPF6/ 
CCE

DPV 0.05–50 0.018 Serum/ 
Tablets

[10]

ZnO/rGO/ 
GCE

i-t 0.05–36.5 0.018 Urine [55]

Co(OH)2- 
rGO/CPE

SWASV 0.025–1.55 0.008 Urine/ 
Tablets

[56]

CD-N/ 
MoO3NPs/ 
SPCE

DPV 0.25–50 0.08 Urine [57]

Bare LIGE SWV 1–200 0.3 Not 
tested

This 
work

Co(II)@g- 
C3N4/LIGE

SWV 1–200 0.3 Urine/ 
Tablets

This 
work

AuNPs: gold nanoparticles; CD-N: nitrogen-doped biomass carbon; CPE: carbon 
paste electrode; BMIMPF6:1,4-butylmethylimidazolium,PF6; DPV: differential 
pulse voltammetry; fCNTs: functionalized carbon nanotubes; GCE: glassy carbon 
electrodes; MWCNTs: multiwalled carbon nanotubes; rGO: reduced graphene 
oxide; SWASV: square wave anodic stripping voltammetry.
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Appendix A. Supplementary data

Raman spectra of the polyimide and laser-induced graphene 
(Fig. S1), normalized current response for different electrodes (n = 5) 
prepared by dropcasting of Co(II)@g-C3N4 in the absence and presence 
of 100 μM of diclofenac (Fig. S2), plots of the mass transport coefficient 
and Matsuba-Ayabe parameters as a function of the scan rate for the 
various electrodes (Fig. S3) and the median values of the mass transport 
coefficients and the calculated Matsuba–Ayabe parameters as a function 
of the scan rate (Table S1) that supports the data presented in the main 
manuscript. Supplementary data to this article can be found online at 
[https://doi.org/10.1016/j.diamond.2026.113533].
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