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1. Introduction

Anthropogenic activities,

such as the extensive use of
chemicals in agriculture, industrial waste, and wastewater

Optimizing the preparation of laser-derived 3D
porous graphene electrodes for modification-free
sensing of heavy metal ionst

Ismaila Diédhiou, ©2° Amal Raouafi, @° Sami Hamzaoui,°
Modou Fall @2 and Noureddine Raouafi & *°

Heavy metallic cations are prevalent in the environment and have detrimental effects on human health and
flora. Research into methods for their detection is increasing. Laser-derived graphene electrodes (LDGEs)
have gained popularity in electrochemical applications owing to their straightforward preparation, cost-
effectiveness, porous structure, high specific surface area, and advantageous electronic properties. In this
study, we showed that the fine-tuning of laser beam parameters, such as power and speed, as well as the
electrochemical detection parameters, allowed detecting heavy metal ions, specifically Cd** and Pb?*,
using carefully optimized porous LDGEs, without the need of adding any other metals such as Bi**. The
optimal LDGEs, respectively fabricated with a laser power and speed of 64 W and 30 cm s were
characterized using electrochemical measurements, digital imaging, scanning electron microscopy, and
Raman spectroscopy, confirming the 3D porous structure. The LDGEs were then subjected to square-
wave anodic stripping voltammetry for the simultaneous detection of Cd®* and Pb?* in a 0.1 M acetate-
buffered solution at pH 4. The key metrics for the LDGE-based sensor were as follows: sensitivities of 0.45
(Cd?*") and 0.93 (Pb?") pA ppbt cm™, linear ranges spanning from 25 to 1000 ppb (Cd?") and 10 to 500
ppb (Pb**), and detection limits of 6.13 ppb (Cd®*) and 2.96 ppb (Pb®*) (at S/N = 3).The electrochemical
sensor could simultaneously detect Cd®* and Pb?" in real samples, including ore and tap water. This
underscores the applicability and versatility of the optimized LDGEs for heavy-metal ion detection in
complex environmental matrices.

processes and correlating with severe health issues, including
cancer and dysfunction of the nervous, genital, bone marrow,
and kidney systems.”

Recognizing their detrimental effects, international

treatment, contribute to the release of diverse pollutants,
including heavy metals and other inorganic and organic
pollutants, into the environment." This contamination poses
a threat to water resources and food® because heavy metal
ions, such as cadmium, lead, mercury, arsenic, cobalt,
chromium, and copper, are highly toxic, stable, and non-
biodegradable.® Their presence in the ecosystem is
widespread, impacting environmental and ecological
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organizations such as WHO, FDA, CDC, EPA, and WFD have
established stringent guidelines to limit pollutant levels in
water. For instance, the WHO has set the maximum
concentration limit for cadmium in drinking water to 5 ppb,
and the WFD has reduced the limit for lead cations from 10
ppb to 5 ppb.® Hence, it is imperative to develop simple
methods to detect and quantify heavy metal ions in water.
Electrochemical techniques stand out because of their
simplicity, cost-effectiveness, speed, high sensitivity, and ease
of miniaturization.”® Among the electrochemical techniques,
anodic stripping techniques, specifically differential pulse
anodic stripping voltammetry®'® and square wave anodic
stripping voltammetry, are widely employed for heavy metal
ion electroanalysis by the electrochemical reoxidation of
previously electrochemically reduced metal ions on the
electrode surface.'”'* These techniques offer advantages,
such as cost-effectiveness, speed, absence of laborious
samples, and suitability for on-site measurements."*™*> They

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are used not only for the detection of heavy metal ions but
also for the electrochemical sensing of small molecules, such
as glucose,'®"® antibiotics,"® pesticides,>*>*> hormones,*
analgesics,* etc.

Using lasers for localized carbonization, particularly for
commercial polymers such as polyimide, is an emerging
technique for the fabrication of functional graphene-like
nanocarbons.”>>°  This direct laser-derived graphene
fabrication method presents a compelling alternative to
traditional printing technologies, offering advantages in

terms  of  efficiency, eco-friendliness and  cost-
effectiveness.’®*’  The morphologies of laser-derived
graphene, including fiber-like structures, isotropic or

anisotropic porous structures, and cellular network-shaped
structures, can be tailored by adjusting laser parameters.*”
Rapidly, a large plethora of applications were devised for
these electrodes such as piezoresistive and pH sensors,
sensors for small bioactive molecules®® such as nitrite,”
dopamine,*®*” paracetamol,***! glucose,** and amoxicillin,*
gas sensors,** and supercapacitors.>®*>*°

Traditionally, heavy metal ions have been detected using
electrodes modified with conductive polymers,"”” ™ or
nanoparticles.’®®"  Electrodes modified with reduced
graphene oxide have also been used to detect heavy
metals.”>>* Although these approaches can provide large
detection ranges and low detection limits, they require at
least two preparation steps. Laser-derived graphene
electrodes are a cost-effective alternative and are prepared in
one laser writing step. The combined cost of polyimide tape
and polyethylene terephthalate does not exceed $18, and a
single roll of polyimide tape can produce up to 6000
electrodes, resulting in an estimated cost of less than $0.01
per electrode (i.e. 3 electrodes for $0.01). For instance, Liu
et al. used laser-derived graphene to detect Pb>" in range
from 1 to 100 ug L™ with a limit of detection of 0.5 pg L™".>*
Jeong et al. prepared laser-derived fiber electrodes from the
laser irradiation of a polyimide film with high laser power
(46 J cm™?), which were used for the detection of both Cd**
and Pb*" after the deposition of bismuth nanoparticles.”
The dynamic range and detection limit were 1.0 to 140.0 pg
L™ and 0.4 pg L' (S/N = 3), respectively. The same research
group also reported a silver nanoparticle/laser-derived
graphene electrode for the simultaneous detection of Cd**,
Pb**, and Cu®" using the SWASV technique. The sensor had a
dynamic range of 0.0 to 120.0 ug L™ and a detection limit of
0.1 pg L™"°° In another study, a laser-derived graphene
electrode was modified with SnO, and CeO, nanoparticles
and subsequently coated with poly(sulfanilic acid) through
electrochemical polymerization to detect Cd** ions using
differential pulse anodic stripping voltammetry.”” Under
optimal conditions, the electrode showed a broad linear
concentration range (0.1-160 ug L) with a low detection
limit of 0.01 pg L™".

In this study, we present the straightforward fabrication of
LDGE and its application as a high-performance electrode for
the simultaneous detection of cadmium and lead ions,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without the addition of other nanoparticles, making a novel
contribution to the field. LDGEs were fabricated using the
optimized laser parameters, and their formation was
confirmed by scanning electron microscopy, energy
dispersive X-ray spectroscopy, and Raman spectroscopy.
These were used to simultaneously detect Cd*>" and Pb**
using square-wave anodic stripping voltammetry. We
investigated the effects of the measurement conditions,
optimized the SWASV parameters, and determined the
sensitivity, detection limit, repeatability, and reproducibility.
Even though the electrode constitution can impact these
electroanalytical parameters, it appears that DPASV has the
advantage of leading to lower detection limits, but SWASV is
more sensitive. This is why we chose the SWASV technique.
Finally, LDGEs were applied to measure the concentrations at
ten nanomolar level of Cd** and Pb** in the real samples like
tape water and water sample from ore.

2. Experimental
2.1. Apparatuses

A Raman spectrometer (LAB-RAM HR 800, Horiba, USA),
scanning electron microscope (JSM-7900F SEM), and Bruker
DektakXT stylus profilometer (MA, USA) were used to
characterize the laser-derived graphene electrodes and assess
their structural properties. The SEM instrument was
equipped with an energy-dispersive X-ray elemental analyzer.
We employed a digital microscope (G1200 Electronic
Microscope 1200x) with a maximum magnification of 12 MP
to capture the digital images of the laser-derived graphene
electrodes. The electrodes were fabricated using a laser
cutter/engraver of 40 W power (Shenzhen, China). Graphene
is formed by laser burning the polyimide film bonded to
polyethylene, as shown in Scheme 1.

A=10.6 pm

by

(a) Different laser power
and speed 50 BbZs

(b) Cutting _ Cdz*
gzs
> 0

(c) Sensing of Pb?* & Cd?*
E(V)

Scheme 1 Schematic illustration of the fabrication of laser-derived
graphene electrodes using direct laser scribing on polyimide (yellow
portion) and their applications: (a) direct laser writing, (b) cutting and
insulating electrodes, and (c) anodic stripping voltamperograms
recorded in presence of cadmium and lead ions.
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All electrochemical measurements were performed using a
PalmSens4 potentiostat (The Netherlands). A three-electrode
configuration (see Scheme 1) consisting of a counter
electrode, a working electrode (diameter = 5 mm
corresponding to geometrical surface area of 0.196 cm” for
all working electrodes), and a pseudo-reference in graphene
was used for the electrochemical measurements. The
electrochemical characterization of LDGE was performed
using cyclic voltammetry and electrochemical impedance
spectroscopy, while heavy metal ion detection was performed
using the SWASV technique. The pH values of the different
solutions were determined using a Metrohm 744 pH meter.

2.2. Chemicals and reagents

Hydrochloric acid (37%), acetic acid (99.8%), perchloric acid
(70%), sodium acetate (99%), absolute ethanol (=99.8%),
lead nitrate (98%), and cadmium nitrate tetrahydrate (98%)
were purchased from Sigma-Aldrich (Germany). Sodium
hydroxide (98%) and potassium chloride (99+%) were
purchased from Acros Organics (Belgium). Commercial
polyimide (PI) tape (thickness = 125 um) was purchased from
3M (MA, USA). All reagents were used as received.

Acetic acid and sodium acetate were used to prepare an
acetate-buffered solution, while HCI (1.0 M) and NaOH (1.0
M) were used to adjust the ABS pH to the desired value.
Distilled water was used to prepare all solutions. Heavy metal
reagents are in salt form. They are less toxic, but just as
dangerous, which is why we use these reagents with great
care in the laboratory, and with all safety features during
experimental procedures.

2.3. Fabrication of laser-derived graphene electrodes

For the production of laser-derived graphene electrodes, a
polyimide tape (yellow portion in Scheme 1) surface was
carefully affixed to the PET substrate to prevent the
formation of cracks on the surface of the LDGE electrodes,
which were subsequently subjected to direct laser writing.
Before lasing, the z-distance was set as 21 mm. Different
power percentages (10-20% of 40 W) and laser beam speeds
ranging from 10 to 50 cm s = were used to scribe the
electrodes.

2.4. Electrochemical measurements

2.4.1. Electrochemical characterizations. Electrochemical
characterizations of the LDGE6.4W30 electrode using CV and
EIS were conducted using a 5 mM hexacyanoferrate(i/mn)
redox probe, dissolved 0.1 M KCl solution. Following
activation of the LDGE6.4W30 electrode with NaOH 0.1 M
solution using CV at a high scan rate of 400 mV s™*, 80 uL of
the redox probe solution was applied to the surface of the
LDGE6.4W30 electrode for characterization using either CV
or EIS.

For the CV electroactivity study, the scan rate was
maintained at 100 mV s . In the case of the EIS method, the
characterization was performed using the same redox probe,

204 | Sens. Diagn., 2025, 4, 202-215

View Article Online

Sensors & Diagnostics

with a potential applied during measurement (Eq4.) set at 0.0
V, a potential amplitude of 5 mV, and a frequency range from
100 kHz to 0.1 Hz. This frequency range corresponds to 43 or
7 points per decade.

2.4.2.  Electrochemical detection conditions. The
electrochemical detection of heavy metal ions was performed
using SWASV in a 0.1 M acetate buffer solution. The
conditioning potential, step potential, and amplitude
potential were set at 0.5 V, 5 mV, and 50 mV, respectively, for
all detection measurements. The conditioning time (time
during which the conditioning potential was applied) and
equilibration time were standardized to 10 s and 30 s,
respectively, for all detection measurements. The optimized
detection parameters are described in section 3.5.

3. Results

3.1. Choice of the laser scribing parameters

3.1.1. Laser power. The laser power was optimized by
assessing the electroanalytical response of the laser-derived
graphene electrodes in the presence of 500 ppb Pb** in a 0.1
M acetate buffer solution at pH 4. While maintaining the
z-distance unchanged, we explored the laser power across a
range from 4.0 to 8.0 W, in 0.8 W increments, with the laser
speed in the xy-plane set at 40 cm s . Fig. S1t displays the
anodic square-wave voltammograms, and Fig. 1A illustrates
the peak current densities plotted against power.

At a power of 4.0 W, minimal carbonization occurred on
the PI film, resulting in faint burn traces, and an electrode,
LDGE4.0W40, did not yield satisfactory SWASV responses
(see the first image in Fig. 3A). Conversely, at 8.0 W, severe
damage occurred to the electrode, including to the PET
underlayer. Fibrous structures resembling thorns were
observed at 8.0 W, leading to the formation of LDGE8.0W40,
which exhibited a poor electroanalytical response due to the
collapse of surface fibers upon the deposition of sample
drops, rendering the electrode surface muddy and poorly
conductive. Laser powers of 4.8 W and 5.6 W resulted in
relatively weak electroanalytical responses for lead detection.
However, at 7.2 W power, the LDGE7.2W40 electrode
exhibited an average SWASV response for lead detection. The
highest electroanalytical response was achieved with the
LDGE6.4W40 electrode scribed at a laser power of 6.4 W and
a laser speed of 40 cm s™'. This important response is due to
the porous structures of LDGE6.4W40. This optimal power
value was used for the subsequent optimization of the laser
scanning speed.

3.1.2. Laser speed. Laser speed was optimized under the
same conditions as stated before, with the laser beam power
set at 6.4 W and the scanning speed varied from 10 to 50 cm
s in increments of 10 cm s™'. Fig. S27 illustrates the square-
wave anodic stripping voltammograms of Pb*>" ions, and the
histogram in Fig. 1B shows the peak current densities plotted
against the laser scanning speed.

Using the LDGE6.4W10 electrode at a laser scanning
speed of 10 cm s ' resulted in a very weak electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00290c

Open Access Article. Published on 16 January 2025. Downloaded on 1/17/2026 10:20:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

View Article Online

Paper

A Laser speed = 40 cm.s ! 40' Laser power = 6.4 W
15 —~  30;
< 0
£ £
0 10 : 20
< 3
= =
e 5 £ 104 I l
0 ol ==
4.8 5.6 6.4 7.2 8.0
Laser power (W) Laser speed (cm.s 1)
250 Pb(ll) 4.0 D
electrolyte] =0.2 M Cd(ln)
o~ 200 [ yte] 204
N ~~
£ o
G 150 - £ 004
<' (%] 25mV/s
50 mV,
< 1001 ‘é 2.0 75:::v§§
a = Y 100 mV/s
— . 125mV/s
50 1 - 1.‘;[; mV/s
-4.0 175mV/s
] 200mV/s
HO HNO; HCO, ACOH KCI NaOH 0.6 -0.3 0.0 0.3 0.6
Electrolyte at 0.2 M
a0l E
. R? = 0.9999 7
2 2.0 = Ox £
5 Linear fit 9 5004
¢ 0.0 6.037 uF
< N
= ® Red
~ Linear fit £
_a -2.0 - 250 o’
- R2 = 0.9917 o*
=  measurement curve >
-4.0 0 * Fit curve J
0.2 03 0.4 0 250 500 750
-110.5
Sqrt scan rate (V.s™) Zreal (Ohm)

Fig. 1 Optimization of LDGE electrode fabrication and kinetic characteristics. Histograms of the SWASV responses for 500 ppb Pb?* as a function
of (A) laser power and (B) laser speed. Selection of activation electrolyte (C). Electroactivity of the LDGE6.4W30 electrode in 5 mM equimolar
hexacyanoferrate(in/i) dissolved in KCl 0.1 M (D), calibration curve of j, as a function of the square root of scan rate and their linear fits (E), Nyquist

plot of LDGE6.4W30 recorded in 5 mM hexacyanoferrate(ii/u) (F).

signal owing to the extensive damage to the electrode
materials at this combination of laser power and speed.
Similarly, a low electrochemical response is observed at 20
ecm s~'. The most favorable electrochemical response was
obtained at 30 cm s, because this speed is moderate for
give a very good porous structures, whereas the responses
began to decrease at laser speeds of 40 and 50 cm s™'. At
these higher laser scanning speeds, the limited exposure time
of the polymer to the laser is insufficient to induce an
adequate quantity of graphene. These speeds are too fast.
Consequently, the LDGE6.4W30 electrode was selected as the
optimal choice for further electroanalytical studies.

3.2. Activation electrolyte

To investigate the effect of electrolytes on the activation of
laser-derived graphene electrodes, we examined various
supporting  electrolytes, all prepared at the same
concentration of 0.2 M. Activation was performed using

© 2025 The Author(s). Published by the Royal Society of Chemistry

cyclic voltammetry by potential sweeping from -1 to +1 V at
a scan rate of 0.4 V s' for 50 cycles. Subsequently, the
activated electrodes were used to detect Pb** and Cd*' ions,
each at a concentration of 500 ppb dissolved in an acetate-
buffered solution. The voltammograms are shown in Fig.
S31+ and the peak current densities are shown in the
histogram in Fig. 1C.

The results indicated that the current densities increased
with the strength of the acidic electrolytes and decreased
with weakly acidic electrolytes, such as acetic acid.
Furthermore, the current densities of the peak oxidation are
even higher in neutral electrolytes, such as potassium
chloride, and stronger in basic electrolytes, such as sodium
hydroxide. Consequently, NaOH was chosen as the electrolyte
for the activation of the laser-derived graphene electrodes.
This result is due to the fact that NaOH is very effective for
the electrochemical polishing of vitreous carbon electrodes;
consequently, it is likely also effective for LDGEs, as
confirmed by the results.

Sens. Diagn., 2025, 4, 202-215 | 205
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Notably, in other studies,®*® certain LDGEs or carbon-
printed electrodes were activated using neutral or slightly
basic phosphate buffer solutions. We believe that the optimal
choice of activation electrolyte for these LDGEs depends on
the nature of the platform they accommodate, that is, the
type of sensor (chemical or biological) being fabricated.
Therefore, electrolyte selection should be aligned with the
specific requirements of these electrodes.

It is essential to investigate the influence of electrolyte
solution pH and pK, on the current densities of metal
oxidation peaks (Fig. 2). Consequently, the cumulative
current densities of both cadmium(n) and lead(n) were
plotted against the pH and pK, of the activating solutions.
The results demonstrated an increase in the current densities
as acidity decreased (Fig. 2A) and pK, values increased
(Fig. 2B), suggesting that neutral or basic media are better
for the activation of freshly prepared LDGEs.

3.3. Electrochemical characterizations

3.3.1. Using cyclic voltammetry. The -electrochemical
characterization of LDGE6.4W30 was performed in a redox
solution of hexacyanoferrate(ui/u) at a concentration of 5 mM
prepared in a 0.1 M KCl electrolytic solution. The
electroactivity of the LDGE6.4W30 electrode was studied by
cyclic voltammetry, sweeping the potential between -0.6 and
+0.6 V and varying the scan rate from 25 to 200 mV s,

Fig. 1D illustrates a clear increase in the peak current
density with increasing scan rate. Furthermore, Fig. 1E shows
the linear relationship between the peak current densities and
square root of the scan rates, exhibiting high linear correlation
coefficients (R* = 0.999 and R> = 0.992) for the oxidation and
reduction peaks, respectively. This suggests that the kinetics
are governed by the diffusion of the electroactive species in the
solution toward the electrode active surface.”®

3.3.2. Using electrochemical impedance spectroscopy. The
electrochemical performance of the electrode was further
studied using electrochemical impedance spectroscopy with
the same redox probe in the frequency range of 100 kHz to
0.1 Hz. As shown in Fig. 1F, the Nyquist plot consists of a
semicircle (at high frequencies) followed by a 45° slope
segment at low frequencies, indicating the presence of

300{A
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2100
50 4
04

1 4.5
pH

7.1

View Article Online

Sensors & Diagnostics

charge-transfer resistance (R..) and Warburg capacitance (W)
related to the diffusion of redox species to the electrode
surface. A Randles electrical equivalent circuit was used to fit
the experimental data, demonstrating a low R, value of 46.44
Q. We estimated R, by using Circuit fitting tab in PSTrace
setup (see Table 1). This allows us to deduce the parameters
of the Nyquist curve. This low R, value was comparable to
that measured using a low-cost multimeter (Fig. S4t). Despite
these variations, these consistently low values provide
valuable insights into the excellent electron transfer
performance of [Fe(CN)¢]**~ on the electrode surface.”

3.4. Microscopic and spectroscopic characterizations

3.4.1. Morphologic characterizations. Fig. 3 shows the
physicochemical characteristics of the prepared electrodes.
Fig. 3A shows digital images of all laser-derived graphene
electrodes recorded at a magnification of 1200x, providing an
initial glimpse of their surfaces. As demonstrated by
electrochemical measurements, the best response is obtained
at a combination of laser power and speed of 6.4 W and 30
em s~'. For a more detailed view, the SEM image displayed in
Fig. 3B clearly reveal the three-dimensional porosity of the
graphene structures of the LDGE6.4W30 electrode. Pores of
2-5 um are visible in the higher-magnification image.

The elemental composition was determined by EDX
elemental analysis (Fig. S51) showed the presence of 92.1%,
1.7%, and 6.2% carbon, nitrogen, and oxygen, respectively,
arising from the carbonization of the polyimide membrane.

The 3D optical profilometer image in Fig. 3C shows an area
of 4 mm?* on the LDGE6.4W30 electrode, confirming its rough
3D surface structure. The depicted patterns exhibit heights
ranging from -100 um to +100 um, which roughly corresponds
to a width of the laser beam of ~100 um. The LDGE carbon
layer thickness of the working electrode was ~200 um.

3.4.2. Raman spectroscopy. Raman spectra recorded for
the polyimide film before and after laser irradiation
(Fig. 3D). The spectrum of the polyimide film shows several
peaks located at 980-1350, 1615, and 1725 ¢cm ', and the
region of 2800-3100 em™' can be assigned to the modes of
organic functional groups. The LDGE spectrum displays
three major peaks, the first one (D peak) appearing at

300{B
2504 M Pb?
2+
& B c HCIO4
'E 200 4
5 HNO3
< J
E 150
=100 1
50 4
0

-7 -9 -10 4.8

pKa

Fig. 2 Plot of the pH values (A) and (B) of the electrolytic solution vs. the cumulative peak current densities for Cd®* and Pb?*.
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Table 1 Electrochemical impedance spectroscopy of parameters values

Element Fitted value
Ry 662.1 Q

Ret 46.44 Q

w 192.2 ¢

Cdl 6.037 }LF

~1330 cm™* due to the graphene structural defects, the
second one (G peak) appearing at ~1578 cm™' related to
carbon-carbon vibration, and the third one is the 2D
harmonic peak localized at ~2660 cm™.°® A G-to-D ratio
higher than unity indicates significant graphitization of the

LDGE7.2W40

e ey

Fig. 3
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polyimide film upon laser irradiation.”® The emergence of
an intense 2D peak further confirms its three-dimensional
structure and thickness.®'

3.5. Optimization of the detection parameters

The parameters, affecting the electroanalytical response of
the electrodes for Pb*" and Cd*' detection, were also
optimized using square-wave anodic stripping voltammetry.
These parameters included the deposition potential,

deposition time, frequency, and pH of the medium. The
optimized voltammograms are shown in Fig. S6,f and the
corresponding histograms are

shown in Fig. 4. All

Intensity (a.u.)

12
10931151 / 1417

995\

900 1200 1500 1800 ~ 2400 2700 3000
Raman Shift (cm™ 1)

(A) Digital images of the LDGEs prepared a different sets of laser power and speed; (B) SEM image of LDGE6.4W30 at different

magnifications; (C) 3D optical profilometry of LDGE6.4W30; (D) Raman spectra of the polyimide film (blue) and LDGE (black) prepared at a laser

power: 6.4 W and laser speed of 30 cm s %,
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Sens. Diagn., 2025, 4, 202-215 | 207


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00290c

Open Access Article. Published on 16 January 2025. Downloaded on 1/17/2026 10:20:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
30
¥ 2
£
©
B
< 10
—
0
5 10 20 30 40 50
Frequency of SW (Hz)
cd C
90 Pb
&
£
9
<
2
—

60 120 180 240 300 400 500 600
Deposition time (s)

View Article Online

Sensors & Diagnostics

90 Cd B
Pb
&
£ 60
Q
<
2
e 30
0
-1.6 -1.4 -1.2
Deposition potential (V)
150 cd D
Pb
o 100
£
©
<
a3
Y. 50
40 45 50 55
pH

Fig. 4 Histograms of SWASV responses for the optimization of (A) frequency of square wave, (B) deposition potential, (C) deposition time, and (D)

medium pH.

experiments were conducted in a 0.1 M acetate-buffered
solution at pH 4 containing 250 ppb Pb*" and Cd*".

3.5.1. Frequency. The frequency was systematically varied
between 1 and 50 Hz, keeping other parameters unchanged
(deposition potential: -1.3 V, deposition time: 180 s,
equilibration time: 30 s). The voltammograms (see ESIt)
revealed that the optimal response was obtained at the
lowest frequency (1 Hz), while poor responses were observed
at higher frequencies. Notably, the signal intensity was three
to five times lower at frequencies beyond the optimum
(Fig. 4A).

3.5.2. Deposition potential. Subsequently, the effect of the
deposition potential was investigated in the potential range
of -1.7 to -1.1 V, maintaining a frequency of 1 Hz. The
histogram in Fig. 4B shows an improved response as the
deposition potential became more cathodic. Therefore, a
potential -1.7 V was determined as the optimal deposition
potential. This can be explained by the fact that at this
potential, there is a strong accumulation of Pb and Cd ions
on the surface of the LDGE electrode.

3.5.3. Deposition time. The deposition time was varied
from 60 s to 600 s, and the results shown in Fig. 4C show
increasing current responses with longer deposition times.
However, 180 s was chosen as the deposition time for further
electroanalysis because of its ability to yield high sensitivity,
excellent resolution in voltammograms, and an overall
shortened process time.

3.5.4. Medium pH. Finally, the pH of the acetate-buffered
solution was optimized by recording the electrochemical
signals for the redissolution of the deposited metallic lead
and cadmium at various pH levels (3.5 to 5.5). The
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histogram in Fig. 4D indicates that the best analytical
response was obtained at pH 4. Indeed, the current density
increased from pH 3.5 to 4.0 and 4.5 then decreased at
higher pH values. The optimal pH value is close to that of
the pK, of the acetic acid/acetate couple. For pH values
below 4, there is a competition between H' protons and
heavy metal ions during the accumulation stage. This
reduces the electroanalytical response. Beyond the pK,
value, this effect is diminished, but acidity also decreases.
This decreases the electrochemical response.

3.6. Simultaneous detection of cadmium and lead ions

After optimizing the key operational parameters, we
examined the simultaneous detection of Pb*" and Cd*" in an
acetate-buffered electrolytic solution with varying target ion
concentrations. The results showed that the sensor exhibits
greater sensitivity to lead compared to cadmium, due to a
higher affinity of the LDGE for lead over cadmium.

3.6.1. In spiked solutions. The voltametric responses for
lead and cadmium redissolution were recorded at an optimal
pH of 4.0. As seen in Fig. 5A, the anodic stripping
voltammograms displayed two well-resolved peaks at —0.85 V
and -0.59 V corresponding to the oxidation of metallic
cadmium and lead, respectively. As shown in Fig. 5B, the
peak current densities exhibited a linear increase with the
initial concentrations of Cd?*" and Pb*' in the solution,
ranging widely from 25 to 1000 ppb and 10 to 500 ppb,
respectively, for Cd** and Pb®*'. The sensor exhibited
sensitivities of 0.161 and 0.333 pA ppb™* em™ for Cd and Pb,
respectively. The calibration curve equations were as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SWASV responses of cadmium and lead stripping of (A) spiked acetate-buffered solutions and their calibration curve (B) and (C) ore sample

solution and its calibration curve (D) using optimal parameters.

Jp (A em™) = 0.161 x [Cd*'] (ppb) - 3.530 (R* = 0.986) (1)
Jp (A em™) = 0.333 x [Pb>'] (ppb) — 0.550 (R*=0.991) (2)

The detection limits were calculated by dividing 3 times the
standard deviation of the blank responses, g, (17 = 10), by the
slope of the calibration curve. The determined detection
limits were 6.13 ppb and 2.96 ppb (at /N = 3) for Cd** and
Pb**, respectively. The detection limit obtained for cadmium
is comparable to the WHO standard (10 ppb),®> while that for
lead falls below the WFD (5 ppm).® The LDGE electrode owes
this performance to the heteroatoms such as oxygen and
nitrogen present in the material.

During the detection process, electrostatic interactions
occurred between the platform and the Cd** and Pb*"
cations, leading to their reduction at the polarized electrode
surface to form Cd(0) and Pb(0). Subsequently, after a 30
second equilibration period with the circuit open, a potential
scan towards anodic values was performed to oxidize the
deposited metals into Cd** and Pb*".

The detection mechanism for Pb** and Cd*" on the
surface of the LDGE electrode probably involves mainly the
adsorption and stripping steps and one intermediated
equilibration step. The first step involves the deposition of
metal ions on the electrode surface (Mgds), while the last one
consists of their redissolution into the solution (Mzy). The
different steps can be schematized as follow:

Accumulation: LDGE + M>* Z°LDGE--M? (3)

ads

Equilibration: circuit is open for 30 seconds

© 2025 The Author(s). Published by the Royal Society of Chemistry

Anodic stripping: LDGE---M° = LDGE + M2 (4)

3.6.2. In ore samples. To validate the proposed method, the
detection of cadmium and lead was assessed in real water
samples using aqueous acidic solutions obtained from the
dissolution of heavy metal-rich minerals previously determined
by atomic absorption spectroscopy. Working solutions were
prepared by mixing real samples with an acetate-buffered
solution (in equal volumes) and adjusting the pH of the final
solution to 4. Five samples with concentrations of (20.34 and
20.75 ppb), (40.68 and 41.5 ppb), (81.36 and 83 ppb), (162.72
and 166 ppb), and (309.10 and 315.4 ppb) of Cd** and Pb*"
were prepared and numbered from 1 to 5.

In Fig. 5C, anodic redissolution voltammograms are
displayed, while Fig. 5D shows the peak current densities
vs. the concentration of both ions. The plots exhibited a
linear increase with the increase in Cd** and Pb*"
concentrations, covering ranges of 20.34 to 309.1 ppb and
20.75 to 315.4 ppb for Cd** and Pb*', respectively. The
electrode exhibited sensitivities of 0.100 and 0.119 pA ppb™"
em™? for Cd and Pb ions, respectively. The calibration curve
equations were as follows:

Jp (BA cm™) = 0.100 x [Cd*'] - 2.578 (R*=0.9996)  (5)
Jp (A ecm™) = 0.119 x [Pb**] - 2.316 (R* = 0.9995)  (6)
These results demonstrate that the LDGE6.4W30 electrode

can effectively detect cadmium and lead simultaneously in
real samples, such as those from minerals.

Sens. Diagn., 2025, 4, 202-215 | 209
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3.7. Reproducibility, interference and real samples

3.7.1. Reproducibility of the electrode preparation. The
reproducibility of the electrode was investigated under
optimal conditions in a buffered solution containing 250 ppb
Pb>* and Cd*'. Five electrodes were fabricated and activated
under the same conditions and subsequently used for the
simultaneous detection of the ions. The anodic redissolution
voltammograms of the five electrodes are shown in Fig. 6A.
As illustrated in the histogram in Fig. 6B, the results
demonstrate that the current densities of metal oxidation
were very close for the five electrodes, with standard
deviations of 1.06% and 0.53% for Cd** and Pb*,
respectively. This indicates a high level of reproducibility in
the analysis from one electrode to another, indicating
consistent and reliable performance across multiple electrode
fabrication processes.

3.7.2. Interference. The interference of other metallic
cations, including Zn**, Cu®**, Co**, and Ba®', on the
electrochemical analysis of Pb®>" and Cd>" was systemically
examined. Initially, a voltammogram for a solution
containing 250 ppb Pb*" and 250 ppb Cd** alone was
recorded and set as the reference, labeled as “Ref.” in Fig. 6C.

Subsequently, various concentrations of interfering cations
(i.e., 500, 1000, and 1500 ppb) were introduced into the former
solution before recording their voltammograms (red, blue,
green, and purple curves in Fig. 6C). The superimposed
voltammograms illustrate that the signals for Zn**, Co*', and
Cu®" appear at potentials different from those of Cd** and
Pb*>", enabling the simultaneous detection of Pb*>" and Cd*",

LIGE #1
LIGE #2

View Article Online
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even in the presence of other ions. Notably, this capability was
extended to concentrations six times higher than those of the
target cations (Table S11). We observe a significant shift in the
anodic peak potential of cadmium and lead after addition of
the concentration of interfering ions. This effect can be
explained probably by the interfering ions like Ba** who react
with the metallic film to delay oxidation step of Cd*>" and Pb*"
during stripping process.

3.7.3. Detection in real samples. Considering the past use
of lead-containing alloys in pipe fabrication in Tunisia, tap
water was used to determine the presence of Pb*' ions. The
two electrodes were fabricated under the same conditions for
the assay, and the voltammograms of both electrodes are
shown in Fig. 6D.

The results indicated that the peak current densities for
the oxidation of Pb** and Cd*" were of the same magnitude
as the initial concentrations of the target ions. This finding
signifies the absence of Pb*>" in tap water, suggesting that the
water sampled from the tap did not contain detectable levels
of lead ions. This observation is crucial for assessing the
safety of tap water, especially in regions where lead-
containing materials have historically been used in water
infrastructure.

Discussion

Over the years, the production of commercial sensors for the
analysis and detection of heavy metal ions in water bodies
has become prevalent. An effective sensor is characterized by
simplicity in manufacturing and cost of materials, which

B 5 RSD (Cd) = 0.53 %
Pb** RSD (Pb) = 1.06 %
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Fig. 6

(A) SWASV response reproducibility for five electrodes prepared using the same laser writing conditions; (B) current density histograms

showing the weak RSD; (C) SWASV responses of 250 ppb of Cd?* and Pb?* with interfering metallic ions at 250, 500, 1000 and 1500 ppb and (D)

SWASV responses for two different electrodes tested in tap water.
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directly influences the overall market cost. Simplicity in
sensor usage and short electroanalysis time are vital quality
characteristics that are essential for designing an ideal sensor
that is accessible to a wide range of users.

Laser-derived  graphene electrodes have garnered
significant attention over the past decade owing to their
straightforward fabrication process, which eliminates the
need for chemical or complex chemical processes. Typically,
a PET sheet, polyimide film adhesive tape, and affordable
laser cutting/engraving device are the primary components
required to carbonize the PI film and generate graphene. The
simplicity of this method contributes to the appeal of this
process for sensor applications. However, it is worth noting
that some researchers applied precursors to the surface
before laser treatment, resulting in modified LDGEs with
composite compositions influenced by the precursors used.®®

The developed LDGE6.4W30 electrode, employed in an
aqueous environment, demonstrated efficient detection of
target cations over a wide range of concentrations (25-1000
ppb for Cd*" and 10-500 ppb for Pb*"). The detection limits
were found to be 6.13 and 2.96 ppb, with sensitivities of 0.161
and 0.333 pA ppb™" em™?, respectively, for Cd** and Pb**. These
performances are notably satisfactory compared to many other
laser-derived graphene-based sensors described in recent
literature, many of which have manufacturing processes®**’
that provide results comparable to those of unmodified LDGEs,
which are obtained by fine-tuning the laser power and speed
and minimal pretreatment (refer to Table 2).

Porous LDGEs have a more conductive structure than
laser-derived graphene fiber (LIGF) electrodes.’® Jeong et al.”®
developed an electrochemical sensor based on LIGF as the
working electrode; a bismuth film was electrodeposited in
situ on the LIGF surface for electrochemical detection of
cadmium and lead ions. The LIGF-based heavy metal sensor
has low detection limits of 0.4 ug L™ for Cd and Pb ions.
This detection limit is lower than that in our study. Perhaps
in terms of conduction, porous structures are better, as
stipulated by Abdulhafez et al. Nevertheless, this electrode
preparation method is very simple, does not require a long
preparation time, and results in exceptional performance.

Table 2 Comparison of different LDGE for the detection of Cd** and Pb?*
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The LDGE6.4W30 electrode displayed a higher detection
limit than some other LDGE-based electrodes,®*®> which is
attributed to the rigorous optimization process. The
electrochemical sensor efficiency for detecting Cd** and Pb**
can be attributed to the porosity of the laser-derived electrode,
which enhances the active surface area owing to the 3D
structure of the produced graphene. This 3D porous structure
allows metal ions to be incorporated during the accumulation
step, with potential difficulties during the reoxidation of the
initially reduced metals, especially during rapid scanning.
Consequently, the responses were suboptimal and exhibited
larger oxidation peaks at high frequencies (or scan rates), but
improved at low frequencies, particularly at 1 Hz. In the latter
case, the SWASV responses exhibited distinct and fine
oxidation peaks for cadmium and lead.

In environmental analysis, the sensor showed exceptional
performance for both tap water and mineral water samples.
Even in this complex matrix of tap water, the sensor
efficiently achieved the simultaneous detection of Cd*>" and
Pb>" with well-defined peaks, highlighting its electrochemical
stability = and  selectivity. ~ Repetitive = measurements
demonstrated close current densities of the recorded
voltammogram peaks, emphasizing platform stability in the
detection of heavy metal ions in challenging matrices.

Successful detection of Pb*" and Cd** ions was also
demonstrated in aqueous solutions prepared from dissolving
minerals, with Pb** and Cd*" contents determined by atomic
absorption spectroscopy. The sensor proved its efficiency in
the simultaneous detection of target ions in this complex
matrix, with well-defined peaks nearly overlapping the
average of three repetitive measurements of the targeted ions.
This underscores not only the electrochemical stability and
selectivity, but also the capability of the sensor to
simultaneously detect Cd*" and Pb>* ions in such intricate
environmental samples.

Conclusion

This analysis effectively showed the efficient production of
highly cost-effective laser-derived graphene 3D porous

Linear range (ppb) LOD (ppb)

Electrodes” Technique cd* pPb** cd* Pb** Real sample Ref.
LIGF SWASV 1.0-140.0 1.0-140.0 0.4 0.4 Drinking water and tap water 55
AgNPs/LIG SWASV 0.0-120 0.0-120 0.1 0.1 Tap water and drinking water 56
Sn0,/Ce0,/LIG DPASV 0.1-160 — 0.01 — Groundwater and tap water 57
Nafion/BiNPs@LIG SWASV 5-50 5-50 0.5 0.8 NT? 63
LICE DPASV — 50-350 — 33 NT? 64
N@LEG/GCE SWASV 5-10, 10-380 0.5-10, 10-380 1.08 0.16 Lake water 66
IL/PLC/LEGE SWASV — 1-80 — 0.17 Tap water and lake water 67
LEGCNs SWASV 7-120 5-120 0.47 0.41 Real water samples 68
LDGE6.4W30 SWASV 25-1000 10-500 6.13 2.93 Acid-dissolved ores This work

“ LIGF: laser-derived graphene fiber; LIG: laser-induced graphene; AgNPs: silver nanoparticles; BiNPs: bismuth nanoparticles; LICE: laser-
induced carbon electrode; N@LEG: nitrogen-doped laser engraved graphene; IL: ionic liquid; PLC: poly-L-cysteine; LEGE: laser-engraved
graphene electrode; LEGCNs: laser etched graphene-based carbon nanomaterials. ” Not tested.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrodes for the detection of heavy metal ions without any
further treatment or nanostructuration with nanomaterials.
By modifying the laser writing parameters, the performance
of the electrode was considerably improved, thereby
eliminating the need for additional nanomaterials. The
resulting sensor was used to measure Cd** and Pb*" in
spiked acetate-buffered solutions, exhibiting a linear
response in the concentration range of 25-1000 ppb (with a
LOD of 6.13 ppb) for Cd*" and 10-500 ppb (with a LOD of
2.96 ppb) for Pb*". Additionally, the electrochemical sensor
demonstrated its ability to simultaneously detect both ions in
real samples, such as ore and tap water, with minimal matrix
interference. The ease of fabrication and versatility of the
sensor makes it easily producible, making it a suitable option
for detecting heavy metal ions in drinking water, particularly
in low-resource settings. This highlights the potential for
practical applications, where simplicity, efficiency, and cost-
effectiveness are essential considerations. Our work will open
up promising prospects for the application of composite-
modified LDGE, both before and/or after laser scribing, to
enable more sensitive detection of heavy metal ions and
other pollutants.

Abbreviations

A Surface area

ABS Acetate-buffered solution

ASV Anodic stripping voltammetry

CNT(s)  Carbon nanotube(s)

cv Cyclic voltammetry

D Diffusion coefficient

DI deionized water

DPASV Differential pulse anodic stripping voltammetry
EDX Energy-dispersive X-ray spectroscopy

EIS Electrochemical impedance spectroscopy
EPA US Environmental Protection Agency
Fsw Frequency of square wave

FDA US Food and Drug Administration

LDGE Laser-derived graphene electrode

LIGF Laser-induced graphene fiber

LOD Limit of detection

LOQ Limit of quantification

PET Polyethylene terephthalate

pH Potential of hydrogen

PI Polyimide

PK, Acid dissociation constant

R Charge-transfer resistance

SEM Scanning electron microscopy

SWASV  Square wave anodic stripping voltammetry
WFD EU Water Framework Directive

WHO World Health Organization
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