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Abstract: Heavy metal poisoning has a life-threatening impact on the human body to aquatic
ecosystems. This necessitates designing a convenient green methodology for the fabrication of an
electrochemical sensor that can detect heavy metal ions efficiently. In this study, boron (B) and
nitrogen (N) co-doped laser-induced porous graphene (LIGgy) nanostructured electrodes were
fabricated using a direct laser writing technique. The fabricated electrodes were utilised for the
individual and simultaneous electrochemical detection of lead (Pb2*) and cadmium (Cd%*) ions using
a square wave voltammetry technique (SWV). The synergistic effect of B and N co-doping results in
an improved sensing performance of the electrode with better sensitivity of 0.725 uA /uM for Pb%*
and 0.661 uA/uM for Cd?* ions, respectively. Moreover, the sensing electrode shows a low limit
of detection of 0.21 uM and 0.25 uM for Pb?* and Cd?* ions, with wide linear ranges from 8.0 to
80 uM for Pb?* and Cd?* ions and high linearity of R? = 0.99 in case of simultaneous detection. This
rapid and facile method of fabricating heteroatom-doped porous graphene opens a new avenue in
electrochemical sensing studies to detect various hazardous metal ions.

Keywords: laser-induced graphene; co-doping; electrochemical sensor; square wave voltammetry;
heavy metal ions

1. Introduction

Competitive industrialisation and overexploitation of natural resources have polluted
water resources enormously [1]. Heavy metals (HMs), the toxic elements present in the
improper disposal of untreated water from refineries and mining factories create major
environmental issues for humankind and aquatic ecosystems [2]. In general, HMs have
a high atomic mass and a density greater than 5 g/cc, such as lead (Pb), cadmium (Cd),
arsenic (As), mercury (Hg), chromium (Cr), etc. [3]. Among these HMs, Pb and Cd belong
to the top lethargic HMs, which have life-threatening toxicity on long exposure to our body
and are also non-biodegradable [4]. Pb toxicity causes adversities such as miscarriages,
renal dysfunction, injury to peripheral nerves, and cognitive dysfunction [4,5]. Similarly,
Cd poisoning causes nephrotoxicity, central nervous system complications, osteoporo-
sis, and even cancer [6]. Considering these fatal complications, these HMs need to be
monitored qualitatively as well as quantitatively. Therefore, a rapid, selective, sensitive,
analytical technique is required. Conventional monitoring techniques such as atomic ab-
sorption spectroscopy [7], inductively coupled plasma mass spectrometry [8], and atomic
fluorescence spectroscopy [9] to detect HMs are accurate and reliable. However, these
techniques are expensive and time-consuming. Also, the requirement of trained expertise
makes them inconvenient for practical and onsite use. Thus, it necessitates a search for
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a cost-effective, portable, and highly responsive technique for onsite monitoring [10], for
which the electrochemical sensing technique is the suitable one.

Square wave voltammetry (SWV), one of the electrochemical techniques, is highly
sensitive, has a quick response, low faradic current, and is also useful for trace analysis with
low detection of limits [11]. In the electrochemical setup, the working electrode is one of the
important components of an electrochemical sensor, as a sensing material. Therefore, for
suitable sensing material for an electrochemical sensor, graphene and its derived materials
are better options because of their high specific surface area, excellent electrical conductivity,
and electro-catalytic activity in several redox processes [12]. Also, the nanostructuring
increases the aspect ratio, which increases the active sites for sensing HMs. Graphene-based
electrodes have become a robust player in the field of electrochemical sensing such as heavy
metals [13], pesticides [14], and other water contaminants [15,16].

However, various conventional routes for synthesising graphenes such as chemical
vapour deposition, thermal annealing, wet chemical method, solvothermal, arc discharge,
and lithography entail lengthy procedures, high-temperature treatment, and hazardous
experimental conditions, which limit their widespread practical applications [15]. Thus, it
necessitates finding a novel route, which can be cheaper, rapid, and applicable to scientific
research, especially in the electrochemical sensing arena. Recently, direct laser writing
(DLW) has been a scalable, flexible, and eco-friendly fabrication method for producing
graphene on flexible substrates [17]. The obtained laser-induced graphene (LIG) has been
used as a working electrode for various electrochemical applications such as supercapac-
itors [18], sensors [19], and electrocatalysis [20]. Xueni et. al. developed a modification
of the glassy carbon electrode (GCE) using synthesised nitrogen-doped laser-engraved
graphene (N@LEG) by introducing polyaniline (PANI) and polyvinylpyrrolidone (PVP)
as N-dopant. The N@LEG modified glassy carbon electrode (N@LEG/GCE) with in situ
bismuth film modification showed enhanced electrochemical properties and a 3D porous
structure with large electrochemical active surface areas. This combination, along with the
strong metal ion affinity of nitrogen atoms, significantly improved the detection range for
heavy metals like Cd (II) and Pb (II). The sensor was successfully utilised for the simultane-
ous determination of Cd (II) and Pb (II) using square wave anodic stripping voltammetry
(SWASV) with optimised conditions [21]. Jeong et al. developed an electrode using silver
nanoparticles and laser-induced graphene (AgNP/LIG) for the individual and simultane-
ous detection of the cadmium (Cd), lead (Pb), and copper (Cu) ions using the square wave
anodic stripping voltammetry (SWASV) method with optimal conditions [22]. Saisree et al.
studied the effects of modifying GCE, with sulphur co-doped nitrogen graphene quantum
dots (S, N-GQD) (4 nm), prepared by hydrothermal reaction using polyaniline and sulphric
acid as an acid catalyst and S-doping agent. The authors used the modified electrode to
detect individually and simultaneously Cd (II), Pb (II), and Hg (II) by DPV technique [23].
However, the fabrication of graphene involved lengthy procedures and additional layers
of polymers, which complicated the process. However, the application of pristine LIG is
restricted due to its absence of an intrinsic bandgap [24], and, thus, needs modification for
its effective and result-oriented usage.

To open up the bandgap, several strategies have been adopted such as molecular
adsorption, chemical functionalisation, doping of heteroatoms, and edge-effects-induced
bandgap [25]. Also, heteroatom-doped graphene has piqued the interest of researchers due
to its superior physicochemical, electromagnetic, and structural capabilities as compared to
undoped graphene [26]. Several doping elements were successfully doped in LIG [27-29].
Tour et al. [24] synthesised boron-doped LIG (LIGg) by using H3BO3; and polyamic acid
(PAA) solution to form PI/H3BOs film, which was finally transformed into LIGg using
CO; laser irradiation. Han et al. [28] demonstrated the in situ fabrication of nitrogen-doped
LIG (LIGy) using a composite of melamine (C3HgNg) and PAA as the N precursor and
converted into LIGy by using laser pyrolysis methodology. Khandelwal et al. [29] reported
a duplicate laser pyrolysis method for fabricating B and N co-doped LIG (LIGgy) for
electrochemical supercapacitor applications. However, the procedure of fabrication of LIG
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involving precursor H3BO3; and PAA solution, additional layer formation, and thermal
treatment made the process lengthy, expensive, and tedious.

Based on the above understanding, herein, a rapid, green, and simple methodology to
dope heteroatoms such as boron and nitrogen using a DLW technique was developed in
which, boric acid and urea, both affordable and ecologically benign, were utilised as boron
and nitrogen precursors, respectively, to enhance defects and improve catalytic activity. The
synthesised samples are characterised using microscopic and spectroscopic techniques to
study the doping effects. Aiming for the application LIGgy, the electrochemical sensing for
toxic heavy metal ions such as Pb?* and Cd?* was performed with an appreciable limit of
detection and sensitivity. This work presents a new arena for the electrochemical detection
of HMs, using a heteroatom-doped LIG by DLW technique, which reduces the number of
fabrication steps.

2. Materials and Methods
2.1. Materials and Reagents

Commercial polyimide (PI) sheets of a thickness of 0.125 mm were purchased from
Cole Parmer, Cat. No. 08277-88, India. Potassium ferricyanide (K3[Fe(CN)g]), 99.0%
pure was from Himedia Laboratories Pvt. Ltd., Kolkata, India; potassium ferrocyanide
(K4Fe(CN)g-3H0), 99.0% pure was from S.D. Fine Chemical Limited, Mumbai, India;
potassium chloride (KCl), sodium acetate (CH3COONa, NaAc), acetic acid (CH;COOH,
HAc), boric acid (H3BO3), and urea (NH,CONH;), 99.5% pure was purchased from Thermo
Fischer Scientific Pvt. Ltd., Hyderabad, India.

Lead nitrate (Pb(NO3),, 99% pure from Sisco Research Laboratories Pvt. Ltd., Mumbai,
India, and cadmium chloride (CdCl,), 95% pure from Qualigens Fine Chemicals Pvt. Ltd.,
Bangalore, India, were bought to perform experiments. All chemicals were of analytical
grade. All of these chemicals were used as such without further purification. An amount
of 0.1 M NaAc/HAc buffer of different pH was prepared by mixing a suitable amount of
NaAc and HAc.

Ultra-pure water from a Milli-Q® Direct Water Purification System (resistivity 18.2 MQ-cm
at 25 °C), Merck Life Science Pvt. Ltd., Bangalore, India, was used throughout the experiments.

2.2. Fabrication of Boron and Nitrogen Co-Doped Laser-Induced Graphene

Figure 1 illustrates the processing steps of fabrication of LIGpy electrodes. The PI
sheets were cleaned by rinsing them with ethanol and then dried. Then, the first DLW
was executed using a CO,-based laser-engraver machine, Meera Lasers Solution Pvt. Ltd.,
Chennai, India, on PI (1 cm x 1 cm) sheets at a laser power of 50% of 30 W and a scanning
speed of 300 mm/s in ambient conditions to form graphene on PI. The lasing parameters can
impact the structure and morphology of the LIG, which, in turn, may affect its surface area,
porosity, and functional groups. These factors can influence the adsorption capacity and
kinetics of heavy metal ions on the LIG surface. However, the impact of lasing parameters
on the quality of LIG would require experimental investigation and optimisation of the
laser system, which is carried out by our group [30]. The laser parameters, such as scan
speed (200-300 mm/s) and laser power (40-55%), were varied to optimise the process. The
laser head and substrate were separated by 10 mm for each experiment. A 0.05 mm interval
was maintained between two consecutive laser passing lines when using the Y-unilateral
scanning mode. Thus, the lasing parameters such as scan speed and laser power were
optimised, which can indirectly influence the sensor response by affecting the properties of
LIG. The optimised parameters were 300 mm/s scanning speed and 50% for LIG for the
high degree of graphitisation. Thus, the obtained LIG is termed an undoped LIG (LIGy).
Since LIGy behaves hydrophobic [31], it was treated under home-built dielectric barrier
discharge plasma at 14 kV for 2 min, which made the LIGy hydrophilic. Then, LIGgn was
fabricated by drop casting of 50 puL of 1% by mass of aqueous H3BO3; and NH,CONH,
on LIGy, and the sample was dried at 70 °C for 30 min. Next, the second laser rewriting
was carried out with the same laser parameters to incorporate B and N into the graphene
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lattice due to the reorganisation and restructuring of graphene nanostructures. In this way,
undoped LIG (LIGy), LIGg, and LIGy were also fabricated for comparison.

—»‘—»

CO, laser writing Drop casting of B and N precursor CO, laser rewriting
Figure 1. Schematic diagram for the fabrication of LIGgy using CO,-laser assisted method.

2.3. Characterisation

The morphology and microstructure of LIGgny were examined using field emis-
sion scanning electron microscopy (FE-SEM; JSM-IT 800, JEOL, Tokyo, Japan) and high-
resolution transmission electron microscopy (HR-TEM; JEM-F200 200 kV, JEOL, Tokyo,
Japan). The bonding characteristics, defects, and chemical states of LIGpn were analysed
using a Raman spectrometer, Renishaw in Via with a 532 nm laser, Renishaw Metrology
system Pvt. Ltd., Chennai, India) and X-ray photoelectron spectroscopy, SPECS scientific
instruments Inc., Berlin, Germany. The ImpedanceEdge® Multiparameter pH Meter, 230 V
SKU: HI2020-02, Hanna Instruments Pvt. Ltd., Mumbai, India, was used to determine the
pH values of the buffer.

2.4. Electrochemical Measurements

Electrochemical measurements were performed on a portable PalmSens (EmStat 4LR),
the Netherlands, electrochemical workstation with a conventional three-electrode system
consisting of a doped LIG as working electrode, an Ag/AgCl saturated KCl reference
electrode, and a platinum wire counter electrode. The CVs were implemented with the
potential varied from —0.2 V to 0.8 V at a scan rate of 50 mV s~!. The electrochemical
impedance spectroscopy (EIS) measurements were carried out with the frequency from
0.1 Hz to 100 kHz. Both of them were run in 5.0 mM [Fe (CN)¢]°>~/4~, a solution containing
0.1 M KCL. Furthermore, SWV was employed for the individual and simultaneous detection
of Cd?* and Pb?* with a step potential at 5 mV and a scan potential from —1.0 V to —0.2 V
with 250 mV amplitude, 1 Hz frequency, and in 0.1 M acetate (NaAc/HAc) buffer (pH = 4.5).

3. Results and Discussions
3.1. Morphological and Microstructural Studies

The surface morphologies of LIGgn were characterised by FESEM. Figure 2a shows
the formation of an interlinked porous network of graphene structures, which might be
due to the localised and on-spot high temperature of laser beams on PI. The PI decomposes
into gaseous products so that the entrapped gases may create porous structures during
the graphitisation process [32]. LIGpy maintains the porous structure, displaying the pore
size in the range of 0.8-1.7 um (inset of Figure 2a). The microstructure of LIGgy was
analysed by HRTEM. The low-magnified TEM image of LIGgy at the inset of Figure 2b
shows wrinkled structures of graphene. The diffraction rings signifying (100) and (002)
planes of graphene in the selective area diffraction pattern (inset of Figure 2b) show the
polycrystalline structure of LIGgy. Moreover, the HRTEM images shown in Figure 2b,c
indicate that the LIGpn possesses few-layered features of graphene nanostructures. The
high-magnified HRTEM image corresponds to region A of Figure 2¢ (inset of Figure 2c)
representing the clear fringes with a characteristic d-spacing of 0.34 nm, corresponding
to the (002) plane in graphitic materials. Consequently, the presence of the 3D porous
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interconnected graphene wrinkled structures provides such a large specific surface area
and numerous reactive sites that make it easier to accumulate metal ions and contribute to
the wide detection range [33].

Figure 2. (a) FESEM micrograph of porous LIGgy @ 1 um scale. The inset of (a) shows the low-
magnified FESEM micrograph; (b,c) HR-TEM micrographs of LIGgy @ 10 nm scale. The inset of (b)
shows the low-magnified TEM micrograph along with its corresponding SAED pattern. The inset of
(c) shows the high-magnified HRTEM micrograph of region A of (c).

3.2. Raman Analysis

One of the powerful tools to characterise graphene and its derivatives is Raman
spectroscopy [30], which was used for distinguishing the structural features of doped LIG
samples. As exhibited in Figure 3a, the Raman spectra of the LIG samples showed three
graphene indicative peaks, namely a D peak at approximately 1350 cm ™!, a G peak at
approximately 1580 cm~!, and a 2D peak at approximately 2700 cm~!. The G-peak is
attributed to the first-order scattering of the Ep; optical mode in sp? domains caused by
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carbon atom in-plane vibrations. The D-peak, on the other hand, is caused by disordered

regions containing sp® carbons associated with out-of-plane vibrations [21].
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Figure 3. (a) Raman spectra of LIG samples (I) LIGy, (II) LIGg, (IIT) LIGy;, and (IV) LIGgy. Variation
in (b) In/Ig, crystallite size, and defect density of LIG samples, (c) I,p/Ig and FWHM of 2D band of
LIG samples.

Additionally, the intensity ratio Ip/Ig, as indicated in Figure 3a, which is employed to
evaluate the degree of defects and disorder in the sp? hybridised graphitic carbon, is about
0.96 for LIGpn and 0.32 for LIGy, revealing the crystal defect and disorder degree ascended
after doping with boron and nitrogen [33]. Despite that, the distinct 2D peak further
illustrates the generation of few-layered graphene [34], which is as per the FESEM results.

Furthermore, a detailed analysis of the crystallite size along the X-axis (La), defect
density (nD), the distance between defects (Lp), and the significance of Ip/Ig and Irp/Ig
of the LIG samples were carried out, particularly for LIGy, LIGg, LIGy, and LIGgy;, respec-
tively, as shown in Figure 3b,c, and listed in Table 1, respectively. It is observed in Figure 3c
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that the LIGgn sample shows the full-width half maxima (FWHM) of 2D and I,p/Ig values
of 89.56 cm~! and 0.69, respectively. In Figure 3b, it is found that the LIGgy sample has a
low crystallite size (L,) of 51.84 nm, a smaller distance between defects (Lp) of 14.12 nm,
and a maximum defect density of 2.89 x 10! cm~! as compared to the other LIG samples,
suggesting the formation of more defects [35]. Table 1 indicates the defect density increases
on co-doping boron and nitrogen into LIG, which plays a key role in the creation of active
sites for heavy metal ions adsorption.

Table 1. Ip/Ig, I,p /I, crystallite size, the distance between defects, and defect density of LIG samples.

Samples Ip Ig Ip Ip/ig Lp/Ig Lp nD (x10'1)  FWHM of 2D L.
LIGy 1289.808  3848.702 2882.18 0.33 0.75 23.95 1.00 66.34 149.20
LIGg 2432.031  4749.7998  3623.687 0.51 0.76 19.37 1.53 70.70 97.65
LIGN 2970914  4483.142  3272.021 0.66 0.73 17.03 1.99 80.12 75.45
LIGpN 6281.095  6513.148  4475.658 0.96 0.69 14.12 2.89 89.56 51.84

3.3. XPS Analysis

The XPS is an essential study to characterise the heteroatom doping into lattices of
graphene and their bonding characteristics. Figure 4a depicts the Cls spectra of LIGy, LIGg,
LIGy, and LIGgy in which the bonding configurations of carbon with B and N are shown.
Cl1s spectra of LIG samples are further deconvoluted to understand the bonding states for C
atoms and changes due to doping. The deconvolution of LIGy has 3 components in which
the XPS peak at 284.4 eV [36] is the signature for the main component, graphitic-sp?-C=C
bond, and similarly at 285.7 eV for the indicative peak of sp3-C-C and 287.4 eV for the peak
of spz—CzO [29]. Similar observations can be seen from the components of the deconvo-
luted XPS peak of LIGg, along with additional C-O and C-O-B bonding at 285.4 eV [29],
which indicates that boron is incorporated into the graphene lattice. Furthermore, the Cls
spectrum of LIGN was deconvoluted into 3 essential components that show a characteristic
peak of sp?-C=N at 288.7 eV and sp>-C-N bonding at 285.7 eV. This indicates the affinity of
N towards C forming C-N bonds into graphene lattices. In co-doped LIGgy;, when the XPS
peak was deconvoluted, it was divided into 4 components, which suggests that there is a
sp?-C=C bond at 284.8 eV [29], sp3-C-N at 285.7 eV [37], C=O at 286.9 eV, and O-C=0 at
289.8 eV.

The insignificant shift of binding energy (C=C from 284.4 eV to 283.6 eV) towards a
lower region might be due to a change in the chemical environment of the LIG framework
and the presence of oxygen at the ambient condition of the experiment, which is attributed
to the doping of B and N [29,38].

To study the bonding states of B with other atoms such as C and N, the XPS survey of
LIGgy for Bls was plotted ranging from 184 eV to 196 eV, as shown in Figure 4b. The Bls
spectrum for LIGgy shows characteristic peaks that illustrate the successful doping of B
into the LIG lattice network [39,40].

Further, moving ahead to the N1s XPS spectra as exhibited in Figure 4c, the spectrum
was obtained to determine the different characteristic bonding configurations of N. The
presence of characteristics N1s peak of LIGpn demonstrates that N was successfully incor-
porated into the graphene lattice and caused defect formation [41,42]. Doping boron and
nitrogen into the graphene lattices improves the electrocatalytic behaviours and defects of
the graphene electrodes, which improves the sensitivity of electrochemical performance for
HMs detection [42].
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Figure 4. (a) Cls XPS spectra of LIGy, LIGg, LIGy;, and LIGgy. (b) Bls and (c) N1s XPS spectra of
LIGgN-

3.4. Electrochemical Characterisation

Electrochemical characterisations of LIGgy were first studied by adopting [Fe (CN) >~ /4=
as electrochemical redox probes. Figure 5a shows the CVs of LIGy, LIGg, LIGy, and
LIGpn-modified electrodes in 5.0 mM [Fe (CN)g]>~/#~ containing 0.1 M KCl. A pair of
well-defined reversible redox peaks is exhibited at the CVs of LIG electrodes. Compared
with the anodic peak current of LIGy (310.46 pA), there is more than a 3-times increase
in the peak current of LIGpy (970.90 pA) due to the doping of B and N and resulting
from the synergistic effect of boron and nitrogen, which accelerates the electron transfer
rate [29]. Additionally, the electrochemical active surface area (EASA) for LIGy and LIGgy
was calculated using the Randle Sevcik equation, I, = 2.69 x 10° A x D2 n3/2y 1/2
C, where I;; is the peak current value, n is the number of electrons transfer in the redox
reaction, A is the active area (cm?), D is the diffusion coefficient (cm?-s~1), C is the redox
electrolyte concentration (mol-cm™3), and v is the scanning rate (mV-s71). In this CV study,
n=1,D=63x%x10"°%cm?s !, and C=5 x 103 mol-em 3 [32]. Using the peak current
values in Figure 5a, the EASA for LIGy and LIGgy were found to be 0.37 cm? and 1.17 cm?,
respectively. It indicates that the electrochemically active surface area of LIGgy is increased
by approximately three times more than that of LIGy. It infers that LIGgy is beneficial to the
improvement of the electrochemical performance and the adsorption of heavy metal ions.

Furthermore, SWV was performed for trace heavy metal ions (Cd** and Pb?*) de-
termination in 0.1 M NaAc/HAc buffer (pH = 4.5). The voltammograms of 40 uM Cd*
and Pb?* at different doped LIGs are presented in Figure 5b (LIGy: short dot black line;
LIGg: solid blue line; LIGy: solid green line; LIGgN: solid red line). At the LIGy, the
smallest peak currents of Cd?* and Pb?" are observed, suggesting that the LIGy has a
lower sensitivity towards Cd?* and Pb?*. In contrast, at LIGpy;, the current responses
of Cd?* and Pb?* are much higher than LIGy, resulting from the large effective specific
surface area, which is beneficial to the adsorption of the probe metal ions. Most importantly,
in comparison with other electrodes, LIGgy possesses not only the distinguishable and



Nanomaterials 2024, 14, 806

90f17

completely separated current peaks at —0.77 V for Cd?* and —0.49 V for Pb?* but also the
highest peak current signals, which revealed that LIGpy has a higher affinity as well as a
better SWV performance towards Cd?* and Pb?* due to the effect of B and N co-doped.
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Figure 5. (a) Cyclic Voltammograms (CVs) of LIG samples in 5.0 mM [Fe(CN)g]?~/4~ containing
0.1 M KCl at 50 mV/s, (b) square wave voltammograms (SWVs) of LIG samples in 0.1 M NaAc/HAc
buffer (pH = 4.5) containing 40 uM Pb?* and Cd?*, (c) Nyquist plot of LIG samples in 5.0 mM
[Fe(CN)6]3*/ 4= containing 0.1 M KCl from 0.1 Hz to 100 kHz (the inset shows the Randle circuit of
equivalent resistance), and (d) enlarged view of Nyquist plot.

3.5. Electrochemical Impedance Spectroscopy Studies

The interfacial properties of undoped and doped LIG-modified electrodes were evalu-
ated using EIS to determine their electron transfer and ion transport properties. Figure 5¢
represents the Nyquist plot obtained for LIGy and doped LIG-modified electrodes in
5.0 mM [Fe(CN)s]*~/4~ (0.1 M KCI supporting electrolyte) within the 0.1-100 kHz fre-
quency range. It indicates that none of the electrodes exhibits a semicircle in the high-
frequency region, which is the characteristic of the lower charge-transfer resistance (Rct),
and a straight line at low frequencies depicts the characteristic of the diffusion of the
electro-active species towards the electrode/solution interface (Warburg impedance) [43].
The experimental EIS data of LIG samples were fitted with modified Randles electrical
equivalent circuits, presented as an inset of Figure 5c with a goodness factor of 0.001. The
LIGpy electrode has a lower Rt (211.0 Q2) compared to undoped LIGy (234.7 1), which
suggests higher conductivity and implies the fastest ion migration in the case of LIGpy [44].
This is due to the suitable porosity of LIG promoting ion diffusion and transport, as well as
enhanced surface wettability after boron and nitrogen co-doping [44]. The enlarged view
of the Nyquist plot is shown in Figure 5d, which shows the lower impedance of LIGpy
than LIGy.

Previous research [45-49] suggests that N-doping may improve the graphene samples’
hydrophilicity, polarity, and electron transfer [50,51], which might be the reason that the
green curve of LIGy is higher than the red curve of LIGgy at the initial section of the
dependency i.e., the high-frequency region of Nyquist plot. However, B doping may
improve the graphene samples’ surface wettability toward the electrolyte, reducing the
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electrode’s hostility [45,46]. Because of this, it makes sense that the two dopants’ co-
effects would increase the surface polarity of LIGpy, resulting in a lower impedance than
LIGy [47-49]. Moreover, the kinetics of the diffusion/transport processes of electrolyte ions
in the electrodes are connected to the characteristic Warburg impedance, which corresponds
to the linear region in the Nyquist plots [52]. The samples of LIGy and LIGgy have larger
low-frequency slopes than LIGg and LIGy, as seen in Figure 5¢c, indicating faster ion
diffusion processes.

3.6. Optimisation of the Electrochemical Parameters

The experimental conditions affect the heavy metal ions measurement; thus, it is
necessary to optimise the measurement conditions to find the best frequency, amplitude,
and E-step of the SWV conditions. Firstly, as shown in Figure 6a, we optimised the pH
of the 0.1 M NaAc/HAc buffer solution by varying pH from 4.0 to 5.5. The pH of an
electrolytic solution depends on the existing state of ions and the stability of the modified
electrode. The peak current for both Cd** and Pb?* is the maximum for pH = 4.5, as
indicated by the inset of Figure 6a, which was chosen as the optimal pH of the buffer
solution as a supporting electrolyte. The peak current is lower below pH = 4.5, which
might be due to the competitive adsorption of H* ions with Pb?* and Cd?* ions onto the
electrode surface, which is responsible for the sharp decrease in peak current. Also, the
peak current above pH = 4.5 is descended, which might be due to the formation of insoluble
hydroxides of heavy metals [53]. The second parameter that needs to be optimised is the
amplitude, which was varied in the range of 0 to 250 mV, as shown in Figure 6b, with the
frequency fixed at 5 Hz. The peak current gradually increased and the baseline became
higher when the amplitude changed from 1 to 250 mV. As the amplitude increased, the
peak current increased gradually, and the largest value of the peak current measured was
250 mV. Therefore, the amplitude was selected as 250 mV.

As depicted in Figure 6c, we measured the peak current while changing the frequency
from 1 Hz to 25 Hz with the amplitude fixed at 250 mV and the potential step (E-step) at
5 mV. The peak current increased as the frequency increased from 1 Hz to 5 Hz and the
SWYV flattens after 5 Hz. Therefore, the frequency was selected as 5 Hz.

As shown in Figure 6d, we changed the E-step from 0.5 to 20 mV with the amplitude
and frequency fixed. The peak current increased as the E-step increased from 0.5 to 5 mV;
yet, after 5 mV, the number of data decreased, and the shape of the SWV curve was not
sharp. The broadening of the square wave voltammogram (SWV) with increasing potential
steps is due to the diffusion of redox species in the vicinity of the electrode. As the potential
step increases, the time required for the redox species to diffuse to the electrode surface
also increases. This leads to a broader diffusion layer and a slower rate of mass transfer.
Consequently, the current response becomes more spread out over time, resulting in a
broader voltammogram [11]. The shift in the maximum of the curve in Figure 6d (20 mV)
for cadmium is due to an increase in the step potential. An electrochemical reaction requires
a specific lapse of time to ensure the diffusion of the active species and the transfer of charge
at the electrode surface, so in case of an increase in potential step, one can limit the time
interval of the electrochemical reaction which results in an observed shift towards more
negative potentials. The shift is mainly due to the delay of the electrochemical reaction due
to the shortness of the allocated time (compared to a lower step potential that allows more
time for the reaction to occur) [54]. Figure 6e,f represent the enlarged plot of Figure 6d,
showing the separated peaks of Cd** and Pb?*, respectively.

From these results, for the SWV optimal conditions, we determined the pH to be 4.5,
the amplitude to be 250 mV, the frequency to be 5 Hz, and the E-step to be 5 mV.
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Figure 6. Optimisation of SWV parameters (a) pH of 0.1 M NaAc/HAc buffer solution as supporting
electrolyte, (b) amplitude, (c) frequency, and (d) potential step (e) enlarged plot of SWV peaks on
varying potential step for Cd?* and (f) enlarged plot of SWV peaks on varying potential step for Pb%*.

3.7. Electrochemical Detection of Pb** and Cd** Using SWV
3.7.1. Individual Detection of Pb?* Using SWV

SWV for the individual detection of Pb>* was carried out under optimised experimen-
tal conditions.

Figure 7a; shows the well-defined peak of Pb?* detected at around —0.52 V. It is
obvious that the peak current increased as the concentration of Pb?* increased. The cor-
responding calibration plot, as shown in Figure 7ay;, of Pb?* ion shows the linear fit with
R2=0.96 having a wide linear range of 8 uM to 40 pM.

Ip(nA) = 2.401 C(uM) + 216.886 1)

where [}, is the peak current, C is the Pb2* concentration, and R? is the linear correlation
coefficient. It is reported that [55] the limit of detection, LOD = 3 oB/b, in which oB
is the standard deviation of the population of the blank responses and b is the slope of
the regression line. The LOD was calculated to be 0.25 pM. In addition, the sensitivity
is calculated to be 2.401 pA-uM 1. Moreover, it can be found that the peak potential of
Pb?* changed to a more positive direction with the rise of its concentrations. The shift
of the peak potentials of Pb?* is because, with the increase in Pb?* concentrations, Pb?*
ions deposited on the electrode surface mainly in the form of multilayer. When a positive
scanning potential was applied to the electrode surface, the Pb?* ions reduced on the
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electrode surface were oxidised to produce an oxidation current, but the Pb? inside could
not strip duly, which led to the shift of peak potential [10].
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Figure 7. SWV detection of Pb?* and Cd?* in 0.1 M NaAc/HAc buffer pH = 4.5, amplitude = 250 mV,
frequency = 5 Hz, and potential step =5 mV (aj) SWV response curves for individual detection of
8-40 uM Pb2*. (arr) Calibration curve of SWV peak current versus concentration of Pb%*, (by) SWV
response curves for individual detection of 8-56 M CdZ*; (byy) calibration curve of SWV peak current
versus concentration of Cd?*, (c1) SWV response curves for simultaneous detection of 8-80 uM Pb%*
and Cd%*, and (cyy) calibration curve of SWV peak current versus concentration of Pb%* and Cd?*.

3.7.2. Individual Detection of Cd** Using SWV

After the experimental optimisation of SWV parameters, the LIGgy sensor was em-
ployed to detect Cd?*. The SWV curve is shown in Figure 7b; in which the characteristic
peak of Cd?* appears at about —0.81 V [56]. As the concentration of Cd?* increases, the
peak current value increases as depicted in the calibration plot of Figure 7byj, exhibiting
a highly linear relationship with the Cd** concentration in the range of 8 to 56 1M and

R? =0.987.

Ip(HA) = 1.099 C(uM) + 281.231

@)

where Ip is the peak current, C is the Cd?* concentration, and R? is the linear correlation
coefficient. The LOD was calculated to be 0.08 uM. Also, the sensitivity of the LIGpy sensor

is 1.099 pA

1Y
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3.7.3. Simultaneous Detection Cd** and Pb?* Using SWV

SWYV was employed to discuss the limit of detection and linear range of the LIGgy
for the simultaneous determination of Cd?* and Pb?* under the optimised experimental
conditions. Figure 7c; depicts the SWV curves of different concentrations of Cd?* and
Pb%* in 0.1 M NaAc/HAc buffer (pH 4.5) at LIGgN. The oxidation peaks of Cd?* and Pb%*
increase accompanied by the successive increase in metal ions concentration. Well-defined
response peaks are observed at around —0.77 V and —0.49 V belonging to Cd?* and Pb?*,
respectively. Also, the reason for wide linear ranges, as shown in Figure 7cjj, of 8 uM
to 80 uM is due to the porous networked graphene structures of LIGpy due to B and N
co-doping, which provide large specific surface areas and abundant reactive sites that
facilitate the diffusion of metal ions. Moreover, the LOD is calculated at 0.21 uM and
0.25 uM for Pb?* and Cd?*, respectively. In addition, LIGgy requires neither expensive
instruments nor complicated and tedious processes. Thus, the promptly fabricated sensor
is applicable for sensitive and rapid determination of Cd** and Pb?* with the merits of
simple fabrication, easy operation, and low cost.

The doping effect into LIG, which results in improved electrochemical sensing perfor-
mance towards HMs, is due to heteroatoms and their synergistic behaviours. Substitutional
doping of heteroatoms such as boron (B), nitrogen (N), sulphur (S), phosphorus (P), etc.,
into the graphene lattices is one of the powerful strategies to surely cause improvements in
structural and electronic properties through the creation of sp® defects. Since B has a com-
parable atomic radius and valence electrons to C, it is considerably simpler to integrate B
into a graphene lattice. With B sp? hybridised into the lattice of graphene, the planar geom-
etry of graphene remains preserved. Furthermore, N is easily incorporated into graphene
structures due to its comparable atomic size to C and the formation of strong bonds with
each other [57]. Also, nitrogen doping into the framework of carbon-based materials has
been rapidly progressing to acquire advantageous semiconducting characteristics. The
electron-deficient nature of B creates P-type doping, whereas electron-rich N can donate
its lone pair electrons, behaving as an N-type dopant. Also, because of the established
synergy between the dopants, doping electron-rich and electron-deficient dopants at the
same time can result in distinct electrical characteristics. In comparison to the undoped
situation, B and N co-doping generates more catalytically active sites, resulting in higher
catalytic activity, which improves the adsorption behaviour of heavy metal ions towards
doped graphene. Also, it enhances the anchoring of functional moieties or molecules and
accelerates charge transfer between electrode and analyte/electrolyte, all of which would
boost electrochemical sensing efficiency [58].

Table 2 shows the comparison of developed electrochemical sensors with the present
work reported for the simultaneous detection of Pb%* and Cd?* [59-63].

Table 2. A comparison of the electrochemical sensors reported for simultaneous detection of Pb2+
and Cd?*.

. Linear Range LOD
Electrode B e ! (M) (M) Ref.
Pb2+ Cd2+ Pb2+ Cd2+
aPANI/PGCE kgWwASvY 0-2.0 0-2.0 0.10 0.13 [59]
In situ °Sb4SPCE IDPASV 0.08-0.30 0.10-0.60 20 30 [60]
P(°DPA-co-2fABN)/GCE mDPV 1.25-283.2 11.20-8076 0.7963 22684 [61]
Sb8F/"GO/SPCE NSI-SWASV 0.1-1.3 0.3-1.5 0.026 0.054 [62]
Nafion/!CLS//PGR/GCE DPASV 0.05-5.0 0.05-5.0 0.01 0.003 [63]
LIGpn OSWV 8-80 8-80 0.21 0.25 This work

aPANI: polyaniline; "GCE; glassy carbon electrode; °Sb: antimony; YSPCE: screen-printed carbon electrode;
¢DPA: diphenylamine; f ABN: aminobenzonitrile; 8F: film; "GO: graphene oxide; ICLS: calcium lignosulphonate;
JPGR: porous graphene; "SWASV: square wave anodic stripping voltammetry; 'DPASV: differential pulse anodic
stripping voltammetry; ™DPV: differential pulse voltammetry; "SI-SWASV: sequential injection square wave
anodic stripping voltammetry; °SWV: square wave voltammetry.
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In a nutshell, the superior electrochemical performance of LIGgy is due to the porous
graphene nanostructures, as evidenced by Figure 2, and increased sp® defects. The 3D
porous interconnected graphene structure increases the electrochemical active specific
surface area for diffusion of target ions from the electrolyte onto the electrode [21]. The
porosity also enhances the conductivity. Moreover, this phenomenon accelerates electron
transfer at interfaces, which enhances the peak current of Pb2* and Cd?* ions. In addition
to these, the doping of B and N generates more electrochemical active sites, as proven by
an increase in defect density from Raman analysis (Figure 3a). These structural defects
are responsible for the creation of active adsorption sites for Pb?* and Cd?* ions, which
improves electrochemical sensing performance. The presence of B and N heteroatoms
contributes to the structural stability and metal ion affinity. The graphitic N and pyridinic
N greatly accelerate electrocatalytic behaviour due to the availability of their lone pair
electrons present in them. These inferences result in the fact that LIGgy has the best ability
to facilitate electron transfer as well as makes the fastest response to redox reactions. The
doping of B and N can create structural defects as also corroborated by Raman studies,
which increases the active adsorption sites for the heavy metal ions [54]. Moreover, the
electrocatalytic and electronic properties of LIG are improved, which further enhances the
electrochemical detection of heavy metal ions [64]. Thus, LIGgy is considered a potential

electrochemical sensor platform for the individual and simultaneous detection of Cd?*
and Pb?*.

4. Conclusions

To summarise this study, we propose a facile, novel, and green fabrication route for
the B and N co-doped LIG, using simple drop casting and double laser writing technique,
which is applied for the electrochemical sensing and detection of Cd?* and Pb?* using SWV.
FESEM and HR-TEM analysis showed that porous and interlinked graphene networks are
responsible for the enhancement of the specific surface area. Raman studies evidenced that
the B and N co-doping introduced defects into the lattice of LIGpy. The XPS spectra of
LIG samples inferred the successful doping of heteroatoms B and N, showing the bonding
configurations at their characteristic binding energies. The electrochemical characterisation
of LIG samples carried out by CV, SWV, and EIS study showed that the LIGgy electrode has
a higher electrochemical sensing ability than other modified electrodes. After optimising
parameters, the LIGpy sensor could respond to individual and simultaneous detection of
Cd?* and Pb?* ions. The sensor has a sensitivity of 0.725 nA/pM and 0.661 pA /M for Pb2*
and Cd?* ions, respectively, low limit of detection (0.21 uM and 0.25 uM for Pb?* and Cd?"),
wide linear ranges (8.0 to 80 uM for Pb?* and Cd?* ions) and high linearity of R? = 0.99
for the simultaneous detection. Overall, this study provides an eco-friendly, simple, and
efficient synthesis method for preparing doped electrode sensors. It also sheds new light
on the subsequent development of metal-free doped LIG materials for electrochemical
detection of Pb?* and Cd?* ions.
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