-
®E chemosensors

Article

Graphene-Modified Electrode for Linear Sweep Voltammetric
Sensing of Catechol

Florina Pogacean, Lidia Magerusan **, Alexandru Turza

check for

updates
Received: 10 December 2024
Revised: 22 January 2025
Accepted: 24 January 2025
Published: 1 February 2025

Citation: Pogacean, F.; Magerusan,
L.; Turza, A.; Pruneanu, S.
Graphene-Modified Electrode for

Linear Sweep Voltammetric Sensing

of Catechol. Chemosensors 2025, 13, 43.

https://doi.org/10.3390/
chemosensors13020043

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Stela Pruneanu *

National Institute for Research and Development of Isotopic and Molecular Technologies, 67-103 Donat Street,
400293 Cluj-Napoca, Romania; florina.pogacean@itim-cj.ro (F.P.); alexandru.turza@itim-cj.ro (A.T.)
* Correspondence: lidia.magerusan@itim-cj.ro (L.M.); stela.pruneanu@itim-cj.ro (S.P.)

Abstract: A graphene sample (EGr) was obtained in a single-step synthesis by electro-
chemical exfoliation of graphite rods. A combination of 0.05 M ammonium sulfate and
0.05 M ammonium thiocyanate was employed, leading to a graphene sample composed of
few-layer, multi-layer and graphene oxide flakes. Due to the mild exfoliation conditions,
large sheets with linear sizes in the range of tens to hundreds of micrometers were pro-
duced. The LSV technique gave information about the effect of catechol concentration on
the electrochemical signal of bare and graphene-modified electrodes. Based on the resulting
calibration plots, the corresponding analytical parameters (linear range, sensitivity, limit
of quantification and limit of detection) were calculated for each electrode. In the case of
the EGr/GC electrode the linear range was from 6 x 1077 to 1 x 10~* M catechol. The
detection limit was low (1.82 x 10~7 M) while the quantification limit was 6 x 10~ M.
The sensitivity was five times higher than that corresponding to bare GC, proving the
excellent electro-catalytic properties of the graphene-modified electrode. The practical
applicability of the graphene-modified electrode was tested in tap water, obtaining an
excellent recovery of 102%.

Keywords: catechol; graphene; modified electrodes; electrochemical detection; linear
sweep voltammetry

1. Introduction

Catechol, a key dihydroxybenzene compound, also known as pyrocatechol (C4H4(OH),),
naturally occurring at trace amounts in different plants (willow, pine, oak, beet sugar, onion,
apple) was primarily identified in the destructive distillation of the plant extract catechin [1].
Currently, over 20 thousand tons of catechol are produced annually, employed mainly
as common building blocks in the industrial production of agrochemicals/insecticides,
different pharmaceuticals, fragrances and flavors [2]. Furthermore, due to its recognized
antioxidant, anticorrosive and chelating properties catechol is massively employed in
electroplating, in the dying and ink production industry, photography and organic syn-
thesis [3]. Catechol is not present in the human body. However, human plasma contains
different compounds including catechol units in their structure which are generally re-
ferred to as catechols [4]. Nowadays, different amounts of catechol may be spread into the
environment with negative impacts on the human health. Excessive exposure to catechol
can be harmful due to its reducing properties. Some laboratory investigations involv-
ing experimental animals have revealed its possible carcinogenicity [5-7]. Therefore, the
development of sensitive, rapid and selective detection methods for catechol is of great
importance. Electrochemical sensors have emerged as highly efficient tools for detecting

Chemosensors 2025, 13, 43

https:/ /doi.org/10.3390/chemosensors13020043


https://doi.org/10.3390/chemosensors13020043
https://doi.org/10.3390/chemosensors13020043
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-7998-7754
https://orcid.org/0000-0002-1920-9272
https://orcid.org/0000-0003-3927-3084
https://doi.org/10.3390/chemosensors13020043
https://www.mdpi.com/article/10.3390/chemosensors13020043?type=check_update&version=1

Chemosensors 2025, 13, 43

20f21

catechol, due to their inherent advantages of having a low cost, portability, and fast re-
sponse times [8,9]. Multiple reports regarding concomitant catechol and hydroquinone
electrochemical assays are provided by Chetankumar and his collaborators employing
different modified electrodes: a voltammetric sensor based on a carbon paste electrode
modified with direct green 6 [10]; a pencil graphite electrode modified with direct yellow
11 [11]; or a carbon paste electrode modified with a thin film of benzoguanamine [12]. A
sensor for catechol and hydroquinone based on a poly-nile blue-modified glassy carbon
electrode is also reported by Teradale et al. [13], while Dang and his collaborators achieved
hydroquinone and catechol detection using the synergic effect of electropolymerized nico-
tinic acid film and a Cd-doped ZnWO, nanoneedle [14]. Zhao et al. developed a nickel
oxide/carbon nanotube (NiO/CNT) nanocomposite-glassy carbon-modified electrode
for the electrochemical sensing of hydroquinone and catechol [15]; a multi-walled car-
bon nanotubes/polydopamine/gold nanoparticles composite was employed as sensing
layer by Wang Y. et al. [16], while Wang, J. et al., used a gold nanoparticle-decorated
biochar-modified electrode [17]. However, selective and sensitive catechol electrochem-
ical determination still remains a challenge. Among the various materials employed in
sensor design, graphene stands out as a promising candidate. Graphene’s extraordinary
electrical conductivity, large surface area and chemical stability make it an ideal platform
for electrochemical sensing applications [18-21].

In this study, we report on the development of a graphene-based electrochemical
sensor for the detection of catechol using Linear Sweep Voltammetry (LSV). The aim of this
work was to optimize the electrochemical performance of a glassy carbon electrode through
surface modification with graphene-based material, investigate the newly developed sen-
sitive layer detection capabilities and evaluate its potential for practical applications in
environmental monitoring and related fields. The proposed method enables sensitive
catechol detection providing clear and reliable signals.

2. Materials and Methods
2.1. Chemicals

The employed sodium acetate buffers were prepared from sodium acetate (CH3COONa)
(VWR Chemicals, Leuven, Belgium) and acetic acid (CH3COOH) (Chemical Company,
Iasi, Romania). The phosphate buffers were prepared from sodium phosphate monobasic
(NaH;POy) and sodium phosphate dibasic (NaHPO4-12H,0), both from VWR Chemi-
cals, Belgium. We used potassium ferrocyanide (K4[Fe(CN)4]) (Sigma-Aldrich, Sternheim,
Germany), potassium chloride (KCl) (Sigma-Aldrich, Sternheim, Germany), potassium
chloride (KCl, 99.999%, Merck, Darmstadt, Germany); sodium nitrite (NaNO,) and sodium
bicarbonate (NaHCO3) were from J.T. Baker, Sternheim, Germany; catechol (C¢Hy-1,2-
(OH);, >95.0%, Sigma-Aldrich, St. Louis, MO, USA), hydroquinone (CgHy—-1,4-(OH),,
>99%; Fluka Chemie GmbH, Buchs, Switzerland) resorcinol (C¢Hy—1,3-(OH),, >99%,;
Sigma-Aldrich, St. Louis, MO, USA) and dimethylformamide (HCON(CHs),) (DMF; JT-
Baker, HPLC grade, Sternheim, Germany) were also employed. All the electrolyte solutions
were prepared with double-distilled water produced with Fistreem Cyclon equipment
(Fistreem International Ltd., Cambridge, UK).

2.2. Electrochemical Exfoliation of Graphite Rods

The graphene sample (EGr) was synthesized by the electrochemical exfoliation of
graphite rods via pulses of current in an aqueous solution (100 mL) containing specific
salts, such as 0.05 M ammonium sulfate (NH4)>,SO4 and 0.05 M ammonium thiocyanate
(NH4SCN). A bias of 9 V was applied between the graphite rods and the time parameters
for the current pulses were set before starting the experiment: 0.8 s for the current pulse
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duration and 0.2 s for the pause between two current pulses. After 4 h, the black powder
deposited preponderantly around the anode was collected by decantation, washed with
10 L of distilled water and finally dispersed by ultrasound (30 min) in 125 mL water.
Larger particles were removed from the suspension by filtering on a Whatman ashless
cellulose filter paper—589/2, flat, @110 mm. The final step was the drying step, achieved
by liophilization for 24 h, at —90 °C and 0.004 bar.

2.3. Preparation of Graphene-Modified Electrode (EGr/GC)

The glassy carbon (GC) surface was polished on a piece of felt then covered by
graphene previously suspended in N,N-dimethylformamide (DMF; 2 mg/mL). The
graphene powder was dispersed by sonication for 3 min with a SONICS Vibra-Cell finger
device. Next, on the bare GC surface a volume of 9 pL from the above dispersion was
drop-casted and dried for 24 h at room temperature. The obtained modified electrode was
denoted EGr/GC and then employed for catechol detection.

2.4. Instruments

Scanning Electron Microscopy (SEM) investigation of the graphene sample was per-
formed with a Hitachi SU 8230 system (Hitachi High-Technologies Corp., Ibaraki, Japan).
It was employed to investigate the graphene sample’s morphology and to reveal the linear
size of the graphene flakes obtained after the exfoliation of the graphite rods.

The structural parameters of the graphene sample were obtained by X-ray Powder
Diffraction (XRD). The graphene pattern was recorded with a Bruker D8 Advance Diffrac-
tometer (Bruker, Austria, Vienna) using CuK radiation (1.5406 A).

The presence of chemical functional groups on the graphene’s surface was evidenced
by X-Ray Photoelectron Spectroscopy (XPS). The data were collected at room temperature
using a SPECS spectrometer equipped with a dual-anode Al/Mg X-ray source. The emitted
photoelectrons, resulting from sample irradiation with an AIK X-ray source (1486.6 eV)
operating at 200 W, were collected with a multi-channeltron detector and a PHOIBOS 150
2DCCD hemispherical energy analyzer. Data analysis and spectral curve fitting for the C 1s
and O 1s regions were carried out using Casa XPS software (version 2.3.16, Casa Software
Ltd., Wilmslow, Cheshire, UK). High-resolution peak fitting was performed employing
a Gaussian—-Lorentzian profile for each component, with nonlinear Shirley background
model correction applied to account for instrumental and surface effects.

The electrochemical characteristics of the electrodes were studied with a Poten-
tiostat/Galvanostat Instrument (PGSTAT-302N, Metrohm-Autolab B.V., KM Utrecht,
The Netherlands) coupled with a three-electrode cell. As a counter electrode, a large Pt foil
was employed, and the reference was an Ag| AgCl electrode (3 M KCl solution). Different
electrochemical techniques were employed, such as the following: Linear Sweep Voltam-
metry (LSV), cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS).

3. Results and Discussions

The morphological and structural characterization of the graphene sample was per-
formed using advanced techniques such as SEM, XRD and XPS. Such investigations were
needed in order to correlate the synthesis procedure with the desired electro-catalytic
properties of graphene. The morphology of the graphene sample found by SEM can be
observed in Figure 1. Due to the mild exfoliation conditions, large sheets with linear sizes
in the range of tens to hundreds of micrometers were produced. The wavy appearance of
the sheets is evidenced in Figure 1b, this having a significant impact on the active area of
the graphene-modified electrode. One of the effects is the increase in this area and, con-
sequently, of the faradic current generated by catechol oxidation. Besides the large flakes,
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smaller-sized flakes are also present, similar to 3D structures formed by the stacking of the
monolayer sheets. Such structures are formed due to a small number of oxygen-containing
groups attached to the graphene’s surface. This observation is supported by the XRD study
(see the next paragraph) which evidenced that the sample preponderantly contained few-
and multi-layer graphene, and a small amount of graphene oxide (5%).

Figure 1. SEM micrographs of graphene sample, showing large sheets formed after electrochemical
exfoliation of graphite bars; scale bar: 100 pm (a); 30 um (b).

Next, X-ray Powder Diffraction and X-ray Photoelectron Spectroscopy were used for
the structural characterization of the graphene. The XRD pattern (background subtracted)
can be seen in Figure 2 and evidences three main peaks. The first two peaks are broad and of
small intensities and appear at 20 = 10 and 21.4 degrees, being attributed to graphene oxide
(GO) and few-layer graphene (FLG), respectively [22]. The third peak at 20 = 26.3 degrees
is sharp and of high intensity, suggesting that it is composed of multi-layer graphene
(MLG) [23]. After the de-convolution of the recorded pattern, the following structural
parameters of the graphene sample were calculated: the number of layers (n) within the
graphene flakes; the distance (d) between two adjacent layers; and the crystallite size
(D) [24,25]. In addition, the FLG, MLG and GO amounts (%) in the sample were calculated
and the results are listed in Table 1.

600 - MLG
500-
400-
300-

200 - FLG

Intensity (a.u.)

100 -

10 20 30 40
20 (degrees)

Figure 2. The XRD pattern of the graphene sample, evidencing the peaks attributed to GO, FLG
and MLG.
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Table 1. The structural parameters of the graphene sample calculated after the deconvolution of the
XRD pattern: D—the crystallite size; d—the distance between two adjacent layers; n—the number of
layers within the graphene flakes.

EGr Sample D (nm) d (nm) n Amount (%)
GO 32 0.944 2 5
FLG 1.24 0.414 3 20
MLG 19.4 0.339 57 75

The predominant number of flakes is that of MLG (75%), followed by FLG (20%) and
GO (5%). In the case of FLG and MLG flakes, the corresponding interlayer distance is larger
than that of pure graphite (0.334 nm), and this can be related to the presence of network
defects in the flakes. Based on the previous work of Kampouris et al. [26], who showed
that the edge plane of graphene is the origin of the high electron transfer rate, one can
say that the MLG present in the sample has an important contribution to the observed
electro-catalytic effect of the graphene-modified electrode.

XPS was employed to characterize the surface chemistry of the graphene, with a partic-
ular focus on the high-resolution C 1s and O 1s spectra. For the C 1s spectrum (Figure 3a),
the deconvolution revealed multiple peaks corresponding to different bonding states of
carbon, such as the following: sp? carbon in the graphene lattice (graphene backbone)
at 284.49 eV, sp® carbon (defects or functional groups) at 285.6 eV and additional peaks
corresponding to oxygenated groups such as hydroxyl (C-OH) at 286.43 eV, carbonyl (C=0)
at 287.51 eV or epoxide (C-O-C) at 288.93 eV. The peak positions are consistent with the
previous literature records of Estrade-Szwarckopf [27], Kovtun et al. [28] and Batzill [29].
A slight contribution to the spectrum’s high binding energy (290.16 eV) was attributed
to the graphitic carbons’ m — 7* shake-up satellite band [30]. On the other hand, the
deconvolution of the O 1s spectrum was analyzed in order to identify oxygen-containing
functionalities, which are often present on the graphene’s surface, providing critical infor-
mation on the degree of oxidation and the presence of defects on the graphene’s surface
(Figure 3b). Three major components were necessary for the deconvolution of experimental
data, in the form of C-O (531.45 eV), O-C=0/COOH (533.35 eV) and chemisorbed water
(536.57 eV) contributions [31]. The C/O ratio was determined to be 0.16. This significantly
influences graphene’s electrochemical sensing capacity by altering its surface chemistry
and increasing its reactivity, providing more active sites for electron transfer which can
lead to an enhanced current response during catechol oxidation.

7o al 14000
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10000 -
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8000

4000 6000

4000
2000
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2000
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1
204 292 290 288 286 284 282 280 540 538 536 53¢ 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 3. Deconvolution of high resolution C 1s (a) and O 1s (b) XPS states of graphene sample.

Next, electrochemical measurements were used for the investigation of the optimum
experimental conditions necessary for catechol detection. Hence, the influence of the
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solution pH on the catechol oxidation signal was investigated by CV in 10~* M catechol.
Figure 4a presents the CVs recorded within a 3.6-7.0 pH range, with a scan rate of 10 mV/s.
Here, one can observe a significant variation in both anodic and cathodic peak intensity as
well as of the corresponding peak potential with the solution pH. The anodic peak potential
varies from +0.43 to +0.21 V and the linear equation which describes its variation with the
pH is as follows: Epa = 0.63 — 0.06 x pH (R = 0.990), having a slope close to 59 mV/pH.
This indicates that the numbers of electrons and protons transferred during the oxidation of
catechol are equal [32]. The anodic peak intensity (Ia) also varies with the solution pH and
reaches its maximum at pH 4.4; therefore, this value was selected as the optimum value for
further investigations on catechol (Figure 4b,c).

1.2x10° 0.45
——pH36 a. b.
9.0x10°| —_PH44
0.40-|
6.0x10° |
Ep = 0.63 - 0.06 x pH
3.0x10° 4 s 0.35 - R?=0.99
§ 0.0 :’i
0.30 ]
-3.0x10° -
-6.0x10° - 025
9.0x10° -
: : : : : : 0.20 : ; : :
0.2 0.0 0.2 0.4 0.6 0.8 3 4 5 6 7
E (V) vs Ag|AgCI PH
4.2x10°
C.
4.0x10°
3.8x10°-| %
_ 3.6x10°
<
-2 3.4x10°1 % %
3.2x10° %
3.0x10°-| %
2.8x10° ; ; ; ‘
3 4 5 6 7
pH

Figure 4. CVs recorded with EGr/GC electrode in solutions of different pH values, each containing
1 x 10~* M catechol. 10 mV/s scan rate (a); variation in anodic peak potential (Epa) with solution pH
(b); variation in anodic peak current (Ipa) with solution pH (c).

The EGr/GC electrode was also employed for studying the influence of graphene
on the electrochemical signal of catechol (Figure 5). With this electrode, a pair of well-
defined oxidation/reduction signals were obtained at low potentials (+0.35 and +0.3 V,
respectively) indicating that catechol undergoes a quasi-reversible redox process. For
the bare GC, the oxidation and reduction signals are very broad and appear at different
potentials (+0.63 and +0.08 V, respectively), demonstrating a sluggish transfer of electrons
between the flat carbon surface and catechol. The peak intensities obtained with EGr/GC
electrode are considerably higher (one order of magnitude) than that obtained from bare
GC, demonstrating a favorable interaction between catechol molecules and the graphene
surface, as well as an easy transfer of electrons.
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6.0x10°-| | —GC +0.35V
— EGr/GC

4.0x10°° -

2.0x10° - +0.63V

0.0 -

1(A)

1 +0.08 V
-2.0x10° -

-4.0x10° - +03V

-6.0x10° y , : : ‘ :
0.0 0.2 0.4 0.6 0.8

E (V) vs Ag|AgClI

Figure 5. CVs recorded with EGr/GC (red) and GC (black) electrodes in solution containing
1 x 10~% M catechol (pH 4.4 acetate); 10 mV /s scan rate.

In addition to this, it was worth investigating the influence of the scan rate on the
catechol oxidation signal. In Figure 6a, the variations in the CV recordings with scan
rate (2-200 mV/s) are represented. The corresponding anodic/cathodic peak currents
were represented versus the square root of the scan rate (v!/2), in which case linear plots
were obtained. This indicates that the electron transfer reaction between catechol and the
graphene surface is diffusion-controlled, rather than surface-controlled (Figure 6b). The
corresponding linear regression equations are as follows: Ipa = —4.44 x 1077 +2.96 x 107°
x V172 (R? = 0.999) and Ipc = —8.74 x 1077 — 9.44 x 1076 x v!/2 (R? = 0.974).

6.0x10°

, a.
4.0x10°

2.0x10° -

0.0 -

1 (A)

-2.0x10° -

-4.0x10° -

-6.0x10° -

: : : : : :
0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs Ag|AgCI

Figure 6. Cont.
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| b.
1.2x107° - |, =-444x10" +2.96 x 10° xv"*
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9.0x10° -
6.0x10° -
< ]
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Figure 6. CVs recorded with EGr/GC electrode in solution containing 1 x 10~* M catechol (pH 4.4 ac-
etate) at various scan rates from 2 to 200 mV/s (a); linear representation of peak currents versus
square root of scan rate (b).

Given an equal number of electrons and protons engaged in the reaction process, as
proved by the information obtained from the effect of pH, a possible mechanism based
on the transfer of two protons and two electrons was proposed according to Scheme 1,
consistent with the previous reports of Xu et al. [33], Chen et al. [34], Indrajith Naik et al. [35]
and Zheng and his collaborators [36].

OH

catechol

o
oxidized catechol

Scheme 1. The electrochemical reaction mechanism of catechol at the surface of the EGr/GC electrode.

The determination of the active area of the modified electrode was carried out with
cyclic voltammetry experiments at different scanning rates, in the range of 2-100 mV/s,
in the presence of 1 x 1073 M redox indicator K4[Fe(CN),] and 0.2 M of KCl1 supporting
electrolyte, using the Randles-Sevcik equation [37]:

Ipeak =42687 x 10°ADY2n3/2C p /2

where Lc,i is the intensity of the anodic peak; A is the active area (cm?); D is the diffusion
coefficient of K4[Fe(CN)¢]; n is the number of electrons transferred in the redox process; v is
the scan rate (V/s); and C is the concentration of [K4Fe(CN)g] in the solution (mol/cm3).



Chemosensors 2025, 13, 43

9 of 21

The active areas of the bare and modified electrodes were determined from the slopes of

Lpeak Vversus v1/2

plots (as visible in Figure S1 from the Electronic Supplementary Materials).
As expected, the modified electrode has a considerably larger active area (0.047 cm?) in
comparison with that of bare GC (0.028 cm?).

In order to further characterize the bare and the graphene-modified electrode, we em-
ployed the EIS technique. After recording the EIS spectrum of each electrodein 1 x 1074 M
catechol (pH 4.4 acetate; 0.1 to 1 x 10° Hz), we compared the spectra represented as
Nyquist plots (Figure 7a,b). The inset of each figure represents the equivalent electrical
circuit employed to fit the experimental data. The circuit for the bare GC electrode contains
two resistances (the solution resistance, Rs, and the charge-transfer resistance, Rct), the
Warburg impedance (W) and a constant phase element (CPE) that simulates non-ideal
behavior of the capacitor [38]. It is important to point out that the semicircle in the mea-
sured Nyquist plot has a flattened shape, rather than an ideal semicircle shape. This can
be attributed to some inhomogeneity present at the electrode’s surface (e.g., the density of
current, the adsorption of analytes with the coverage of the electrode surface) [39] The CPE
is often used to describe this phenomenon [40]. The large semicircle in the high-medium
frequency range is due to the large charge-transfer resistance (R¢t = 82.7 kQ}) of the bare
electrode towards catechol oxidation. The straight line from the medium to low frequencies
is characteristic of the diffusion of catechol molecules within the electric double-layer, and
is described by the Warburg impedance.

As concerned the EGr/GC electrode, the equivalent electrical circuit (Figure 7b)
employed to fit the experimental data contains the following elements: the solution
resistance; the charge-transfer resistance, which in this case has a considerably lower
value (R¢t = 313 Q) indicating a swift transfer of electrons between graphene and catechol
molecules; and two constant phase elements (CPE; and CPE;) due to the high porosity
of the graphene layer. The EIS results revealed that the addition of graphene on top of
the GC electrode had a significant impact on the R value, considerably decreasing its
value. The steep rising trend of the imaginary part (Z) with respect to the real part (Z')
of the impedance (at low frequencies) can be attributed to the capacitive behavior of the
graphene-modified electrode.

Based on the determined R values, the apparent heterogeneous electron transfer rate
(kapp) was calculated for each electrode, using the following equation [37]:

RT

Kapp = n2F2ZAR,C @

where n is the number of electrons transferred during the redox reaction (n = 2); F is the
Faraday constant (96,485 C/mol); R is the ideal gas constant (8.314 J/(mol-K)); T is the
temperature (298 K); A is the active area of the electrode (0.0472 cm? for EGr/GC and
0.028 cm? for GC); Rt is the charge-transfer resistance obtained from the fitted Nyquist
plots (€2); and C is the concentration of the catechol solution (107 mol/cm?).

After calculations, it was found that the kapp, value of EGr/GC was 4.5 x 102 cm/s, be-
ing two orders of magnitude higher than that corresponding to bare GC (2.87 x 10~* cm/s).
Hence, the presence of graphene on top of the GC electrode not only increased the active
area of the electrode but also highly promoted the transfer of electrons from catechol
molecules to the GC substrate.

The LSV was next employed to determine some important analytical parameters, such
as the following: the electrode sensitivity, the linear range in catechol solutions, the limit of
quantification (LOQ) and the limit of detection (LOD). Figure 8 presents the LSV signals
recorded with the graphene-modified GC (a) and bare GC (b) within different concentration
ranges, with a scan rate of 10 mV/s. Marked differences between the two electrodes can
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be observed not only in the recorded LSVs but also in the linear plots of the anodic peak
current, I, versus catechol concentration (Figure 9). Hence, in the case of the EGr/GC
electrode, the recorded LSVs revealed no shift in the anodic peak potential with the catechol
concentration. This is in full agreement with the previous findings that the oxidation process
of catechol is a diffusion-controlled one, and not an adsorption-controlled one [41,42]. In the
case of the GC electrode, the shift in the anodic peak potential with catechol concentration
is large (50 mV), indicating the probability of adsorption of the oxidized molecules on the
flat GC surface.

1.8x10°
GC a.

1.5x10° - S C

. O Y0 = 640 nMho
N = 0836

1.2x10° - O o—@ W (e

R = B2.7 k0 Y0 = 8.89 uMho

0.1 Hz
9.0x10" -

-Z" (Ohm)

4

3.0x10" -

0.0 10° Hz

‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘
0.0 3.0x10* 6.0x10* 9.0x10* 1.2x10° 1.5x10° 1.8x10°

Z' (Ohm)
5 0x10° 0.1 Hz b.
UX 7
1.5x10° -
_ | EGr/GC
§ 1.0x10° -
:N | L] 5—(
] 9] m:'}nr‘a phdha
50X1 02 i Y0 = 1.01 nMha N =0.823
10° Hz M
0.0 -
T T T T T T T
5.0x10? 1.0x10° 1.5x10° 2.0x10°
Z' (Ohm)

Figure 7. Nyquist plots obtained in 1 x 10~* M catechol (acetate pH 4.4) with bare GC (a) and
EGr/GC electrode (b); insets: equivalent electrical circuit employed for each electrode.
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Figure 8. LSVs recorded in solutions containing catechol of various concentrations, from 6 x 10~
to 1 x 10* M (EGr/GC electrode), 10 mV /s scan rate (a); LSVs recorded in solutions containing
catechol of various concentrations, from 1 x 1076 to 1 x 10~% M (GC electrode), 10 mV /s scan rate (b).

Next, the analytical parameters for the two electrodes were determined from the

corresponding calibration plots, by representing I,,; versus catechol concentration. The

plots can be seen in Figure 9, along with the linear regression equations that fit the plots. For
the EGr/GC electrode, the linear range for catechol was wide, from 6 x 107 to1 x 1074 M
catechol; the LOQ was 6 x 10~/ M; and the LOD was 1.82 x 10~/ M (LOD = LOQ/3.3). In
addition, the sensitivity was five times higher than that corresponding to bare GC, proving
the excellent electro-catalytic properties of the graphene-modified electrode. An excellent
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reproducibility of the peak signal was obtained, as revealed by the successive measurements
recorded with the EGr/GC electrode. Between the measurements, the graphene-modified
electrode was immersed in water for 30 min and then cycled in pH 4.4 acetate buffers until
no peak was revealed (from 0.0 to +0.8 V vs. Ag| AgCl potential range; 50 mV/s).

3.0x10°

2.5x10° -

2.0x10° y=9.71x10° +0.024 x C

1.5x10° -

1.0x10° -

5.0x107 -

0.0 -

R? = 0.994

(A)

pa

EGr/GC

y=2.69 x 10° + 0.0051 x C
R®=0.993

-5.0x10” :

Figure 9. Calibration plots for catechol obtained

T T T T T T T T T T
0.0 2.0x10° 4.0x10° 6.0x10” 8.0x10° 1.0x10™

C_._ (M)

CAT

with EGr/GC (red) and GC (black) electrodes.

Previous modified electrodes found in the literature were compared with the devel-
oped graphene-based sensing platform, confirming its good analytical performances and
suggesting its practical applicability in catechol assays (please see Table 2).

Table 2. A comparison of the analytical performance of EGr/GC with other electrochemical sensors

for the determination of catechol.

Electrode (uM)

Linear Range LOD

(UM) Technique Reference

Fe304—T102 / GCE
Fe304-TiO,-Fe304 nanoparticles as dopant on mesoporous

o, 100-500 45 cv [43]

GCE—glassy carbon electrode

CMK-3-Nafion/GCE
CMK-3-Nafion—mesoporous carbon
CMK-3/nafioncomposite
GCE—glassy carbon electrode

0.5-35

0.1 Ccv [44]

[Cu(Sal-B-Ala)(3,5-DMPz)2]/SWCNTs/GCE
copper(II) complex [Cu(Sal-B-Ala) (3,5-DMPz),]
(Sal = salicylaldehyde, 3-Ala = 3-alanine, 5-69.5
3,5-DMPz = 3,5-dimethylpyrazole) and single-walled
carbon nanotubes (SWCNTs)

35 DPV [45]
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Table 2. Cont.

Electrode

Linear Range
(uM)

LOD
(uM)

Technique

Reference

PNA(ii)/Cd(0.02)-ZnWO, /CPE
PNA(ii)/Cd(0.02)-ZnWO4—poly-(nicotinic acid) film and
Cd-doped ZnWO, (Cd-ZnWOy) nanoneedles
organic-inorganic nanocomposite
CPE-carbon paste electrode

2-35

0.17

DPV

[14]

PASA/MWNTs/GCE
PASA /MWNTs—poly-amidosulfonic acid and multi-wall
carbon nanotubes composite
GCE—glassy carbon electrode

6-700

DPV

[46]

PNR/MCPE
PNR—poly (neutral red)
MCPE—modified carbon paste electrode

0.1-100

6.46

DPV

[47]

(CMWNTs-NHCH2CH2NH)6/GCE
(CMWNTs-NHCH2CH2NH)6—carboxylated multi-wall
carbon nanotubes layer-by-layer self-assembled film

5-80

DPV

[48]

LDHf/GCE
LDHf—Zn/Al-layered double hydroxide
film
GCE—glassy carbon electrode

3-1500

1.2

DPV

[49]

RGO-MWNTs/GCE
RGO-MWNTs—reduced graphene oxide and multi-wall
carbon nanotube hybrid materials
GCE—glassy carbon electrode

5.5-540

1.8

DPV

[50]

GNPs/CNE/Au
GNPs/CNF—carbon nanofibers and gold nanoparticles
nanocomposite

5-350

0.36

DPV

[51]

BG/GCE
BG—Boron-doped graphene
GCE—glassy carbon electrode

1-75

0.2

DPV

[52]

Pt-MnO, /GCE
Pt-MnO,—Pt-MnO; composite film

15-447

4.54

DPV

[53]

p-Glu/GCE
p-Glu—electropolymerized film of glutamic acid
GCE—glassy carbon electrode

5-80

0.8

DPV

[54]

poly-p-ABA /GCE
poly-p-ABA—poly(p-aminobenzoic acid)
GCE—glassy carbon electrode

2.0-900

0.5

DPV

[55]

AuNPs/Fe30,4-APTES-GO/GCE
AuNPs/Fe3;04-APTES-GO—Fe;04-functionalized
graphene oxide-gold nanoparticle composite
GCE—glassy carbon electrode

2-145

0.8

AMP

[56]

GCE@Cu-PPy
Cu-PPy—copper—polypyrrole composite
GCE—glassy carbon electrode

0.02-2500

0.152

AMP

[57]

OMC/GC
OMC—ordered mesoporous carbon
GC—glassy carbon electrode

10-300

0.1

AMP

[58]
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Table 2. Cont.

Linear Range LOD

Electrode (UM) (UM) Technique Reference
GCE/polyPATT/Den(AuNP)/tyrosinase
GCE—glassy carbon electrode
polyPATT /Den(AulNP)/tyrosinase—gold 0.005-120 0.002 AMP 591
nanoparticles-encapsulated dendrimer
EGr/GC 0.6-100 0.182 LSV current
work

Next, we tested the influence of interfering species, hydroquinone (HQ) and resorci-
nol (REZ) on the performances of the EGr/GC electrode. The reason for choosing such
compounds is related to the fact that they are catechol isomers, so they may have similar
electrochemical properties. Hence, the signal of catechol was recorded by LSV in pH
4.4 acetate solutions containing increasing concentrations of hydroquinone (1 x 1075 M;
5x 1075 Mand 1 x 10~* M), see Figure 10a. In this figure, the HQ signal is well defined
and appears at a potential of +0.26 V, close to that of catechol molecules (+0.35 V). By
increasing the HQ concentration, a change in the capacitive current may be observed in the
recorded LSVs, with no influence on the catechol peak potential (+0.35 V). Additionally,
the peak current of catechol is only slightly diminished by HQ when its concentration is
low (1 x 107> M and 5 x 10~ M; see the green and cyan curves in comparison with the
red one). At a high HQ concentration (1 x 10~* M), the capacitive current is considerably
higher and the peak current of catechol is smaller, indicating a competitive interaction
between the HQ and CAT molecules with the graphene surface.

Next, resorcinol was tested as an interfering molecule during catechol detection.
Increasing concentrations of resorcinol (1 x 107°M, 5 x 107> M and 1 x 10~ M) were
added to solutions containing catechol, and the recorded LSV signals can be seen in
Figure 10b. In contrast with catechol, the oxidation signal of resorcinol appears at higher
potential (+0.75 V) due to the different reactivity of these isomers. Its presence in the
solution has an influence on the capacitive current, decreasing it, and a lower influence on
the oxidation peak of catechol, regardless of its concentration.

In addition, we tested the effect of other interfering species (potassium chloride,
sodium nitrite, sodium bicarbonate and their mixture) to the response of EGr/GC
in the presence of catechol. The results are shown in Figure S2, in the Electronic
Supplementary Materials. Here, one can see that these interfering species, with the ex-
ception of KCl (Figure S2a), have a very small effect on the oxidation signal of catechol. It
is interesting to mention that KCl also has a negligible effect when it is in a mixture with
sodium nitrite and sodium bicarbonate (Figure S2d). The oxidation signal of nitrite can
be observed at high potential (+0.8 V vs. Agl AgCl), but without an effect on catechol
oxidation (Figure S2¢,d).

Before testing the practical applicability of the developed sensor, we tested the
electrode stability by cyclic voltammetry (40 cycles) in a 4.4 pH acetate buffer so-
lution containing 1 x 10~* M catechol. Excellent stability was obtained in time,
proving the usability of the graphene-modified electrode for repetitive measurements
(Figure S3 from the Electronic Supplementary Materials).
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Figure 10. LSVs recorded with EGr/GC electrode in pH 4.4 acetate solutions containing 1 x 10~* M
catechol (red) and increasing concentrations of HQ: 1 x 107> M (green), 5 x 107> M (cyan) and
1x 1074 M (orange); 10 mV /s scan rate (a). LSVs recorded with EGr/GC electrode in pH 4.4 acetate
solutions containing 1 X 10~—* M catechol (red) and increasing concentrations of REZ: 1 x 1075 M
(green), 5 x 10°M (cyan)and 1 x 104 M (orange); 10 mV/s scan rate (b).

The applicability of the graphene-modified electrode was tested in tap water. The pH
of the tap water was brought to the value of pH 4.4 and 100 uL of 1 x 10~* M catechol was
put in a beaker containing the tap water (5 mL final volume). The obtained concentration
was considered to be an “unknown” concentration (Cyx = 3 x 10~° M). LSV was recorded
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in this solution and a small signal attributed to catechol was observed at a potential
of +0.35 V (see Figure 11a, red curve). Next, increasing volumes (100, 150, 200 uL) of
1 x 10~* M catechol were spiked into three beakers (which also contained Cy) and the
corresponding LSV curves were recorded (black, blue and pink curves). The obtained
concentrations (C; =2 x 107°M; C, =3 x 107° M; C3 =4 x 10~° M) were denoted to the
added concentrations, since the value of Cx was ignored in the three beakers. After plotting
the anodic peak currents versus the added concentrations (C,q4eq) of catechol, a straight
line was obtained, allowing the determination of the “unknown” catechol content in the
tap water (Cgoung = 3.06 x 1076 M), giving a recovery of 102% (recovery = Ciyung/Cx), as
seen in Figure 11b.

2.4x10°
; a.
2.2x10°
2.0x10° -
1.8x10° -
g ]
= 1.6x10° —C,
] —0c,
1.4x10° - —0C,
] —0c,
1.2x10° tap water pH 4.4
1.0x10° . . : :
0.3 0.4 0.5
E (V) Ag|AgCI
2.5x107 b
2.0x107
< 1.5x107 1 y=9.22x10°+0.03xC_
s R’=0.998
1.0x10'72
,/"
50;(’1043_ C_=3x10°M
s C,, =306x10°M
/ -
CXo/ n n

T T T T T T T T T 1
-4.0x10° -2.0x10° 0.0  2.0x10° 4.0x10° 6.0x10°
Cadded (M)

Figure 11. The LSVs recorded in tap water containing the “unknown” catechol solution (red curve)
and the added catechol concentrations (C; = 2 X 10~® M—black; Cr=3x 10~® M—blue; and
C3=4x10"° M—pink curve); the green curve was recorded in tap water, without catechol; scan rate
10 mV /s (a). The corresponding standard addition plot obtained by representing the anodic peak
current, Ipa, versus the added catechol concentrations, Cqgeq (b)-
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References

4. Conclusions

The graphene sample synthesized by the electrochemical exfoliation of graphite rods
was morphologically and structurally characterized by advanced techniques, such as SEM,
XRD and XPS. The XRD pattern revealed that the sample contains flakes composed of few-
layer and multi-layer graphene as well as a small amount of graphene oxide. The sample
was drop-casted on top of a glassy carbon electrode and the electrochemical properties
of the bare and graphene-modified electrodes were studied. The EIS technique revealed
that the graphene-modified electrode has a low charge-transfer resistance (R¢t = 313 Q)
in comparison with that obtained for the bare glassy carbon (Rqt = 82.7 k(2). Marked
differences between the two electrodes were also observed in the linear plots of the anodic
peak currents, I, versus catechol concentration. For the graphene-modified electrode,
the analytical parameters were better than those corresponding to bare GC, proving its
applicability in catechol detection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /chemosensors13020043 /s1, Figure S1: Cyclic voltammetric response
of EGr/GC surface towards 1 mM K4[Fe(CN)g] in 0.2 M KCI supporting electrolyte, at various scan
rates (a); Lpeak versus v1/2 linear plot (b); Figure S2. LSVs recorded with EGr/GC electrode in pH 4.4
acetate solutions containing 10~# M catechol (red) and different interfering species at a concentration
of 104 M: potassium chloride (a); sodium nitrite (b); sodium bicarbonate (c) and mixture of the
previous mentioned interfering species (d); 10 mV/s scan rate; Figure S3. Cyclic voltammetric
measurements (40 cycles) recorded in acetate buffer solution pH 4.4 containing 10~* M catechol;
10 mV /s scan rate.
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