
Microchemical Journal 204 (2024) 111106

Available online 30 June 2024
0026-265X/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Simultaneous electrochemical detection of hydroquinone and catechol 
using flexible laser-induced metal-polymer composite electrodes 

Maria Kaneva a, Aleksandra Levshakova a, Ilya Tumkin a,b, Maxim Fatkullin c, 
Evgeny Gurevich d,e, Alina Manshina a, Raul D. Rodriguez c, Evgeniia Khairullina a,f,* 

a Institute of Chemistry, Saint Petersburg State University, Universitetskaya nab. 7/9, St. Petersburg 199034, Russia 
b Applied Laser Technologies, Ruhr University Bochum, Universitätsstr. 150, Bochum 44801, Germany 
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A B S T R A C T   

The conversion of waste polymers into functional materials presents a promising approach for PET upcycling. In 
this study, we exploit PET transformed into a Laser-Induced Graphene/Al NPs/PET nanocomposite (LIMPc −
Laser-Induced Metal-Polymer composite) modified with electrodeposited gold nanoparticles (AuNPs). The 
morphology and structure of the material were investigated by scanning electron microscopy (SEM), energy- 
dispersive X-ray (EDX), and X-ray photoelectron spectroscopy (XPS). The nanocomposite was employed as a 
flexible electrochemical sensor for the simultaneous electrochemical detection of hydroquinone (HQ) and 
catechol (CT). The LIMPc-plasma-NaOH-Au composite displayed well-defined oxidation peaks for HQ and CT 
during electrochemical analysis, with limits of detection (LOD) as low as 47 nM for CT and 56 nM for HQ, within 
a linear range of 0.1–300 μM for both compounds. The long-term stability of LIMPc-plasma-NaOH-Au and its 
performance in real sample analysis demonstrate its potential for environmental monitoring applications.   

1. Introduction 

Catechol (CT) and hydroquinone (HQ) are widely used in producing 
various goods, including leather, pharmaceuticals, dyes, and cosmetics. 
[1]. These isomers are known for their high toxicity, resistance to 
degradation, and long-term adverse effects on human health. Over
exposure to HQ and CT can result in fatigue, tachycardia, liver damage, 
kidney dysfunction, and other health issues [2,3]. During production 
and usage, these compounds may be released into groundwater and 
rivers, causing environmental pollution. According to the European 
Chemical Agency (ECHA), hydroquinone (HQ) is classified under several 
categories of hazardous substances, such as health hazard (GHS07), 
serious hazard for human health (GHS08), corrosive (GHS05), and 
hazardous to the environment (GHS09) [4]. Hydroquinone exhibits high 
levels of ecotoxicity (for instance, less than 1 mg/liter for several aquatic 
species), and this toxicity significantly fluctuates across different species 
[5]. Catechol can also inhibit the growth of microorganisms and be le
thal to aquatic organisms at relatively low concentrations, starting from 

the micromolar range per liter [6,7]. Therefore, there is a need for the 
efficient quantitative determination of HQ and CT in real life samples 
[8]. 

Various analytical techniques have been tested to address this need, 
including fluorescence, high-performance liquid chromatography, and 
spectrophotometry [2,9]. However, these methods have limitations, 
including expensive equipment, time-consuming sample preparation, 
and analytical protocols. In contrast, electrochemical detection offers 
several advantages, such as rapid response, low cost, high sensitivity and 
selectivity [10–14]. 

Glassy-carbon electrodes (GCEs) are widely used in conventional 
electrochemical sensors and often deliver excellent performance under 
optimal conditions with appropriate modifications [10,15,16]. Howev
er, the fabrication and pretreatment of these electrodes can be labor- 
intensive and complex. As a result, there has been a growing interest 
in flexible systems, such as portable sensors for on-site analysis and 
online monitoring [17–20]. Flexible electrochemical sensors integrated 
with nanomaterials have demonstrated great promise in various 
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applications, including implantable and wearable devices for real-time, 
non-invasive detection of analytes in biological samples [21–30]. 
Among various flexible polymers, polyethylene terephthalate (PET), is 
widely used as a substrate for electrode fabrication due to its afford
ability, simple production process, transparency, and mechanical sta
bility [12,13,31–35]. 

Not surprisingly, the aforementioned properties open the way for 
PET applications not only in sensors but also in many other fields. 
However, the disposal of PET in the environment presents serious 
challenges, as it can take hundreds of years to decompose naturally. 
Improper management of PET waste can lead to significant damage to 
marine ecosystems through the formation of microplastics. It is crucial 
to find sustainable solutions for the post-utilization of PET to mitigate its 
environmental impact and reduce the need for landfilling or incineration 
[36–39]. Developing innovative methods to upcycle PET waste into 
valuable materials can contribute to addressing these environmental 
concerns while also expanding the range of PET applications. 

A promising approach for PET upcycling is the transformation of 
waste polymers into new functional materials. Recent research has 
focused on finding alternatives to traditional methods of incorporating 
plastic residues into building products [40]. These alternatives include 
[41] (i) the production of value-added chemicals, (ii) the development 
of composite materials with improved properties for high-end applica
tions, and (iii) the conversion of waste polymers into carbon-based 
advanced materials [42,43]. 

Among the various conversion approaches, laser-assisted synthesis 
has emerged as a promising method [44–50] for fabricating advanced 
carbon-based nanomaterials such as graphene [44], carbon nanotubes 
(CNTs), and laser-induced metal-polymer composites (LIMPc) [51–55]. 
The latter material exhibits exceptional functional properties, including 
high conductivity and mechanical strength, making it highly suitable for 
application in electrochemical sensors. Furthermore, the laser-based 
fabrication process enables the transformation of the outer polymer 
layer while preserving the integrity of the bulk polymer substrates, 
resulting in excellent adhesion properties of the electrocatalytically 
active layer. 

To our knowledge, there are limited reports on flexible sensors for 
catechol (CT) and hydroquinone (HQ) detection [56,57]. Flexible sys
tems can be used in wearable electronics, for example by workers in 
factories, or applied to plants to monitor the composition of ground
water [22]. Flexible electrodes can also be applied to non-planar sur
faces, such as the inside of aquifer channels or pipelines for detecting 
wastewater pollutants such as hydroquinone and catechol [58]. Flexible 
sensors have significant advantages over rigid analogues in a number of 
applications and can open up new prospects for on-site analysis and on- 
line monitoring. Inspired by that fact and all the considerations above, 
we developed an electrochemical sensor platform based on LIMPc- 
plasma-NaOH-Au nanocomposite to detect HQ and CT. Au NPs are 
recognised for their advantages of easy synthesis, large specific surface 
area, high chemical stability and good biocompatibility [59,60], which 
are favorable for the fabrication of sensitive electrochemical sensors 
[61–64]. Au nanoparticles have a large volume to surface ratio, when 
placed on the surface of the electrode they can increase their electro
chemically active surface area. Moreover, the metallic nature of the 
nanoparticles can enhance the conductivity of the electrode, improving 
its sensitivity and selectivity [65,66]. Flexible LIMPc electrodes are 
synthesized using polyethylene terephthalate (PET), a common food 
packaging polymer, aluminium nanoparticles (Al NPs) and hydrogen 
tetrachloroaurate(III). This synthesis process uses widely available and 
safe materials, providing an environmentally sustainable method that 
also promotes the recycling of PET. The graphene-based laser-induced 
metal-polymer composite was treated by Ar/O2 plasma to enhance its 
wettability and subsequently modified with gold nanoparticles (Au NPs) 
through electrodeposition. The resulting nanocomposite was charac
terized using scanning electron microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS), and various electrochemical techniques, including 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 
(CV). The sensor’s performance was evaluated using differential pulse 
voltammetry (DPV), which revealed two distinct oxidation peaks. This 
demonstrated a strong performance for the simultaneous determination 
of CT and HQ, with good sensitivity, reproducibility, and stability. 
Furthermore, the sensor was successfully applied to detect CT and HQ in 
real samples. A schematic diagram illustrating the preparation and 
detection process is shown in Fig. 1. 

2. Materials and methods 

2.1. Materials 

Hydroquinone (C6H6O2, 99 %) was purchased from Macklin 
Biochemical (Shanghai, China). Catechol (C6H6O2, 99 %) was purchased 
from Thermo Scientific (Massachusetts, USA). Sodium dihydrogen 
phosphate dihydrate (NaH2PO4*2H2O, 98+%), disodium hydrogen 
phosphate dodecahydrate (Na2HPO4*12H2O, 99 %), sodium hydroxide 
(NaOH, 98 %), hydrogen tetrachloroaurate(III) (HAuCl4, 99.99 %), po
tassium hexacyanoferrate(II) (K4[Fe(CN)6], 98.5 %), potassium chloride 
(KCl, 99 %) were purchased from Acros Organics (Geel, Belgium). All 
reagents were analytical grade and used without further purification. 
Aluminum nanoparticles (AlNPs) were purchased from Advanced 
Powder Technologies and used as received. 

2.2. Synthesis of the LIMPc 

LIMPc was synthesized according to a previous report [54]. Briefly, 
films of AlNPs were drop-casted to a polyethylene terephthalate sheet 
(0.7 mm thick) from ethanolic dispersion with a concentration of 10 mg/ 
ml (with the amount of 50 µL/cm2) and dried in ambient conditions. 
AlNPs act as a photothermal transducer to initiate laser-induced PET 
pyrolysis for the formation of robust and conductive carbon-based 
network. AlNPs showed themselves as one of the most promising ma
terials to create LIMPc. The criteria was low electrical resistance along 
with mechanical and chemical stability. Those films were then subjected 
to laser-induced carbonization by a 450 nm pulsed laser diode. The 
thickness of the LIMPc layer fabricated under these conditions is 
approximately 25 µm [54]. Ater the irradiation, residues of poor inte
grated into laser-induced carbon network AlNPs were removed by son
ication (120 W, 40 kHz) in the distilled water. 

A low-pressure plasma treatment technique using Zepto-BRS 200 
(Diener electronic) was applied to improve the wettability of the LIMPc. 
The chamber was filled with Argon (flow rate 10 sccm) containing im
purity O2 (not exceeding 1 %). The plasma treatment time was varied 
from 1 to 120 sec. The treated sample was assigned as LIMPc-plasma. 
After plasma treatment, the LIMPc-plasma sample was treated in a 1 
M NaOH solution at 60 ◦C for 30 min. Thus, a LIMPc-plasma-NaOH 
sample was obtained. Electrodeposition of gold nanoparticles on the 
samples was carried out using a potentiostatic regime in 1 mM HAuCl4 
solution, according to [67]. A constant potential of − 0.2 V was applied 
for 1–60 sec under gentle stirring conditions. After the electrodeposition 
of gold nanoparticles, the modified electrode was thoroughly rinsed 
with deionized water. The sample was assigned as LIMPc-plasma-NaOH- 
Au. 

2.3. Characterization techniques 

The surface morphology and elemental analysis of the samples were 
investigated using scanning electron microscopy (SEM) on a Zeiss Merlin 
(Karl Zeiss) equipped with a field emission cathode, a GEMINI-II elec
tron-optics column, and an INCAx-act energy dispersive X-ray spec
trometer (EDX). The qualitative analysis of the samples was 
characterized using X-ray photoelectron spectroscopy (XPS). The XPS 
spectra were obtained using ESCALAB 250Xi photoelectron spectrom
eter with AlKα radiation (photon energy = 1486.6 eV). The Fourier 
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transform infrared spectroscopy with attenuated total reflectance (FTIR- 
ATR) was performed using a Thermo Scientific Nicolet 8700 spectrom
eter equipped with a diamond crystal. X-ray diffraction (XRD) was 
carried out using a Bruker D2 Phaser diffractometer. 

2.4. Electrochemical measurements 

The electrochemical performances of the initial and modified elec
trodes were studied by cyclic voltammetry (CV), differential pulse vol
tammetry (DPV) and electrochemical impedance spectroscopy (EIS). 
Measurements were carried out with Corrtest CS300 potentiostat in a 
standard three-electrode cell at room temperature (Fig. S1). Platinum 
foil and Ag/AgCl (3 M KCl) electrodes were used as counter and refer
ence electrodes, respectively. The geometric area of the working elec
trode was 0.48 cm2. The contact pad section of the working electrode 
was coated with epoxy resin to precisely define the working area and to 
prevent the supporting electrolyte from coming into contact with the 
contact pad (Fig. S1). The supporting electrolyte was 0.1 M PBS (the 
preparation protocol of the PBS buffer is included in the Supplementary 
Information). The CV measurements were recorded at a scan rate of 50 
mV/s. The DPV measurements were carried out at amplitude 0.05 V, 
pulse width 0.05 s, pulse period 0.5 s, inc. E 0.004 V. Analyses were 
repeated three times (n = 3) where necessary to calculate the relative 
standard deviation (RSD). The limit of detection (LOD) was calculated 
using the formula LOD = 3S/b, where S is the standard deviation from 
linear regression analysis and b is the slope of the calibration curve. The 
EIS measurements were performed in 5.0 mM K4[Fe(CN)6] solution 
containing 0.1 M KCl across a frequency range from 100 kHz to 0.01 Hz 
at the open-circuit potential. The amplitude of the applied sinusoidal 
wave was ± 10 mV. EIS data was fitted using Z-View software. To 
evaluate EASA, CV curves were obtained at different scan rates from 20 
to 120 mV/s in a 0.1 M KCl electrolyte. 

2.5. Real sample preparation and analysis 

Local tap water samples and pharmaceutical products were used as 
real samples. Without any pretreatment, tap water samples were diluted 
with 0.1 M PBS in the ratio of 1:5 [68]. The standard-additions method 
was registered in tap water with three concentrations of HQ and CT (10, 
30 and 100 µM). A skin-lightening cream containing 4 % hydroquinone 
(Expigment, Türkiye) was used as a pharmaceutical product. 0.1 g of 
skin-lightening cream was dissolved in 10 ml of H2O. Then, the solution 
was filtered through a filter. The filtered solution was analyzed. An 

aliquot of the obtained solution (0.415, 0.690, 1.380 and 2 ml) was 
diluted with 0.1 M PBS solution to a volume of 50 ml. The concentration 
of hydroquinone in each sample was calculated using the linear 
regression equation of the standard calibration curve. 

3. Results 

3.1. Characterization of the modified LIMPc 

Enhancing the hydrophilicity of the electrode surfaces is crucial for 
the simultaneous detection of hydroquinone and catechol in water- 
based electrolytes. Improved sensitivity and repeatability of analysis 
methods can lead to more reliable measurements. Thus, in this study, 
plasma treatment with varying durations (0–120 sec) was used to 
enhance the wettability of the LIMPc. This treatment did not introduce 
any significant changes to morphology, as evidenced by scanning elec
tron microscopy images (Fig. S2, Fig. 2a–b, d–e). However, a notable 
decrease in the contact angle was observed after a 30-second treatment 
(inset photo on Fig. 2). The increased hydrophilicity during plasma 
treatment is attributed to the formation of oxygen-containing functional 
groups on the surface [69], as evidenced by X-ray photoelectron spec
troscopy (XPS, Fig. 2 c,f). High-resolution C1s region shows rise of sp3 

hybridized carbon components after plasma treatment. 
The synthesis protocol of LIMPc requires forming a layer of Al NPs on 

a polymer surface, which serve as photothermal agents during laser 
processing, converting laser energy into local heat for PET graphitiza
tion. During LIMPc fabrication, Al NPs turn into Al4C3-Al2O3-Al core–
shell structures [54]. Since Al2O3 is basically an electrochemically inert 
material, NaOH treatment was conducted to dissolve Al2O3 and Al4C3 
shells on the electrode’s surface revealing blocked active sites. More
over, exposing the graphene-based material to alkali may lead to carbon 
corrosion and the formation of defective edges promoting electro
chemical activity [70]. 

EDX mapping showed a decrease in Al content after exposure to 
NaOH at 60 ◦C for 30 min (Fig. S3). Increasing the treatment time did 
not result in further changes, indicating that all accessible aluminum- 
based components were dissolved. 

The morphology of LIMPc, LIMPc-NaOH, and LIMPc-NaOH-Au 
nanocomposites was characterized using SEM. The images (Fig. 3a, b) 
demonstrate that LIMPc retains its morphology after exposure to alkali 
solution. Electrodeposition of gold for three seconds resulted in the 
formation of uniformly distributed nanoparticles with a size of 
approximately 20 nm (Fig. 3c–f). The composition of the samples before 

Fig. 1. Schematic presentation of the nanocomposite synthesis and HQ and CT analyses.  
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and after NaOH treatment was characterized by XPS, XRD and FTIR- 
ATR. The detailed description of XRD and FTIR-ATR results is pre
sented in SI (Fig. S4). The atomic percentage of elemental oxygen (O) 
was found to be 20.5 for the NaOH-treated samples and 35.4 for the only 
plasma-treated samples, indicating the partial removal of oxygen during 
the processing of LIMPc with NaOH (Fig. S5). The π-π* shake-up satellite 

peak at approximately 291.5 eV reappears after the reaction, which is 
characteristic of aromatic or conjugated systems. This finding suggests 
that during the alkali treatment, some of the oxygen-containing func
tional groups, particularly epoxy and alkoxy groups, were eliminated by 
NaOH, allowing the restoration of some conjugated bonds [69,70]. 

Fig. 2. SEM-images of the electrode surface before (a, b) and after (d, e) 30 s plasma treatment. XPS C1s of LIMPc before (c) and after (f) plasma treatment.  

Fig. 3. SEM-images of LIMPc after plasma treatment (a), after NaOH exposure (b), after electrodeposition of gold on the electrode surface for 3 s (c, d). SEM + EDX 
LIMPc-plasma-NaOH-Au (e), Au distribution on the surface of LIMPc-plasma-NaOH-Au (f). 
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3.2. Electrochemical characterization 

Cyclic voltammetry (CV) was used to investigate the electron transfer 
behaviors of LIMPc-plasma, LIMPc-NaOH, and LIMPc-NaOH-Au in a 5.0 
mM [Fe(CN)6]3− /4− redox mediator solution containing 0.1 M KCl 
(Fig. 4a). For electrochemical testing, only plasma-treated samples were 
used as they provide reproducible and reliable data. Both LIMPc-plasma- 
NaOH and LIMPc-plasma-NaOH-Au exhibit superior current responses 
compared to the LIMPc-plasma. The peak separation (ΔE) values for 
LIMPc-plasma, LIMPc-plasma-NaOH, and LIMPc-plasma-NaOH-Au are 
136 mV, 114 mV, and 70 mV, respectively. The proposed LIMP nano
composite reduces the overpotentials of CC and HQ and provides 
excellent peak separation, making it outstanding for the simultaneous 
detection of both substances. Such performance is attributed to the 
characteristics of the proposed nanocomposite, which arise from the 
unique synergistic effect of the developed system. Additionally, the 
double-layer capacitance (Cdl) increases in the order of LIMPc-plasma, 
LIMPc-NaOH, and LIMPc-NaOH-Au (Fig. S6), being an evidence of an 

increase in the electrochemically active surface area (EASA). 
Electrochemical impedance spectroscopy (EIS) was used for further 

analysis of electron transfer behavior (Fig. 4b). The Nyquist plot typi
cally consists of semicircular and linear parts. The semicircle diameter at 
higher frequencies reflects the resistance value (Rct), indicating the 
electron transfer process, while the linear section at lower frequencies is 
associated with the diffusion process. The corresponding equivalent 
circuit is shown in the inset of Fig. 4b. The electrical element values for 
all electrodes were obtained by fitting the EIS data using Z-View soft
ware (Table S1). The semicircle diameter of LIMPc-plasma is the largest 
due to its higher resistance, with an Rct value of 45 Ω. In contrast, the 
Rct values of LIMPc-NaOH and LIMPc-NaOH-Au are lower and equal 25 
Ω and 15 Ω, respectively. This reflects that incorporating Au nano
particles accelerates electron transfer on the electrode surface, thereby 
increasing electrical conductivity. These findings align with the results 
obtained from the CV measurements (Fig. S7). 

Fig. 4c presents the DPV responses obtained from 0.1 M phosphate- 
buffered saline (PBS) containing 100 μM hydroquinone (HQ) and 100 

Fig. 4. Electrochemical characterization of LIMPc-plasma, LIMPc-plasma-NaOH, and LIMPc-plasma-NaOH-Au: (a) CVs recorded in 5.0 mM [Fe(CN)6]3− /4− solution 
containing 0.1 M KCl; (b) Nyquist plots in 0.1 M KCl with 5.0 mM K3[Fe(CN)6] and corresponding equivalent circuit (inset); (c) DPV responses obtained from 0.1 M 
PBS containing 100 μM HQ and 100 μM CT; (d) DPV of LIMPc-plasma-NaOH-Au electrode recorded in 0.1 M PBS, containing 300 μM HQ and 300 μM CT, at different 
gold electrodeposition times; (e) DPV of LIMPc-plasma-NaOH-Au electrode containing 100 μM HQ and 100 μM CT at pH = 2–7; (f) Plot of Epa vs. pH containing 100 
µM CT and HQ; (g) DPV illustrating the effect of concentrations of CT and HQ (from 0 to 300 µM) in 0.1 M PBS at LIMPc-plasma-NaOH-Au electrode; Dependences of 
HQ (h) and CT (i) oxidation current on the concentration. 
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μM catechol (CT) on the LIMPc-plasma, LIMPc-plasma-NaOH, and 
LIMPc-plasma-NaOH-Au electrodes. Variations in current at lower po
tentials for studied electrodes, can be attributed to their different com
positions. The DPV technique is highly sensitive to the capacitance of the 
sample; therefore surface modification can affect the DPV response. The 
LIMPc-plasma electrode exhibits the lowest sensitivity towards HQ and 
CT detection. In contrast, the LIMPc-plasma-NaOH-Au electrode dem
onstrates excellent performance by completely separating HQ and CT, 
with a potential difference of 110 mV. These results indicate that LIMPc- 
NaOH-Au exhibits the most favorable electrochemical performance 
among the tested electrodes. Based on the comprehensive character
izations performed, the analytical procedure was further optimized 
using the LIMPc-plasma-NaOH-Au electrode. 

3.3. Optimization of the experiment conditions for CT and HQ detection 

Several experimental parameters were examined to improve the 
performance of the proposed HQ and CT sensor, among them Au NPs 
loading and pH of the electrolyte solution. 

3.3.1. Effect of the Au NPs loading 
As the electrodeposition time increases, the loading of gold nano

particles (Au NPs) on the electrode surface also increases. The current 
response shows an initial increase of up to 3 s of deposition time, fol
lowed by a gradual decline (Fig. 4d). This phenomenon can be attributed 
to the formation of smaller particles during shorter deposition times 
compared to longer synthesis procedures (Fig. S8). Smaller NPs have a 
higher surface-to-volume ratio and a larger number of active sites, 
resulting in exceptional catalytic and electrocatalytic performances. 

3.3.2. pH 
The electrooxidation mechanism of CT and HQ has been well studied 

[71]. These reactions lead to the formation of 1,2-benzoquinone and 
1,4-benzoquinone, respectively (Fig. S9). In the case of CT and HQ, the 
pH of the electrolyte solution plays a significant role, as it affects not 
only the shape and potential of the peaks but also the peak current [72]. 

In this study, pH optimization was performed based on the electro
catalytic behavior of the analyte at different pH solutions (from pH = 2 
to pH = 7) containing 100 μM HQ and CT (Fig. 4e, Fig. S10). The signal 
intensity at different pH values is influenced by multiple factors. At 
lower pH values, the hydroxyl groups of catechol and hydroquinone 
become protonated (the pKa values are 9.96 for HQ and 9.5 for CT [73]), 
leading to reduced adsorption on the electrode surface [74]. Addition
ally, the signal potential of the analytes decreases as the pH increases 
[75]. 

Evaluation solutions with pH above 7 was not meaningful due to the 
low proton availability in alkaline solution and the instability of HQ and 
CT [76]. Thus, further electrochemical studies were conducted at pH =
7. 

The linear regression equation for CT obtained from the calibration 
curve between anodic peak potential and pH is Epa (CT) = -0.056pH +
0.56 (R2 = 0.99), for HQ is Epa (HQ) = - 0.055pH + 0.44 (R2 = 0.99) 
(Fig. 4f). As observed, the values of the slopes of the calibration straight 
lines are close to 0.059 (the theoretical value for the Nernst equation). 
The slopes − 0.055 and − 0.056 are approached to the theoretical value 
of − 0.059, suggesting that the redox process of HQ and CT has the same 
electrons and protons involved in the reactions (Fig. S9) [77–79]. 

3.4. Detection of CT and HQ 

The detection of hydroquinone and catechol under optimized con
ditions was performed using DPV. The choice of DPV for the detection of 
CC and HQ is based on its advantages of high sensitivity, selectivity, and 
low background noise, making it ideal for the analysis of these com
pounds in environmental samples. Fig. 4g displays the DPV response of 
the LIMPc-plasma-NaOH-Au electrode to HQ and CT with simultaneous 

variation of HQ and CT concentrations. Additionally, DPVs obtained 
while maintaining one substance at a constant concentration (30 μM) 
and altering the concentration of the other substance are presented in 
the SI (Fig. S11). 

The linear regression equation for HQ is given as follows: 
Ip (μA) = 0.2739C (μM) + 0.7506, with a regression coefficient of 

0.9987. (Fig. 4h) 
Similarly, the linear regression equation for CT is: 
Ip (μA) = 0.3696C (μM) + 0.2771, with a regression coefficient of 

0.9988. (Fig. 4i) 
The slope and intercept errors for these equations are presented in 

Table S2. 
The limit of detection for HQ is 0.056 μM, while for CT it is 0.047 μM 

(S/N = 3). This sensor exhibits superior or comparable characteristics to 
other reported works, including well-established systems based on 
modified glassy carbon electrodes [80–88] (Table S3). All the sensors 
presented in Table S3 have their own advantages, some of them showing 
a wider linear range or higher sensitivity. This diversity underlines the 
continuous quest for sensor improvement and highlights the vast po
tential for further research aimed at finding a system with perfect pa
rameters. The proposed sensor, as detailed in Table S3, exhibits 
characteristics that are either superior or comparable to those reported 
in other studies, including low LOD, resistance to interference, excep
tional repeatability and long-term stability. In addition, the LIMPc 
composite has remarkable mechanical flexural strength, which clearly 
distinguishes our sensor from many similar flexible systems. In addition 
to excellent analytical performance, the proposed sensor exhibits the 
advantages of laser-fabricated systems, which consist of precise control 
over the sensor architecture, providing a cost-effective and versatile 
alternative to conventional screen-printing and roll-to-roll technologies. 
The ability to produce sensors of any shape on a variety of surfaces is a 
significant advantage of laser-based approaches. 

3.5. Selectivity, reproducibility, and stability 

The influence of interference agents on the determination of 50 μM 
HQ and 50 μM CT was investigated to evaluate the selectivity of the 
modified electrode. Table S4 demonstrates that 100-fold concentrations 
of K+, Na+, Fe3+, Zn2+, Mn2+, Al3+, Cr3+, Cu2+, Pb2+, Ni2+, Cl− , NO3

–, 
SO4

2− − , PO4
3− , and 1-fold concentrations of phenol, bisphenol A, resor

cinol, ascorbic acid, glucose, citric acid and uric acid, diclofenac, 
nimesulide, acetaminophen (paracetamol), ibuprofen, amoxicillin, lev
ofloxacin, tryptophane, lactic acid, hydrochlorothiazide and valsartan, 
thiamine and niacinamide, estriol and ethinylestradiol, L-proline and 
glycine, carbendazim and diquat, pentachlorophenol did not interfere 
with the simultaneous determination of HQ and CT. The signal changes 
of HQ and CT were equal to or less than 6.5 % after the addition of 
interfering substances in the HQ and CT mixture. These results indicate 
that the LIMPc-plasma-NaOH-Au system exhibits satisfactory anti- 
interference ability without being influenced by commonly coexisting 
substances. High selectivity can be achieved by a combination of elec
trode composition and analytical conditions. The rational design of the 
composite electrode can significantly increase the selectivity of the 
sensor. The graphene component enhances the absorption of organic 
molecules, while the addition of Au NPs facilitates electron transfer, as 
confirmed by studies with a redox probe. However, it’s important not to 
separate the functions of the composite, as there is a significant contri
bution from the synergistic effect, which consists in enhancing the 
properties of the composite components. In addition, selectivity is ach
ieved by careful adjustment of the analytical conditions, including the 
potential range and the composition of the supporting electrolyte. Sta
bility experiments were conducted over a 30-day period using 50 μM HQ 
and 50 μM CT (Fig. 5). The DPV peak current exhibited a gradual 
decrease over time, although all measured peak currents remained 
above 90 % of the initial ones, suggesting excellent electrode stability 
(Fig. 5a). In addition, 10 runs using the same sensor in a continuous 
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automated regime were carried out to underline the strong potential of 
the sensor for real time monitoring applications. The data shown in 
Fig. S12 indicate that the LIMPc plasma NaOH-Au electrode exhibits 
exceptional stability over 10 consecutive measurements, with the RSD of 
the peak current remaining below 2.05 %. Unlike composite electrodes 
prepared by drop casting nanoparticle suspensions, the proposed LIMPc 
sensor exhibits high stability due to the inherent integrity of its struc
ture. Laser-induced carbonisation of polyethylene terephthalate pro
vides strong bonding of the fabricated conductive layer to the substrate, 
resulting in excellent mechanical strength of the material. In addition, 
electrodeposition also provides strong bonding of Au NPs to the elec
trode surface and a high degree of stability. Throughout our analyses, we 
observed that the electrodes remained intact with no evidence of 
delamination or degradation. Reproducibility experiments were con
ducted with eight different electrodes for the simultaneous detection of 
50 μM HQ and CT (Fig. 5b). The standard deviation of the peak current 
remained below 3.15 %, supporting the high reproducibility of the 
proposed sensor. In addition, the influence of temperature variations on 
the analytical response was also tested (see detailed description in SI). 
The electrodes showed no noticeable changes in analytical performance 
when analysis was conducted at elevated temperatures or after exposure 
of the working electrode to low temperatures (Tables S5–S6). 

The flexibility of the LIMPc-plasma-NaOH-Au electrode was inves
tigated by tracking its electrochemical response to catechol and hydro
quinone after undergoing up to 50 bending cycles. The flexible LIMPc- 
plasma-NaOH-Au electrode exhibited minimal impact on the electro
chemical responses of CT and HQ, indicating that the sensor possesses 
excellent flexibility (Fig. 5c, d). 

3.6. Spiked and real sample analysis 

The practical application of the LIMPc-plasma-NaOH-Au sensor for 
detecting HQ and CT in real samples was investigated using tap water in 
the standard addition method. Known concentrations of HQ and CT 
were added to tap water samples. The calculated recoveries of HQ 

ranged from 99.7 % to 105.4 %, while the recoveries of CT lie between 
98.3 % and 102.0 % (Table S7). The relative standard deviation (RSD) of 
the tap water detection was found to be less than 2.2 %. These 
compelling results demonstrate the feasibility and reliability of the 
sensor for detecting HQ and CT in spiked samples. 

Furthermore, to validate the effectiveness of the developed sensor, 
LIMPc-plasma-NaOH-Au was used for detecting hydroquinone (HQ) in 
ointment samples intended for treating skin blemishes [89] (Table S8). 
The manufacturer provided a labeled HQ concentration value of 3.63 
mM (40 mg/g). The proposed sensor successfully detected HQ in phar
maceutical ointment with a relative standard deviation (RSD) of 3.5 % 
(N = 3) and recoveries from 99.5 to 108.1 %, indicating the method’s 
satisfactory accuracy. 

4. Conclusion 

In this study, we successfully demonstrated a LIMPc-plasma-NaOH- 
Au-based electrochemical sensor. A comprehensive series of electro
chemical tests demonstrated the remarkable electrochemical perfor
mance of the flexible electrode, including a wide range and low 
detection limit for the simultaneous detection of CT and HQ. The sensor 
exhibits LODs as low as 0.047 μM and 0.056 μM for CT and HQ, 
respectively. Additionally, the flexible electrode made of LIMPc-plasma- 
NaOH-Au displayed resistance to interference, excellent repeatability, 
and long-term stability, making it highly promising for practical CT and 
HQ detection applications. The potential prospects for further research 
and improvements of LIMPc electrodes include the fabrication of fully- 
laser-made sensors for small volume analysis. In addition, targeted 
modifications, especially with nanomaterials derived from non-precious 
elements of the LIMP composite, could be considered to broaden its 
application in electrochemical sensors for a variety of analytes, 
including biomarkers, pollutants and drugs. 

Fig. 5. Investigation of the stability of LIMPc-plasma-NaOH-Au in the presence of 50 μM HQ and CT: Relative value of the peak current DPV of the electrode over 30 
days (a); Reproducibility experiment performed with eight different electrodes (b); DPV of the electrode before and after 50 bending cycles (c); Electrochemical 
response as a function of the number of bending cycles (d). 
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