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The infiltration of pesticides into agricultural soils has emerged as a critical
concern, posing substantial threats to the agriculture industry due to soil and
water contamination. The detection of these contaminants is critical towards
implementing effective environmental remediation strategies and achieving
ecosystem sustainability. Electrochemical sensor technology has been
demonstrated to be highly promising for this application. Graphene and its
derivatives and composites are widely used as modifying materials in these
sensors to enhance their analytical performance. This short review discusses
recent progress in the application of graphene-based electrochemical sensors
in three-electrode and field-effect transistor configurations for the detection of
pesticides posing significant risks to the agricultural sector. It highlights the
growing significance of graphene-based sensors in mitigating pesticide-related
environmental challenges and underscores their role in ensuring the health and
diversity of agricultural ecosystems.
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1 Introduction

Ensuring safety of water and food supplies and preserving environmental integrity are at the
forefront of the serious challenges faced by world today. Highly toxic pesticides that cause short-
or long-term adverse impacts on human health and ecosystem are common contaminants of
water sources and agricultural products. Pesticides are infamous for their resistance to natural
degradation, large residence time in the environment, and potential for accumulation in the food
chain. Detection andmonitoring of pesticides in soil, food and groundwater have become critical
tasks in the fields of agriculture, food safety, and environmental protection (Zhou et al., 2020).
Traditional analytical techniques like colorimetry, spectrometry, and optical sensing methods,
while effective, suffer from drawbacks such as high costs, time-intensive procedures, and limited
portability for real-time pesticide detection (Zulkifli et al., 2018; Zhang and Li, 2021).
Additionally, regarding pesticide detection, optical and mechanical sensors demonstrate high
sensitivity and selectivity, but often require complex and bulky equipment, limiting their
suitability for real time on-site applications (Hulanicki et al., 1991).Chemical sensors were
developed as a suitable alternative to overcome these challenges.

According to the International Union of Pure and Applied Chemistry (IUPAC), a
chemical sensor is a device that transforms chemical information, into an analytically useful
signal (Ramnani et al., 2016). An electrochemical sensor belongs to this category, and it
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transforms the analyte-electrode electrochemical interaction into a
useful signal. The electrochemical sensors are subdivided into
voltametric, potentiometric, and chemically sensitized field effect
transistors (FET). In chemically sensitized FETs the effect of
interaction between analyte and an active coating is transformed
into a change in the source-drain current. In the literature, it is
common to find all types of FETs in the class of electrochemical
sensors, though generally, the operating principle can differ (Cao
et al., 2016; Benjamin and Miranda Ribeiro Júnior, 2022). The
conventional FET sensors that operate based on variations in
conductance of the channel is an example of other types of
devices (Elli et al., 2022). In this review, we discuss the
electrochemical sensors in the three-electrode geometry and the
FET devices working on electrochemical principles.

The conventional three-electrode electrochemical system comprises
of a working electrode (WE), a reference electrode (RE), and a counter
electrode (CE) (Kimmel et al., 2012). The interaction of the sensor with
target analyte generates an electrical signal that is a measure of the
concentration of the analyte. This process entails allowing charged
molecules to move through a thin electrolyte layer. This classical
method offers several benefits, including high sensitivity and
selectivity, linearity of response in a broad range of analyte
concentrations, minimal space and power needs, onsite detection
capability, and affordable instrumentation (Wang, 2007).
Nevertheless, it has its own challenges, such as reliance on an
electrolyte, which introduces pH working range limitations,
susceptibility to pH-related interferences that reduce stability,
electrode degradation, and the need for frequent maintenance and
calibration. Additionally, sensitivity can be hampered by non-specific
reactions between electroactive impurities on the electrode surface and
the sample (Sang et al., 2013).

The FET type, on the other hand, consists of a semiconductor
with a source, drain, and gate regions. In a conventional FET, the
source and drain are two p-n junctions with source supplying the
electrons or holes and the drain receiving them. The gate electrode is
formed on a thin insulating layer applied on the semiconductor in
the region between the source and the drain (Sedki et al., 2021).
Metal oxide semiconductor field effect transistor (MOSFET) is one
of the earliest designs of FETs, fabricated with an oxide, SiO2, for
example, as the gate insulator. In recent years, new FET
configurations have emerged. Thin film transistors (TFTs), which
employ typically non-silicon semiconductors as substrates, is an
example. Their configurations include top-gate TFT, electrolyte-gate
FET (EG-FET), electrochemical transistor (ECT), ion-sensitive FET
(ISFET), and chemically sensitive FETs (ChemFETs) (Hulanicki
et al., 1991; Kaisti, 2017; Bobrinetskiy and Knezevic, 2018; Benjamin
andMiranda Ribeiro Júnior, 2022). Despite these advancements, the
MOSFET design is still one of the most used configurations in
pesticide detection.

The introduction of graphene and its derivatives has significantly
advanced the application of electrochemical sensors for real-time
detection and monitoring of pesticides. In the three electrode
electrochemical sensors, graphene’s large surface area and
exceptional electrical conductivity make it an ideal candidate for the
working electrode (WE) (Zafar et al., 2023a). Its high surface to volume
ratio enhances the interaction between analytes and the electrode
surface resulting into improved sensitivity and detection limits.
Additionally, its excellent electron transfer properties facilitate rapid

and efficient redox reactions, crucial for electrochemical sensing
applications. In FET sensors, graphene serves as a key component in
the channel. Its outstanding electron mobility and high carrier mobility
enable precise and responsive detection of analytes. Functionalized
graphene, graphene oxide (GO) and reduced graphene oxide (rGO) can
also provide binding sites for biorecognition elements, enhancing
selectivity (Karadurmus et al., 2022). Graphene, with its extensive
delocalized π-electron system and substantial theoretical specific
surface area (approximately 2,630 m2g−1), exhibits excellent
adsorption capabilities for organic compounds (Gao et al., 2021).
Furthermore, graphene’s unique properties, combined with the
ability to customize its composition and morphology, have opened
new avenues for the creation of highly efficient sensing interfaces. These
interfaces hold immense potential for on-site, real-time monitoring,
offering not only enhanced sensing capabilities but also empowering
proactive interventions to minimize risks within the agricultural sector
(Zafar et al., 2023a).

In this article, we highlight recent advancements in graphene-
based three-electrode and FET electrochemical sensors and provide
insights into the future of this technology. Figure 1 presents the
thematic overview of our discussion. The three-electrode and FET
configurations were selected for discussion due to their outstanding
selectivity, sensitivity, and stability in detecting pesticides relevant to
the agricultural sector (Koo et al., 2019).

2 Electrochemical detection of
pesticides

2.1 Three electrodes system

Pesticides are categorized into various groups depending on
their structure. The nitro group containing pesticides is known as

FIGURE 1
Schematic outline of the discussion presented in this review.
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nitro pesticides. During the electrochemical reaction, the nitro
groups reduce to form hydroxylamine. In organophosphate
pesticides, the C=C bond structure undergoes reduction. In
organochlorine pesticides, the removal of one electron from
chlorine is responsible for the peak. It has also been reported
that pesticides with non-aromatic rings provide a higher limit of
detection in comparison with pesticides containing aromatic
structures (Gonçalves-Filho et al., 2020). The electrochemical
detection of pesticides highly relies on their oxidation and
reduction reactions at the working electrode. Consequently, the
surface of the working electrode is modified with various materials,
including nanoparticles and graphene, to enhance its performance.
Graphene, with its tremendous specific surface area (m2/g),
surpasses metal nanoparticles in its exceptional adsorption
capabilities. This property has made it a preferred and
extensively researched material for the detection of various
pesticides (Tanwar and Mathur, 2021). Figure 2 illustrates the
overall electrochemical detection scheme of graphene within a
three-electrode system.

Carbofuran, owing to its significant toxicity to human central
nervous system, has been the subject of research for its detection in
soil and water samples. For instance, Tan et al. (Tan et al., 2015)
utilized a reduced graphene oxide-gold-molecularly imprinted
polymer (methyl acrylic acid as a functional monomer) to sense
carbofuran pesticide. Their findings revealed a significant reduction
in the charge-transfer resistance when bare glassy carbon electrode
(GCE) was replaced with nanocomposite-modified electrode. As a
result, the lower detection limit and linear range of the electrode

were significantly improved in comparison. However, underlying
mechanisms responsible for the observed enhancements was not
clear from their study.

In order to detect methyl parathion, Gong et al. (Gong et al.,
2011) employed a gold-graphene modified electrode and applied
the technique of square wave voltammetry (SWV). They reported
an exceptionally low limit of detection (LOD) of 0.002 μM. The
achievement of such a low LOD could be attributed to the
synergistic effects of gold and graphene, which aided enhanced
electron transfer and provided a favourable platform for the
immobilization of nitroaromatic organophosphates.
Govindasamy et al. (2017) developed a graphene-molybdenum
disulphide nanocomposite and employed a cyclic voltametric
technique for detection. Their findings revealed a linear range of
10 nM to 1.9 mM, highlighting the sensor’s ability to quantify
methyl parathion over a wide concentration range. The LOD of
0.0032 μM further highlights the high sensitivity of their sensor.
Li et al. (2014) focused their efforts on the detection of methyl
parathion using a graphene-gadolinium Prussian blue
nanocomposite. Their sensors showed a very low LOD of
1 nM and linearity of response over a wide concentration
range (0.008–10 mM). The range shifted to higher
concentrations compared to that reported by Govindasamy
et al. (2017). The incorporation of gadolinium Prussian blue
nanoparticles onto graphene surface enhanced the
electrocatalytic activity, leading to improved detection
capabilities. While all these devices showed promise as methyl
parathion sensors, comprehensive studies to understand the

FIGURE 2
An illustration of the electrochemical detection scheme of graphene within a three-electrode system.
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selectivity and stability under long-term operation should be
conducted to evaluate their practical application.

Zhang et al. (2017) developed a nitrogen-doped graphene-gold
nanocomposite for the detection of dimethoate, an
organophosphate pesticide. The sensor exhibited a linear range of
1 × 10−12 to 4 × 10−8 M, indicating its potential for accurate
quantification over a wide concentration range. The LOD of
8.7 × 10−13 M further highlights the potential of the devise as a
dimethoate sensor. However, it was not evident if the sensor would
selectively detect dimethoate in presence of other contaminants.

An rGO-gold nanocomposite-modified screen-printed electrode
exhibited promising results for diuron herbicide detection (Shams
et al., 2016). The study employed linear sweep voltammetry (LSV)
for investigations. The sensor demonstrated linear response in a
broad concentration range of 0.5–30.0 μM. Additionally, the sensor
showed an excellent LOD of 3.9 x 10−7 μM, highlighting its efficacy
in detecting diuron herbicide. These findings suggest that the
integration of rGO and gold nanocomposites can enhance the
electrochemical performance of the sensor, enabling reliable and
accurate detection of diuron herbicide (Shams et al., 2016). Zafar
et al. (2023b) presented compelling evidence showing the potential
of graphene-coated electrodes in diuron detection. The investigation
provided insights into the role of pristine graphene in the detection
process. The results exhibited enhanced charge-transfer kinetics and
higher peak currents compared to bare electrode, which improved
the lower LOD. Additionally, the differential pulse voltammetry
(DPV) analysis demonstrated linearity in the response over a
concentration range of 20–1,000 µM and a low LOD of 5 µM.
These findings underscore the suitability of graphene-based
electrodes for sensitive and dependable diuron detection,
eliminating the need for additional modifications.

The combination of graphene with metals such as boron and
silver has shown promise in pesticide detection. Silver-graphene
modified boron-doped diamond electrodes have demonstrated
simultaneous detection of paraquat and carbaryl with low LODs
(Pop et al., 2018). Hashemi et al. (2019) utilized an rGO-Cu/
CuO-Ag nanocomposite for detecting fenamiphos and carbaryl,
achieving low LODs and wide linear ranges. Glyphosate, a widely
used herbicide, poses significant risks to both the environment
and human health. To address these concerns, numerous studies
have employed graphene-based electrochemical sensors for the
detection of glyphosate. Thanh et al. (2021) introduced a
composite material on screen-printed gold electrodes,
providing a sensitive platform with a low detection limit of
approximately 0.08 ppb for glyphosate in river water samples.
Johnson et al. (2022) presented a selective detection method
using platinum-decorated laser-induced graphene (LIG) in
combination with the enzyme glycine oxidase, offering a
scalable and selective tool for glyphosate detection in complex
matrices. In a separate study, Scandurra et al. (2022) addressed
the pressing need for nanomolar-level glyphosate detection in
drinking water using gold nanoelectrode arrays on graphene
paper. These studies collectively emphasize the significance of
developing sensitive and selective glyphosate detection methods,
particularly at low concentrations, in response to the challenges
posed by environmental contamination and human health risks.
Table 1 compares the electrochemical performances of various
graphene-based electrode.

2.2 Field-effect transistors

According to a report published by Vinay et al., the use of
pesticides has increased in recent years, with the most used synthetic
pesticides include organophosphates, organochlorine, carbamate
and pyrethroids (Pathak et al., 2022). While different
bioremediation strategies are being undertaken by many research
groups, there are still grave concerns as to how efficient these
solutions may be towards developing a strategy to manage
pollutants in an eco-friendly manner. In the same spirit,
extensive research is ongoing in the field of electrochemical
sensing to supplement these bio remedies. FET biosensors
involve the interaction of a biological molecule (biorecognition
element) such as enzymes, antibodies, aptamers to produce a
measurable signal as response to a target analyte.

FET biosensors exploit variations in the electrical properties of
the channel (the active material) in presence of a target analyte
(pesticide). In FET devices, the current through the channel is
modulated by the local electric field, which can be altered by the
physical and chemical environment. A potential difference between
the drain and source controls the current between these two
electrodes, while the gate voltage controls the electric field across
the channel. The presence of analytes can change the electric field,
hence the FET characteristics. To enhance selectivity, FET
biosensors usually incorporate biorecognition elements such as
enzymes, antibodies, cells, and aptamers immobilized on the
sensor surface, serving as receptors for the target analyte
(Benjamin and Miranda Ribeiro Júnior, 2022). Additionally,
nanomaterials are integrated into FET biosensors to increase the
surface area for improved analyte-sensor interaction and to enhance
sensitivity through the exploitation of low material dimensions
approaching the Debye length. The utilization of small
bioreceptors, such as aptamers, further opens opportunities to
leverage nanoscale features (Sedki et al., 2021).

Graphene based field effect transistors (GFETs) utilize
graphene’s large surface area, to form a conducting channel, with
sites offered for the analytes (pesticides) to get attached (Gao et al.,
2021). Graphene does not readily react or bind with most materials,
hence, it must be functionalized with linkers or probes
(biorecognition agents) as mentioned before. This in turn is
utilized to improve the selectivity of the sensors to a given
pesticide. On the other hand, graphene oxide (GO) and reduced
graphene oxide (rGO) – derivatives of graphene, possess carboxyl
groups that can serve as linkers for direct bonding with
biorecognition elements via carbodiimide chemistry (Sedki et al.,
2021). Figures 3A, B show respectively the sketches of a GFET with a
gate electrode formed at the top of the dielectric layer and that with a
gate electrode inserted in an electrolyte. The concentration of the
analyte can be correlated with a shift in the charge neutrality point or
the drain-source current or the transconductance as shown in
Figure 4.

In this section, we provide an overview of the advancements in
GFET biosensors designed for the detection of common pesticides.
GFET biosensors have several advantages over the traditional three
electrode electrochemical counterparts. The GFETs are known for
their simple design, potential for high sensitivity and lower LOD
(Benjamin and Miranda Ribeiro Júnior, 2022), which make them
suitable for detection of pesticides in agriculture (Wadhera et al.,
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2019). In addition, they can be operated as label-free biosensors,
reducing the cost and risk of interference from electrochemical tags.
Liquid state measurements are usually more desirable than a dry
state FET based sensors (Islam et al., 2019). Below, we highlight
some of the relevant studies involving the use of graphene-based bio-
FETs for detection of commonly used pesticides in agriculture.
Table 2 shows a summary of these FET devices, and their
corresponding limits of detection for common pesticides.

Zhu et al. (2022) introduced a solution-gate GFET for the
detection of isocarbophos. A common organophosphate (OP)
used in insecticides to control various pests. Si/SiO2 was used a
substrate with graphene as the sensing element, functionalized with
an acetylcholinesterase enzymatic complex using 3-
mercaptoproponoic acid (3-MPA) as a linker. Under
experimental conditions of Vg� 0V and Vds� 0.1V, the drain to
source current exhibited an increase following the addition of

TABLE 1 Voltametric techniques for the determination of pesticides.

Technique Electrode material Pesticide LOD (μM) Linear range Ref

DPV MIP/rGO@Au/GCE carbofuran 0.02 0.05–20 μM Tan et al. (2015)

SWV AuNPs-chi-GNs/GCE methyl parathion 0.002 0.001–0.1 and
0.2–1.0 μM

Gong et al. (2011)

Ampero-metry MoS2/graphene/GCE methyl parathion 0.003 10–1.9 mM Govindasamy et al.
(2017)

DPV graphene-gadolinium Prussian blue/GCE methyl parathion 0.001 0.008–10 mM Li et al. (2014)

DPV Nitrogen-doped graphene/AuNPs/GCE dimethoate 8.7 × 10−5 10–3–40 nM Zhang et al. (2017)

LSV rGO-gold nanocomposite-modified screen-
printed electrode

diuron 3.9 x 10−7 0.5–30.0 μM Shams et al. (2016)

DPV graphene/GCE diuron 5 20–1,000 µM Zafar et al. (2023b)

DPV Silver-graphene/boron-doped diamond/GCE carbaryl and paraquat 1.14 x 10−3 and
1.15 x 10−3

- Pop et al. (2018)

DPV rGO-Cu/CuO-Ag/GCE carbaryl and
fenamiphos

0.005 and 0.003 0.05–20 and
0.01–30 μM

Hashemi et al. (2019)

Amperometry Platinum/laser-induced graphene Glyphosate 3.03 10–260 Johnson et al. (2022)

FIGURE 3
(A) A schematic of a solid top gated GFET, with an insulating layer (SiO2) in between the graphene and the substrate (Si). The bottom gate
configuration is similar, with SiO2 layer acting as the dielectric. (B) A solution gated GFET with a gate electrode (e.g., Ag/AgCl) inserted in an electrolyte.
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100μgmL−1 of isocarbophos. The nature of the interaction of the
enzyme and analyte is inhibition, i.e., the presence of the enzyme
blocks the catalytic action of the enzyme. The organic phosphorous
molecules introduce a negative charge, which leads to an increase in
the bias current when the target molecules get attached to the sensor.
Other isocarbophos sensors that functioned based on different
mechanism portrayed a higher limit of detection (Yan et al.,
2012; Wang et al., 2022; Zhang et al., 2023).

Islam et al. (2019) presented a graphene-FET-based
immunosensor tailored for the detection of chlorpyrifos pesticide.
The graphene FET was fabricated through exfoliation technique on
Si/SiO2 substrate, with Cr/Au electrodes lithographically attached to
form source-drain electrodes. The Chlorpyrifos antibody (Chl-Ab)
was labelled with graphene and characterized using scanning

electron microscopy and atomic force microscopy. The device’s
graphene channel resistance was continuously measured to monitor
its response to varying concentrations of Chl antigens (Chl-Ag).
This approach yielded a lower limit of detection of 1.8 femto molar
(fM) compared to other similar chlorpyrifos FET devices reported.
For instance, a study done by Kumar et al., using a reduced graphene
oxide immobilized with acetylcholinesterase showed a LOD of
100fM to the same pesticide (Kumar and Sundramoorthy, 2019).
Recently, Hasnan et al., have used graphene oxide in Ti2CTx MXene
in the FET configuration; however, their p-channel ion-sensitive
FET showed detection of chlorpyrifos in the micromolar range
(Hasnan et al., 2023).

Selective detection of chiral molecules using surface modified
graphene-based FET was demonstrated by Zhang et al. (2019). In

FIGURE 4
A sketch showing the change in the GFET characteristics due to interaction of the analyte with graphene. The bioreceptor is loaded on graphene by
either chemical bonding or weak electrostatic interactions (Van der Waals forces). The introduction of the pesticide causes a change in the (A) charge
neutrality point (VCNP), (B) drain-source current (IDS), or (C) transconductance.

TABLE 2 Common graphene-based FET biosensors.

Method Transducer Target analyte Biorecognition (receptor) LOD Year Ref

FET Graphene Isocarbophos 3-mercapto propionic acid 100μgmL−1 2022 Zhu et al. (2022)

FET Graphene Chlorpyrifos Anti-chlorpyrifos antibodies 1.8fM 2019 Islam et al. (2019)

IFET Ti2CTx − BSA − GO Chlorpyrifos N/A 1 μM 2023 Hasnan et al. (2023)

FET Graphene Paraquat Ag nanoparticles 0.068nM 2022 Wang et al. (2023)

FET Graphene Methamidophos Acetylcholinesterase +(0.34 μM)−(0.32μM) 2019 Zhang et al. (2019)

HT-SPME Cu/rGO/AgNPs Isocarbophos 0.00451 ppm 2023 Zhang et al. (2023)
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this study, they utilized acetylcholinesterase for sensor surface
modification. They demonstrated sensitive discrimination
between positive and negative methamidophos by analysing
the resistance changes upon exposure to these molecules. With
an operating voltage of 1 V, they achieved a sensitivity of 0.34 and
0.32 μgL−1 for positive and negative methamiphodos
respectively. In this study, the inhibition effect of the
enantiomers was transferred to the graphene and transformed
into an electrical signal for analysis. The sensor was further
integrated with smartphones for real-time detection of pesticides.

Tao et al. (2021) fabricated a ZrO2/rGO nanocomposite
functionalized gate for electrochemical detection of the methyl
parathion (MP), and obtained an LOD of 10pgmL−1, with an
ultra-wide linear region (10−5−10μM). This sensor was applied
for detection of methyl parathion Chinese cabbage. In this
sensor, changes in effective gate voltage when exposed to MP
were utilized for sensing mechanism. The sensor demonstrated
the potential of building a FET based biosensor to detect MP in
real samples. The authors reported that the use of graphene in this
sensor, provided a platform to enhance the device performance with
extremely low LOD.

Recently, Cao et al. (2016) fabricated a carbaryl ion selective
field effect transistor (ISFET) sensor using graphene. The
graphene was first prepared on polycrystalline copper and
then transferred onto the interdigitated electrodes of the
sensor. The sensor utilized the inhibition enzyme urease
(biorecognition element) towards carbaryl. The sensor
demonstrated a LOD of 10−8 μgmL−1, which is excellent
compared to prior devices. Wang et al., unveiled the
utilization of graphene electrochemical transistors (ECTs) with
silver nanoparticles, exhibiting high sensitivity toward paraquat.
The device incorporated a layer of silver nanoparticles modified
graphene as the channel (Wang et al., 2023). Employing
monolayer graphene as a channel, this device displayed a LOD
of 0.068 nM while retaining selectivity against common
interfering herbicides.

A large proportion of FET based biosensors incorporate
graphene and its derivatives. It is also worth noting that some
non-graphene FET biosensors also were reported to have
promisisng sensitivity and selectivity. For instance, a pH-based
FET biosensor employing enzyme based biorecognition agents
developed by Simonian et al., could detect organophosphate
compounds up to micromolar concentrations (Simonian et al.,
2004). Compared to these devices, the outstanding advantage of
the graphene-based biosensors is the lower LOD. GFET based
biosensors still have limitations that must be addressed. An
example is the need for careful surface functionalization and
potential for signal drift after extended periods. In conclusion,
bioFETS have an enormous potential for use in pesticide
detection with the use of biorecognition agents to improve
selectivity and use of nanomaterials to enhance sensitivity.
However, there are still challenges that must be solved for the
advancement of the technology and these include use of a
biorecognition agent that often causes degradation of
performance in certain pH and temperatures, long fabrication
time and low shelf life.

3 Conclusion and outlook

This review highlights the importance of monitoring pesticides
across diverse contexts, given their adverse impacts on both human
health and the environment. Conventional pesticide detection
methods come with inherent drawbacks, including cost
constraints and portability issues. Graphene-based
electrochemical sensors, particularly those designed with three
electrode and FET principles, hold great promise due to their
notable advantages, including high sensitivity, selectivity, and the
potential for on-site detection. Graphene’s extensive delocalized π-
electron system and theoretical specific surface area make it an ideal
material for adsorbing organic compounds, rendering it an
exceptionally promising choice for pesticide detection. This
review highlights successful pesticide detection using graphene-
based sensors applied on chemicals such as carbofuran, methyl
parathion, dimethoate, and diuron. These sensors have consistently
demonstrated high sensitivity and wide linear detection ranges.

For advancing the sensor technology for pesticide detection,
several essential measures should be taken. These include the
following: i) conducting rigorous validation studies using actual
samples collected from agricultural and environmental settings; ii)
making comparisons with traditional analytical methods to
ascertain the reliability of graphene-based sensors; iii) integrating
the sensors with smartphone technology for the development of
portable devices; iv) investigating the effects of defects, morphology,
and nanoparticle size on sensor performance. Nevertheless, the
current rapid developments in the semiconductor and graphene
technologies are expected to make these targets achievable in the
near future.
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