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Abstract: Heavy metal ions (HMIs) have acute toxic effects on the health and are dangerous for human 
existence and the ecosystem. Therefore, its sensitive and selective detection is of great importance. In recent 
years various nanocomposite materials have been used by researchers for the detection of HMIs by using 
various modalities of electrochemical techniques. This review article summarizes the recent advances in 
developing electrochemical sensors based on numerous nanocomposite materials for detecting heavy metal 
ions. Nanocomposites materials, such as Metal-Organic Framework (MOF), organic conducting polymers 
(OCP), carbon nanotubes, graphene/reduced graphene oxide, graphitic carbon nitride, metal oxide, chitosan, 
mxenes, metal nanoparticle-based nanocomposites, etc. have been explored by various researchers to improve 
the sensing properties of electrochemical sensors. This review emphasized the synthesis and characterization 
techniques of nanocomposite materials, modalities for HMI detection by electrochemical technique and the 
electrochemical sensors. Moreover, this review highlights the development of portable biosensors for detecting 
HMIs in real-world scenarios, such as environmental monitoring, food safety, and clinical diagnosis. This 
review also demonstrates the importance of electrochemical sensors-based on nanocomposite materials as a 
reliable, sensitive, and selective tool for detecting HMIs.  

Keywords: electrochemical sensor; nanocomposite; detection of heavy metal ions; metal-organic 
framework; conducting polymer; carbon nanotube; graphene; graphitic carbon nitride 

 

1. Introduction 

Heavy metal ions (HMIs) in various water bodies on the earth's surface are almost unavoidable 
due to industrialization. Moreover, their composition differs among different localities, depending 
on the extent of industrialization in that particular locality [1].   

Heavy metals have relatively high atomic weight and density, between 3.5 to 7 g/cm3 [2]. The 
most known heavy metals are iron (Fe), zinc (Zn), arsenic (As), copper (Cu), nickel (Ni), cadmium 
(Cd), mercury (Hg), lead (Pb), tin (Sn), etc. These metals are available naturally and cannot be 
degraded or destroyed. Though some HMIs are needed for the human body's functioning, such as 
iron (Fe2+), zinc (Zn2+), manganese (Mn2+), and cobalt (Co2+) but can be toxic in large amounts [3]. 
Whereas HMIs like lead (Pb2+), mercury (Hg2+), arsenic (As2+), and cadmium (Cd2+) are toxic in nature 
and contaminants even in small amounts [4]. 

Some heavy metals such as copper, selenium, and zinc are required as trace elements to keep 
the human body's metabolism running smoothly. However, at higher concentrations, they can lead 
to poisoning. The primary sources of daily-purpose water (drinking water) are surface and 
groundwater. According to United States Environmental Protection Agency (USEPA), the urban 
regions depend on the surface water source, and the rural regions depend on the groundwater source. 
The surface water includes streams, lakes, ponds, rivers, and oceans. Drilling wells obtain the 
groundwater, which is located under the ground's surface and between the rocks. The treated water 
is mainly from surface water, and various physical filters are used to purify it from dust and other 
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particles. Also, various chemicals – chlorine and fluorine compounds- are added to kill 
microorganisms [5]. 

Heavy metals can be found in the groundwater compared to the surface water. However, the 
possibility of finding heavy metals in the groundwater increases when ore mines or rich minerals are 
deposited in the vicinity [6]. The permissible maximum contamination level (MCL) recommended by 
the USEPA for heavy metals is mentioned in Table 1.  

Table 1. The maximum contamination level (MCL) of some heavy metals in drinking water [7, 8]. 

Heavy metal MCL (µg/L) 

Antimony  Sb 6 

Arsenic As 10 

Cadmium Cd 5 

Chromium Cr 100 

Copper Cu 1.3 

Lead Pb 15 

Mercury Hg 2 

Nickel  Ni 100 

Selenium  Se 50 

Because some heavy metals are very hazardous and can be ingested via drinking water, the MCL 
of these heavy metals has been recommended in the least amounts by USEPA and by European 
Environment Agency (EEA). 

The leading causes of water pollution are anthropogenic activities where contaminants are 
dumped into water bodies (rivers, lakes, oceans), resulting in the degradation of the aquatic 
ecosystem. There are three types of water pollution. First, surface water pollution is the 
contamination of rivers and lakes, mainly caused by petroleum spills, industrial chemical wastes, 
wastes with high content of heavy metals, and acid rain. Second, marine pollution is caused by 
surface water pollution, which kills marine life, disturbing the aquatic ecosystem. Third, 
groundwater pollution is caused by water movement under the ground, sewage dumping, on-site 
sanitization plants, hydraulic fracturing, landfills, and chemical fertilizers and pesticides in 
agriculture [9]. Modern urbanization, industrialization, overpopulation, deforestation, and other 
factors contribute to environmental deterioration. The degradation of the quality of natural resources 
and their quantity is meant to as environmental pollution. Heavy metal pollution in the water can 
lead to serious environmental and health issues. Heavy metals such as lead, mercury, cadmium, 
arsenic, and chromium are toxic to humans and aquatic life and can accumulate in the food chain 
over time. HMIs enter water bodies through various sources, such as industrial discharges, 
agricultural runoff, and domestic sewage. These pollutants can persist in the water environment long 
and are difficult to remove. The effects of heavy metal pollution in the water can range from acute 
toxicity to chronic toxicity, carcinogenicity, and mutagenicity. Exposure to HMIs can lead to various 
health problems, such as neurological disorders, kidney damage, liver damage, and cancer.  

Various treatment methods, such as coagulation-flocculation, adsorption, ion exchange, and 
membrane filtration, have been developed to combat heavy metal pollution. Additionally, 
regulations and policies have been established by government authorities to limit the discharge of 
heavy metals into water bodies.  

HMIs are toxic substances; therefore, it is imperative to establish relevant techniques for 
detecting and monitoring them. One practical approach is using sensors to detect and measure the 
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concentration of specific heavy metal ions in a sample. The sensors provide a fast, accurate, and cost-
effective way to monitor the presence of HMIs. Furthermore, sensors can be designed to work in 
various environments, making them ideal for use in laboratory and field settings. Overall, the 
development and use of sensors for heavy metal ion detection are crucial for protecting public health 
and the environment from the harmful effects of these toxic substances. 

Nanocomposite-based sensors have gained significant attention in recent years because of their 
synergic effect on detecting HMIs with improved sensing properties [10-12]. Researchers worldwide 
are actively investigating the development and optimization of nanocomposite materials for sensors 
for heavy metal ion detection. Researchers are exploring various nanocomposite materials, which 
include graphene oxide, Metal-Organic Framework (MOF), carbon nanotube, organic conducting 
polymer (OCP), mxenes-based nanocomposites, and metal oxide-based nanocomposites for the 
detection of a range of HMIs [13-18]. These studies highlight the potential of nanocomposite-based 
sensors for detecting HMIs and demonstrate the importance of continued research and development 
in this field. Our research group has also explored various nanocomposite materials based on MOF, 
OCPs, and carbon nanotubes to detect HMIs [19-29].    

Many review papers on the electrochemical detection of HMIs are available in the literature. 
Malik et al. [30] have comprehensively reviewed various methods to detect and remove HMIs from 
different sources, including water and soil. The authors discussed the negative impact of heavy metal 
pollution on the environment and human health, emphasizing the need for efficient and cost-effective 
techniques to control it. This review covers various detection methods for HMIs, including atomic 
absorption spectroscopy (AAS), inductively coupled plasma atomic emission spectroscopy (ICP-
AES), and X-ray fluorescence (XRF). Additionally, the authors discussed different types of adsorbents 
and their efficiency in removing heavy metal ions, including activated carbon, clay minerals, and 
natural and synthetic polymers. Furthermore, they highlighted the importance of considering the 
factors that affect the efficiency of the removal process, such as the type and concentration of heavy 
metals, pH, temperature, and contact time. They also discussed the advantages and limitations of 
different techniques, including biosorption, coagulation/flocculation, electrochemical treatment, and 
membrane filtration. Overall, the paper provides a valuable resource for researchers and 
professionals in environmental chemistry, offering a comprehensive overview of the latest methods 
and techniques for detecting and removing heavy metal ions, but does not provide a quantitative 
analysis or comparison of their efficiency or effectiveness. 

Rubino et al. [31] have extensively reviewed electrochemical methods for detecting HMIs in 
environmental samples, specifically in water. The authors focused on using screen-printed electrodes 
(SPEs) as a promising technique for HMIs detection due to their low cost, high sensitivity, and ability 
to be miniaturized for portable analysis. This review discussed the advantages and limitations of 
different types of SPEs and the different techniques used to prepare them. The authors also review 
the different electrochemical detection methods, including cyclic voltammetry, differential pulse 
voltammetry, square wave voltammetry, and anodic stripping voltammetry, and their exploration 
for the detection of various HMIs. This review provides a broad overview of the different types of 
SPEs and electrochemical detection methods but does not provide a detailed comparison of their 
sensitivity, selectivity, and detection limits, which would be helpful for researchers in this field. 

Kajal et al. [32] have provided a comprehensive overview of the potential applications of MOFs 
for electrochemical sensors for environmental analysis. The authors discussed the unique properties 
of MOFs, including their high porosity, surface area, and tunable properties, which make them 
attractive candidates for sensor applications. The paper reviews the recent advancement in 
electrochemical sensors based on MOF to detect various environmental pollutants, including heavy 
metals, organic pollutants, and gases. The authors also highlight the challenges and limitations of 
MOF-based sensors, including stability, reproducibility, and selectivity issues. Overall, the paper 
provides a valuable reference for researchers and practitioners interested in applying MOFs in 
electrochemical sensor development for environmental analysis. While the paper briefly mentions 
the challenges and limitations of MOF-based sensors, such as stability, reproducibility, and selectivity 
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issues, it does not provide a detailed discussion on how these challenges can be addressed or 
mitigated, which may limit the practicality and applicability of MOF-based sensors. 

Nemiwal et al. [33] have provided an overview of the recent progress in developing 
electrochemical sensing strategies for point-of-care (POC) applications. The authors discuss the 
advantages of electrochemical sensing techniques, which make them attractive candidates for POC 
applications. The paper reviews the recent advances in electrochemical sensing strategies for 
detecting various analytes, including biomolecules, gases, and heavy metals. The authors also discuss 
the challenges and limitations of electrochemical sensing techniques, such as the need for precise 
calibration, reproducibility, and sensor robustness. The paper provides a valuable reference for 
researchers and practitioners interested in applying electrochemical sensing strategies for POC 
analysis. However, it does not critically analyze the strengths and weaknesses of the various 
electrochemical sensing techniques discussed. This may make it difficult for readers to assess the 
relative merits of each technique for their specific application. 

Munonde et al. [34] discuss application of nanocomposites for electrochemical sensors to detect 
HMIs in environmental water samples. The authors emphasize the importance of detecting trace 
metals in water as they can cause harmful effects on human health and the environment. The paper 
describes nanocomposites' development using materials such as carbon nanotubes, graphene, and 
metal nanoparticles. The authors also discuss the fabrication and characterization of these 
nanocomposites. The nanocomposites were tested for their effectiveness in detecting trace metals 
such as lead, cadmium, and mercury in water samples. The results showed that the nanocomposites 
had high sensitivity and selectivity towards these metals. The paper also highlights the potential 
applications of these nanocomposites in environmental monitoring and water treatment. The authors 
suggest that using these nanocomposites as sensors can lead to the development more efficient and 
cost-effective methods for detecting trace metals in water. Overall, the research paper provides 
valuable insights into using nanocomposites as electrochemical sensors for detecting trace metals in 
environmental water samples and demonstrates their potential for future water monitoring and 
treatment applications. While the authors provide promising results for detecting trace metals in 
water samples using nanocomposites, the research was conducted under laboratory conditions. 
Further research is needed to evaluate the effectiveness of nanocomposites in real-world scenarios. 

Buledi et al. [35] have provided a comprehensive overview of the recent developments in using 
nanocomposite-based sensors to detect HMIs from aqueous media. The paper discusses the 
properties and synthesis of various nanomaterials such as carbon nanotubes, graphene, and metal 
oxide nanoparticles and their application in developing sensors for heavy metal detection. The 
authors review the recent advances in the design and fabrication of nanomaterial-based sensors and 
their applications for detecting heavy metals in aqueous solutions. They discuss the various sensing 
mechanisms employed in these sensors, such as electrochemical, optical, and piezoelectric sensing 
mechanisms. The paper also highlights the advantages and limitations of each sensing mechanism 
and the challenges in developing efficient and selective sensors for detecting HMIs. 

Furthermore, the authors provide a detailed analysis of the HMIs detected using nanomaterial-
based sensors, including lead, cadmium, mercury, and arsenic. They discuss the sources of these 
heavy metals in the environment and the potential health risks associated with their exposure. In 
conclusion, the paper emphasizes the importance of developing efficient and selective sensors for 
detecting heavy metals in aqueous media. The use of nanomaterial-based sensors is shown to be a 
promising approach due to their high sensitivity, selectivity, and rapid response time. The paper 
highlights the need for further research to address the challenges faced in developing nanomaterial-
based sensors and their application in detecting heavy metals in real-world scenarios. Although the 
paper provides a detailed analysis of various types of nanomaterials and their application in 
detecting heavy metals, it does not cover all the available nanomaterials or sensing mechanisms for 
heavy metal detection. 

Other researchers also have attempted to write a review of the electrochemical detection of HMIs 
based on various nanomaterials [36-46]. However, a comprehensive approach for the review of 
nanocomposite materials for the detection of heavy metal ions highlighting their beneficial aspects 
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and limitations in terms of lower detection limit (at par with the level suggested by USEPA), 
sensitivity, selectivity, stability, and use of real-time detection of heavy metal ions have been missing 
in or another way.  

To put our findings in the perspective state of the art, it should be remembered that several prior 
review publications have examined the many operational principles of HMIs sensors. In contrast, 
others have focused on the impact of one particular class of materials used to detect HMIs. 

However, present review will provide a comprehensive overview of the wide range of 
nanocomposite materials, their synthesis techniques, detection techniques for HMIs, and 
performance evaluation of electrochemical sensors. Moreover, we have found some research gaps in 
nanocomposite materials for detecting HMIs and identified some challenging issues of using single 
nanostructured materials (carbon nanotubes, graphene, organic conducting polymers, and MOFs) 
and suggested beneficial aspects of using nanocomposites of these materials for electrochemical 
sensors. This review summarizes the recent advancements in a wide range of nanocomposites for 
electrochemical sensor applications and is expected to enhance the comprehension of the factors that 
affect electrochemical sensor performance and aid readers and researchers in selecting appropriate 
nanocomposites for their intended electrochemical sensing investigations. In addition, this review 
emphasizes the analysis of the sensors based on various nanocomposite materials, specifically in the 
aspects of sensitivity, selectivity, the limit of detection (LOD), stability, repeatability, reproducibility, 
and linearity, in which the studied results help in selecting a particular nanocomposite to specific 
heavy metal ions detection. Finally, we have provided challenges and futuristic aspects in developing 
portable devices using nanocomposites for the electrochemical detection of HMIs.   

2. Heavy Metal Ion Sensors Modalities: Recent Trends 

Various techniques have been developed and utilized to detect HMIs in aqueous solutions, 
including but not limited to spectroscopic, chromatographic, and electrochemical methods. Some of 
the spectroscopic detection techniques commonly employed for the detection of HMIs in aqueous 
media are atomic absorption spectroscopy (AAS), atomic emission spectrometry (AES), atomic 
fluorescence spectrometry (AFS), X-ray absorption spectrometry (XAS), inductively coupled plasma–
mass spectrometry (ICP-MS), and electron spin resonance (ESR) spectroscopy, etc. [28, 47, 48]. 
Chromatographic methods are also widely employed for the detection of HMIs in aqueous solutions, 
with high-performance liquid chromatography (HPLC), ion chromatography (IC), and gas 
chromatography (GC) being some of the most commonly used techniques. [49]. While these 
advanced methods provide accurate and sensitive detection of HMIs in laboratory settings, their 
practical application can be challenging due to their complex operating procedures, high costs, the 
requirement for skilled personnel, sophisticated equipment, and lengthy response times.  In contrast 
to spectroscopy and chromatography techniques, some detection methods offer rapid results, such 
as electrochemistry-based sensors [50], surface plasmon resonance (SPR) sensors [51], chemo-sensors 
[52], biosensors [53], and electronic sensors [54]. On the other hand, specific sensors, such as 
biosensors, may necessitate continuous monitoring by an individual to ensure the complete and 
accurate detection of HMIs. Of all the available sensors for detecting heavy metal ions, recent 
developments in electrochemical detection techniques and field-effect transistor (FET)-based sensors 
have shown promising results for sensing HMIs in aqueous environments, primarily due to their 
exceptional benefits such as ease of handling, real-time detection, rapid response, low cost, and 
portability [55, 56]. 

The typical experimental arrangement for electrochemical detection of HMIs involves an 
electrolytic cell that contains an ionic conductor (an electrolyte) and an electronic conductor (an 
electrode). In this instance, the electrolyte is an aqueous solution containing heavy metal ions. The 
potential of the cell is determined at the interface between the electrode and the solution containing 
the electrolyte. Several half-reactions occur within the electrolytic cell, with one of the relevant half-
reactions typically occurring at the working electrode (WE). The reference electrode (RE) is the other 
electrode with respect to which the potential of the cell is measured. In a typical electrochemical 
experiment, an external power supply is utilized to generate an excitation signal and determine the 
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response function in the chemical solution while ensuring that various system variables are 
maintained constant. This can be represented as follows: 

Excitation signal -> Electrode -> Response function 

The current is usually transferred between the working electrode (WE) and the counter electrode 
(CE) in a three-electrode cell setup, where the CE is referred to as the third electrode. Figure 1 
illustrates a standard three-electrode cell configuration employed for the electrochemical sensing of 
heavy metal ions in aqueous solutions. 

 

Figure 1. The general setup for electrochemical detection of heavy metal ions. Reproduced from [57] 
with permission of Elsevier. 

The configuration above comprises three electrodes situated within an electrolytic cell, with the 
WE modified with various interface materials to serve as a platform for HMIs. In this electrochemical 
setup, the current is usually transmitted between the WE and CE. The CE is positioned in a separate 
section from the WE by means of glass separators, and its material is selected such that it does not 
interfere with the WE. The potential is typically determined between the WE and RE using a high 
input impedance device to avoid any current drawn from the RE. An electrochemical workstation, 
either a portable in-field device or laboratory equipment, electrically links these electrodes. It contains 
a built-in power source that supplies excitation signals to the electrode configuration and 
measurement units to receive and measure the response signals. The electrochemical workstation is 
linked to a computer equipped with the necessary software platforms for interpreting and analyzing 
the data obtained from the experiment. 

 In the case of solutions with low resistance, a two-electrode cell setup featuring the WE and RE 
is utilized to measure the electrode potential. Various electrochemical techniques are available for 
detecting HMIs in an aqueous solution, categorized by the different electrical signals produced in the 
solution due to the presence of these ions [58]. Electrochemical techniques for detecting HMIs in an 
aqueous solution can generate different electrical signals including changes in current, voltage, 
electrochemical impedance, charge, and electroluminescence. Based on the specific electrical signal 
generated, electrochemical techniques are classified into several categories: amperometry, 
voltammetry, potentiometry, electrochemical impedance spectroscopy, coulometry, and 
electrochemiluminescence. These techniques have different working principles, advantages, and 
limitations and can be used in various applications to detect and analyze HMIs in aqueous solutions 
[59]. An electrochemical measurement can either control the current and measure the resulting 
potential or control the potential and measure the resulting current. Thus, the measurement 
techniques are divided into potentiostatic or galvanostatic methods. Most electrochemical techniques 
for detecting heavy metal ions in an aqueous solution involve controlling one of these parameters to 
measure the change in the other parameter. Some electrochemical techniques rely on controlling 
either the current or potential to measure changes in the other parameter, while others, such as 
potentiometric and impedance measurement techniques, do not require a control signal. 
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Potentiometric methods are used to determine the type of HMIs present by measuring the potential 
across the electrodes. In contrast, impedance measurement techniques identify changes in double-
layer capacitance, solution resistance, and charge transfer resistance caused by HMIs. The detection 
of HMIs is frequently accomplished using electrochemiluminescence, which measures the light 
emission generated during the electrochemical reaction. The intensity of this light emission is directly 
proportional to the concentration of the target analyte [60]. Various electrochemical techniques are 
employed to detect HMIs in an electrolytic solution based on different measurement signals to 
determine the analyte concentration and type. These techniques require using various 
electroanalytical instruments such as high input impedance potentiometers, galvanostats, and 
impedance measuring devices. Figure 2 provides a detailed classification of these electrochemical 
techniques. 

Apart from the above-mentioned modalities, field effect transistor (FET) based devices have 
grabbed wide attention due to their superior characteristics [61]. A FET sensor typically includes 
three terminals, namely the source, drain and gate terminals. The source and drain terminals are 
connected through a sensing channel material, while the back or top gate terminal is used to achieve 
transistor-like properties. FET sensors work through two main sensing mechanisms: charge 
modulation and dielectric modulation. In charge-modulated FET sensors, the surface interactions 
between the sensing channel material and the target analyte cause changes in the channel properties 
through direct charge transfer or charge induction effect. Dielectric-modulated FET sensing platforms 
rely on changes in gate dielectric constant that result from the binding of the target analyte and 
sensing probe to perform transduction. As a result, variations in the threshold voltage of the FET 
sensor occur and can be detected through analysis of the transfer curves. For HMIs detection with 
FET sensors, various sensing channel materials (e.g., graphene [62], MoS2 [63], BPs, MOF, and 
MXenes [64]) have been reported, and multiple chemical or biological probes (such as thioglycolic 
acid (TGA), L-glutathione reduced (GSH), dithiothreitol (DTT), and single-stranded DNA (ssDNA)) 
have been utilized. The FET sensors utilize the changes in the electrical properties of the sensing 
channel material caused by the interactions with HMIs. These changes in electrical characteristics are 
then detected and recorded as response signals which can be further analyzed for HMIs. By 
establishing a correlation between the electrical signals generated by the sensing channel material 
and the concentration of the target analytes, FET sensing platforms can be utilized for the quantitative 
detection of a wide range of HMIs. 

 

Figure 2. Classification tree for various electrochemical methods for heavy metal ions (HMIs) 
detection. Reproduced from [57] with permission of Elsevier. 

3. Portable Electrochemical Sensor  

Recent developments in the field of portable electrochemical sensors have focused on the 
detection of HMIs. Electrochemical sensors provide a rapid, sensitive, and selective method for 
detecting these toxic pollutants. 
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These portable electrochemical sensors are designed to be small, lightweight, and easy to use. 
Recent developments in this field have focused on improving the sensitivity and selectivity of these 
electrochemical sensors. For example, researchers have developed novel electrode materials, like 
graphene and carbon nanotubes, that can enhance the sensitivity of the sensors. They have also used 
different types of functional groups to modify the electrode surface, improving the selectivity of the 
sensors. 

Portable, handheld sensing devices for the electrochemical detection of HMIs have gained 
significant attention in recent years due to their ease of use, cost-effectiveness, and portability. These 
devices are typically designed to be compact, battery-powered, and integrated with a smartphone or 
other mobile devices, enabling real-time monitoring of heavy metal ions in the field. 

Several commercial portable and handheld electrochemical sensors for HMIs are available. 
These devices typically use ion-selective electrodes (ISEs) or screen-printed electrodes (SPEs) to 
measure the concentration of HMIs in a sample. 

Despite the availability of commercial devices, there is still a need for more sensitive, accurate, 
and reliable portable sensing devices for the electrochemical detection of HMIs. Ongoing research 
efforts are focused on developing new sensing platforms that can overcome the limitations of current 
devices, such as poor selectivity, sensitivity, and stability. 

 Recent developments in this field have focused on improving the portability and user-
friendliness of these sensors. Researchers have developed smartphone apps that can control the 
sensors and analyze the data collected [65-71]. Researchers have also developed miniaturized sensors 
that can be easily carried in a pocket or attached to a keychain [71-74]. 

Jiang et al. [65] have reported a novel smartphone-based electrochemical cell sensor for 
evaluating the toxicity of HMIs Cd2+, Hg2+, and Pb2+.  The objective of the research is to create a sensor 
for assessing the toxicity of these HMIs in rice using a smartphone-based electrochemical cell. The 
authors used a 3D printing technique to fabricate a low-cost, disposable electrochemical cell sensor. 
The sensor was then coupled with a smartphone to measure the electrochemical signals of HMIs. The 
results exhibited that the sensor was highly sensitive and could detect HMIs at low concentrations. 
The authors also compared the performance of the developed sensor with that of a traditional 
electrochemical sensor and found that their sensor was more sensitive and had a lower LOD. Overall, 
the study suggests that the smartphone-based electrochemical cell sensor can be a promising tool for 
evaluating the toxicity of heavy metal ions in rice samples.  

Recent developments in portable electrochemical cell sensors have improved their ability to 
detect HMIs, making them valuable tool for environmental monitoring and public health. However, 
existing portable devices for detecting HMIs ions have several shortcomings that can limit their 
accuracy, reliability, and usability. Some of these shortcomings are: 

• Limited sensitivity: Existing portable devices may not be sensitive enough to detect low 
concentrations of HMIs accurately. 

• Poor selectivity: Portable devices can suffer from poor selectivity, leading to false-positive or 
false-negative results, particularly in complex samples. 

• Limited stability: Some portable devices may have a limited operational lifespan due to the 
degradation of electrodes or instability of the sensing materials, leading to reduced accuracy and 
reliability. 

• Limited sample handling: Some portable devices may require complex sample preparation steps 
or may not be suitable for use in the field. 

To address these shortcomings, researchers must focus on developing new sensing platforms 
offering higher sensitivity, selectivity, and stability. These platforms include: 

• Advanced electrode materials: For example, nanomaterials can improve the sensitivity and 
selectivity of portable sensing devices. 

• Advanced sensing techniques: Researchers are exploring relevant sensing techniques, such as 
electrochemical impedance spectroscopy (EIS), to enhance the selectivity and sensitivity of 
portable sensing devices. 

• Microfluidic systems: Integrating microfluidic systems into portable devices can enable better 
control of sample handling and reduce the need for complex sample preparation. 
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• Machine learning algorithms: Integrating machine learning algorithms can improve the accuracy 
and reliability of portable sensing devices by enabling real-time data analysis and pattern 
recognition. 

Overall, addressing the shortcomings of existing portable devices for detecting HMIs will 
require integrating advanced materials, techniques, and algorithms to enhance the sensitivity, 
selectivity, stability, and usability of these devices. 

4. Nanocomposites for the Detection of HMIs4.1. Metal-Organic Framework (MOF) Based 

Nanocomposites   

Metal-organic frameworks (MOFs) are a class of hybrid crystalline porous materials consisting 
of metal ions and organic 'linker' molecules with an extraordinarily large internal surface area. MOFs 
have gained attention as a material for detecting HMIs due to their unique structural and chemical 
properties. Some advantages of using MOFs for HMIs detection include the following: 

• High selectivity: MOFs can be designed with specific ligands to selectively capture certain HMIs, 
enabling the detection of individual or multiple metal ions in complex samples. 

• High sensitivity: MOFs have high surface area and porosity, allowing for efficient adsorption of 
HMIs and resulting in highly sensitive detection with low detection limits. 

• Tunable properties: MOFs have tunable properties, including pore size, surface area, and 
functionality, which can be tailored to enhance their performance for specific HMIs. 

• Fast response time: MOF-based sensors have a fast response time due to the efficient electron 
transfer properties of MOFs, allowing for real-time detection of HMIs. 

• Stability: MOFs are stable in a wide range of chemical and physical conditions, making them 
suitable for use in harsh environments. 

Overall, MOFs have the potential to be highly effective and efficient materials for HMIs detection 
with applications in environmental monitoring, food safety, and industrial processes. Despite their 
promising advantages, MOFs also have some limitations that include: 

• Cost: The production of MOFs can be costly, particularly for large-scale applications. This can 
limit their use in some industries. 

• Stability: While MOFs are generally stable, some can degrade over time or in certain conditions, 
which can affect their performance and lifespan as sensors. 

• Reproducibility: MOFs can be difficult to synthesize with high reproducibility, making it 
challenging to ensure consistent performance between different batches of sensors. 

• Interference: Other ions or molecules in the sample matrix can compete for adsorption sites on the 
MOF, leading to false positives or reduced sensitivity for detecting the target HMIs. 

• Detection range: MOF-based sensors may have limited detection ranges for specific HMIs, making 
them less suitable for detecting trace levels of those ions. 

• Poor electronics conductance: MOFs have poor electronics conductance, which limits their use for 
sensor applications. 

These limitations highlight the need for continued research and development to optimize MOF-
based nanocomposites for HMIs detection and to overcome these challenges. Therefore, to address 
these limitations, researchers have explored other active materials like carbon nanostructure, metal 
oxide, metal nanoparticles, graphene, etc. Among the different materials, significantly reduced 
graphene oxide (rGO) has gained substantial attention from researchers and has been widely used as 
a nanocomposite with MOF for detecting HMIs [75-85]. Researchers have also explored other 
materials to have nanocomposite of MOF to detect HMIs [83, 84, 86-88].    

Fang et al. [75] have reported the development of an electrochemical sensor for detecting 
ciprofloxacin in water samples using nanocomposites of Zr(IV)-based MOFs and rGO. They have 
synthesized the Zr(IV)-based MOFs and rGO separately and then combined them to create the 
nanocomposites. They found that the addition of rGO to the MOFs improved the electrochemical 
properties of the nanocomposites, making them more sensitive to ciprofloxacin. Then they tested the 
nanocomposites for electrochemical detection ciprofloxacin in water. They found that the sensor had 
a linear range of detection between 0.02 and 1 µM and a LOD of 6.67 nM, which is much lower than 
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the maximum contaminant level set by the USEPA for ciprofloxacin in drinking water.  Overall, this 
research demonstrates the potential of using these nanocomposites as a highly sensitive and selective 
electrochemical sensor for detecting ciprofloxacin in water samples.  

Cui et al. [81] have reported the development of an electrochemical sensor for the detection of 
nickel (II) using a zeolitic imidazolate framework-8@dimethylglyoxime/β-cyclodextrin/reduced 
graphene oxide (ZIF-8@DMG/β-CD/rGO).  In this work, they combined DMG with ZIF-8 and 
obtained the enrichment unit of ZIF8@DMG. It was then loaded on conductive reduced graphene 
oxide (RGO), modified with β-cyclodextrin (β-CD). The finally synthesized composite ZIF-
8@DMG/β-CD/rGO was used to develop a sensor for detecting Ni (II). The coordination bonding and 
hydrogen bonding were explored to link DMG onto ZIF-8. Moreover, DMG acted as ligand molecules 
of Ni (II) (Figure 3). Based on SEM and TEM images, they have claimed that ZIF-8@DMG exhibited a 
disordered structure with a non-uniform size of less than 300 nm, which suggest the presence of 
DMG affected the growth process and final structure of ZIF-8 to some extent. Moreover, typical 
nanosheet structure and wrinkles of β-CD/rGO can be observed from of ZIF- 8@DMG/β-CD/rGO. 
This confirms the successful combination of ZIF-8@DMG and β-CD/rGO. The sensor shows good 
sensitivity and selectivity towards nickel (II) ions, with a wide linear range of 0.01–1.0 μM and a low 
LOD of 0.005 μM. The sensor also shows excellent stability and reproducibility, making it a promising 
tool for the detection of Ni2+ ions in environmental and industrial settings. 

Wang et al. [89] have presented the development of a sensitive and selective electrochemical 
sensor for detecting lead (Pb) and copper (Cu) ions. The sensor was based on a MOF/polypyrrole 
(MOF/PPy) nanocomposite functionalized electrode. Initially, they prepared. Employing a chemical 
polymerization process, PPy nanowires were synthesized, and subsequently, an in-situ 
electrochemical technique was employed to deposit the MOF (NH2-MIL-53(Al)) onto the PPy nano 
substrates. 

 

Figure 3. Schematic illustrations for (a) fabrication of ZIF-8@DMG/β-CD/rGO; (b) possible interaction 
mechanism between ZIF-8 and DMG (Red arrows represent coordination bond; Red dotted lines 
represent hydrogen bond); (c) possible interaction mechanism between DMG and Ni (II) (Red arrows 
represent coordination bond; Red solid lines represent hydrogen bond). Reproduced from [81] with 
permission of Elsevier. . 

Differential pulse voltammetry (DPV) techniques were employed to assess the electrochemical 
performance of the sensor. A distinct peak was observed for various concentrations of Pb(II) and 
Cu(II) during the DPV analysis. Nonlinear enhancement in peak currents was observed in the 
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concentration range of 1 to 400 μg/L (Figure 4), whereas a linear increase in peak currents was 
observed in the low concentration range of 1 to 20 μg/L. High sensitivity and selectivity towards Pb 
and Cu ions were observed in the sensor, with LOD of 0.315 μg/L and 0.244 μg/L, respectively. The 
sensor was also highly stable and reproducible, even after multiple testing cycles. 

 

Figure 4. DPV response (A) and calibration curve (B) toward Pb (II) in the concentration range of 1–
400 μg/L. Reproduced from [89] with permission of Elsevier. 

The researchers further tested the sensor's performance in natural water samples collected from 
tap water. The sensor accurately and precisely detected Pb and Cu ions in these samples. Overall, the 
study demonstrates the potential of MOF/PPy nanocomposite functionalized electrodes as highly 
sensitive and selective electrochemical sensors for detecting HMIs in water samples. 

Ru et al. [90] have presented a new method for detecting arsenic in water using a combination 
of a UiO-67 MOF, GO, and platinum nanoparticles (PtNPs). The UiO-67 MOF has a porous structure 
that can adsorb and concentrate arsenic, while GO and PtNPs improve the electrochemical properties 
of the sensor. The sensor was highly sensitive and selective for detecting arsenic in water, with a 
lower LOD than the safety standard set by the World Health Organization (WHO), as shown in 
Figure 5. The work concludes that this new sensing platform could be helpful for environmental 
monitoring and toxicological evaluation. Moreover, their investigation includes the development of 
a quick, simple, eco-friendly, and sensitive detection method for arsenic in water. Finally, the 
investigation includes that it has only been tested on a limited range of environmental samples, and 
further testing is needed to determine its applicability in different contexts. 

Zhao Yang et al. [91] have described a new method for detecting HMIs in water samples. The 
sensing platform comprises cobalt/nitrogen-doped carbon (NC) composite polyhedrons linked with 
multi-walled carbon nanotubes (MWCNTs). Moreover, the sensing platform also was fabricated by 
growing nanoporous ZIF-67 on MWCNTs, followed by carbonization. Due to its large specific surface 
area and excellent electrical conductivity, the resulting platform offers numerous active sites for metal 
ion attachment. Figure 6 shows the schematic diagram of the construction process of the 
Co@NC/MWCNT-modified electrode and the simultaneous detection of Cd2+ and Pb2.  The platform 
was tested for detecting Cd2+ and Pb2+ ions in water and showed a relatively wide linear range and 
low LOD. 

Additionally, the platform also demonstrated good anti-interference performance in actual 
water samples. Moreover, this work concludes that the platform can be used in trace HMIs 
monitoring in natural water environments. The investigations in this work include the development 
of a fast and sensitive platform for HMIs detection and demonstrating exemplary performance in 
actual water samples. However, their investigation focuses on only two types of HMIs and the need 
for further testing in a wider range of water samples. 
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Figure 5. Schematic illustration of the fabrication process of GO/UiO-67@PtNPs for the 
electrochemical detection of As(III) in water samples. Reproduced from [90] with permission of 
Elsevier. 

 

Figure 6. Schematic diagram of the construction process of the Co@NC/MWCNT-modified electrode 
and the simultaneous detection of Cd2+ and Pb2+. Reproduced from [91] with permission of American 
Chemical Society. 

Yang et al. [86] have also prepared a new nanocomposite material by attaching mercaptan 
functionalized MOFs to three-dimensional kenaf stem-derived carbon (3D-KSC) for the removal and 
electrochemical detection of mercury ion (Hg(II)). The researchers used coordination between Zr (IV) 
and 2,5-dimercaptoterephthalic acid to prepare the Zr-DMBD MOFs, which were then attached to 
the 3D-KSC. They also conducted electrochemical measurements and tested the material's ability to 
remove Hg(II) from natural wastewater. The nanocomposite material showed high sensitivity (324.58 
μA·μM−1·cm-2), a linear detection range of 0.25 μM-3.5 μM, and a low LOD of 0.05 μM. It also 
effectively removed Hg(II) from natural wastewater. 

Moreover, the researchers concluded that the Zr-DMBD MOFs/3D-KSC nanocomposite material 
was effective for both the removal and detection of Hg(II). This composite has exhibited high 
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sensitivity, selectivity, stability, and reproducibility. This shows great potential as a practical solution 
for real-world applications. The investigation resulted in the developing of a new nanocomposite 
material that can effectively remove and detect Hg(II) from wastewater. The material has several 
positive aspects, including high sensitivity, selectivity, stability, and reproducibility. The 
investigation did not explore the potential for scaling up the production of the nanocomposite 
material or the cost-effectiveness of using it for practical applications. Additionally, the investigation 
did not explore the potential for the material to remove or detect other HMIs. 

4.2. Organic Conducting Polymer (OCP) Based Nanocomposite  

Organic conducting polymers (OCP) are one of the ideal materials for electrochemical sensors 
due to their distinctive chemical and electrical properties.  Some reasons why OCP are suitable for 
electrochemical sensors include the following: 

• Electrical conductivity: Organic conducting polymers are highly conductive, which enables the 
detection of HMIs through changes in the electrical properties of the polymer upon interaction 
with the metal ions. 

• Electroactive nature: Organic conducting polymers are electroactive and can undergo reversible 
redox reactions at their surface. This property makes them well-suited for electrochemical 
sensors, which rely on redox reactions to detect and quantify analytes. 

• Sensitivity: Organic conducting polymers have high sensitivity to HMIs, allowing for detection 
at low concentrations. 

• Selectivity: The selectivity of organic conducting polymers for HMIs can be tailored by modifying 
the polymer structure or incorporating specific ligands or functional groups, enabling the 
detection of specific metal ions in complex samples. 

• Overall, the unique properties of conducting polymers make them well-suited for 
electrochemical sensors to detect HMIs, with applications in environmental monitoring, food 
safety, and industrial processes. 

Despite their advantages, conducting polymers also have some limitations for use in 
electrochemical sensors for the detection of HMIs, including: 

• Reproducibility: Organic conducting polymers can be difficult to synthesize with high 
reproducibility, making it challenging to ensure consistent performance between different 
batches of sensors. 

• Long-term stability: Some organic conducting polymers can undergo degradation over time, 
affecting their performance and lifespan as sensors. 

• Interference: Other ions or molecules in the sample matrix can compete for adsorption sites on 
the conducting polymer, leading to false positives or reduced sensitivity for detecting the target 
heavy metal ions. 

• Detection range: Organic conducting polymer-based sensors may have limited detection ranges 
for specific HMIs, making them less suitable for detecting trace levels of those ions. 

• Environmental impact: Organic conducting polymers may have environmental impacts due to 
their non-biodegradable nature, although efforts are being made to develop more sustainable 
alternatives. 

Therefore, to address these limitations, researchers have explored other materials, such as 
graphene, carbon nanotubes, metal nanoparticles, etc., to form nanocomposites with organic 
conducting polymers [92-107]. These composites offer several advantages, such as high sensitivity, 
selectivity, stability, and reproducibility, making them suitable for detecting HMIs in various 
applications. 

The organic conducting polymer-based nanocomposites are designed to adsorb and capture 
HMIs from aqueous solutions, and the captured ions are then detected using electrochemical 
techniques. Incorporating materials such as graphene, carbon nanotubes, and metal nanoparticles 
into the polymer matrix can enhance the sensor's performance by improving the electron transfer rate 
and increasing the active surface area of the sensor. 

The choice of the composite material, its synthesis method, and the electrochemical detection 
method used can significantly influence the performance of the sensor. The composite-based sensors 
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have been successfully applied for the detection of HMIs in various matrices such as water, soil, and 
food samples. These sensors have potential applications in environmental monitoring, industrial 
process control, and medical diagnostics. 

Fall et al. [108] have reported rGO@CNT@Fe2O3/PPy nanocomposite for the electrochemical 
detection of Pb2+. The authors started by synthesizing a nanocomposite material comprising reduced 
graphene oxide (rGO), carbon nanotubes (CNTs), iron oxide nanoparticles (Fe2O3), and PPy. This 
nanocomposite was then used as a sensing material to detect Pb2+ ions in water samples. The study 
showed that the rGO@CNT@Fe2O3/PPy nanocomposite had excellent electrochemical properties, 
such as a high surface area, good conductivity, excellent stability, and strong adsorption ability 
towards Pb2+ ions.  A linear calibration curve was obtained for the sensor utilizing 
rGO@CNT@Fe2O3/PPy nanocomposite, with a range of 0.02 to 0.26 μM (R2 = 0.992), a sensitivity of 
162.8 μA·μM-1, and a LOD of 0.1 nM. The nanocomposite showed a broad linear range and a low 
LOD for Pb2+ ions, indicating its high sensitivity for the detection of this heavy metal in water. Several 
experiments were carried out by the authors to assess the rGO@CNT@Fe2O3/PPy nanocomposite's 
performance in detecting Pb2+ ions. The findings demonstrated that the nanocomposite was highly 
sensitive and selective towards Pb2+ ions, even in the presence of other interfering ions. The synthesis 
process of rGO@CNT@Fe2O3/PPy onto GCE and the electrochemical detection of Pb2+ are depicted in 
Figure 7. 

 

Figure 7. A comprehensive schematic illustrating synthesis of rGO@CNT@Fe2O3/PPy on the GCE and 
electrochemical detection of Pb2+. Reproduced from [108] with permission of Elsevier. 

Authors have compared their work with other PPy-based electrochemical sensors for the 
detection of Pb2+ in terms of sensitivity and LOD. The details of the comparison are illustrated in 
Table 2. As per Table 2, the performance of the rGO@CNT@Fe2O3/PPy is better than similar to the 
earlier reported work. This is because of the substantial active surface area and remarkable 
adsorption capacity of CNT and Fe2O3, along with PPy's nitrogen affinity towards Pb2+. Overall, the 
study demonstrated that the rGO@CNT@Fe2O3/PPy nanocomposite is a promising material for the 
electrochemical detection of Pb2+ ions in water samples. The development of such materials is 
essential for environmental monitoring and protection, as lead contamination in water sources can 
pose serious health risks to humans and the environment. 

Table 2. Comparison of different modified electrodes for the determination of Pb2+. According to [108] 
with permission of Elsevier. 

Electrode Method Deposition 

potential 

Deposition 

time (s) 

Linear 

range 

(μM) 

LOD 

(μM) 
Ref. 

PPy/CNFs/CPE  SWASV -1.2 V vs. 

SCE 

600 0.2–130 0.05 [109] 

Fe2O3/G/Bi-GCE DPASV -1.2 V vs. 

Ag/AgCl 

300 1–100 0.07 [17] 

rGO/PPy-SPE DPASV -1.2 V vs. 

Ag/AgCl 

600 1.4–28; 0.07 [110] 

28–280; 
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280–
14,000 

PPy/CNT/NH2-ITO DPV  600 0.01 – 

0.3 

2.9 × 

10-3 

[111] 

Bi/PPy/MWCNT/CPE SWASV 1.2 V vs. 

SCE 

240 0.11–
120 

0.099 [93] 

GO@Fe3O4@2-CBT SWASV 1.2 V vs. 

Ag/AgCl 

180 3×10-4–
0.072; 

0.072– 

0.43 

10-4 [112] 

PA/PPy/ZIF-8@ZIF-67 DPV – – 0.02-

200;  

200–
600 

2.9 × 

10-4 

[113] 

ITO/AP/PPy DPASV -1.2 V vs. 

SCE 

200 0.01- 

0.25 

9.9 × 

10-4 

[114] 

rGO@CNT@Fe2O3/ 

PPy/GCE 

SWASV -1.3 V vs. 

Ag/AgCl 

300 0.02– 

26 

1 × 

10-4 

[108] 

DPASV: differential pulse anodic stripping voltammetry, SWASV: square wave anodic stripping voltammetry, 
GCE: glassy carbon electrode, SPE: screen printed electrode, CPE: carbon paste electrode, G: graphene, GO: 
graphene oxide, rGO: reduced graphene oxide, CNFs: carbon nanofibers, MWCNT: multi-walled carbon 
nanotubes, PPy: polypyrrole, Bi: bismuth, ITO: indium tin oxide. PA: phytic acid; AP: aminophenyl. 2-CBT: 
benzothiazole-2-carboxaldehyde, Fe3O4: magnetite, CNT: carbon nanotube. 

 A novel electrochemical sensor for the detection of mercury ions (Hg2+) has been developed 
using a Pt/g-C3N4/polyaniline nanocomposite, as reported by Mahmoudian et al. [96]  A 
nanocomposite consisting of platinum (Pt), graphitic carbon nitride (g-C3N4), and polyaniline (PANI) 
was used for fabrication of sensor. A simple and cost-effective method was used to synthesize Pt/g-
C3N4/PANI nanocomposite and was characterized using various techniques. 

The electrochemical properties of the Pt/g-C3N4/PANI nanocomposite were evaluated, and it 
was found that the nanocomposite exhibited excellent electrocatalytic activity towards the reduction 
of Hg2+ ions. The fabricated sensor demonstrated a wide linear range of 1-500 nM, with a low LOD of 
0.014 nM. The sensor also exhibited good selectivity towards Hg2+ ions, even in the presence of other 
interfering ions. 

The FESEM image of Pt/g-C3N4/PANI nanocomposite confirms a significant increase in surface 
area due to the presence of g-C3N4. Moreover, the authors have reduced Pt2+ ions in the presence of 
L-cysteine, confirmed in the EDX spectrum. Overall, the results suggest that the Pt/g-C3N4/PANI 
nanocomposite is a promising material for developing high-performance electrochemical sensors to 
detect Hg2+ ions in environmental and industrial applications. The study highlights the potential of 
using nanocomposites for the development of advanced sensing technologies. 

In a publication by Deshmukh et al. [115], they documented an electrochemical method for 
sensing Pb(II) ions utilizing a nanocomposite platform comprising EDTA-modified PPy/SWNTs. The 
study aimed to develop a nanocomposite platform for the sensitive and selective detection of Pb ions 
using an electrochemical method. The researchers utilized a nanocomposite platform consisting of 
ethylenediaminetetraacetic acid (EDTA) modified PPy and SWNTs to detect Pb(II) ions. The modified 
PPy/SWNTs nanocomposite was characterized using various analytical techniques, including SEM, 
TEM, FTIR. The study found that the nanocomposite platform exhibited excellent electrocatalytic 
activity towards the oxidation of Pb(II) ions and high selectivity and sensitivity towards Pb(II) ions. 
The LOD was found to be as low as 0.07 μM, which is much lower than the permissible limit set by 
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the WHO. Overall, the study concluded that the EDTA-modified PPy/SWNTs nanocomposite 
platform shows excellent potential for the sensitive and selective detection of Pb(II) ions, which can 
have critical applications in environmental monitoring and public health. 

SEM images of unmodified PPy, PPy/SWNTs, and EDTA-PPy/SWNTs nanocomposite confirms 
the uniform deposition of PPy on the surface of SWNTs, where SWNTs act as the backbone of the 
nanocomposite structure. The accumulation of EDTA molecules on the surface of PPy/SWNTs have 
resulted in a more granular structure. This kind of surface morphology will be suitable for HMIs 
sensing because surface roughness will help to enhance the possibilities of accumulation or trapping 
of an analyte. The authors have investigated the performance of three different electrodes, viz. bare 
PPy/SSE, PPy/SWNTs/SSE, and EDTA-PPy/SWNTs/SSE, for the detection of Pb(II) ions. The highest 
Pb(II) sensing peak was observed in response to EDTA-PPy/SWNTs/SSE nanocomposite (Figure 8). 

 

Figure 8. DPV-based response of electrodes covered by unmodified PPy, PPy/SWNTs, and EDTA-
PPy/SWNTs toward 8 × 102 μM Pb(II) ions dissolved in 0.2 M ABS pH 4.9, by the accumulation of 
metal ions by dip coating technique followed by stripping with DPV technique. The applied DPV 
parameters viz. increment of 5 mV, the step amplitude of 50 mV and a pulse period of 0.2 s in 0.5M 
H2SO4 [115]. 

The performance of the sensor based on EDTA-PPy/SWNTs composite exhibited excellent over 
the concentration range from 8 × 102 μM to 0.15 μM in 0.5 M H2SO4 for Pb(II) metal ions. However, 
the linearity of the sensor was not very appreciating.  

4.3. Carbon Nanotubes Based Nanocomposites  

Carbon nanotubes are promising materials for detecting HMIs due to their unique structural 
and chemical properties. Some of the advantages of using carbon nanotube-based nanocomposites 
for HMIs detection include: 
• High sensitivity: Carbon nanotubes have a large surface area and high aspect ratio, allowing 

efficient HMIs adsorption. This results in highly sensitive detection with low detection limits. 
• Selectivity: The surface chemistry of carbon nanotubes can be modified to selectively capture 

specific HMIs, enabling the detection of individual or multiple metal ions in complex samples. 
• Rapid response time: Carbon nanotube-based sensors have a fast response time due to carbon 

nanotubes' efficient electron transfer properties. This allows for real-time detection of HMIs. 
• Durability: Carbon nanotubes are highly durable and can withstand harsh chemical and physical 

conditions, making them suitable for use in various environmental and industrial settings. 
• Low cost: Carbon nanotube-based sensors are relatively inexpensive to produce compared to 

traditional HMIs detection methods, making them a cost-effective alternative. 

Overall, carbon nanotubes have the potential to be effective and efficient materials for HMIs 
detection with applications in environmental monitoring, food safety, and industrial processes. 

Therefore, carbon nanotubes and their composites have been comprehensively explored for 
electrochemical detection of HMIs. In addition, various research groups have also explored other 
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allotropes of carbon along various nanostructured materials for the detection of HMIs. Various 
methodologies have been adopted to enhance the synergy of these materials by doping process, 
functionalization process, and developing hybrid system [19, 91, 116-124].   

Wu et al. [116] have reported the development of a low-cost sensor based on Fe3O4 

nanoparticles/fluorinated multi-walled carbon nanotubes for the simultaneous electrochemical 
detection of multiple heavy metals in the environment and food, which exhibits high sensitivity and 
selectivity. The hydrothermal method was adopted by the group for Fe3O4 nanoparticles/fluorinated 
multi-walled carbon nanotubes (F-MWCNT) composite formation (Fe3O4/F-MWCNTs). The 
developed electrochemical sensor showed elevated results of detection for Cd2+, Pb2+, Cu2+, and Hg2+ 

by square wave anodic stripping voltammetry (SWASV).  
The sensitivity observed was 108.79, 125.91, 160.85, and 312.65 μA·mM−1·cm−2 toward Cd2+, Pb2+, 

Cu2+, and Hg2+, respectively, which was obviously higher than that of Fe3O4/MWCNTs and Fe3O4 

based sensor. The Fe3O4/F-MWCNTs sensor demonstrated excellent performance in terms of 
detection range and sensitivity. Specifically, the sensor exhibited linear detection ranges of 0.5–30.0 
μM for Cd2+, Pb2+, Cu2+, and 0.5–20.0 μM for Hg2+ with a LOD of 0.05, 0.08, 0.02, and 0.05 nM for Cd2+, 
Pb2+, Cu2+, and Hg2+ respectively. Furthermore, the sensor's performance was in good agreement with 
conventional detection methods (ICP-MS or AFS) when tested with soybean and river water samples. 
Moreover, the sensor demonstrated outstanding selectivity, recovery, reproducibility, and stability. 
Although Fe3O4 possesses wide applications, its use hinders due to its aggregation issues due to high 
surface energy, leading to less catalytic activities. Hence, the composite with F-MWCNT leads to a 
synergetic effect in the detection limit of Fe2O3. MWCNT was intentionally fluorinated to raise the 
electro-conductivity of MWCNT. One possible explanation for the improved heavy metal detection 
performance of F-MWCNTs is the strong electronegativity of fluorine. This property is believed to 
impart negative charges to the F-MWCNTs, enhancing the adsorption of HMIs and ultimately 
resulting in better detection performance. 

The representative TEM images show the size of Fe3O4 nanoparticles around 5 nm, and Fe3O4 
nanoparticles were uniformly grown on the surface of MWCNTs or F-MWCNTs. The surface of F-
MWCNTs was rougher than that of MWCNTs, further indicating the successful fluorination of 
MWCNTs. However, the system has indicated superiority over other sensors, still lacks low detection 
limits, and is selective to particular HMIs. 

Bodkhe et al. [19] have reported Au-modified SWCNT incorporated in MOF-199 for the 
detection of Pb2+ ions. In this work, the solvothermal route was adopted for the synthesis of the 
composite. They observed a significant decrease in the surface area of MOF 199 (1374.98 m2/g) by 
modification by Au-SWCNT, i.e., 856.11 m2/g. The DPV method is used for the detection of Pb2+ ions. 
A calibration plot was generated for the electrochemical response of Au/SWNTs@MOF-199 to Pb2+ 
ions over a range of 0.1 mM–1 pM (R2 = 99.58), demonstrating the sensor's high sensitivity. 
Additionally, the sensor exhibited a low LOD of 25 pM and a rapid response time of just a few 
seconds. The proposed system shows the lowest possible detection limit compared to earlier reported 
work. However, scalability towards actual/real samples is missing in the manuscript. Also, the 
feasibility of proposed materials towards flexible substrates is missing in the manuscript. The DPV 
depicted in Figure 9 demonstrates the selective detection of Pb2+ ions amidst other metal ions. The 
DPV response indicated the presence of distinctive, well-defined, and separated reduction peaks 
located at approximately - 0.45 V and - 0.01 V, solely for Pb2+ ions.  The peak shift observed may be 
attributed to the buffer solution pH, resulting in a rapid stripping response of the electrode. 
Additionally, the formation of lead oxide during the accumulation stage with the sensing material 
(Au/SWNTs@ MOF-199) was concluded. Current peaks for other metal ions were not significant as 
Pb2+ ion peaks. This confirms that Au/SWNTs@ MOF-199 is selective only for Pb2+ ions.  
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Figure 9. a) Individual sensing response of metal ions, viz. Zn2+, Cr2+, Ni2+, Fe2+, Pb2+ and Hg2+ (inset); 
b) interference study of Zn2+. Reproduced from [19] with permission of Springer. 

Xu et al. [117]  have created a cost-effective, highly sensitive, and active electrochemical sensor, 
the Fe3O4/MWCNTs/LSG/CS/GCE, by functionalizing Fe3O4/MWCNTs/laser scribed graphene 
composites with chitosan-modified GCE. This sensor was designed to detect Cd2+ and Pb2+ 
simultaneously using SWASV. Through in situ plating of a bismuth film, they observed favorable 
electrochemical responses with a broad linear range between 1 and 200 μg/L and an ultralow LOD of 
0.1 and 0.07 μg/L for Cd2+ and Pb2+, respectively. The sensor demonstrated excellent reproducibility, 
repeatability, stability, and practical applicability, making it highly reliable. 

A reliable and sensitive anodic stripping voltammetry (ASV) technique was reported by Le et 
al.  [118], utilizing a series of MWCNTs modified with antimony oxide (Sb2O3/MWCNTs) paste 
electrode. This technique was successfully utilized for the simultaneous electrochemical detection of 
Cd2+ and Pb2+ ions. Initially, a paste electrode was prepared using a composite of MWCNTs. The 
MWCNTs bulk electrode was subsequently modified using different concentrations (1%, 3%, and 4% 
wt. % ) of Sb2O3, thereby enhancing the detection capability of cadmium ions (Cd2+) and lead ions 
(Pb2+). The 3 wt.% Sb2O3/MWCNTs electrode displayed outstanding analytical detection capabilities 
for Cd2+ and Pb2+ using the linear sweep anodic stripping voltammetry (LSASV) technique. The 
current response exhibited proper linear curves in relation to the concentration of Cd2+ (80–150 ppb) 
and Pb2+ (5–35 ppb). Interestingly, the analytical sensitivity of the Cd2+ and Pb2+ was 1.93 and 2.69 
μA⋅L⋅μg–1, respectively, higher than 1.5 and 1.3 times the individual ion's sensitivity. 

Mariyappan et al. [119] developed a Sr-doped FeNi-S nanoparticle by a simple one-step 
pyrolysis process and successfully integrated it with SWCNTs (Sr@FeNi-S/SWCNTs) using an 
ultrasonication method. Electrochemical impedance analysis of the Sr@FeNi-S/SWCNTs electrode 
shows favorable kinetic charges for transport compared to those of Sr@FeNi-S and SWCNTs. A glassy 
carbon electrode modified with Sr@FeNi-S/SWCNTs was constructed and used for the selective and 
sensitive electrochemical determination of trace amounts of mercury (Hg(II)) using DPV. The results 
showed a wide linear range (0.05−279 μM), with low LOD of 0.52 nM of Hg(II) and a sensitivity of 
1.84 μA·μM−1·cm−2. 

Katowah et al. [120] have fabricated a unique network core-shell structure based on 
poly(Pyrrole-co-O-Toluidine) (PPCOT) - NiFe2O4 (NF) nanoparticles (NPs). It was decorated with 
cross-linked SWCNTs (C-SWCNTs). This nanocomposite was used for the detection of Fe3+ ions. The 
improved properties were attributed to the 3D structure of C-SWCNTs, which offers a large specific 
surface area that improves the electrical conductivity of the ternary PPCOT/NF/C-SWCNT 
nanocomposite. The fabricated sensor exhibited good sensitivity and a lower LOD of 11.02 mA·mM-

1·cm-2 and 97.08 ± 4.85 pM, respectively. They exhibited excellent linearity for concentrations ranging 
from 0.1 nM to 0.01 mM with excellent reproducibility and response time.   

A research team by Yıldız et al. [121] has recently published a study detailing their development 
and use of an electrochemical sensor utilizing a pencil graphite electrode (PGE) that has been coated 
with a combination of MWCNT and nano-sized sodium montmorillonite (NNaM). The team also 
collected bismuth nanoparticles (BiNP) on the electrode surface during the analyte deposition process 
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to enhance the sensor's capabilities, leading to improved electrochemical analysis. The heavy metal 
cations, zinc (II), cadmium (II), lead (II), and copper (II) were qualified at the potentials of about −1.0, 
−0.70, −0.47, and 0.00 V, respectively, and they quantified within the linear concentration ranges of 
2.36–40.0; 40.0–180.0 µM, 0.32–2.0; 2.0–240.0 µM, 0.03–5.0; 5.0–80.0 µM and 0.52–10.0; 10.0–40.0 µM, 
respectively. The results of the electrochemical quantification reveal that the newly developed 
electrode is a cost-effective solution with a highly conductive surface area. The electrode can produce 
a significantly higher SWAS signal, making it a more efficient tool for electrochemical analysis than 
an unmodified PGE. Repeatability and reproducibility for BiNP/MWCNT-NNaM/PGE electrodes 
were found to be RSD < 9.5 % and RSD < 8.0 %, respectively. The interference effects of the cations 
Mn2+, Al3+, Ni2+, Sb3+ Co2+, Fe3+, Cr3+, Ca2+, Mg2+ and Na3PO4 at concentrations ten-fold lower than the 
analytes are tolerable (<4.5 %). Detection limits as low as 0.707 µM, 0.097 µM, 0.008 µM, and 0.157 
µM were observed for Zn (II), Cd (II), Pb (II), and Cu (II), respectively.  

A recent study (Zhao et al. 2023 [91]) introduces a novel sensing platform, Co@NC/MWCNT, for 
the simultaneous monitoring of Cd2+ and Pb2+. This platform is based on ZIF-67-derived 
cobalt/nitrogen-doped carbon (NC) composite polyhedrons linked with MWCNTs. The MWCNTs 
are first grown in situ with nanoporous ZIF-67, followed by carbonization to endow the composite 
with good electrical conductivity and a large specific surface area. This provides more active sites for 
subsequent metal ion attachment. The proposed sensing platform showed a relatively more 
comprehensive linear range of 0.12–2.5 μM, with lower LOD of 4.5 nM (Cd2+) and 4.9 nM (Pb2+) under 
optimal parameters. 

Yu et al.  [122] have developed a simple and efficient method for synthesizing a nanocomposite 
comprising carbon nanotubes (CNTs)  and MOFs, and demonstrated its utility in constructing an 
electrochemical sensor for the detection of Cd2+ in aqueous solutions. The sensing surface of the 
sensor was created by casting a drop of the CNTs-MOFs nanocomposite onto the electrode, which 
was then dried at room temperature before being immersed in a Cd2+-containing acetate buffer 
solution for electrochemical measurements. The electrochemical characterizations validated the good 
conductivity and excellent Cd2+-responsive properties of CNTs-MOFs. As expected, the analytical 
performance for Cd2+ determination was satisfactory, with a broad linear detection range of 0.3 μM-
150 μM, a LOD of 0.2 μM, and good selectivity.  

A recent study (Tan et al.  [123]) reports the synthesis of a novel hybrid material, NH2-UiO-
66@ZIF-8 (NU66@Z8), by integrating amino functionalized zirconium-based metal–organic 
framework (NH2-UiO-66) and zinc-based zeolitic imidazolate framework (ZIF-8). This core-shell 
architecture hybrid material was combined with carboxylated multi-walled carbon nanotubes 
(CMWCNT) to fabricate an electrochemical platform for detecting Pb2+ and Cu2+. The platform was 
created by depositing the NU66@Z8-CMWCNT composite onto a GCE.  The sensor developed under 
optimal conditions demonstrated exceptional sensing capability, with a low LOD (1 nM for Pb2+ and 
10 nM for Cu2+) and a broad determination range (0.003–70 μM for Pb2+ and 0.03–50 μM for Cu2+). The 
sensor also exhibited high selectivity towards common interfering ions and good repeatability. The 
real sample recoveries of the proposed sensor were in the range of 95.0–103% for Pb2+ (RSD ≤ 5.3%) 
and 94.2–106% for Cu2+ (RSD ≤ 5.9%), suggesting that the NU66@Z8/CMWCNT is suitable for 
examining trace heavy metals in the natural environment.  

4.4. Graphene, Graphene Oxide and Reduced Graphene Oxide-Based Nanocomposites 

Graphene has emerged as a promising material for detecting heavy metal ions due to its unique 
structural and chemical properties. Some of the advantages of using graphene for HMIs detection 
include: 
• High sensitivity: Graphene has an exceptionally high surface area-to-volume ratio, allowing for 

efficient HMIs adsorption. This results in highly sensitive detection with low detection limits. 
• Selectivity: The surface chemistry of graphene can be modified to selectively capture specific 

HMIs, enabling the detection of individual or multiple metal ions in complex samples. 
• Rapid response time: Graphene-based sensors have a fast response time due to graphene's 

efficient electron transfer properties. This allows for real-time detection of HMIs. 
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• Stability: Graphene is highly stable and can withstand harsh chemical and physical conditions, 
making it suitable for use in various environmental and industrial settings. 

• Low cost: Graphene-based sensors are relatively inexpensive to produce compared to traditional 
HMIs detection methods, making them a cost-effective alternative. 

Overall, graphene's unique properties make it an attractive material for HMIs detection with 
potential applications in environmental monitoring, food safety, and industrial processes. Therefore, 
graphene/graphene oxide and reduced graphene oxide nanocomposites have been explored by 
various researchers to detect HMIs [125-139].   

Cheng et al. [128] have reported the synthesis of reduced graphene oxide (rGO) and silver 
nanoparticle (AgNPs) nanocomposites for the detection of HMIs. The hydrothermal reduction 
method has been used for preparation of the rGO/Ag NPs composites in this work. The synthesized 
rGO/AgNPs composites were labelled as FxG where x was the volume of added AgNO3 solution 
(2 mL, 4 mL, 6 mL, 8 mL, respectively) accordingly four different combinations viz. F2G, F4G, F6G, 
and F8G have been investigated. The schematic graphic of the synthesis of AgNPs and rGO/AgNPs 
composite is shown in Figure 10. The authors reported extremely low LOD below 0.1 pM, however, 
the lowest concentration of heavy metals examined was only 1 nM. 

 

Figure 10. The scheme of the formation of Ag NPs and rGO/AgNPs composites. Reproduced from  
[128] with permission of Elsevier. 

4.5. Graphitic Carbon Nitride (g-C3N4) - Based Nanocomposites  

Graphitic carbon nitride (g-C3N4) has several advantages for the detection of HMIs: 
• High sensitivity: g-C3N4 has a high surface area and strong adsorption ability, allowing it to 

capture and detect trace amounts of HMIs in the solution. 
• Selectivity: g-C3N4 has a high selectivity towards HMIs due to its surface's unique electronic and 

chemical properties. This means it can distinguish between HMIs and detect only the specific 
metal ion(s) of interest. 

• Low cost: g-C3N4 is a relatively low-cost material, making it an attractive option for practical 
applications. 

• Stability: g-C3N4 is stable under a wide range of conditions, including high temperatures and 
harsh chemical environments, making it suitable for real-world applications. 

• Environmental friendliness: Unlike many other HMIs detection methods, g-C3N4 does not rely 
on toxic reagents or generate harmful waste products, making it an environmentally friendly 
option. 

These advantages make g-C3N4 a promising material for detecting HMIs in various settings, 
from industrial wastewater treatment to environmental monitoring. While graphitic carbon nitride 
(g-C3N4) has several advantages for sensor applications, there are also some challenges that 
researchers have to face: 
• Poor conductivity: g-C3N4 is an insulating material, which means it has poor electrical 

conductivity. This limits its usefulness in specific sensor applications that require high 
conductivity. 
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• Limited response time: g-C3N4 sensors can have a relatively slow response time compared to 
other sensing materials, which may limit their use in specific applications that require fast 
response times. 

• Limited stability: While g-C3N4 is generally stable under a wide range of conditions, it can be 
prone to degradation over time, particularly under certain environmental conditions. This can 
impact the sensor's performance and longevity. 

• Lack of standardization: There is currently a lack of standardized protocols for synthesizing and 
characterizing g-C3N4, making comparing results between different studies difficult. 

• Sensitivity to environmental conditions: g-C3N4 sensors can be sensitive to changes in 
environmental conditions, such as temperature and humidity, affecting their performance. 

To address these challenges, researchers have explored the advantageous aspects of g-C3N4 by 
having nanocomposite with other materials for the detection of HMIs [140-149]. 

Zheng et al. [140] reported disposable electrochemical sensors fabricated onto photo paper using 
screen printing techniques. Bismuth-modified graphitic carbon nitride (Bi/g-C3N4) was used for the 
electrochemical detection of Pb(II) and Cd(II). The Bi/g-C3N4 composite was characterized by 
structural, spectroscopic, morphological, and electrochemical techniques. 

The electrode based on Bi/g-C3N4 composite was investigated for detecting Cd(II) in the 
concentration range from 30 µg/L to 120 μg/L with a LOD of 17.5 μg/L. Similarly, the electrode based 
on Bi/g-C3N4 composite was investigated for the detection of Pb (II) in the concentration range of 30 
to 110 μg/L. The authors have used a novel composite for determining HMIs using electrochemical 
modality. The LOD was below the maximum concentration level suggested by USEPA. The sensor 
exhibited excellent sensitivity with the capability of doing real sample analysis. However, the sensor's 
repeatability, reproducibility, and stability aspects have been discussed.    

Eswaran et al. [148] have developed a simple, cost-effective, and efficient method for fabricating 
a nano-engineered poly(melamine)/graphitic-carbon nitride nano-network (PM/g-C3N4) modified 
screen-printed carbon electrode (SPE) for the simultaneous electrochemical monitoring of toxic HMIs 
in environmental water. The team used a single-step in-situ electrochemical polymerization 
deposition technique to deposit g-C3N4 and melamine monomer on pre-anodized SPE (ASPE) 
through cyclic voltammetry. The resulting modified electrode showed high sensitivity and selectivity 
toward HMIs detection. The performance of the PM/g-C3N4/ASPE sensor was investigated by DPV 
for the detection of  Pb2+ and Cd2+ ions. The PM/g-C3N4/ASPE sensor exhibited stable, repeatable, 
anti-interference behavior with the capability of detecting Pb2+ and Cd2+ ions in natural water 
samples.  

 The DPV response of PM/g-C3N4 for the detection of Cd2+ and Pb2+ is shown in Figure 11 (a) and 
(b), respectively. The sensor exhibited excellent linear response in the concentrations range from 0.1 
to 1.0 μM, and the LOD for Pb2+ and Cd2+ was 0.008 μM and 0.02 μM, respectively. The performance 
of this sensor was also investigated for actual water samples, which is an advantageous aspect of this 
article. However, the repeatability and reproducibility aspects of the sensors have not been discussed.  

 

Figure 11. The DPV response of the ASPE-PM/g-C3N4 composite-modified electrode of (a) Pb2+ and 
(b) Cd2+ over a concentration range of 0.1–1.0 μM. Reproduced from [148] with permission of Elsevier. 
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Hexavalent chromium (Chromium (VI) (Cr6+)) is a toxic element that is most threatening the 
human cycle as well as the environment. Karthika et al. [144] have reported a novel electrochemical 
sensor for the detection of this highly toxic element, chromium (VI), in actual samples. A graphene 
carbon nitride-doped silver molybdate immobilized Nafion (g-C3N4/AgM/Nf) modified glassy 
carbon electrode (GCE) was developed using a straightforward sonochemical approach for the 
sensor's construction. The sensor showed excellent selectivity and sensitivity towards the detection 
of chromium (VI) with a LOD of 1.6 nM and sensitivity of 65.8 μA·μM−1·cm−2. The sensor also 
demonstrated good stability and reproducibility with a linear range of 0.1 to 0.7 µM. The proposed 
sensor can be used as a reliable and effective tool for the detection of chromium (VI) in environmental 
and industrial samples. The stepwise fabrication of the g-C3N4/AgM/Nf modified glassy carbon 
electrode for the Cr6+ sensor is shown in Figure 12. 

The SEM image of AgM confirms the formation of AgM nanorods with an average size of 100 
nm.  A sheet-like structure having a normal size of 100 nm is confirmed for g-C3N4. The adsorption 
of g-C3N4 onto the surface of AGM by electrostatic communication is confirmed by nanorod-shaped 
structures. The presence of an element viz. O, Mo, C, N, and Ag without any other significant 
impurities are confirmed by the EDAX spectrum of (g-C3N4/AgM). The sensing response for g-
C3N4AgM/Nf modified GC electrode exhibited a linear response for a range of concentrations of Cr6+ 

(10 to 100 µM).       

 

Figure 12. The scheme of the stepwise fabrication of g-C3N4/AgM/Nf modified glassy carbon electrode 
for Cr6+ sensor. Reproduced from [144] with permission of Elsevier. 

4.6. Metal Oxide-Based Nanocomposite   

Metal oxide-based nanocomposites have emerged as a promising solution for detecting HMIs 
due to their properties to achieve high sensitivity and selectivity of the sensor. These nanocomposites 
typically comprise a metal oxide nanoparticle and a functional organic or inorganic material. The 
metal oxide nanoparticles serve as the sensing element, and the functional material enhances the 
selectivity and sensitivity of the nanocomposite. 

 Several metal oxide nanoparticles, such as zinc oxide, titanium dioxide, and iron oxide, have 
been incorporated into nanocomposites for HMIs detection. Additionally, various functional 
materials, such as graphene, carbon nanotubes, and molecularly imprinted polymers, have been used 
to enhance the selectivity and sensitivity of the nanocomposites. 
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Metal oxide-based nanocomposites offer several advantages for HMIs detection, including high 
sensitivity, selectivity, and stability. Moreover, they can be easily integrated into portable devices for 
the on-site detection of HMIs in environmental samples.   

While metal oxide-based nanocomposites offer great potential for detecting HMIs, there are 
several challenges that researchers will face in their development and use. Some of the key challenges 
include: 
• Sensitivity and selectivity optimization: Metal oxide-based nanocomposites require their 

sensitivity and selectivity optimization for detecting specific HMIs in complex samples. This 
requires the development of new functional materials and improved sensing mechanisms. 

• Interference from other ions: HMIs detection in complex samples can be complicated by 
interference from other ions, resulting in false positives or negatives. Researchers will need to 
develop methods to eliminate or reduce these interferences. 

• Stability and reproducibility: The stability and reproducibility of metal oxide-based 
nanocomposites can be affected by environmental factors, such as pH and temperature, 
impacting their sensing performance. Researchers will need to develop strategies to enhance the 
stability and reproducibility of these nanocomposites. 

•  Environmental impact: The potential environmental impact of metal oxide-based 
nanocomposites, including their potential release into the environment, is an important 
consideration that requires careful evaluation. 

Therefore, to address these challenges, researchers have explored various nanostructured 
materials to form nanocomposites with metal oxide for HMIs detection and for the development of 
practical applications of these nanocomposites [106, 124, 150-166]. 
 A new electrochemical sensing interface utilizing a composite of CeO2 nanomaterials supported on 
expanded graphite as the sensitive material was reported by Huang et al. [153]. They have 
synthesized CeO2 nanomaterials through a hydrothermal method. Three kinds of CeO2 
nanostructures have been proposed in the present investigation, and their morphologies are tuned 
from nanorods (r-CeO2) and nanocubes (c-CeO2) to nanopolyhedras (p-CeO2). Moreover, expanded 
graphite (EG) has been selected as a support to load these CeO2 nanomaterials. It has been claimed 
that the interface using nanorod-shape CeO2 nanomaterials supported on expanded graphite exhibits 
superior electrochemical activity, namely remarkable signal enhancement for monitoring Cd2+ and 
Pb2 ions. The CeO2 nanorods (r-CeO2) exhibited excellent electrochemical sensing performance due 
to the high surface area and the low charge transfer resistance. Simultaneous determination of Cd2+ 
and Pb2+ ions was also performed on r-CeO2/EG/GCE. The DPV responses for different concentrations 
of Cd2+ and Pb2+ ions are shown in Figure 13. The sensor based on the r-CeO2/EG/GCE composite 
showed detection limits of 0.39 and 0.21 µg/L for Cd2+ and Pb2+ ions, respectively, with good 
repeatability and reproducibility. However, the stability of the sensor has not been investigated.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 24 

 

 

Figure 13. (A) DPVs of Cd2+ and Pb2+ with different concentrations; Calibration curve for the detection 
of Cd2+ (B) and Pb2+ (C). The pulse amplitude, pulse width, and scan rate are 50 mV, 40 ms, and 40 mV 
s-1, respectively. Reproduced from [153] with permission of Elsevier. 

Singh et al. [163] have reported selective and sensitive electrochemical detection of Pb (II) and 
Cu (II) ions by using Cerium oxide-catalyzed chemical vapour deposition-grown carbon nanofibers. 
Acetylene and cerium oxide was used for growing the Ce-CNFs. As synthesized, Ce-CNFs were 
multi-parametrically tested for their structural, functional, morphological, and surface area 
information via X-Ray diffraction (XRD), Raman, SEM, and Brunauer-Emmett-Telle (BET) 
respectively. Electrochemical studies of bare GCE and CeCNFs/GCE electrodes were done in 0.1 M 
ABS using CV and DPV methods at optimal experimental conditions. A schematic representation of 
the steps involved in making a Ce-CNFs-based electrochemical sensor for real-time detection of Pb 
(II) and Cu (II) is shown in Figure 14. 
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Figure 14. Schematic representation of steps involved in making Ce-CNFs based electrochemical 
sensor for real-time detection of Pb (II) and Cu (II). Reproduced from [163] with permission of 
Elsevier. 

The cyclic voltammetry (CV) response of Ce-CNFs with Cu (II) metal/ions from the 
concentration of 0.3 ppb to 10 ppb exhibited significant reproducibility and linearity. It showed 
excellent linearity from 0.9 ppb to 2.1 ppb of Cu (II) metal/ions.   Moreover, DPV analysis was also 
carried out from -0.7 to 0.0 V using optimized parameters. The LOD of Cu (II) was determined at 
0.6 ppb. 

Wang et al. [164] have reported Fe3O4@PDA@MnO2 core-shell nanocomposites for 
electrochemical detection of Pb (II) ion. In this investigation, Fe3O4@PDA@MnO2 core-shell magnetic 
nanocomposites were synthesized for the first time by the solvothermal method. Synthesized 
material was multi-parametrically tested for its structural, functional, magnetic, and morphological 
properties by XPS, FTIR, VSM, and TEM, respectively. A dense polydopamine (PDA) coating was 
formed on the surface of Fe3O4 to ensure high stability in acidic conditions. Redox activity between 
PDA and KMnO4 is due to the introduction of a high adsorption capacity MnO2 shell into the PDA 
surface.  MnO2 shell with a high adsorption capacity of HMIs was successfully prepared on the Fe3O4 
surface via dopamine and used to detect Pb (II). Further, Fe3O4@ PDA@MnO2 core-shell magnetic NPs 
were synthesized to improve sensitivity and selectivity. Figure 15 shows a scheme of the fabrication 
of Fe3O4@PDA@MnO2 core-shell magnetic NPs (A) and the capture, isolation, and detection of the 
target Pb(II) in the sample solution (B). 

DPV technique was used to detect the target analyte. The fabricated sensor linearly detects Pb 
(II) in the range of 0.1–150 μg/L with a LOD of 0.03 μg/ L at optimized electrochemical and chemical 
conditions such as pH, nanocomposite concentration, supporting electrolytes and preconcentration 
time. This method showed excellent repeatability with a relative standard deviation (RSD) value of 
2.52 % and good stability for up to 4 weeks for 20 μg/L Pb (II). The sensor based on Fe3O4@PDA@ 
MnO2/mGCE can be used to directly monitor trace Pb (II) levels in natural water. 
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Figure 15. The scheme of the fabrication of Fe3O4@PDA@MnO2 core-shell magnetic NPs (A) and the 
capture, isolation, and detection of the target Pb(II) in the sample solution (B). Reproduced from [164] 
with permission of Elsevier. 

Padmalaya et al. [167] have reported a disposable modified screen-printed electrode using egg 
white/ZnO rice structured composite as a practical tool electrochemical sensor. A simple wet 
chemical technique was used to synthesize ZnO nanoparticles and chitosan/ZnO nanocomposite 
(NCPs). Synthesized NCPs were characterized using XRD and Fe-SEM for their structural and 
morphological parameters. A comparative electrochemical analysis was carried out using the cyclic 
voltammetry. The performance of the developed electrochemical sensor was investigated by 
employing DPV at various concentrations of formaldehyde. Although not a HMIs, we have included 
formaldehyde in this review because of its toxic nature, and it can also be detected by electrochemical 
technique. The voltammogram was recorded by scanning the potential anodically in the range of 0 
V–1.5 V (vs. Ag/AgCl), as shown in Figure 16(a).  Figure 16(b) shows the sensor's calibration plot. 
The sensor exhibited linear aldehyde detection in the detection range of 1 µM to 5 µM with a 
sensitivity of 770.68 mM/μA and a LOD of 6.2 nM. The sensor proposed in this study demonstrated 
its potential for real-time analysis, as it could detect formaldehyde concentrations in urine samples 
using cyclic voltammetry. The reported sensor based on Egg white albumin/ZnO rice/SPCE shows 
highly selective behavior, with stability over several days, inexpensive, disposable, and simple to 
manufacture and operate. However, stability was not very significant, and it exhibited poor linearity 
at higher concentrations. 
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Figure 16. (a) DPV response of Egg albumin/ZnO rice structure/SPCE and (b) calibration plot for 
various formaldehyde concentrations. Reproduced from [167] with permission of Elsevier. 

4.7. Chitosan-Based Nanocomposite   

Chitosan-based nanocomposites have shown promise in detecting HMIs in water. These 
nanocomposites consist of chitosan and metal oxide nanoparticles, which can interact with HMIs 
through chelation. This interaction causes changes in the optical or electrical properties of the 
nanocomposite, which can be detected and measured. The use of chitosan (CH) as a base material for 
these nanocomposites provides several advantages, including biocompatibility, biodegradability, 
and ease of modification. Overall, chitosan-based nanocomposites have the potential to be an 
effective and affordable solution for detecting HMIs in water. 

While chitosan-based nanocomposites offer promising potential for detecting HMIs, researchers 
may face several challenges in their development and application. Some of these challenges include: 

•  Sensitivity: Achieving a high level of sensitivity to detect trace amounts of HMIs in water, 
especially in complex or contaminated samples. 

• Stability: Ensuring the nanocomposites remain stable and do not degrade or lose their 
effectiveness over time or under different environmental conditions. 

• Interference: Dealing with potential interference from other substances in the water, such as 
organic matter, can affect detection accuracy. 

• Reproducibility: Ensuring the detection results are consistent and reproducible over time and 
across different samples. 

Therefore, to address these challenges, researchers are exploring different combinations of 
materials to form nanocomposites with chitosan, which has been proved as an excellent platform for 
detecting HMIs [105, 136, 138, 168-171].   

Wang et al. [138] have reported the development of an electrochemical aptasensor for the 
sensitive detection of Pb2+ using a composite material consisting of chitosan, rGO, and titanium 
dioxide (TiO2). The aptasensor was fabricated by immobilizing a specific aptamer for Pb2+ onto the 
composite material and measuring the changes in current upon binding of Pb2+ to the aptamer. The 
aptasensor showed high sensitivity and selectivity towards Pb2+ with a LOD of 0.33 ng/L, which is 
much lower than the maximum allowable limit set by the USEPA for Pb2+ in drinking water. The 
aptasensor was also tested on actual water samples and showed good accuracy and precision. The 
authors conclude that the developed aptasensor has excellent potential for practical applications in 
the detection of Pb2+ in environmental and biological samples. They have reported a composite 
containing chitosan, graphene, and titanium dioxide (CS/RGO/TiO2) for the detection of Pb2+ ions. 
The reported CV and EIS results confirmed that the CS/rGO/TiO2 could improve the electrochemical 
performance of the electrode and provide a better electrochemical sensing interface. The author 
reported the development of a novel and sensitive aptasensor for detecting Pb2+ using CS/rGO/TiO2. 
The modified electrode surface was assembled with the complementary strand of the aptamer, which 
hybridizes with the Pb2+ aptamer to form a DNA double-strand structure. The optimization of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 28 

 

experimental parameters, such as the reaction time and the pH of the electrolyte, was performed by 
DPV. 

Moreover, the electrochemical aptasensor was also used to determine the concentration of Pb2+ 
ions in actual samples with acceptable results. The optimized electrochemical biosensor exhibited a 
wide range of Pb2+ detection (1 ng/L to 1 µg/L) with a significantly low LOD of 0.33 ng/L, which is 
well below the maximum concentration level suggested by the USEPA and WHO. The DPV 
responses of the sensor for different concentrations of Pb2+is shown in Figure 17 (A) and the 

calibration curve is shown in Figure 17 (B).  The aptasensor exhibited excellent repeatability, 
specificity, and stability. Moreover, its performance was evaluated for detecting Pb2+ in food samples, 
and the results were comparable to those obtained from the ICP-MS method, demonstrating its 
potential for monitoring Pb2+ levels in food samples. 

 

Figure 17. (A) DPV responses of different concentrations of Pb2+. The concentration of Pb2+ (g/L): (a) 0; 
(b) 10-9; (c) 10-8; (d) 5 × 10-7; (e) 10-7; (f) 5 × 10-6; (g) 10-6, (B) Calibration curve of Pb2+. Reproduced from 

[138] with permission of Elsevier. 

This article reported a novel electrochemical aptasensor for Pb2+ detection based on the specific 
binding of the apt towards the Pb2+ and CS/rGO/TiO2 composite material. This aptasensor offers the 
advantages of both rGO and CS properties. rGO provides high surface area and excellent 
electrocatalysis, which improves electrochemical sensitivity, while CS offers excellent chemical 
stability, good biocompatibility, and film-forming abilities. 

Guo et al. [136] developed a nanocomposite-modified GCE using rGO/MoS2/CS for detecting 
Pb2+ in tobacco leaves. The rGO was incorporated to enhance conductivity, while the nano-flowered 
MoS2 provided a large specific surface area and active sites for heavy metal reactions. The CS was 
added to improve heavy metal enrichment and increase the electrocatalytic activity of the electrode. 
The sensor exhibited excellent performance in terms of reproducibility, stability, and anti-interference 
ability. The stripping behavior of Pb(II) was studied using square wave anodic stripping voltammetry 
(SWASV), and the sensor's application conditions were optimized. A schematic diagram of the sensor 
based on GCE modified with rGO/MoS2/CS and the electrochemical analysis process for Pb(II) are 
presented in Figure 18. This work used the electrode modified by GO/MoS2, rGO/MoS2, and 
rGO/MoS2/CS nanocomposites to determine Pb(II) in an aqueous solution, and the catalytic 
performance of these electrode-modified materials was evaluated in detail. Among them, the 
rGO/MoS2/CS nanocomposites had the best electrocatalytic performance and sensitivity for Pb(II) 
detection. SWASV response of rGO/MoS2/CS/GCE for Pb(II) in the tobacco sample was a in the Pb(II) 
concentration range from 0.005 to 2.0 µM. The LOD of the rGO/MoS2/ CS/GCE-based sensor was 1.6 
nM. Moreover, the author used a sensor to determine tobacco leaves' Pb(II) content. This work 
provided a new approach to the determination of Pb(II) in actual tobacco leaf samples, and ICP-MS 
also verified the results. The LOD was below the maximum concentration level suggested by USEPA 
and WHO. The operating experimental conditions of the electrode were optimized, such as pH, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 29 

 

deposition potential, and deposition time. The interference study shows that the rGO/MoS2/CS 
nanocomposite is highly selective towards the lead ions. Moreover, the sensor based on 
rGO/MoS2/CS/GCE exhibited excellent performance in terms of reproducibility, stability, and anti-
interference ability. 

 

Figure 18. Schematic diagram of the constructed sensor based on GCE modified with rGO/MoS2/CS 
and electrochemical analysis process for Pb(II). SWASV is the abbreviation of Square wave anodic 
stripping voltammetry [136]. 

4.8. Mxene-Based Nanocomposite  

Mxene-based nanocomposites have emerged as a promising platform for detecting HMIs due to 
their high surface area, conductivity, and facile surface modification. These nanocomposites typically 
comprise mxene, a two-dimensional transition metal carbide or nitride, and various other materials, 
including metal oxides, metal sulfides, and carbon-based materials. The resulting nanocomposites 
exhibit enhanced sensing properties, such as increased sensitivity, selectivity, and stability, making 
them attractive candidates for environmental monitoring and biomedical applications. Various 
detection methods, including electrochemical, optical, and colorimetric, have been employed to 
detect HMIs using mxene-based nanocomposites. Overall, mxene-based nanocomposites hold great 
potential for the development of effective and efficient sensors for HMIs detection. 

While mxenes have shown great promise for HMIs detection, their use still has limitations. The 
stability of mxene materials is an important factor that can impact their performance and suitability 
for various applications. Mxenes are two-dimensional transition metal carbides, nitrides, or 
carbonitrides, typically synthesized by selective etching of the A element (such as aluminium or 
silicon) from MAX phases (such as Ti3AlC2). 

Mxenes have a high surface area, which makes them susceptible to oxidation and degradation 
in specific environments. Exposure to moisture or air can lead to the formation of oxide layers on the 
surface of mxenes, which can affect their electronic and mechanical properties. In addition, the 
presence of impurities or defects can also impact the stability of mxenes. 

Researchers have explored various strategies to address these stability issues, such as surface 
functionalization, doping with other elements, and encapsulation in protective matrices. For 
example, surface functionalization of mxenes with hydrophobic or hydrophilic groups can improve 
their stability in different environments. Doping with other elements, such as nitrogen or boron, can 
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also enhance the stability of mxenes and improve their electrochemical performance. Encapsulation 
of mxenes in protective matrices, such as graphene or polymers, can also prevent their degradation 
and improve their stability. 

Overall, while the stability of mxenes can be a challenge, various researchers have developed 
and adopted various strategies by synthesizing mxenes-based nanocomposite to address these issues 
and improve their performance for the detection of HMIs [172-183].  

He et al. reported preparing and applying a bismuth/mxene nano-composite as an 
electrochemical sensor for detecting HMIs [172]. This article focuses on the development of a new 
type of electrochemical sensor for detecting HMIs. The authors synthesized a bismuth/multilayered 
mxene (Bi/mxene) composite through a simple and efficient method and investigated its performance 
as an electrochemical sensor for the detection of HMIs in water. A nano-form composite of mxenes 
(Ti3C2Tx, Tx = -O, -OH, -F) was synthesized by depositing bismuth-nanoparticle (BiNPs) onto Ti3C2Tx 
sheets. 

The results of the study showed that the BiNPs/Ti3C2Tx nano-composite exhibited excellent 
electrochemical activity and high sensitivity towards HMIs such as Pb2+, Cd2+, and Hg2+. The 
electrochemical sensor based on BiNPs/Ti3C2Tx nano-composite also demonstrated good selectivity, 
stability, and reproducibility. The paper provides a detailed description of the synthesis and 
characterization of the BiNPs/Ti3C2Tx nano-composite and the fabrication and testing of the 
electrochemical sensor. The authors also discussed the potential applications of the Bi/mxene 
composite-based sensor in environmental monitoring and water quality analysis. 
The performance of the sensor-based BiNPs@Ti3C2Tx/GCE composite was investigated. Figure 19 (A) 
represents SWASV curves of Pb2+ at 0, 0.06, 0.08, 0.2, 0.4, and 0.6 μM in the presence of 0.4 μM Cd2+ 
and the corresponding linear calibration plot against Pb2+ is shown in the inset. Similarly, Figure 19(B) 
represents SWASV curves of Cd2+ at 0, 0.08, 0.1, 0.2, 0.4, and 0.6 μM in the presence of 0.2 μM Pb2+ at 
BiNPs@Ti3C2Tx/GCE, and the corresponding linear calibration plot against Cd2+ is shown in the inset. 
This research paper presents a promising approach for developing highly sensitive and selective 
electrochemical sensors for detecting HMIs. The sensor based on BiNPs@Ti3C2Tx/GCE has the 
capability to simultaneously detect Pb2+ and Cd2+ with high sensitivity and good exactness. Utilizing 
BiNPs@Ti3C2Tx nano-composite, the sensor can be an excellent electrode-modification material for 
rapidly and straightforwardly determining UMIs in environment.  

. 

Figure 19. (A) SWASV curves of Pb2+ at 0, 0.06, 0.08, 0.2, 0.4, and 0.6 μM in the presence of 0.4 μM Cd2+ at 
BiNPs@Ti3C2Tx/GCE and the corresponding linear calibration plots against Pb2+. (B) SWASV curves of Cd2+ at 0, 
0.08, 0.1, 0.2, 0.4, and 0.6 μM in the presence of 0.2 μM Pb2+ at BiNPs@Ti3C2Tx/GCE and the corresponding linear 
calibration plots against Cd2+[172]. 

4.9. Metal Nanoparticle and Other Material-Based Nanocomposites   

Metal nanoparticles and other material-based nanocomposites have been extensively studied as 
potential materials for the detection of HMIs. Metal nanoparticles, such as gold, silver, and copper, 
have unique optical and electronic properties that make them suitable for sensing applications. They 
can be easily functionalized with specific ligands that bind selectively to target HMIs. Other 
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materials, such as graphene, carbon nanotubes, and MOFs, have also been investigated for their 
potential in HMIs detection. 

The nanocomposites of nanoparticles and other materials, have also been studied for their 
sensing capabilities. Compared to individual nanoparticles or other materials alone, these composites 
can provide improved sensitivity and selectivity for HMIs detection. 

Overall, metal nanoparticles and other material-based nanocomposites show promise to develop 
efficient and reliable sensing platforms for HMIs.  

Researchers studying metal nanoparticles and other material-based nanocomposites for HMIs 
detection may face several challenges during their research. Some of these challenges include: 

• Synthesis of metal nanoparticles and other nanocomposites with controlled properties can be 
challenging. Researchers must carefully control the nanoparticles' size, shape, and surface 
chemistry to ensure optimal sensing performance. 

• Sensitivity and selectivity: Developing high-sensitivity and selectivity sensors for detecting 
HMIs can be challenging. Researchers must design nanocomposites that selectively bind to 
target ions while avoiding interference from other species. 

• Stability: The stability of metal nanoparticles and other nanocomposites is important for sensing 
applications. Researchers must ensure the nanocomposites are stable over time and under 
different environmental conditions to maintain their sensing performance. 

• Reproducibility: The reproducibility of sensing results is crucial for practical applications. 
Researchers need to ensure that the sensing performance of nanocomposites is consistent across 
different batches and under different conditions. 

Therefore, to address these challenges, various possibilities of synthesizing nanocomposite 
based on metal nanoparticles and other materials have been explored by researchers for the detection 
of HMIs [184-203].   

Naseri et al. [184] reported the development of a robust electrochemical sensor based on a 
butterfly-shaped silver nanostructure (AgNS/SPCE)  for the concurrent quantification of heavy 
metals in water samples. The sensor is designed to detect four heavy metals, lead, cadmium, mercury, 
and copper, commonly found in water samples and can cause severe health hazards. The butterfly-
shaped silver nanostructure provides a large surface area for enhanced sensing performance, while 
its robustness ensures stability and reproducibility of the sensor's response. In this work, silver 
nanostructure (AgNS) was electrodeposited on SPCE by applying cyclic voltammetry via sweeping 
potential between 0 and 1.2 V. The authors also investigated the electrochemical behavior of SPCE 
and AgNS/SPCE.  The authors described the fabrication process of the sensor and provided details 
of its electrochemical characterization. They also demonstrate the sensor's performance in detecting 
heavy metals in natural water samples and compare its results with those obtained from standard 
analytical methods. The results show that the sensor exhibits excellent sensitivity, selectivity, and 
reproducibility for the quantification of heavy metals in water samples. 

The performance of the sensor based on AgNS/SPCE was investigated for the simultaneous 
detection of four target metal ions. Figure 20 shows the DPSV responses of the sensor for Cd (II), Pb 
(II), Cu (II), and Hg (II).  Four individual prominent peaks appeared at approximately −0.788 V, 
−0.536 V, −0.209 V, and 0.627 V for Cd (II), Pb (II), Cu (II), and Hg (II), respectively, can be seen in 
DPSV responses. 
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Figure 20. DPSV responses of AgNS/SPCE using 0.1 M acetate buffer pH 4.4 containing different concentrations 
of Cd (II), Pb (II), Cu (II), and Hg (II) [184]. 

Overall, the study presents a promising approach for the development of robust and efficient 
electrochemical sensors for the quantification of heavy metals in water samples, which can have 
significant implications for environmental monitoring and public health. 

A summary of nanocomposites used, the methodology utilized for detection, and outcomes of 
electrochemical sensors regarding sensitivity, the limit of detection (LOD), stability, repeatability, 
reproducibility, and linearity reported by various researchers is illustrated in Table 3.  

Table 3. Summary of the properties of the sensors based on nanocomposites for detection of HMIs. 

HMIs  Nanocomposite 
Method of 

detection 
LOD 

Stability, 

repeteability, 

reproducibility 

Linear range Ref. 

Hg(II) 

Sucrose sensor 

using platinum 

ultra-

microelectrode 

CV 5 × 10−10 M 
57 days, No, 

Yes 

(5 - 12.5)×10−10 

M 
[4] 

Pb(II) 

Cd(II) 

Graphene-

MWCNTs  
DPASV 0.2 µg/L No 0.5–30 µg/L [12] 

Cd(II) 

Pb(II) 

Cu(II) 

Hg(II) 

Hydrosulphonyl 

functional COF 

(COF-SH) 

SWV 

Cd: 0.3 µg/L 

Pb: 0.2 µg/L 

Cu: 0.2 µg/L 

Hg: 1.1 µg/L 

Yes, Yes, No 

Cd: 1–1000 µg/L 

Pb: 1–800 µg/L  

Cu: 1–800 µg/L  

Hg: 5-1000 µg/L 

[13] 

Cd(II) 

Pb(II) 
Yb-MOF DPASV 

Cd: 3.0 ppb 

Pb: 1.6 ppb 
Yes, Yes,Yes -- [15] 
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Cd(II) 

Pb(II) 

Cu(II) 

trGNO/Fc-NH2-

UiO-66 
DPASV 

Cd: 8.5 nM 

Pb: 0.6 nM 

Cu: 0.8 nM 

20 days, No, 

Yes 

Cd: 0.01–2 μM 

Pb: 0.001–0.1 µM 

Cu: 0.001–0.1 μM 

[16] 

Zn(II) 

Cd(II), 

Pb(II) 

Fe2O3/G/Bi DPASV 

Zn: 0.11 µg/L 

Cd: 0.08 µg/L 

Pb: 0.07 µg/L 

Yes, Yes, No 1–100 µg/L [17] 

Pb(II) 
Au/SWNTs@MO

F-199 
DPV 25 pM No, Yes, Yes 0.1 mM–1 pM [19] 

Cu(II) 

Pb(II) 
PEDOT:PSS/rGO FET 

Cu: 0.33 µg/L 

Pb: 2.36 µg/L 
No 1–60 µg/L [20] 

Cd(II) 

Hg(II) 

Pb(II) 

rGO/MoS2 DPV 5 μM 
No, No, No 

 
5 – 160 μM [65] 

Cd(II), 

Cu(II), 

Hg(II), 

Pb(II) 

rGO/SMOF/PEI 

modified SPCEs 
DPV 

Cd: 0.296 μM 

Cu: 0.055 μM 

Hg: 0.351 μM  

Pb: 0.025 μM 

– 

Cd: 0.50–15.0 μM, 

Cu: 0.50–13.0 μM,  

Hg: 1.0–5.0 μM 

Pb: 0.50–13.0 μM 

[67] 

Cd(II), 

Pb(II) and 

Hg(II) 

nano-Au-

modified 

electrode 

ICP-MS 

Cd: 1.1 μg/L 

Pb: 1.0 μg/L 

Hg: 1.2 μg/L 

– 0-200 μg/L [68] 

Pb(II) nano-Cu WE SWV 45 nM – 0.5–1 μM [69] 

Zn(II), 

Cu(II), 

Hg(II), 

Pb(II) 

DEP chips DPV 

Pb: 2.2 µg/L  

Hg: 2.5 µg/L  

Cu: 15.5 µg/L  

Zn: 10 µg/L 

– 

Pb: 10–500 ppb 

Hg: 25–1000ppb 

Cu: 25–500 ppb 

Zn: 10–300 ppb 

[72] 

Cd(II), 

Pb(II) 

gold/bismuth 

film 
(SWASV) 2.20 μg/L Yes 0–300 μg/L [73] 

Zn, Cr, Cu, 

Pb, Mn 

Colorimetric 

paper strip 
ICP-OES 

Zn: 0.63 mg/L 

Cr: 0.07 mg/L 

Cu: 0.17 

mg/L 

Pb: 0.03 mg/L 

Mn: 0.11 

mg/L 

7 days, Yes, No 

 
– [74] 

As(III) GO/MOF  DPASV 0.06 ppb No, No, Yes 0.2–25 ppb [78] 

Cu(II) 

Porphyrinic 

MOF/rGO 

nanocomposite 

DPV 1.5 μM 
21 days, No, 

No 
5–150 μM [79] 
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Ni(II) 
ZIF-8@DMG/β-

CD/RGO 
DPASV 0.005 μM – 0.01–1.0 μM [81] 

Cd(II), 

Hg(II), 

Cu(II), and 

Pb(II) 

UiO-66-

NH2/SPCE 
DPV 

Cd: 10.90 fM, 

Pb: 5.98 fM  

Cu: 2.89 fM 

Hg: 3.1 fM 

– 0.01–0.35 pM [82] 

Cd(II), 

Pb(II), 

Cu(II), 

Hg(II) 

Co-TIC4R-I SWASV 

Cd: 17 nM 

Pb: 8 nM 

Cu: 16 nM 

Hg: 7 nM 

Yes 

Cd: 0.10–17.00 μM 

Pb: 0.05–16.00 μM 

Cu: 0.05–10.00 μM 

Hg: 0.80–15.00 μM 

[83] 

Cd(II) 

Pb(II) 
CUiO-66/Bi/GCE SWASV 

Cd: 1.16 µg/L 

Pb: 1.14 µg/L 
Yes 

Cd: 10–50 µg/L 

Pb: 10 – 50 µg/L 
[84] 

Hg(II) 
Zr-DMBD 

MOFs/3D-KSC 
SWASV 0.05 μM Yes 0.25–3.5 μM [86] 

Hg(II) Cu-MOF DPV 0.063 nM Yes 0.1–50 nM [87] 

Cd(II), 

Pb(II), 

Cu(II) , 

Hg(II) 

GaOOH-UiO-

MOFs 
DPV 

Cd: 0.016 μM 

Pb: 0.028 μM 

Cu: 0.006 μM 

Hg: 0.019 μM 

Yes 

Cd: 0.35–1.60 μM 

Pb: 0.55–2.50 μM 

Cu: 0.30–1.40 μM 

Hg: 0.10–0.45 μM 

[88] 

Pb (II) 

Cu (II) 

NH2-MIL-

53(Al)/PPy 
DPV 

Pb: 0.315 

µg/L 

Cu: 0.244 

µg/L 

Yes 1–400  µg/L [89] 

As(III) 
GO/UiO-

67@PtNPs 
SWASV 0.48 nM Yes 2.7–33.4 nM [90] 

Cd(II) 

Pb(II) 
Co@NC/MWCNT SWASV 

Cd: 4.5 nM 

Pb: 4.9 nM 
No 0.12–2.5 μM [91] 

Pb(II) 

Cd(II) 
Gly/rGO/PANI SWASV 

Pb: 0.07 nM 

Cd: 0.072 nM 
Yes 

Pb: 0–1.0 μM 

Cd: 0 –1.0 μM 
[92] 

Cd(II) 

Pb(II) 

Bi-

PPy/MWCNT/CP

E 

SWASV 

Cd: 0.157 

μg/L 

Pb: 0.099 

μg/L 

Yes 
Cd: 0.16–120 μg/L 

Pb: 0.11–120 μg/L 
[93] 

Cd(II), 

Pb(II), 

Cu(II) 

rGO/Ala/PANI SWASV 

Cd: 0.03 nM 

Pb: 0.063 nM 

Cu: 0.045 nM 

Yes 80 pM–100 nM [94] 

Hg(II) 
Pt/g-C3N4/PTh 

NCs 
DPV 0.009 nM No 1–500 nM [95] 
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Hg(II) 
Pt/g-C3N4 /PANI 

NCs 
DPV 0.014 nM No 1–500 nM [96] 

Cd(II) 3DGO-Py10 SWASV 3.6 μg/L Yes 5–400 μg/L [97] 

Mn(II) 
PMMA–SWCNT 

NCs/GCE 
DPV 

92.67 ± 4.63 

pM 
7 days 0.1 nM – 0.01 mM [98] 

Cu(II) 
EDTA-

PANI/SWNTs 
DPV 1.4 μM Yes 0–2 nM [102] 

Pb(II) and 

Cu(II) 

NH2-UiO-

66@ZIF-8/ /multi-

walled carbon 

nanotubes 

DPV 
Pb: 1 nM  

Cu: 10 nM 

21 days, Yes, 

Yes 

Pb: 0–80 mM  

Cu: 0–50 mM 
[123] 

Hg(II), 

Pb(II), 

Cu(II) 

ZnFe2O4 DPASV 

Hg: 1.61 nM  

Pb:7.38 nM 

 Cu:12.03 nM  

7 days, No, Yes 0.1–1 mM [124] 

Pb(II) 
Gold modified 

graphene 

Amperome

tric 
1.67 pM 

14 days, No, 

Yes 

1 nM–1 mM 

 
[125] 

Pb(II), 

Cd(II) 

GO-Fe3O4-

PAMAM 
SWASV 

Pb: 130 ng/L 

Cd: 70 ng /L  

3 weeks, Yes, 

Yes 

Pb: 0.4–120 μg/L  

Cd: 0.2–140 μg/L 
[126] 

Cd(II), 

Pb(II) 

porous 

graphene/carbox

ymethyl 

cellulose/fondapa

rinux 

SWASV 
Cd: 0.28 nM 

Pb: 0.17 nM  

20 days, No, 

Yes 
2 – 20 nM [127] 

Cu(II), 

Cd(II), 

Hg(II) 

reduced 

graphene 

oxide/silver 

DPV 

Cu: 10−15 M 

Cd: 10−21 M 

Hg: 10−29 M 

–, No, No – [128] 

Zn(II), 

Cd(II), 

Pb(II), 

Cu(II), 

Hg(II) 

FGP/AuNC SWASV 

Zn: 0.08 μg/L 

Cd: 0.09 μg/L 

Pb: 0.05 μg/L 

Cu: 0.19 μg/L 

Hg: 0.01 μg/L 

30 days, Yes, 

Yes 

Zn: 6–7000 μg/L 

Cd: 4–6000 μg/L 

Pb: 6–5000 μg/L 

Cu: 4–4000 μg/L 

Hg: 6–5000 μg/L 

[130] 

Hg(II) SN-rGO SWASV 8.93 nM 

twelve 

successive 

cycles, No, Yes 

0.4–12 000 nM [133] 

Cd(II), 

Cu(II), 

Hg(II) 

NCO/N, S-rGO DPASV 

Cd: 123 nM 

Cu: 14.4 nM  

Hg: 67 nM 

– – [134] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 36 

 

Cd(II), 

Pb(II), 

Cu(II), 

Hg(II) 

rGO/ZnO-NPs-

EDTA 
SWV 

Cd: 5.6 μM 

Pb: 6.8 μM 

Cu: 2.5 μM 

Hg: 10 μM 

–, No, Yes 

Cd: 18.5–500 μM 

Pb: 22.4–700 μM 

Cu: 8.3–200 μM 

Hg: 3.3–300 μM 

[135] 

Pb(II) rGO/MoS2/CS SWASV 0.0016 μM 
15 days, No, 

Yes 
0.005–0.05–2.0 μM [136] 

Cd (II) SnO2@BCG DPV 1 × 10−4 ppm – 0.001−0.4 ppm 

30 

Days, 

No, 

Yes 

Pb(II) CS/rGO/TiO2 DPV 0.33 ng /L Yes, Yes, Yes 1 ng–1000 ng/L [138] 

Pb(II) 
rGO/AuNPs/ssD

NA 
CV 1.52 nM 

30 days, No, 

Yes 
5–50 nM [139] 

Pb(II), 

Cd(II) 
Bi/g-C3N4 SWASV 

Cd: 21.8 μg 

/L Pb: 10.4 μg 

/L  

No, No, No 
Cd: 30 –120 μg/L 

Pb: 30 – 110 μg/L 
[140] 

Pb(II) 
Au/N-deficient-

C3N4 
SWASV 0.029 μM Yes, No, Yes 0.2–0.8 μM [141] 

Cd(II), 

Hg(II), 

Pb(II), 

Zn(II) 

g-C3N4/O-

MWCNTs 
DPSV 

Hg: 0.04 ng/L 

Pb: 0.008 

ng/L 

Cd: 0.03 ng/L  

Zn: 0.06 ng/L  

Yes, No, Yes 

Hg: 4.8 – 93.0 ng/L  

Pb: 6.5 – 110 ng/L 

Cd: 4.25 – 79.0 ng/L  

Zn: 4.2 – 202.0 ng/L 

[142] 

Cr (VI), Cu 

(II), Pb(II) 

carbon dots@ 

graphitic-carbon 

nitride 

(CDs@g-C3N4) 

nanocomposite 

Fluorescenc

e 

Cr: 0.54 nM 

 Cu: 0.18 nM 

Pb: 0.2 nM 

– 

Cr: 0 –10 nM 

Cu: 0 –10 nM 

Pb: 0 – 50 nM 

[143] 

Cr(VI) 

graphene carbon 

nitride doped 

silver molybdate 

immobilized 

nafion (g-

C3N4/AgM/Nf 

CV 0.0016 μM 
15 days Yes, 

Yes 
10 – 100 μM [144] 

Cd(II), 

Pb(II), 

Hg(II) 

metal-free g-

C3N4/carbon 

black (CB) 

composite 

DPASV 

Cd: 2.1 nM 

Pb: 0.26 nM 

Hg: 0.22 nM 

–, No, Yes 

Cd: 0–700 nM 

Pb: 0–300 nM 

Hg: 0–500 nM 

[145] 
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Cd(II), 

Pb(II), 

Hg(II) 

metal-free g-

C3N4/carbon 

black composite 

DPASV 

Cd: 2.1 nM 

Pb: 0.26 nM 

Hg: 0.22 nM 

–, No, Yes 

Cd: 0–700 nM 

Pb: 0–300 nM 

Hg: 0–500 nM 

[146] 

Cd(II), 

Pb(II) 

Fe3O4/Bi2O3/C3N4/

GCE 
SWASV 

Cd: 3 nM  

Pb: 1 nM 

15 days, Yes, 

Yes 
0 – 3 µM 

[147] 

 

Pb(II), 

Cd(II) 
M/g-C3N4/ASPE DPV 

Pb: 0.008 µM 

Cd: 0.02 µM 
7 days, No,Yes 0.1 – 1.0 μM [148] 

Cd(II), 

Pb(II) 

pg-

C3N4/CoMn2O4 
SWASV 

Cd: 0.021 μM 

Pb: 0.014 μM  

excellent 

stability, Yes, 

Yes 

Cd: 0.5–7.0 μM  

Pb: 0.2–4.4 μM 
[149] 

Cd(II) MnO2/rGO DPASV 1.12 μg/L 14 days 4.0 – 130 μg/L [150] 

Pb(II), 

Cd(II), 

Cu(II), 

Hg(II) 

NiO/rGO SWASV 0.01 μM –, No, Yes - [151] 

Cd(II), 

Pb(II) 

r-CeO2/EG 

composite 
DPV 

Cd: 0.39 μg/L 

Pb: 0.21 μg/L 
–, No, No 0–100 μg/L [153] 

Hg(II) 
sepiolite/pyrite 

(Sep/FeS2) 
SWASV 4.12 nM 

good 

reproducibility 
10 – 120 nM [154] 

Pb(II) 
α-Fe2O3/NiO 

heterostructure 
SWASV 0.02 μM 

30 days , No, 

good 

reproducibility 

0.05 – 0.9 μM [155] 

Hg(II) Co3O4/ZnO SWASV 0.3 µM 
20 days, No, 

No 
0 – 2.1 µM [156] 

Pb(II), 

Cu(II), 

Hg(II) 

Zr/ZrO2 DPV 

Pb: 0.8 nM 

Cu: 0.5 nM 

Hg: 0.4 nM 

– 

Pb: 0.8 nM – 10 µM  

Cu: 0.5 nM – 2 µM 

 Hg: 0.4 nM –10 µM 

[157] 

Cd(II), 

Pb(II) 
SnS-Bi2O3 SWASV 

Cd: 1.50 nM 

Pb: 1.40 nM 
–, No, No 0 – 1 µM [158] 

Hg(II) Ru/CeO2 SWASV 0.019 μM –, No, No 0 – 0.9 µM [159] 

Pb(II), 

Hg(II) 
MgO–SiO2 SWASV 

Pb: 0.019 μM 

Hg: 0.041 μM 
– – [160] 

Pb(II), 

Cd(II) 
Fe3O4@G2-PAD SWASV 

Pb: 0.17 µg/L 

Cd: 0.21 µg/L 
– 0.5 – 80 µg/L [161] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 38 

 

Hg(II) CuO/PVA DPV 0.42 nM –, No, Yes, 10–70 μM [162] 

Pb(II), 

Cu(II) 
Cerium oxide CV, DPV 

Pb: 0.6 ppb 

Cu: 0.3 ppb 
No, Yes, No 

Pb: 0.6 – 12 ppb 

Cu: 0.3 –- 10 ppb 
[163] 

Pb(II) 
Fe3O4@ PDA@ 

MnO2 
DPV 0.03 μg/L 

28 days, Yes, 

No 
0.1 – 150 μg/L [164] 

Cd(II), 

Pb(II), 

Cu(II) 

Zn/Fe 

nanocomposite 
CV 

Cd: 0.14 

mg/L 

Pb: 0.07 mg/L 

Cu: 0.04 

mg/L 

No, No, Yes 0 – 16.5 mg/L [165] 

Cd(II), 

Pb(II) 
Fe2O3/Bi2O3 SWASV 

Cd: 0.56 nM 

Pb: 0.36 nM 

21 days, Yes, 

Yes 
0.002 – 4 μM [166] 

Zn(II), 

Cd(II), 

Pb(II) 

Bi/Chitosan SWASV 

Zn: 0.1 ppb 

Cd: 0.1 ppb 

Pb: 0.2 ppb 

No, Yes, Yes 

Zn: 1 – 5 ppb 

Cd: 1 – 5 ppb 

Pb: 1 – 10 ppb 

[168] 

Cu(II) Chitosan/GO DPASV 0.15 μM No, Yes, Yes 0.5 – 100 μM [169] 

Cd(II) 
Chitosan/Au/Gra

phene 
DPV 0.162 nM 

30 days, Yes, 

No 
0.1 – 0.9 μM [170] 

Pb(II) 
PVA/Chitosan/rG

O 
SWASV 0.05 ppb No, Yes, Yes 1 – 50 ppb [171] 

Pb(II), 

Cd(II) 
Bi/MXene SWASV 

Pb: 10.8 nM, 

Cd: 12.4 nM 

42 days, Yes, 

Yes 

Pb: 0.06 – 0.6 μM 

Cd: 0.08 – 0.8 μM 
[172] 

Pb(II), 

Cd(II), 

Zn(II) 

Bi/MXene SWASV 

Pb: 0.2 μg/L 

Cd: 0.4 μg/L 

Zn: 0.5 μg/L 

14 days, Yes, 

Yes 
1 – 20 μg/L [173] 

Cd(II), 

Pb(II) 

Ti3C2 MXene/ 

Carbon 

heterostructure 

SWASV 
Cd: 2.55 nM, 

Pb: 1.10 nM 
7 days, Yes, Yes 

Cd: 0.1– 8 μM, 

Pb: 0.25 – 2 μM 
[177] 

Zn(II), 

Cd(II), 

Pb(II) 

Melamine/rGO/M

Xene aerogel 
DPASV 

Zn: 0.48 μg/L 

Cd: 0.45 μg/L 

Pb: 0.29 μg/L 

No, Yes, Yes 3–900 μg/L [178] 

Cd(II), 

Pb(II), 

Cu(II),Hg(II

) 

Alk- Ti3C2 SWASV 

Cd: 0.098 μM 

Pb: 0.041 μM 

Cu: 0.032 μM 

Hg: 0.130 μM 

21 Days, No, 

Yes 

Cd: 0.1 – 1 μM, 

Pb: 0.1 – 0.55 μM 

Cu: 0.1 – 1.4 μM 

Hg: 0 – 1.9 μM 

[180] 
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Cd(II), 

Pb(II), 

Cu(II), 

Hg(II) 

AgNs/SPCE DPSV 

Cd: 0.4 ppb  

Pb: 2.5 ppb  

Cu: 7.3 ppb 

Hg: 0.7 ppb 

–, No, Yes 

Cd: 5 – 300 ppb 

Pb: 5 – 300 ppb 

Cu: 50 – 500 ppb 

Hg: 5 –100 ppb 

[184] 

Cd(II), 

Pb(II) 
FeNi3/ CuS/ BiOC SWASV 

Cd: 0.4 µg/L 

Pb: 0.1 µg/L 

30 days, Yes, 

Yes 

Cd: 1 – 150.0 µg/L 

Pb: 0.5 – 120.0 µg/L 
[186] 

Pb(II) 
Cu-chitosan 

nanocomposite 
SWSAV 0.72 ppb – 0 – 60 ppb [187] 

Pb(II), 

Cd(II) 
BiNPs/CoFe2O4 SWASV 

Pb: 7.3 nM 

Cd: 8.2 nM 

42 days, No, 

Yes 

Pb: 0.06 – 0.6 µM 

Cd: 0.08 – 0.8 µM 
[188] 

Pb(II), 

Hg(II) 
Ni NMO - GR SWASV 

Pb: 0.050 µM 

Hg: 0.027 µM 
– 

Pb: 1.4 – 7.7 µM 

Hg: 0.7 – 607 µM 
[189] 

Pb(II) 

Ternary 

nanocomposites 

CNW,CNW:Ag, 

AgNPs 

EIS 10 nM – 10 nM – 1 mM [191] 

Cd(II), 

Cu(II), 

Hg(II), 

Pb(II) 

Mg(II)/Al(II) SWASV 

Cd: 250 ng/L 

Cu: 25 ng/L 

Hg: 250 ng/L 

Pb: 16 ng/L 

–, Yes, Yes 

Cd: 0.5 – 0.20 µg/L 

Cu: 0.05 – 0.20 µg/L 

Hg: 0.5 – 20 µg/L 

Pb: 0.05 – 0.20 µg/L 

[192] 

Cd(II) 

CA 

functionalized 

ZnO 

CV, SWV 0.41 µM 

30 days, No, 

No 

 

0.1 – 0.50 µM [193] 

Pb(II), 

Cu(II) 
BFS DPV 

Pb: 0.084 µM 

Cu: 0.44 µM 
– 0–80 µM [194] 

Cu(II) 
Ni/NiO/MoO3/Ch

itosan 
DPV 5.69 nM – 0 – 25 µM [195] 

Pb(II) 
Aptazyme driven 

DNA 
DPV 0.034 nM 28 days 0 – 0.5 µM [196] 

Cr(VI) polyoxometalates DPV 0.174 µM – 2 – 2.61 mM [197] 

Cu(II) 
Eggshell 

membrane 
DPV 0.63 µM – 1 – 300 µM [198] 

Cu(II) PIE/BP SWASV 0.02 µM – 0.25 – 177 µM [199] 

Cu(II), 

Hg(II) 
CSs DPASV 405 nM – 12.5 nM [200] 
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As(III) Ag, Au alloy NPs DPV 0.003 µg/L –, Yes, Yes 0.01 – 10 µg/L [201] 

Pb(II) Ag, Au alloy NPs CV, DPV 0.3 ng/L 

20 days, No, 

Yes 

 

0.01 – 10 µg/L [202] 

Hg(II) DETTDC2 
Amperome

tric 

12.80 ± 0.64 

pM 

 

Yes 0.1 nM – 0.01 M [106] 

As(III) 
Ag@SiO2/PANI 

NFs 
SWASV 0.013 μg/L Yes 0.1 – 100 μg/L [107] 

Pb(II) 
rGO@CNT@Fe2O3

/GCE 
SWASV 0.1 nM Yes 0.02 – 0.26 μM [108] 

Pb(II) PPy/CNFs/CPE SWASV 0.05 μg/L Yes 0.2 – 130 μg/L [109] 

Pb(II) 
 

sGO/PPy-SPE DPASV 0.07 ppb Yes 1.4−28 ppb [110] 

Pb(II) 
PPy/CNT/NH2-

ITO 
DPV 2.9 nM No 10 nM – 0.1 µM [111] 

Cd(II), 

Pb(II) 

GO@Fe3O4@2-

CBT 
SWASV 

Cd: 0.03 µg/L 

Pb: 0.02 µg/L 
Yes 0.08 – 90 µg/L [112] 

Pb(II), 

Cu(II), 

Cd(II) 

ITO-AP-PPy-ABS DPV 

PB: 11.1 nM 

Cu: 8.95 nM 

Cd: 0.99 nM 

Yes – [114] 

Pb(II DTA-Ppy/SWNTs DPV 0.07 μM Yes 0.15 – 800 μM [115] 

Cd(II), 

Pb(II), 

Cu(II), 

Hg(II) 

Fe3O4/F-

MWCNTs 
SWASV 

Cd: 0.05 nM 

Pb: 0.08 nM 

Cu: 0.02 nM 

Hg: 0.05 nM 

Yes 

Cd: 0.5–30.0 μM 

Pb: 0.5–30.0 μM  

Cu: 0.5–30.0 μM  

Hg: 0.5–20.0 μM 

[116] 

 

Cd(II), 

Pb(II) 

Fe3O4/MWCNTs/

LSG/CS/GCE 
SWASV 

Cd: 0.1 μg/L 

 Pb: 

0.07 μg/L 

No 1 –200 μg/L [117] 

Cd(II), 

Pb(II) 
Sb2O3/MWCNTs LSASV 

Cd: 11.23 ppb 

Pb: 2.68 ppB 
– 

Cd: 80–150 ppb   

Pb: 5–35 ppb 
[118] 

Hg(II) 
Sr@FeNi-

S/SWCNTs 
DPV 0.52 nM Yes 0.05–279 μM [119] 
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Fe3+ 
PPCOT/NF/C-

SWCNT 

Amperome

tric 

97.08 ± 4.85 

pM 
Yes 0.1 nM – 0.01 mM. [120] 

Zn(II), 

Cd(II), 

Pb(II), 

Cu(II), 

BiNP/MWCNT-

NNaM/PGE 
SWASV 

Zn: 0.707 µM 

Cd: 0.097 µM 

Pb: 0.008 µM 

Cu: 0.157 µM 

– 

Zn: 2.36–40; 40–180 

µM 

Cd: 0.32–2; 2–240 µM,  

Pb: 0.03–5; 5–80 µM  

Cu: 0.52–10; 10–40 µM 

[121] 

Cd(II) 
CNTs-UiO-66-

NH2/GCE 
DPV 0.2 μM Yes 0.3 – 150 μM [122] 

Cd(II), 

Pb(II) 

MOF-derived 

BCN material. 
SWASV 

Cd: 0.41 μg/L 

Pb: 0.93 μg/L 

good 

repeatability, 

stability, and 

specificity 

Cd: 1–150 μg/L   

Pb: 2–150 μg/L 
[46] 

Pb(II) 
transition metal 

ion assisted PVG 
PVG 0.005 ng/g – 0.005 – 100 ng/g [47] 

Pb(II) 
Polytetrafluoroet

hylene (PTFE) 
AAS 0.2 µg/L – 0.0–8.0 µg/L [48] 

As(III)) 

5,10,15,20-tetrakis 

(4-

methoxyphenyl) 

porphyrinatocoba

lt(II) (TMOPP-

Co) 

FET >10-10 M – 0.1 nM – 0.1 mM [61] 

It can be concluded from the Table 3 that the most advantageous approaches for sensor 
preparation for detection of various HMIs involve the utilization of composite of various 
nanostructured materials. These approaches employ composite of various nanomaterials, which offer 
high surface area-to-volume ratios and enhanced sensitivity. Functionalization of these 
nanomaterials with selective ligands or receptors allows for specific binding and detection of HMIs. 
Additionally, the integration of nanomaterials with microfluidic systems enables rapid and efficient 
sample handling, enhancing the sensor's performance. Another promising approach is the 
development of electrochemical sensors that utilize modified electrodes. By functionalizing the 
electrode surfaces with selective materials, such as polymers or MOFs, HMIs can be selectively 
captured and quantified. These approaches provide a powerful platform for the preparation of 
sensors that offer high sensitivity, selectivity, and rapid response, making them valuable tools for 
HMIs detection in various environmental and analytical applications. 

5. Summary and Future Prospects 

5.1. Summary 

This review article explored the application of various nanocomposite materials in the 
electrochemical detection of heavy metal ions (HMIs). The nanocomposite materials discussed in this 
review include metal-organic framework (MOF), organic conducting polymers (OCP), carbon 
nanotubes, graphene / reduced graphene oxide, graphitic carbon nitride, metal oxide, chitosan, 
mxenes and metal nanoparticles-based nanocomposites. 
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The advantages and limitations of each material and its nanocomposites for the detection of 
HMIs, highlighting their sensitivity, selectivity, and stability, have been comprehensively discussed.  

For example, MOFs have a high surface area, increasing the electrochemical sensor's sensitivity. 
The highly porous structure of the MOF provides many binding sites for HMIs. Moreover, MOFs can 
be designed with specific functional groups to selectively bind to certain HMIs, allowing their 
selective detection complex samples. However, MOFs can be unstable in aqueous solutions, affecting 
the electrochemical sensor's reliability and reproducibility. The synthesis of MOFs can be challenging, 
and their electrochemical properties can depend highly on the synthesis conditions. Despite their 
high surface area and porosity, MOFs may not always provide the required sensitivity for trace-level 
detection of HMIs.   

OCPs have high sensitivity towards HMIs, making them suitable for trace-level detection. OCPs 
can be designed with specific functional groups to selectively bind to certain HMIs, allowing their 
selective detection in complex samples. OCPs are flexible and easily fabricated into different shapes 
and sizes, making them suitable for various applications. However, OCPs can be unstable in aqueous 
solutions, affecting the electrochemical sensor's reliability and reproducibility. Other compounds in 
the sample matrix may interfere with the electrochemical detection of HMIs, affecting the accuracy 
of the results. Stability can be one of the significant challenges while using OCP for the detection of 
HMIs.  

Similarly, carbon nanotubes (CNTs) have a high surface area-to-volume ratio, which results in a 
high sensitivity for detecting HMIs. CNT-based electrodes can be modified with specific chemical 
groups to selectively detect HMIs in the presence of other ions. Electrochemical detection using CNT-
based electrodes can provide real-time analysis and can be conducted rapidly, making it an attractive 
option for environmental monitoring and industrial applications. The electrochemical detection of 
HMIs using CNT-based electrodes can achieve a low detection limit due to the high sensitivity and 
selectivity of the method. CNT-based electrodes are highly stable and can be reused for multiple 
detections, making them cost-effective. However, preparing CNT-based electrodes is time-
consuming and requires expertise in synthesizing and functionalizing of CNTs. The presence of other 
ions can interfere with the detection of HMIs, reducing the accuracy and specificity of the method. 
The reproducibility of CNT-based electrodes can be affected by variations in the synthesis and 
functionalization of CNTs, leading to inconsistencies in the results. The disposal of CNTs can pose 
environmental risks, as they are not readily biodegradable. 

This review comprehensively covers the different methods used for synthesizing and 
functionalizing these nanocomposite materials to address the abovementioned challenges and 
improve their electrochemical properties for HMIs detection. Several options have been explored to 
form nanocomposites to address these challenges so that highly sensitive and selective, stable, 
repeatable, and reproducible sensors can be developed for the detection of HMIs.     

5.2. Future Prospects 

The electrochemical detection of HMIs based on nanocomposite materials is an emerging field 
with great potential for future applications.   

 The challenging issues of the materials can be intelligently tackled. The properties of the 
nanocomposites can be further fine-tuned, and sensors with enhanced stability, sensitivity, and 
selectivity can be developed for HMIs detection. Moreover, the following technological aspects can 
also be achieved. Further directions can be focused also on application of nucleic acid aptamers as 
receptors immobilized at nanocomposite materials for selective detection of HMIs [202,203]. 

Miniaturization: Nanocomposite-based sensors can be miniaturized, making them suitable for point-
of-care testing and on-site monitoring and allowing for portable and on-site monitoring of HMIs. The 
development of nanocomposite-based sensors with small form factors and low power consumption 
can lead to widespread use in various fields. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 July 2023                   doi:10.20944/preprints202307.0064.v1

https://doi.org/10.20944/preprints202307.0064.v1


 43 

 

Multi-metal Detection: Nanocomposite materials can be engineered to simultaneously detect 
multiple HMIs. The development of nanocomposite-based sensors with multi-metal detection 
capabilities can lead to more efficient and cost-effective monitoring of heavy metal contamination. 

Industrial Applications: The electrochemical detection of HMIs based on nanocomposite materials 
can be used in various industrial applications, such as quality control and process monitoring. The 
development of nanocomposite-based sensors for industrial applications can lead to improved 
product quality and increased efficiency. 

Overall, the future of electrochemical detection of HMIs based on nanocomposite materials looks 
promising, and further research and development in this field can lead to innovative and practical 
applications. 
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