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Abstract

:

Nitrobenzene (NB) is one of the nitro-aromatic compounds that is extensively used in various chemical industries. Despite its potential applications, NB is considered to be a toxic compound that has significant hazardous effects on human health and the environment. Thus, it can be said that the NB level should be monitored to avoid its negative impacts on human health. In this vein, the electrochemical method has emerged as one of the most efficient sensing techniques for the determination of NB. The sensing performance of the electrochemical techniques depends on the electro-catalytic properties and conductivity of the electrode materials. In the past few years, various electrode materials, such as conductive metal ions, semiconducting metal oxides, metal–organic frameworks, and two-dimensional (2D) materials, have been used as the electrode material for the construction of the NB sensor. Thus, it is worth summarizing previous studies on the design and synthesis of electrode materials for the construction of the NB sensor. In this mini-review article, we summarize the previous reports on the synthesis of various advanced electrode materials, such as platinum (Pt) nanoparticles (NPs), silver (Ag) NPs, carbon dots (CDs), graphene, graphitic carbon nitride (g-C3N4), zinc stannate (ZnSnO3), cerium oxide (CeO2), zinc oxide (ZnO), and so on. Furthermore, the impacts of different electrode materials are systematically discussed for the sensing of NB. The advantages of, limitations of, and future perspectives on the construction of NB sensors are discussed. The aim of the present mini-review article is to enhance the knowledge and overall literature, working towards the construction of NB sensors.
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1. Introduction


In the present scenario, environmental pollution is considered to be one of the major challenges globally [1,2]. Various organic and inorganic compounds, such as the nitro (-NO2) group containing aromatic compounds (nitrobenzene (NB; C6H5NO2), nitrophenol (NP), and nitrotoluene (NT)), hydrazine, catechol, hydrogen peroxide, etc., are widely used in the chemical and dye industries [3,4,5,6,7,8]. In particular, NB is widely used in various applications, such as rubber, chemicals, dyes, explosives, pesticides, urethane polymers, the pharmaceutical industry, and analgesic drugs [9,10,11,12]. Despite its various advantages and uses, NB has a significant negative impact on human health and the environment due to its hazardous nature. The United States Environmental Protection Agency classifies it as a group 2B carcinogen [13]. NB presents severe health risks as it can be easily inhaled, ingested, and absorbed through the skin [14,15]. In addition, NB may enter the environment through various routes, such as industrial discharge, land leaching, accidental spills, and chemical waste. Thus, it can be understood that NB has serious negative effects on human health and the environment. Therefore, it is of great significance to monitor the level of NB to avoid its hazardous effects. In this regard, conventional methods, such as gas chromatography (GC), surface plasmonic resonance (SPR), Raman spectroscopy (RS), and high-performance liquid chromatography (HPLC), are widely used for the determination of NB [13,14,15,16,17,18,19,20]. Unfortunately, these conventional methods are complex, expensive, and challenging to use for the determination of NB [20]. Thus, it is necessary to find an alternative sensing approach for the sensing of NB with high sensitivity and selectivity.



Recently, the electrochemical method has received a tremendous amount of attention because of its excellent sensitivity, simplicity, fast response, selectivity, storage stability, and repeatability [21]. These types of electrochemical sensors have a low environmental impact due to their excellent reusability and stability and the high stability of the catalyst. Thus, researchers are highly motivated towards the design and fabrication of highly efficient electrochemical sensors [22]. Electrochemical methods involve the use of electro-catalysts, which may significantly influence the performance of the fabricated sensors towards the detection of NB. In the past few years, various electro-catalytic materials, such as transition metal oxides, polymers, metal–organic frameworks (MOFs), carbon dots, metal carbides/nitrides, and composites, have been explored for electrochemical sensing applications [23,24,25,26].



In this mini-review article, we compiled previously published reports on the fabrication of the NB sensor using various nanostructured metal oxides, polymers, carbon-based materials, MOFs, and hybrid composites as electrode materials. To the best of our knowledge, in our literature survey, no review report is available which summarizes the different electrode materials towards the determination of NB. This is the first mini-review article to compile the advancements in the electrochemical fabrication of NB sensors. This review provides insights into the electrode materials for the construction of the NB sensor. It is believed that the present mini-review article will be useful to researchers working to improve the selectivity and sensitivity of NB sensors.




2. Progress in the Fabrication of NB Sensors


Previously, various advanced electrode materials based on transition metal oxides, polymers, carbon-based materials, MOFs, and hybrid composite materials were extensively used in the construction of NB sensors. In this section, we summarize previously reported articles on the fabrication of the NB sensor using metal oxides, carbon-based materials (carbon nanotubes, graphene, etc.), metal dichalcogenides, and other materials.



2.1. Metal-Oxide-Based Electrode Materials


In previous years, metal oxides and their composites were extensively used for various electrochemical sensing applications due to their decent electro-catalytic properties, conductivity, eco-friendliness, and cost-effective properties. Cerium dioxide (CeO2) has good electro-catalytic properties and can be used in the fabrication of electrochemical sensors. It is worth exploring such materials for the fabrication of the NB sensor. In this context, Sangili et al. [27] synthesized CeO2 nanoparticles (NPs) by employing the hydrothermal method, and the morphological properties of the synthesized CeO2 NPs were characterized by transmission electron microscopy (TEM); the presence of Ce and O elements was confirmed via energy-dispersive X-ray spectroscopy (EDX). The authors reported that CeO2 NPs have a uniform spherical structure, and the size of the prepared particles lies in a range of 2–5 nm. The prepared CeO2 NPs were further proposed as an NB-sensing material, and the sensing capability of the CeO2-NP-modified electrode was studied by using the cyclic voltammetry (CV) and differential pulse voltammetry (DPV) techniques. The authors found that the fabricated electrode demonstrated an excellent LOD of 0.092 µM with a decent sensitivity of 1.1166 μA μM−1 cm−1. The proposed sensor also demonstrated a good linear dynamic range of 0.1 to 50 µM. This work also reported the real sample investigations of the fabricated electrode in tap water and river water with acceptable recoveries. Arul et al. [28] synthesized iron oxide (α-Fe2O3) by using the co-precipitation method at room temperature (RT). SEM studies demonstrated that α-Fe2O3 consists of micro/nanorods that may be beneficial for better electron transport. α-Fe2O3 micro/nanorods have a high specific surface area of 67 m2/g, and this may enhance electron transportation during redox reactions. The α-Fe2O3 micro/nanorods were deposited onto the surface of a GC electrode, and its electrochemical performance was checked by using the CV method. The α-Fe2O3/GC electrode exhibited an LOD of 30.4 ppb with a sensitivity of 446 nA/µM for the detection of NB. The reported articles showed that manganese ferrite (MnFe2O4; spinel ferrite) has excellent properties and can be used in various applications such as sensing and energy storage devices. In this vein, Sang et al. [29] reported the hydrothermal preparation of MnFe2O4 for the fabrication of an NB sensor. The synthesized MnFe2O4 colloid nanocrystals exhibited good physicochemical properties, and the authors used the synthesized material as an electro-catalyst towards the fabrication of an NB sensor. The MnFe2O4 colloid nanocrystal-modified electrode shows improved performance towards the sensing of NB, and an LOD of 4 mM was achieved. Zinc stannate (ZnSnO3) is a perovskite material, which has robust stability and decent electrical properties, suggesting its potential for electrochemical sensing applications. In this regard, Vinoth et al. [30] studied the role of ZnSnO3-incorporated graphitic carbon nitride (g-C3N4) as a sensing material for the detection of NB. The authors prepared a ZnSnO3/g-C3N4 composite by employing novel strategies, as shown in Figure 1a. The authors authenticated the formation of ZnSnO3/g-C3N4 via the XRD technique (Figure 1b). The high and sharp peak intensity suggest the good crystalline nature of the prepared ZnSnO3/g-C3N4. The GC electrode was modified with ZnSnO3/g-C3N4 for the sensing of NB. The ZnSnO3/g-C3N4-modified GC electrode exhibited a good LOD of 2.2 µM with a sensitivity of 0.05857 µA µM−1 cm−2. The ZnSnO3/g-C3N4-modified GC electrode also demonstrated a linear range of 30–100 µM towards the determination of NB using the LSV technique. The ZnSnO3/g-C3N4-modified GC electrode also exhibited excellent selectivity in the presence of various interfering substances.



The DPV graphs are shown in Figure 1c, which indicate that the presence of interfering substances does not influence the performance of the ZnSnO3/g-C3N4-modified GC electrode. The ZnSnO3/g-C3N4-modified GC electrode demonstrated excellent selectivity for the detection of NB in the presence of interfering materials (K+, Ca2+, 4-nitrophenol, 1-bromo,2-nitrobenzene, 1-chloro,2,4-dinitrobenzene, 1-iodo, and 2-nitrobenzene), as shown in Figure 1d. The ZnSnO3/g-C3N4-modified GC electrode also exhibited good recovery in real samples, which suggested its application for practical purposes.



Magnesium oxide (MgO) is a fascinating alkaline metal oxide, which possesses excellent catalytic, adoption, chemical, and mechanical properties, which makes MgO an efficient electrode material for the construction of cost-effective electrochemical sensors. The catalytic properties of MgO can be further improved by combing it with carbon-based materials. Kokulnathan et al. [31] proposed the synthesis of a GO/MgO composite using a benign approach, as shown in Figure 2a. The authors modified the GC electrodes with GO, MgO, and GO/MgO as catalysts and evaluated their performance towards a reduction in NB using the CV and DPV methods (Figure 2b).



It was clearly seen that GO/MgO-modified GC electrode has higher catalytic activity for the improved NB reduction, as shown in Figure 2b. The pH of the solution was also optimized, and higher activity was observed at a pH of 7.0 (Figure 2c). The authors also adopted the DPV technique for further electrochemical investigations and found that DPV is more sensitive compared to the CV method. The effect of various concentrations was studied using a GO/MgO-modified GC electrode, as shown in Figure 2d. It is clear that synergistic interactions between GO and MgO enhanced the charge transfer properties of the modified electrode and improved the reduction in NB using the DPV method. The GO/MgO-modified GC electrode demonstrated a low LOD of 0.01 µM with two linear dynamic ranges of 0.1 to 38.9 µM and 58.5 to 2333.5 µM. The reported NB sensor exhibited excellent repeatability, stability, and selectivity. Acceptable recoveries of 99.35% to 99.80% were also observed for real sample investigations for the GO/MgO-modified GC electrode towards the detection of NB in real water samples. Manganese dioxide (MnO2) has good electro-catalytic properties and may be a good electrode for the fabrication of NB sensors. In this regard, Chellappa et al. [32] reported a simple hydrothermal method for the synthesis of MnO2 nanorods (NRs), as depicted in Figure 3a. The MnO2 NRs were coated onto the bare surface of the GC electrode, and its sensing activity for the sensing of NB was evaluated by using the CV and DPV methods.



CV graphs of the MnO2 NRs/GCE in the presence of NB at different applied scan rates are shown in Figure 3b. It is seen that the current response increases with respect to the applied scan rate. The calibration plot shows a regression coefficient (R2) value of 0.98 (Figure 3c). Thus, this suggests that the current response for redox reactions linearly increases. It is considered that DPV may be a more sensitive technique for the determination of NB. Thus, the authors studied the electro-catalytic activities of MnO2 NRs/GCE in the presence of different concentrations of NB. The DPV results for MnO2 NRs/GCE indicated that current response for the redox reactions also increases with increasing concentrations of NB (Figure 3d), and this response was found to be linear (Figure 3e), as suggested by the R2 value of 0.99. The authors proposed that DPV is relatively more sensitive for the detection for NB in comparison to CV. The MnO2 NRs/GCE demonstrated excellent recovery in real sample studies, with a reasonably good LOD of 0.025 µM and a linear range of 0.03 to 2 µM for the detection of NB, with high stability. Kokulnathan et al. [33] demonstrated that zinc oxide NRss/copper tin sulfide nanoflowers (ZnO-NRs@CTS-NFs) can be synthesized by using the hydrothermal route and used it as an NB sensing material. The proposed ZnO-NRs@CTS-NF-based NB sensor exhibited an LOD of 0.002 µM and sensitivity of 1.30 µA/µM cm2, with two linear ranges of 0.01–17.2 and 17.2–203 µM using the DPV method. The ZnO-NRs@CTS-NF-based NB sensor also exhibited acceptable recovery in real samples, such as rivers, ponds, and industrial water.




2.2. Carbon-Family-Based Electrode Materials


Carbon-based materials, such as graphene, carbon nanotubes, and graphitic carbon nitride, have decent catalytic properties and surface areas. Sang et al. [34] modified the surface area of the bare GCE using multi-walled carbon nanotubes (MWCNTs) as an electrode material for the determination of NB. The performance of the MWCNTs/GCE was evaluated in acid electrolytes using the CV and DPV methods. The authors found that hydroxyl-containing MWCNT-modified GCE (MWCNTs-OH/GCE) has excellent performance for the determination of NB compared to the pristine MWCNTs/GCE. This showed that the functionalization of MWCNTs with an OH group significantly improved the sensing properties of the pristine MWCNTs. Thus, it would be worth using the OH-functionalized MWCNT-modified electrodes as working electrodes for the detection of NB. The functionalized (f)-MWCNTs have an excellent conductive nature and improved catalytic properties due to the presence of functional groups on the surface of MWCNTs. Therefore, it is of great significance to utilize the f-MWCNTs as sensing materials for the construction of an NB sensor. Govindasamy et al. [35] proposed the use of f-MWCNTs as electrode materials for NB sensing applications.



The authors also used nafion as a binder to improve the adhesiveness/stability of the f-MWCNTs on the surface of a screen-printed carbon electrode (SPCE). The electrochemical performance of the f-MWCNT-modified SPCE (f-MWCNTs/SPCE) was determined in the presence of NB, and the obtained results suggested that f-MWCNTs/SPCE has good electro-catalytic properties. The f-MWCNTs/SPCE exhibited a wide dynamic linear range of 50 nm to 1170 µM. A sensitivity of 0.6685 µA/µM cm2 was obtained using f-MWCNTs/SPCE for the determination of NB. A decent LOD value of 45 nM was also reported for the sensing of NB using f-MWCNTs/SPCE. Furthermore, f-MWCNTs/SPCE also demonstrates satisfactory stability, repeatability, and reproducibility. The authors successfully recovered the NB from a human urine sample.



Thirumalraj et al. [36] demonstrated the role of electrochemically activated graphite (EAG) as catalysts for the sensing of NB. The authors prepared an EAG-modified screen-printed electrode (EAG-SPE) and explored this as the working electrode for the determination of NB. The sensing performance of EAG-SPE was determined by employing the CV method under different pH conditions of phosphate-buffered saline (PBS) solutions. The EAG-SPE exhibited higher catalytic properties under a pH of 7.0, and the authors reported a pH of 7.0 as the optimal condition. Furthermore, the authors checked the effects of different applied scan rates and found that current responses for the determination of NB increase with increasing applied scan rates. Chronoamperometry (CA) is one of the most sensitive methods for the sensing of toxic compounds and biomolecules. Thus, the authors also adopted the CA method for further sensing experiments. The effect of various concentrations of NB on the current response of EAG-SPE has been investigated using the CA method. The authors found that current responses/signals rapidly increase with the addition/spike of NB at different concentrations. EAG-SPE demonstrated an excellent LOD of 0.06 µM and sensitivity of 1.445 μA μM−1 cm−2 [36]. The EAG-SPE also demonstrated its excellent selective nature for the determination of NB in the presence of various interfering compounds. Ma et al. [37] also reported the fabrication of an NB sensor by employing macro-/meso-porous carbon material (MMPCM) catalysts. The MMPCMs were prepared via a sonication-assisted pyrolysis method using a silica template. The synthesized MMPCMs were characterized by the SEM method, which suggested the presence of a honeycomb-like surface morphology with lots of macro-pores (diameter range = ∼330 nm). These morphological features improve the electron transport and improve the sensing activity of modified GC electrodes. Thus, the authors modified the surface of the GC electrode using the MMPCM catalyst and employed linear sweep voltammetry (LSV) for the determination of NB. The authors studied the effects of various concentrations of NB (0.2, 0.4, 1, 2, 4, 6, 10, 15, 20, 30, 40 µM) on the performance of the MMPCM catalyst-modified GC electrode. They found that the current response increases with respect to the concentration of the NB. An LOD of 8 nM was obtained with a sensitivity of 2.36 µA µM−1. They also reported that the MMPCM catalyst-modified GC electrode has good selectivity for the detection of NB in the presence of various interfering molecules, such as NO3−, Mn2+, CO32−, SO42−, PO43−, CH3COO−, and Mg2+. The MMPCM catalyst-modified GC electrode also demonstrated good stability and reproducibility.



It is well known that nitrogen (N)-doped materials may have significantly improved catalytic properties due to the generation of active sites on N-doped materials. It is of great significance to prepare a N-doped catalyst for electrochemical sensing applications. In this context, Liu et al. [38] synthesized N-doped hollow carbon nanospheres (NHCPs) by employing novel strategies. The mono-dispersed SiO2 microspheres were used as a template with dopamine as the N source. The synthetic process for the preparation of NHCPs is described in Figure 4a.



The authors authenticated the formation of NHCPs through XRD and Fourier-transform infrared (FT-IR) spectroscopy. The NHCPs were treated at a temperature of 750 ºC and denoted as NHCPs-750. The NHCPs-750 was coated on the GC surface, and the performance of the NHCPs-750–GC electrode was determined by the CV, electrochemical impedance spectroscopy (EIS), and DPV methods. The NHCPs-750–GC has a higher current response for the sensing of NB compared to the GC electrode. The DPV curves of the NHCPs-750–GC for different concentrations of NB are shown in Figure 4b. It is clear that the current linearly increases with increasing concentrations of NB (inset of Figure 4b). The NHCPs-750–GC demonstrated an LOD of 2.29 µM with high sensitivity of 436 μA mM−1. The NHCPs-750–GC also has an excellent linear range of 5–2610 µM for the sensing of NB. The presence of pyrindinic N in the NHCPs-750–GC electrode improved the catalytic behavior for the sensing of NB. The authors also evaluated the selectivity of the NHCPs-750–GC electrode for the sensing of NB in the presence of various interferences. Figure 4c shows the excellent selectivity of NHCPs-750–GC for the determination of NB in the presence of various interferences. In other work, Sakthivel et al. [39] prepared a novel catalyst material for the sensing of NB. The authors synthesized a chitin hydrogel-stabilized graphite (GR-CHI) composite using simple strategies and fabricated the surface of the GC electrode with the prepared GR-CHI as a catalyst material. The physiochemical investigations showed that synthesized GR-CHI is formed by strong interaction between GR and CHI. GR-CHI/GCE was further employed as a working electrode, and CV was adopted as the voltammetric sensing approach for the detection of NB. The CV results showed that the current response for the redox peaks increases with increasing scan rates, and sensing of NB is an adsorption-controlled process. The performance of the GR-CHI/GCE was further studied by employing the CA method. The current response increases with increasing concentrations of NB, and this increment was found to be linear. The GR-CHI/GCE exhibited an LOD of 37 nM and linear range of 0.1 to 594.6 µM using the amperometric (i–t) method. The sensor (GR-CHI/GCE) demonstrates good selectivity, excellent practicality, and consistent repeatability in detecting NB in laboratory water samples. β-cyclodextrin (β-CD) possesses notable physicochemical properties, which make it valuable in various applications, such as sensing, drug delivery, and environmental remediation. β-CD is a chemically stable molecular structure with biocompatibility and less toxicity, which make it a suitable candidate for the fabrication of electrochemical sensors to monitor toxic substances. In this vein, Velmurugan et al. [40] designed and prepared β-CD on the graphene oxide (GO) surface using a benign synthetic procedure (ultra-sonication method). The authors optimized the loading level of β-CD on the GC surface to improve the performance of the NB sensor. The β-CD/GO/SPCE was used as the NB sensor, and its performance was checked using the CV and LSV techniques. The authors reported that the presence of synergistic interactions between β-CD and GO improved the performance of β-CD/GO/SPCE towards the determination of NB. The β-CD1.2 mg/GO/SPCE was found to be an optimized electrode for the sensing of NB. The β-CD1.2 mg/GO/SPCE exhibited a linear range of 0.5 to 1000 µM, with an LOD of 0.184 µM. β-CD1.2 mg/GO/SPCE also has acceptable reproducibility, good sensitivity, and decent stability for the sensing of NB. The authors also proposed the potential of β-CD1.2 mg/GO/SPCE for practical purposes due to good recoveries in real samples.



Kubendhiran et al. [41] explored the potential of a reduced graphene oxide/nickel tetraphenyl porphyrin (GRGO/Ni-TPP) nanocomposite as a sensing material for the fabrication of an NB sensor. The authors synthesized GRGO via an eco-friendly method, utilizing caffeic acid as the reducing agent. Furthermore, the authors reported that the GRGO/Ni-TPP composite material was formed by π-π stacking interactions between RGO and Ni-TPP. The interaction and vibrational band in the prepared GRGO/Ni-TPP were confirmed by FTIR analysis. The synthesized GRGO/Ni-TPP was drop casted on the active surface of the bare GC electrode. The GRGO/Ni-TPP-modified GC electrode was further used for the sensing of NB. EIS studies also revealed that the GRGO/Ni-TPP/GC electrode has higher conductivity with a low charge transfer resistance value compared to the GC electrode. The CV graph of the GRGO/Ni-TPP/GC electrode was recorded in the absence and presence of NB.



Figure 5a reveals that no redox peaks appeared for GRGO/Ni-TPP/GCE in the absence of NB. However, sharp redox peaks were observed in the presence of NB. The GRGO/Ni-TPP/GCE demonstrated a higher current response compared to the bare GCE (b), GRGO/GCE (c), NiTPP/GCE (d), and GO/NiTPP/GCE (e), as shown in Figure 5a. The CV of the GRGO/Ni-TPP/GC was also obtained under different pH conditions, and the authors found that GRGO/Ni-TPP/GCE is highly active under pH conditions of 7.0 (Figure 5b). The GRGO/Ni-TPP/GCE exhibited an LOD of 0.14 µM and sensitivity of 1.277 µA µM−1 cm−2. A wide linear dynamic range of 0.5 to 878 µM was also observed for GRGO/Ni-TPP/GCE towards the sensing of NB. Figure 5c shows the DPV results for GRGO/Ni-TPP/GCE in the presence of different concentrations of NB. It is seen that the current response linearly increases with increasing concentrations of NB (Figure 5d). The DPV results demonstrated better performance compared to the CV results. The GRGO/Ni-TPP/GCE also demonstrated excellent selectivity towards NB detection. The real sample investigations in water samples suggested that the GRGO/Ni-TPP/GCE can be used for practical applications. The improved performance of GRGO/Ni-TPP/GCE may be ascribed to the presence of the synergism between the GRGO and Ni-TPP.



In recent years, a new form of carbon material such as carbon dots (CDs) has received extensive attention from the scientific community because of its extraordinary optoelectronic properties, biocompatibility, ease of surface modification, and low toxicity. The CDs can be synthesized by hydrothermal methods using various C-sources. The utilization of waste materials to form CDs is of great significance. Thus, Bressi et al. [42] synthesized CDs using orange peel waste as a C source via a eco-friendly hydrothermal carbonization/electrochemical bottom-up synthetic process. The transformation of orange peel waste to CDs was confirmed by employing various sophisticated techniques. The authors reported that synthesized CDs have excellent electrochemical properties and deposited it onto the surface of an SPC electrode. The CD-modified SPC electrode was used as an NB sensor using DPV technology. The CD-modified SPC electrode exhibited an LOD, sensitivity, and linear range of 13 nM, 9.36 µA/µM cm2, and 0.1–200 µM, respectively. The excellent long-term stability, selectivity, and repeatability of the CD-modified SPC electrode suggested its potential for commercialization. Pandiyarajan et al. [43] also proposed the fabrication of a novel NB sensor using innovative strategies. In this vein, the authors proposed the synthesis of a Ag NP-decorated N-[3-(trimethoxysilyl) propyl]ethylenediamine (EDAS)-modified g-C3N4 composite for the construction of an NB sensor. The authors optimized the concentration of Ag NPs to improve the catalytic properties of the EDAS/(g-C3N4-Ag). The EDAS/(g-C3N4-Ag)-modified GC electrode demonstrated an LOD of 2 µM, sensitivity of 0.594 A M−1 cm−2, and linear range of 5 to 50 µM for the sensing of NB. Zhang et al. [44] reported the synthesis of 2D mesoporous carbon nitride (OMCN) using SBA-15 mesoporous silica as the template and melamine as the precursor. The synthesized OMCN was used as an electrode material for the modification of the GC electrode. The OMCN-modified GC electrode demonstrated an LOD of 1.52 µM for the sensing of NB.




2.3. Bimetallic Materials and Metal Nanoparticle-Based Electrode Materials


Bimetallic materials with nanostructures have received great interest because of their excellent and unique chemical and physical properties and have been explored in various applications including sensors. Nickel–copper (Ni-Cu) is an environmental-friendly bimetallic material and has various advantages, such as low cost, high catalytic activity, and less-toxic nature. Previously, Yan et al. [45] adopted the Ni-Cu alloy electrode for the determination of NB using simple strategies. The authors used the electro-deposition method for the preparation of a Ni-Cu alloy electrode. The prepared Ni-Cu alloy electrode was characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM)-based analysis. The XRD results demonstrated the presence of (111) and (220) diffraction planes for the presence of the Ni-Cu alloy. The decent intensity of the diffraction peaks suggested a moderate crystalline nature of the prepared Ni-Cu alloy electrode. The SEM results also indicated the presence of small particles, which agglomerated with a rough surface. The authors stated that these surface properties may be useful for obtaining better electro-catalytic behavior of the Ni-Cu alloy electrode for the sensing of NB. A polarization method was used for the determination of NB, and the authors reported a limit of detection (LOD) of 4 × 10−5 M with a sensitivity of 298 µA/mM. The linear dynamic range of 0.1–20 mM has been reported for the sensing of NB with a correlation coefficient (R2) of 0.995 using the Ni-Cu alloy electrode. Platinum (Pt) NPs are a significant and highly active catalyst due to their excellent conductivity and catalytic properties. Zhang et al. [46] assembled Pt NPs on macroporous carbon (MPC) by using a simple and benign one-step microwave-assisted heating method. The synthesized Pt NPs/MPC was characterized by TEM, which revealed that the synthesized material has a uniform surface morphology. Further, the authors modified the GC electrode with Pt NPs/MPC (nafion was used as a binder) and investigated its performance for the determination of NB using the LSV method. The Pt NPs/MPC-modified GC electrode exhibited an LOD of 50 nM with a wide linear dynamic range of 1–200 µM. The Pt NPs/MPC-modified GC electrode also exhibited decent recovery in real samples. Rameshkumar et al. [47] prepared silver nanoparticles (Ag NPs) on an amine-functionalized SiO2 sphere-modified electrode. The Ag NPs/SiO2-modified electrode was then used as an NB sensor, and the electrochemical properties of this Ag NPs/SiO2-modified electrode was determined by CV and square wave voltammetry (SWV). The CV results indicated that the Ag NPs/SiO2-modified electrode has higher catalytic activity compared to the GC electrode. The effect of various concentrations of NB was studied by employing SWV, and the authors found that the increase in the current response of the Ag NPs/SiO2-modified electrode is directly proportional to the concentration of NB. The improved performance of the Ag NPs/SiO2-modified electrode may be ascribed to the presence of a large number of Ag NPs on the SiO2 surface. The Ag NPs/SiO2-modified electrode exhibited an LOD of 500 nm for the sensing of NB derivatives. Thirumalraj et al. [48] explored the potential of an alumina-polished GC electrode for the sensing of NB. The CV curves of the alumina/GC electrode are shown in Figure 6a.



The authors optimized the pH of the solution to obtain higher electro-catalytic activity in the alumina/GC electrode. According to Figure 6a, it is clear that the alumina/GC electrode has higher catalytic properties under a pH of 5. The authors also used the DPV method for further investigations and found that DPV is a more efficient method for the sensing of NB. The current responses increase with increasing an concentration of NB (Figure 6b). Furthermore, the authors also investigated the selectivity of the alumina/GC electrode for the sensing of NB in the presence of various interfering materials. The selectivity studies are summarized in Figure 6c. It is suggested that alumina/GC electrodes have good selective nature for the sensing of NB in the presence of different interfering molecules. The alumina/GC electrode demonstrated an LOD of 0.15 µM. The alumina/GC electrode also showed good real sample studies in lake, tap, waste water, and drinking samples.



It is also reported that gold nanoparticles (Au NPs) may further improve the electrochemical performance of NB sensors. In this vein, Gupta et al. [49] reported the fabrication of an electrochemical sensing scaffold (ESS) for the determination of NB. The authors grew Au NPs on mesoporous SiO2 microspheres and used them as a catalyst for the determination of NB. The Au NPs/SiO2/GCE was employed as an NB sensor, and its electrochemical activities were checked by using the CV, DPV, and CA methods. The EIS also suggested the presence of a relatively high conductive nature and catalytic properties of the Au NPs/SiO2-modified GC electrode. The DPV technique suggested that the current response increases with increasing concentrations of NB. A wide linear dynamic range of 0.1 µM to 2.5 mM has been observed. An excellent LOD of 15 nM was achieved for the sensing of NB using Au NPs/SiO2/GCE. The authors also reported excellent selectivity of the Au NPs/SiO2/GCE towards the determination of NB in various interfering compounds. Rameshkumar et al. [50] proposed the fabrication of an NB sensor by employing simple protocols. The authors prepared silicate sol–gel-stabilized (SSG) Ag NPs using a benign one-pot synthetic process, and a mixture of hydrazine, nitric acid, and ammonium chloride was used as the reduction solution system. Initially, the authors used colorimetric methods for the determination of Hg (II) ions and reported an LOD of 5 µM. Furthermore, the authors explored the synthesized Ag NPs for the sensing of NB. The authors modified the active area of the bare GC electrode using Ag NPs as the catalyst and SWV as the sensing technique. The lowest LOD of 1 µM was reported by the authors for the sensing of NB using the square wave voltammetry (SWV) method. The enhanced performance of the NB sensor may be attributed to the presence of highly catalytic Ag NPs on the surface of the GC electrode.




2.4. Metal Dichalcogenides, Polymers, MOF, Metal Sulfides, and Other Electrode Materials


It is considered that nanoscale electrode materials play a crucial role in the design and fabrication of N2BHJU7 highly sensitive electrochemical sensors. Molybdenum disulfide (MoS2) is a widely used dichalcogenide in the construction of electrochemical sensors and energy storage applications. The catalytic properties of MoS2 can be further improved by incorporating MoS2 with rGO for electrochemical reactions. Nehru et al. [51] designed and prepared flower-like MoS2 nanosheet arrays (MoS2 NSA)/rGO hybrid composite material using the hydrothermal method. Furthermore, a GC electrode was modified with the prepared MoS2 NSAs/rGO as the sensing catalyst material, and CV/DPV techniques were adopted for the determination of NB. Figure 7a presents the EIS results for the differently modified electrodes under similar conditions. It is seen that MoS2 NSAs/rGO/GCE has low charge transfer resistance (Rct) and high conductivity. The obtained CV results for the different modified GCEs are shown in Figure 7b. The MoS2 NSAs/rGO/GCE exhibited a higher current response, which may be ascribed to the improved conductivity and better electro-catalytic properties. Figure 7c shows the CVs of the MoS2 NSAs/rGO/GCE at different scan rates, indicating that the current response linearly increases with increasing scan rates, and it is a diffusion-controlled process (Figure 7d). In terms of the effect of mass loading, as also studied, the authors reported 6 µL catalysts as the optimum amount for the sensing of NB (Figure 7e,f). The authors also recorded the CVs of the bare GCE, MoS2 NSAs/GCE, and MoS2 NSAs/rGO/GCE in the presence of NB. MoS2 NSAs/rGO/GCE exhibited a higher current response for the detection of NB compared to bare GCE and MoS2 NSAs/GCE (Figure 7g,h). Figure 7i shows DPV curves of the MoS2 NSAs/rGO/GCE at various concentrations of NB, and calibration curves between the current response and concentration of NB are depicted in Figure 7j. The authors found that the current value of the MoS2 NSAs/rGO/GCE increases linearly with increasing concentrations of NB. This proposed sensor demonstrated a linear range of 0.005 to 849.505 µM with a sensitivity of 1.8985 µA/µM cm2 for the determination of NB. The MoS2 NSAs/rGO/GCE also demonstrated an LOD of 0.0072 µM, with excellent cyclic stability, reproducibility, and repeatability. The authors investigated the selectivity test for the constructed MoS2 NSAs/rGO/GCE towards the determination of NB and found that MoS2 NSAs/rGO/GCE has excellent selectivity (Figure 7k,l). The MoS2 NSAs/rGO/GCE exhibits acceptable recoveries in real sample investigations, which suggests that MoS2 NSAs/rGO/GCE is a promising candidate for the sensing of NB in real life applications.



Recently, Papavasileiou et al. [52] reported the synthesis of 2D vanadium diselenide nanoflakes (VSe2 NFs) for the construction of an NB sensor. The VSe2 was coated on a GC electrode, and CV/DPV was used for the determination of NB. An LOD of 0.03 µM was reported with a linear range of 0.1 to 4 µM. The proposed sensor also showed acceptable recovery of 96% in real sample investigations. Karthik et al. [53] also reported strontium molybdate (SrMoO4) microflower/three-dimensional (3D) nitrogen-doped reduced graphene oxide aerogels (N-rGO) for the sensitive detection of NB in water samples. The SrMoO4/N-rGO-modified GC electrode demonstrated a remarkable LOD of 2.1 nM and linear range of 7.1 nM to 1.0 mM for the detection of NB. The performance of the SrMoO4/N-rGO-modified GC electrode also suggested that it can be used for real sample investigations with acceptable recoveries in a range of 96.1–99.6%. Polymers are well known for their excellent conductive nature, and their composite may be a promising electrode material for various electrochemical applications. In this context, Ramirez et al. [54] prepared a polymer nanocomposite (PNC) on flowers like the hierarchical rutile phase of the titanium dioxide (TiO2) nanorod microsphere. The authors optimized various conditions and reported the synthesis of unique surface morphologies (flower-like/cauliflower). The surface morphology of the synthesized PNC on TiO2/GO was characterized by employing SEM and TEM analysis. The authors modified the graphite electrode with the synthesized TiO2/GO and adopted this modified electrode as an NB sensor. The authors found that the sensing performance of the TiO2/GO-modified graphite electrode increases with increasing concentrations of NB. An improved LOD of 2.64 ppb was reported for the detection of NB using a TiO2/GO-modified graphite electrode. The TiO2/GO-modified graphite electrode also demonstrated acceptable repeatability, stability, and reproducibility towards the sensing of NB. The TiO2/GO-modified graphite electrode also exhibited excellent recovery in real sample applications. Yadav et al. [55] reported the synthesis of a Au NP-incorporated zinc-based metal–organic framework (MOF-5) and characterized by various sophisticated physicochemical techniques. The synthesized Au-MOF-5 was deposited onto the surface of a GC electrode and used as an electrochemical sensor towards the sensing of NB. The Au-MOF-5-modified GC electrode demonstrated improved electro-catalytic properties compared to the bare GC electrode, and this improved performance may be ascribed to the presence of the electrode material on the surface of the GC electrode. An interesting LOD of 1 µM with a sensitivity of 0.23 µA/µM cm2 was observed for the sensing of NB by using a Au-MOF-5-modified GC electrode. The excellent selectivity of the Au-MOF-5-modified GC electrode may be attributed to synergistic interactions. Zeolitic imidazole framework (ZIF) materials are well-known highly porous materials with a high surface area. The ZIF materials may be a promising material for various electrochemical applications. It would be of great significance to propose and fabricate ZIF-based hybrid or metal-doped materials for the construction of electrochemical sensors. An et al. [56] synthesized ZIF-67 material using simple protocols, and a synthetic process is shown in Figure 8a. The Co-NC was prepared by using ZIF-67 and PS nanospheres as the template and carbonizing process.



The authors also optimized the temperature of Co-NC synthesis and found that 800 °C is the suitable temperature for the preparation of a porous structure. The presence of N-atoms in the carbon framework improves the catalytic properties of the prepared materials. The Co-NC was coated on a GC electrode and used as a working electrode towards the sensing of NB. The loading mass of the catalyst was also optimized as 5 mg/mL using CV (Figure 8b,c). The effects of different concentrations were also studied using Co-NC-800-GCE. The DPV graphs demonstrated that the current linearly increases with increasing concentrations of NB (Figure 8d,e). The Co-NC-800-GCE demonstrated good selectivity for the determination of NB in various interfering substances. The Co-NC-800-GCE showed an LOD of 0.086 µM and linear range of 0.1 µM to 0.863 mM. The stability and better selectivity of the Co-NC-800-GCE was attributed to the presence of the robust electrode material on the GC surface. This work proposed the construction of a simple and highly selective NB sensor using robust electrode material. Li et al. [57] reported an MOF-conductive polymer composite film-modified electrode as an NB sensor, which demonstrated an LOD of 0.047 µM and linear range of 0.05 to 1 µM and 1 to 100 µM. Copper sulfide (CuS) is a semiconducting metal sulfide and has an optical band gap in the range of 1.23 to 2.0 eV. CuS has been widely used in various catalytic applications and energy-related applications such as lithium sulfur batteries and energy storage devices. It is also well reported that combining CuS may improve the properties of the hybrid composite materials. Carbon-based materials are desirable materials to form the composite materials. It is also known that doping with heteroatoms may further create defects and improve the catalytic properties of carbon-based materials. In this vein, Yuan et al. [58] designed and reported the facile synthesis of a CuS-loaded boron, nitrogen co-doped carbon composite (CuS-BCN) material using a simple synthetic method (Figure 9a). The XRD results suggested the formation of CuS-BCN, whereas SEM analysis revealed the presence of the surface structural morphology of the prepared CuS-BCN composite. The bare GC electrode was modified using CuS-BCN as a catalyst material, and its electrochemical performance was checked using the CV, EIS, and SWV methods. The EIS results showed that the CuS-BCN-coated GC electrode has a low resistance value compared to the bare GC electrode and revealed that the CuS-BCN-coated GC electrode has high conductivity. The CV results also demonstrated the presence of the relatively higher electro-catalytic behavior of the CuS-BCN-coated GC electrode (Figure 9b). The SWV demonstrated an excellent LOD of 0.12 µM using a CuS-BCN-coated GC electrode as an NB sensor. Two linear ranges of 0.5 to 150 µM and 150 to 1000 µM were reported for the sensing of NB using a CuS-BCN-coated GC electrode (Figure 9c,d). It was observed that SWV is more sensitive compared to the CV. Improved selectivity was observed for the detection of NB in the presence of various interfering substances by using a CuS-BCN coated GC electrode. The authors also reported excellent NB recovery in real water samples using a CuS-BCN-coated GC electrode. Thus, the authors proposed that the CuS-BCN-coated GC electrode is a promising sensing candidate for the determination of NB.



Recent years have witnessed a rapid surge in the synthesis and use of layered double hydroxides (LDHs) due to their excellent intrinsic properties for catalytic activity and interesting adsorption properties. LDH materials can be prepared via a hydrothermal method, and their properties can be tuned by incorporating with other materials. Li et al. [59] prepared a novel electrode material (Ni/Fe LDH) functionalized with sodium dodecyl sulfate (Ni/Fe(SDS)-LDH) for electrochemical sensing applications. This proposed 2D Ni/Fe(SDS)-LDH material was deposited on a GC electrode for electrochemical sensing studies. The electro-catalytic activities of the Ni/Fe(SDS)-LDH-modified GC electrode was evaluated by employing CV and DPV methods. The authors clearly found that the Ni/Fe(SDS)-LDH-modified GC electrode has higher catalytic properties compared to the bare GC electrode, suggesting that the presence of Ni/Fe(SDS)-LDH on the active surface of the GC electrode enhanced its catalytic behavior for the detection of NB. A low LOD of 0.093 µM was achieved using a Ni/Fe(SDS)-LDH-modified GC electrode for the determination of NB. The DPV results revealed that the Ni/Fe(SDS)-LDH-modified GC electrode has excellent selectivity for the sensing of NB, and this may be ascribed to the interactions/bonding between the NB and Ni/Fe(SDS)-LDH-modified GC electrode (Figure 10a). The CV curves of the different electrodes in the absence and presence of NB are shown in Figure 10b. It is seen that Ni/Fe(150 mg SDS)-LDH/GCE has high catalytic properties for the sensing of NB. The DPV graphs for Ni/Fe(0–200 mg SDS)-LDH/GCE are shown in Figure 10c. It is observed that Ni/Fe(150 mg SDS)-LDH/GCE has high electro-catalytic activities towards NB. The Ni/Fe(0–200 mg SDS)-LDH/GCE also demonstrated good recoveries for real sample investigations in tap water and underground water samples.



Perovskite materials have received extensive attention because of their excellent optoelectronic properties. Zhang et al. [60] synthesized an inorganic perovskite-based composite with high hydrophilicity. The synthesized CsPbBr3/TDPA exhibited high water stability due to the presence of oleylamine molecules. The ECL technique was used for the sensing of NB using CsPbBr3/TDPA as a sensing material. The authors reported an LOD of 0.05 µM with a linear range 1 mm to 0.1 µM towards the determination of NB. Rastogi et al. [61] reported a novel sensing system consisting of palladium nanoparticle-decorated polymer-silica (Pd-GG-g-PAM-silica). The authors modified the GC electrode using Pd-GG-g-PAM-silica as a sensing catalyst, and its performance was checked by employing the LSV, DPV, and CA techniques. The Pd-GG-g-PAM-silica-modified GC electrode demonstrated good reproducibility, acceptable repeatability, and high stability for the reduction/sensing of NB. An LOD of 0.06 mM with two linear ranges of 1 to 1900 mM and 1900 to 3900 mM were reported for the sensing of NB using a Pd-GG-g-PAM-silica-modified electrode. The authors reported that real sample recoveries are acceptable using the spike method. In the above sections, we described numerous electrode materials and their applications in the fabrication of NB sensors. The performance of the above-discussed NB sensors is summarized in Table 1 [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61].





3. Conclusions and Future Perspectives


We conclude that various electrode materials based on metal oxides (e.g., magnesium oxide, zinc oxide), graphene, carbon nitride, metal nanoparticles (e.g., silver or gold), metal–organic frameworks, or their composites have been reviewed for the determination of NB. The published articles demonstrated that the sensitivity and detection limit of NB sensors are the two major key parameters, which should be improved. In addition, electrochemical sensors should have excellent anti-interfering properties. Each material has its own advantages and disadvantages. From the published reports, it has been observed that metal oxide such as the cerium oxide-modified electrode demonstrated an excellent detection limit using the DPV method. On the other hand, the Ni-Cu-modified electrode exhibits a poor detection limit using the polarization method. Thus, the polarization method is not a highly efficient approach for the electrochemical sensing of NB. The CV-method-based sensing results demonstrated lower performance compared to the amperometry. This showed that CV is also a less sensitive method for the detection of NB compared to DPV or amperometry. It is clear that the DPV method is a more efficient and sensitive technique for the determination of NB. In addition, metal nanoparticles (gold, silver, platinum, etc.) have a highly conductive nature, but they are not suitable materials for NB sensing applications due to their high cost and poor performance. It is seen that metal oxides with hybrid composite materials are more efficient materials for the construction of NB sensors. However, some challenges still exist, such as poor adhesiveness of metal oxide particles on the surface of electrodes, the use of binders which reduce the catalytic activity and conductivity of the modified electrodes, and the low conductive nature of the metal oxides. It is required to combine metal oxides with highly conducting MXenes to form efficient electrode materials for the construction of NB sensors. Thus, it is believed that the performance of NB sensors can be further enhanced by incorporating metal oxides with MXenes.
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Figure 1. (a) Schematic picture for the synthesis of ZnSnO3/g-C3N4 composite. (b) XRD pattern of the ZnSnO3, g-C3N4, and ZnSnO3/g-C3N4 composite. (c) Selectivity test (DPV curves) of the NB sensor in presence of various interfering substances. (d) Selectivity results for NB sensing. Reprinted with permission [30]. 
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Figure 2. (a) Schematic representation of the synthesis of GO/MgO composite, fabrication of GO/MgO/GC electrode and its working for NB sensing. (b) CV graphs of the different electrodes for NB sensing. (c) Current value versus pH graph for the sensing of NB using GO/MgO/GC electrode. (d) DPV graphs of the GO/MgO/GC electrode in presence of various concentrations of NB. Reprinted with permission [31]. 
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Figure 3. (a) Schematic diagram presents the synthetic procedure for MnO2 NRs. (b) CV of the MnO2 NRs/GCE In presence of NB at different scan rates. (c) Calibration plot between current response and square root of scan rate. (d) DPV curves of the MnO2 NRs/GCE in presence of different concentrations of NB. (e) Calibration plot between current response and concentration of NB. Reprinted with permission [32]. 
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Figure 4. (a) Schematic picture for the preparation of NHSPs-x. (b) DPV graphs of the NHCPs-750–GC electrode in different concentration of NB. (c) Selectivity nature of NHCPs-750–GC electrode for NB sensing. Reprinted with permission [38]. 
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Figure 5. (a) CV curve of the (a) GRGO/Ni-TPP/GCE in the absence of NB. CV of (b) bare GCE, (c) GRGO/GCE, (d) NiTPP/GCE, (e) GO/NiTPP/GCE and (f) GRGO/Ni-TPP/GCE in the presence of NB. (b) CV responses of the GRGO/Ni-TPP/GCE electrode in the presence of NB under different pH conditions. (c) DPV curves of the GRGO/Ni-TPP/GCE in the presence of different concentration of NB. (d) Corresponding calibration curve between current response and concentration of NB. Reprinted with permission [41]. 






Figure 5. (a) CV curve of the (a) GRGO/Ni-TPP/GCE in the absence of NB. CV of (b) bare GCE, (c) GRGO/GCE, (d) NiTPP/GCE, (e) GO/NiTPP/GCE and (f) GRGO/Ni-TPP/GCE in the presence of NB. (b) CV responses of the GRGO/Ni-TPP/GCE electrode in the presence of NB under different pH conditions. (c) DPV curves of the GRGO/Ni-TPP/GCE in the presence of different concentration of NB. (d) Corresponding calibration curve between current response and concentration of NB. Reprinted with permission [41].



[image: Processes 12 01884 g005]







[image: Processes 12 01884 g006] 





Figure 6. (a) CV patterns of the alumina/GCE for the presence of 50 µM NB at different pHs. (b) DPV curves of the alumina/GCE in the presence of different concentrations of NB. (c) Selectivity of alumina/GCE for NB sensing. Reprinted with permission [48]. 
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Figure 7. (a) Nyquist curves and (b) CV graphs of bare GCE, MoS2 NSAs/GCE, and MoS2 NSAs/rGO/GCE in [Fe(CN)6]3−/4− redox probe (0.1 M KCl). (c) CV curves of MoS2 NSAs/rGO/GCE at different scan rates in the redox system and (d) corresponding calibration plot between peak current response and square root of scan rate. (e) CV curves and (f) cathodic current response of different volume of MoS2 NSAs/rGO/GCE in the presence of 200 µM NB in 0.05 M PBS. (g) CV curves and (h) cathodic current response of bare GCE, MoS2 NSAs/GCE, and MoS2 NSAs/rGO/GCE in the presence of 200 µM NB. (i) DPV curves of the MoS2/NSA/rGO/GCE in different concentrations of NB. (j) Calibration curve between current responses and concentration of NB. (k) DPV curves and (l) corresponding relative peak of the MoS2/NSA/rGO/GCE for selectivity test towards the sensing of NB in the presence of interfering substances. Reprinted with permission [51]. 
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Figure 8. (a) Schematic representation for the preparation of ZIF67@PS-derived Co-NC. (b) CV curves and (c) corresponding current values of the Co-NC-800-GCE (different mass loadings) in the presence of NB. (d) DPV curves of Co-NC-800-GCE in different concentrations of NB and (e) corresponding calibration plot between peak current and concentration of NB. Reprinted with permission [56]. 
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Figure 9. (a) Schematic representation for the synthesis of CuS-BCN and surface modification of GC electrode for the sensing of NB. (b) CV curves of the GCE, BCN/GCE, and CuS/BCN/GCE in the presence of NB. (c) SWV curves of the CuS/BCN/GCE at different concentrations of NB and (d) corresponding calibration plot between peak current and concentration of NB. Reprinted with permission [58]. 
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Figure 10. (a) Schematic representation for the working mechanism of Ni/Fe(SDS)-LDH-modified GC electrode towards the determination of NB. (b) CV curves of the different electrodes in absence and presence of NB. (c) DPV curves of the different electrodes in the presence of NB. Reprinted with permission [59]. 
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Table 1. Electrochemical parameters of the published NB sensors [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61].
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	Catalyst
	LOD (µM)
	Sensitivity (µA/µM cm2)
	Linear Range
	Technique
	References





	CeO2 NPs
	0.092
	1.1166
	0.1–50
	DPV
	[27]



	α-Fe2O3 micro/nanorods
	30.4 ppb
	446 nA/µM
	-
	CV
	[28]



	MnFe-Na/GCE
	4 mM
	-
	-
	CV
	[29]



	ZnSnO3-gC3N4/GCE
	2.2
	0.05857
	-
	LSV
	[30]



	GO/MgO-NC/GCE
	0.01
	-
	58.5–2333.5
	DPV
	[31]



	MnO2/GCE
	0.025
	-
	0.03–2
	DPV
	[32]



	ZnO-NRs@CTS-NFs
	0.002
	3.13
	0.01–17.2; 17.2–203
	DPV
	[33]



	MWNT-OH/GCE
	0.08
	-
	-
	DPV
	[34]



	f-MWCNTs/SPCE
	45 nM
	0.6685
	50 nm to 1170 µM
	Amperometry
	[35]



	EAG-SPE
	0.06
	1.445
	-
	CA
	[36]



	MMPCMs
	8 nM
	2.36
	0.2–40
	LSV
	[37]



	NHCPs-750–GCE
	2.296
	436 μA mM−1
	2–2610
	DPV
	[38]



	GR-CHI
	37 nM
	-
	0.1–594.6
	Amperometry
	[39]



	β-CD1.2 mg/GO
	0.184
	-
	0.5–1000
	LSV
	[40]



	GRGO/Ni-TPP
	0.14
	1.277
	0.5–878
	DPV
	[41]



	CDs/SPCE
	13 nM
	9.36
	0.1–200
	DPV
	[42]



	EDAS/(g-C3N4-Ag)NC
	2
	0.594 A M−1 cm−2
	5–50
	SWV
	[43]



	OMCN
	1.52
	-
	-
	Amperometry
	[44]



	Ni-Cu
	40
	298 µA/mM
	0.1–20 mM
	Polarization
	[45]



	Pt NPs/MPC
	50 nM
	-
	1–200
	LSV
	[46]



	Ag NPs/SiO2
	0.5
	-
	-
	SWV
	[47]



	Alumina/GC
	0.15
	-
	0.5–145.5
	DPV
	[48]



	GC/Au-MSM
	15 nM
	-
	0.1 μM to 2.5 mM
	DPV
	[49]



	GC/TPDT-Ag NPs
	1
	-
	-
	SWV
	[50]



	MoS2 NSAs/rGO
	0.0072
	1.8985
	-
	DPV
	[51]



	VSe2/GCE
	0.03
	-
	0.1–4
	DPV
	[52]



	SMO/N-rGO
	2.1
	-
	1.1 mM to 2.5 mM
	CV
	[53]



	TiO2/GO
	2.64 ppb
	40.6 µA/ppb
	2–8 ppb
	CV
	[54]



	GC/Au-MOF-5
	15.3
	0.43
	-
	CV
	[55]



	Co-NC
	0.086
	-
	0.1 μM–0.863 mM
	DPV
	[56]



	PCN-222(Fe)/p3HT-p3TPA/GCE
	0.05
	-
	-
	DPV
	[57]



	CuS-BCN/GCE
	0.120
	
	0.5–150, 150–1000
	SWV
	[58]



	Ni/Fe(SDS)-LDH
	0.093
	15.79
	10–100
	DPV
	[59]



	CsPbBr3/TDPA
	0.05
	-
	1 mM to 0.1 μM
	CV/ECL
	[60]



	Pd-GG-g-PAM-silica
	0.06
	-
	1–1900, 1900–3900
	DPV
	[61]
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