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Abstract

:

In the present study, we report a highly effective electrochemical sensor for detecting 2,4-dinitrotoluene (2,4-DNT). The amperometric determination of 2,4-DNT was carried out using a gold electrode modified with zinc–metal organic framework-8 and silver quantum dot (Zn-MOF-8@AgQDs) composite. The synthesized nanomaterials were characterized by using transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD). The synthesized nanocomposite proved to be efficient in electro-catalysis thereby reducing the 2,4-DNT. The unique combination present in Zn-MOF-8@AgQDs composite offered an excellent conductivity and large surface area enabling the fabrication of a highly sensitive (−0.238 µA µM−1 cm−2), selective, rapid and stable 2,4-DNT sensor. The dynamic linear range and limit of detection (LOD) was about 0.0002 µM to 0.9 µM and 0.041 µM, respectively. A 2,4-DNT reduction was also observed during the linear sweep voltammetry (LSV) experiments with reduction peaks at −0.49 V and −0.68 V. This is an unprecedented report with metal organic framework (MOF) composite for sensing 2,4-DNT. In addition, the presence of other species such as thiourea, urea, ammonia, glucose, and ascorbic acid displayed no interference in the modified electrode suggesting its practicability in various environmental applications.
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1. Introduction


Homeland security has become the principal challenge for most nations, conceivably due to the sudden outburst of heat and potential energy release from nitrogen-containing aromatic compounds. This has led to a rapid increase in research into the capability of detecting materials such as explosive compounds, biological weapons, flammable materials and chemical warfare agents, which can cause widespread communal harm even at trace levels [1,2]. Nitroaromatic compounds are the most common prevalent explosives, representing a prominent class [3]. The nitroaromatic explosive 2,4-dinitrotoluene (DNT) is widely used in antitank and antipersonnel landmines, and is responsible for extensive contamination of land and water. In addition, 2,4-dinitotoluene (DNT) is also a degradation product of trinitrotoluene (TNT) and is a significant environmental concern [4]; the vapor pressure of 2,4-DNT being 40–1000 times higher than that of TNT [5]. The US Environmental Protection Agency cites 2,4-DNT as a carcinogen [6] and considering its destructive potential, significant efforts have been devoted for the development of reliable, innovative, simple and efficient sensing devices.



In recent years, various researchers have attempted to detect explosives using strategies including fluorescence, liquid chromatography, mass spectrometry, ion mobility spectrometry, infrared absorption spectroscopy and electron capture detection [7,8,9,10,11,12,13,14,15,16]. However, these techniques are both expensive and time-consuming. The electrochemical technique has been extensively utilized to detect explosives due to its simplicity, high sensitivity and quick response time [17,18]. The electroactive nature of the nitro groups present in 2,4-DNT is responsible for the electrochemical sensing which can be performed by a stepwise 4-electron reduction for each NO2 group into NHOH followed by a further 2-electron reduction of the NHOH group into NH2 [19,20]. Recently, nanomaterials have also attracted remarkable interest, owing to their unique features [21,22,23,24] and are represented by conductive polymers, metal oxides, natural semiconductors and carbon nanomaterials for sensing toxic materials [25,26] with electrocatalytic frameworks for reduction of 2,4-DNT. In an earlier study, reduced graphene fabricated on a glassy carbon electrode (GCE) surface was used to detect 2,4-DNT via a stripping voltammetry technique in which the detection limit was 42 nmol L−1 and a carbon-screen–printed electrode for trace 2,4-DNT detection in field applications [1,27], including electrochemical sensing in sea water [28]. In another study, a GCE-rGO/SrTiO3 modified glassy carbon electrode (MGCE) showed rapid electronic communication for the electrochemical sensing of nitro-substituted 2,4-DNT [29] and a carbowax/PPy-based system [30]. A carbon nanotube (CNT)-based flexible sensor was developed for the trace detection of 2,4-DNT, displaying good response at 0.22 ppm concentration; such composite conducting materials provide a fast electron exchange between the electrode and the electrolytic solution.



Yet, the production of these materials is complex, with a low yield thus necessitating a need to develop novel materials for the rapid detection of 2,4-DNT. Metal organic frameworks (MOFs) are of broad research interest due to their porous, flexible nature which allows the entrapment of different types of guest molecules, thereby increasing their electrical conductivity and stability; they hold immense potential in diverse industrial applications, such as drug delivery, gas storage, separation, heterogeneous catalysis and chemical sensing [31,32,33,34,35,36,37].



In the present study, silver quantum dots immobilized on Zn-MOF-8 (Zinc–metal organic framework-8) were sonochemically synthesized and characterized using TEM, FTIR and XRD. The encapsulated Zn–MOF-8@AgQDs (silver quantum dots) were applied over the gold electrode to create a modified Zn–MOF-8@Ag/Au electrode for the electrochemical reduction of 2,4-DNT. The performance of this electrode was examined using impedance spectroscopy, cyclic voltammetry and linear sweep voltammetry wherein the electrode exhibited noteworthy features in terms of high surface area, better electron transfer, good sensitivity, stability and detection limit. This is an unprecedented finding for the electrochemical sensing of 2,4-DNT.




2. Materials and Methods


2.1. Chemicals and Reagents


Zinc acetate dihydrate [Zn(O₂CCH₃)₂ 2H₂O (99%)], naphthalene-2,6-dicarboxylic acid C12H8O4 (99%), dimethylformamide (CH3)2NC(O)H hydrazine and Nafion were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Dried methanol (max. 0.2% water), triethylamine, ethanol, 2,4-dinitrotoluene (C7H6N2O4), silver nitrate (AgNO3), NaBH4, KH2PO4, Na2HPO4, KCl, ammonia, urea, thiourea, KI, ascorbic acid, glucose and NaCl were purchased from Himedia Laboratories, West Chester, Pennsylvania, USA and used without purification.




2.2. Apparatus


The morphology and size of as-grown Zn-MOF-8 and its composite were analyzed by TEM Morgagni 268D (Fei Electron Optics, AIIMS, Delhi, India). The X-ray diffraction was performed by Rigaku Miniflex-II diffractometer, Tokyo,, Japan (Cu-Kɑ radiation, λ = 1.54 A). The FT-IR spectrum was analyzed by Shimazdu IR Affinity-I FT-IR spectrophotometer,(Nakagyo-Ku, Kyoto, Japan ). Ultrasonication was carried out in an ultrasonic water bath, Synergy Techno Support & Solution LLP, Mumbai, India(frequency of 40 KHz). Thermal analysis was performed using the TGA/DSC 3+ Stare system (Mettler Toledo, Leicester, UK) in the temperature range between 25–1000 °C with a heat rate flow of 10 °C min−1 in a static nitrogen atmosphere. Energy dispersive X-ray (EDX) acquired on Bruker–Quan Tax 200 in the textile technology department at Indian Institute of Technology, New Delhi, India ). The electrochemical experiments were performed on an electrochemical workstation PGSTAT302N (metrohm), µ-Autolab, Kanaalweg Utrecht, Netherlands, at room temperature with a three-electrode set up system: modified AuE as working electrode, Ag/AgCl as reference electrode and Pt as auxiliary electrode.




2.3. Synthesis of Nanostructure Zn-MOF-8 and Their Composites with Silver Quantum Dot Particles


The Zn–MOF-8 was synthesized using solvothermal method. For this, 3.188 mg (0.007 mmol) Zn(C4O4H6).2H2O was dissolved in 40 mL of dimethylformamide and mixed with 0.90 g 2,6-naphthalene dicarboxylic acid, dissolved in 3 mL triethylamine. The solution was poured into a round-bottom flask and incubated in an oil bath at 120 °C for 24 h, after which the product was stored at room temperature. The precipitate was isolated by filtration and washed at least three times with ethanol followed by double distilled water (DDW) and was dried under vacuum for 6 h. The Zn–MOF-8@Ag composite was prepared by dispersing 700 mg of Zn-MOF-8 in 22 mL of dry methanol under ambient conditions, to which 3 mL of AgNO3 (22.05 mg, 0.13 mmol) solution was added drop wise under vigorous stirring [38]. This was followed by addition of 5 mL sodium borohydride (NaBH4 37.1 mg) solution in distilled water under vigorous stirring for complete reduction of Ag+. The resultant solution was sonicated for 2 h and the ensuing product was washed with methanol followed by double distilled water (DDW). The obtained product was dried at 55 °C in an oven for 5 h and stored for further use.




2.4. Fabrication of Au/Zn-MOF-8@AgQDs Composite Modified Electrode


Before modification, the bare Au electrode was cleaned using alumina slurry (0.05 µm) and double distilled water followed by sonication to remove the adsorbed material on the electrode surface. The Zn–MOF-8@AgQDs dispersion was obtained by dispersing the composite material in double distilled water under sonication. About 3 µL of dispersed Zn–MOF-8@AgQDs dispersion was drop casted on the surface of gold electrode and allowed to dry in air for 1 h. After drying, the Zn-MOF-8@AgQDs modified gold electrode, Nafion (2 µL) solution was added over the electrode and further dried for 1 h. The fabricated gold electrode was used for the detection of 2,4-DNT.





3. Results and Discussion


3.1. Characterization of Zn-MOF-8@AgQDs Composite


The chemical structure of the samples was investigated by FTIR spectroscopy. Figure 1a,b displays FTIR spectra of the prepared zinc metal complex and their composite in the range of 400–4000 cm−1. In Figure 1, the zinc–metal complex showed the absorption frequency at 3400 cm−1 which confirms the presence of hydroxyl group in the complex. Peaks appearing at 3118 cm−1 and 1612 cm−1 were assigned due to C–H stretching present in aromatic ring of the linker and C=O stretching lower than those of napthalenedicarboxylic acid, respectively which confirmed the coordination of Zn metal. The absorption band at 1557 cm−1 and 1492 cm−1 confirmed the aromatic C=C bending vibrations whereas the absorption at 927 cm−1, 792 cm−1 and 648 cm−1 was due to presence of small amount of dimethylformamide as residual solvent. The absorption peaks at 482 cm−1 correspond to Zn–O stretching which confirmed the structure of the metal coordination bond in the complex. There was no absorption peak at 1700 cm−1 which implies that carboxyl group of 2,6-naphthalenedicarboxylic acid was completely removed during the reaction. Figure 1b depicts the FTIR spectrum of ZnMOF–8@AgQDs composite indicating partial changes in the peak value due to encapsulation of Ag QDs into the pores of MOFs. The extra peak appearing at about 530 cm−1 corresponds to stretching of the Ag–O bond and the peak at 2373 cm−1 was due to air in the atmosphere. The crystallinity, structure and phase composition of Zn–MOF-8 and its composite were analyzed by XRD, which displayed patterns for Zn-MOF-8, similar to that of the single crystal structure of Zn–MOF-8 as prepared by solvothermal method. The number of well-defined diffraction peaks at various positions in the complex was confirmed by powder-XRD and the crystalline nature of the metal complexes was observed (Figure 1c,d). In Figure 1c, the sharp and intense peak in P-XRD confirmed the monoclinic crystal system with space group P21/c. For Zn–MOF-8@Ag composite (Figure 1d), the P-XRD pattern was comparable to that of Zn–MOF-8 crystal except for strong peaks observed at 38° and 44° and 60° which corresponds to the (111), (200) and (108) planes of silver QDs particles [39,40,41].



To investigate the thermal stability of the nanostructure metal complex and its composite, thermal gravimetric analysis (TGA) was performed in the temperature range from 25–1000 °C under nitrogen atmosphere (Figure 2). The TGA curve of Zn–MOF-8 revealed that weight loss initiated with the removal of water and dimethylformamide molecules around 100–200 °C whereas the second prominent mass loss was seen around 500–530 °C which is due to structural decomposition of organic linkers (Figure 2a). However, in the case of the composite, the weight loss started around 100–200 °C and the second weight loss occurred round 450 °C due to large amount of metallic species in the composite (Figure 2b). The third weight loss occurred around 650 °C which corresponded to the degradation of metal framework. The results clearly showed that the weight loss of Zn–MOF-8@AgQDs was detected at relatively higher temperature, which indicated high thermal stability of the MOF after incorporation of Ag nanoparticles.



The morphology and size of the metal complex and its composite were examined by TEM. TEM images of the Zn–MOF-8 nanoparticles and its QDs composite are shown in Figure 3. The Zn–MOF-8 showed cube-shaped morphologies with size in the range of ͂ 186 nm (Figure 3b). Moreover, Zn-MOF–8@Ag composite confirmed that Ag particles were adhering to the Zn–MOF-8 surface. Figure 3c reveals the strong binding of Ag QDs particles on Zn–MOF-8 surface resulting in a smooth pathway for the collection and transportation of electrons. The elemental composition of Zn–MOF-8 and Zn–MOF-8@Ag was studied by using energy dispersive X-ray analysis (EDXA). The EDX analysis depicted in Figure 4a,b shows the presence of Zn, O, C in Zn-MOF and Zn, Ag, C and O in Zn–MOF@AgQDs, respectively indicating the formation of nanocomposite. This EDX mapping confirmed that the AgQDs are well encapsulated by Zn–MOF-8 and atomic % of Ag within Zn–MOF-8 was determined, see atomic % inset in Figure 4a,b.




3.2. Electrochemical Impedance Spectroscopy (EIS) Study


Impedance spectroscopy, a rapidly developing electrochemical technique analyzes the charge transfer behavior of the modified electrode. The Nyquist plot of different electrodes: (a) bare, (b) modified, were plotted in the frequency range from 0.01 Hz to 100 Hz in phosphate buffer saline (PBS) of pH 7.0 (Figure 5a). The bare electrode exhibited higher charge transfer resistance than the modified Zn–MOF-8/Ag/Au electrode, which suggested better electron exchange of the modified electrode as compared to the bare electrode, affirming that the higher charge resistance limits the electron exchange system.




3.3. The Electrocatalytic Reduction and Detection of 2,4-Dinitrotoluene


3.3.1. Cyclic Voltammetry


Cyclic voltammograms were recorded to estimate the electrocatalytic activity of the synthesized Zn–MOF-8@Ag/Au modified electrode towards the reduction of 2,4 DNT. In Figure 5b, CV was performed in the presence and absence modified electrode in presence of the 2,4 DNT. The dynamic active surface area of the modified gold electrode was calculated by using Randles–Sevcik equation; utilizing cyclic voltammetric technique, 5 mM K3Fe (CN)6 as a test solution and 0.1 M KCl as the supporting electrolyte, at different sweep rates. For a reversible process the equation is as follows:


Ip = 2.69 × 105 × n3/2 A × D0½ × ν1/2 × C0








where Ip = peak current (µA), A = surface area of the electrode (cm2), C0= concentration of electroactive species (mol cm−3), n = number of electrons transferred, D0 = diffusion coefficient (cm2 s−1) and ν = scan rate (V s−1). The value of the diffusion coefficient can be obtained, by plotting Ipa vs. ν1/2 (for 0.05 mol cm−2 of K3[Fe(CN)6]3/4). Here, C0 = 0.05, n = 1, D0 = 7.6 × 10−6 cm2 s−1. On substituting these values, the active surface area was calculated to be 0.056 cm2 on a modified Au electrode [42]. The CV response was recorded for a modified Au electrode in 0.25 mM 2,4-DNT in 0.1 M, PBS (pH = 7.4), respectively, at a scan rate of 0.0050 mV/s. Figure 5b shows the CV curve of a Zn–MOF-8@Ag modified gold electrode in the absence gave no response (black line) and in presence afforded two reduction peaks (red line). The results indicated that the modified Au electrode showed negligible response in the absence of 2,4-DNT but gave two major reduction peaks in presence of 2,4-DNT. These reduction peak appeared at −0.50 V and −0.62 V which confirmed that the Zn–MOF-8@Ag modified Au electrode is much reactive towards 2,4-DNT and established that synthesized Zn–MOF-8@Ag is efficient for the reduction of 2,4-DNT. Further, the effect of scan rate of modified electrode was studied in detail by applying different scan rate dependent experiments. The scan rate experiments were performed (0.25 mM, 2,4 DNT, 0.1 M PBS) in scan rates ranging from 5 mA/s to 500 mA/s and are depicted in Figure 5c. The CV responses of modified electrodes increased with increase in the scan rate which confirmed that the reduction is diffusion controlled. The calibration curve of cathodic peak current and square root of scan rate is plotted in Figure 5d.



Further, we have endorsed the effect of different concentrations of 2,4-DNT against the modified gold electrode; CV response showed that electrocatalytic current increased with increase in concentration (0.2 to 0.25 mM) of 2,4-DNT in PBS at pH 7.4 against the modified Au electrode (Figure 6a). The results reveal that with the increment in the concentration of the 2,4-DNT, the reduction peak (R1 & R2) also increased, which confirmed that the modified electrode is sensitive towards 2,4 DNT. The irreversible electrochemical response shows that there is no anodic current observed in the reverse sweep, thus implying that Zn–MOF-8@AgQDs is an effective mediator for the reduction of 2,4-DNT.




3.3.2. Amperometric Determination of 2,4-DNT


In order to evaluate sensor responses, such as sensitivity, detection limit and correlation coefficient, amperometric measurements were performed using Zn–MOF-8@AgQDs modified Au electrode for sensing of 2,4-DNT; Figure 6b shows typical responses for Zn–MOF-8@Ag/AuE at different concentration ranges from 0.10 mM to 10 mM of 2,4-DNT in phosphate buffer solution (PBS) at constant applied potential of 0.05 V. This low reduction potential (0.05 V) is more beneficial for the sensing of 2,4-DNT. A sharp and well-defined amperometric response was obtained during addition of, 4-DNT, which confirmed that the Zn–MOF-8@Ag modified electrode is efficient for the reduction of 2,4 DNT. Figure 6c, depicts a linear relationship for both cathodic peak current against different concentrations of 2,4-DNT; response current increased linearly at 2,4-DNT concentrations ranging from 0.100 mM to 10 mM.



Figure 6d shows the plot for 1/current vs. 1/concentration represents a linear relationship between constant current and 2,4 DNT concentration. The correlation coefficient of the fabricated sensor was calculated to be R2 = 0.995 and sensitivity was calculated (sensitivity = slope/area of the electrode) from the slope of the standard curve in Figure 6d; it was found to −0.238 µA µM−1 cm−2. The detection limit was calculated as 0.041 µM (LOD = 3σ/S, where σ denotes standard error and S denotes slope of standard curve) and response time was <2 s.




3.3.3. Comparative Study of the Previously Reported Literature


Many earlier studies have been reported sensing of 2,4-DNT using different nanocomposites and they are shown in Table 1. However, the prepared sensor in this study exhibited improved analytical presentation in term of sensitivity and limit of detection (LOD) as compared to previously reported sensors.




3.3.4. Interference Study


Good selectivity is very vital and challenging for electrochemical sensors. The selectivity of the modified sensor was evaluated using chronoamperometry as shown in Figure 7.



The selectivity of the modified electrode was assessed towards potential interfering species like hydrazine, thiourea, glucose, ascorbic acid, ethanol, urea, ammonia and KI in the presence of 0.01 mM 2,4-DNT. It was found that no amperometry response was obtained when 0.1 mM solution of each ion was introduced into 0.01 M PBS. However, the amperometric response was observed when 0.01 mM of 2,4-DNT was added to the solution which indicated good selectivity of the Zn–MOF-8@Ag modified Au electrode towards 2,4-DNT in practical applications.




3.3.5. Linear Sweep Voltammetry


The electrochemical behavior of the modified electrode towards reduction of 2,4-DNT was investigated by linear sweep voltammetry (LSV) where current is measured at the working electrode. LSV response of the modified/Au electrode shows a linear relation between the concentrations of 2,4-DNT vs. time examining the reduction current (Figure 8a); the modified Au electrode was assessed by LSV for the detection of 0.1 mM 2,4-DNT in PBS (pH 7.4) with the applied electrode potential range between −0.2 to −0.8 V and a slow scan rate of 50 mV/s. The modified electrode in PBS without 2,4-DNT observed no reduction peak in LSV whereas for 2,4-DNT it detected two stepwise reduction peaks around −0.49 V and −0.68 V in LSV (Figure 8b). The LSV response shows the number of nitro group reduction peaks in the aromatic compound.



Consequently, the number of nitroaromatic groups can be easily detected with the help of modified electrode thus showing its prowess and high efficiency for the electrochemical detection of 2,4-DNT. The two-step reaction requires six electrons and six protons for the reduction of the nitro group. The initial reduction of the nitro group, via 2 e− and 2 H+ exchange (removal of water molecules) to a nitroso derivative (Reaction 1) (Figure 9). The nitroso compound was further reduced to a hydroxylamine via exchange of 2 e− and 2 H+ (Reaction 2) and finally to the aromatic amine via elimination of water molecules (Reaction 3). The procedure requires in total 12 e− and 12 H+ for the reduction of the two nitro groups into corresponding amines.



The modified electrode showed good results towards detection of 2,4-DNT which proved that Zn–MOF-8@AgQDs composites efficiently worked for sensing. The reproducibility of the Zn–MOF@AgQDs modified Au electrode was evaluated by using CV in presence of 0.2 µM 2,4-DNT for 3 times using the same electrode and no significant variation was observed in terms of over potential and current response; the response time of the developed sensor being <2 s.



The schematic representation for the synthesis of Zn–MOF-8@AgQDs and the proposed redox reaction mechanism during the sensing of 2,4-DNT is given in Figure 10. Based on these results, the Zn–MOF-8@Ag/AuE shows a good potential for the detection of 2,4-DNT.






4. Conclusions


This work reports a new Zn–MOF-8@AgQDs composite material for the detection of 2,4-DNT. The Zn–MOF-8@AgQDs modified Au electrode possessed outstanding adsorption and electrochemical sensing of 2,4-DNT via cyclic voltameteric and amperometric methods. Under optimal conditions, the fabricated Zn–MOF-8@Ag modified Au electrode possessed higher sensitivity, and no interference was discerned from other explosive compounds including hydrazine, thiourea, glucose, ascorbic acid, ethanol, urea, ammonium and KI. The Zn–MOF-8@Ag modified Au electrode provides a low detection limit of 0.041 µM, high sensitivity −0.238 (µA−1µM−1cm−2) and shows good repeatability. The detection limit and sensitivity of Zn–MOF-8@AgQDs sensor was superior to other reported 2,4-DNT sensors.
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Figure 1. FTIR spectra of (a) Zn–MOF-8, (b) Zn–MOF-8@AgQDs (c) Powder- XRD of Zn–MOF-8 and (d) Zn–MOF-8@AgQDs. 
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Figure 2. TGA curves of (a) Zn–MOF-8 and, (b) Zn–MOF-8@Ag. 
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Figure 3. TEM image of (a) Ag QDs particles, (b) Zn–MOF-8, (c) Zn–MOF-8@AgQDs. 
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Figure 4. EDX analysis of (a) Zn–MOF-8, (b) Zn–MOF-8@AgQDs. 
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Figure 5. (a) Nyquist plot of (a) bare and (b) Zn–MOF-8@Ag/AuE in PBS (7.4). (b) CV of bare and modified in PBS containing 0.25 mM of 2,4-DNT at scan rate of 0.005 mV/s. (c) CV sweep curve for the Zn–MOF-8@Ag modified AuE at scan rate range (5 to 500 mV/s) in 0.1 M PBS containing 0.25 mM 2-4-DNT, and (d) Plot between cathodic peak current and square root of scan rate. 
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Figure 6. (a) CV sweep curve of the Zn–MOF-8@AgQDs modified gold electrode with subsequent addition of 2-4-DNT and plot between current vs. 2-4-DNT concentrations and, (b) typical amperometric response of Zn–MOF-8@Ag modified Au electrode by successive addition of 2-4-DNT (0.10 mM to 10 mM) in 0.1 M phosphate buffer saline (PBS) at constant potential of 0.05 V, (c) display of the linear relationship between constant current and 2-4-DNT concentration, (d) plot of 1/current vs. 1/concentration represents a linear relationship at constant current in different concentrations of 2-4-DNT. 
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Figure 7. The amperometric anti-interference ability of a Zn–MOF-8@AgQDs modified Au electrode by addition of 10 mM 2,4-DNT and 80 mM of each interfering reagent (hydrazine, thiourea, glucose, ascorbic acid, ethanol, urea, ammonium, KI) followed by addition of 10 mM 2,4-DNT in PBS at 0.05 V applied potential. 
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Figure 8. (a) LSV of modified Au electrode potential is swept linearly with respect to time and, (b) LSV of modified Au electrode in 0.1 M PBS (pH 7.4) in the presence of DNT and absence of DNT at the slow scan rate (50 mV/s). 
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Figure 9. Reaction mechanism involved in the reduction of the aromatic (Ar) nitro group (1) reduction of nitro group into nitroso derivative, (2) conversion of nitroso group into hydroxylamine and (3) finally the conversion of hydroxylamine into aromatic amine. 
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Figure 10. Schematic representation of the synthesis of Zn–MOF-8, its composite form, and its fabrication on a gold electrode; CV response depicted for reduction of 2-4-DNT. 
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Table 1. Summary of linear range, detection limit and sensitivity to 2,4-DNT in previously reported literature.
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	Type of Electrode
	Linear Range (µM)
	Sensitivity (µA−1 µM−1 cm−2)
	Detection Limit (µM)
	References





	GC/G-Li-CO3
	0–0.20
	−0.552
	0.035
	[28]



	GCE/rGO/SrTiO3
	0.5–0.8
	71.66
	0.128
	[29]



	GE/Zn-MOF-8@Ag
	0.002–0.9
	−0.238
	0.041
	Our work
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