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Abstract

:

Metal–organic frame (MOF) materials may have the advantages of a regular pore structure, large porosity, and large specific surface area, which could provide better catalytic activity, but they have some disadvantages in electrocatalysis. In contrast, carbon nanofibers (CNFs) prepared by electrospinning methods have good conductivity and stability. Therefore, this research aimed to generate MOF/CNFs composite materials to improve the electrochemical properties of MOF materials and apply them to the field of electrochemical sensing. This experiment was based on the preparation of straight unidirectional CNFs by an electrospinning method at 2000 RPM. The original method of preparing zeolitic imidazolate frameworks (ZIF-8) was improved and ZIF-8 was uniformly dispersed on the surface of CNFs to form a ZIF-8/CNF composite with a fiber diameter of about 0.10 to 0.35 µm. The specific surface area of the CNFs was about 42.28 m2/g, while that of the ZIF-8/CNF composite was about 999.82 m2/g. The specific surface area of the ZIF-8/CNF composite was significantly larger than that of CNFs. The GCE/ZIF-8/CNF electrode had an excellent electrochemical reaction, with an oxidation peak at about 216 μA, which proved that the ZIF-8/CNF composite material would have good catalytic activity and excellent electrochemical properties for the detection of nitrofurazone compared to other modified electrodes.
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1. Introduction


Nitrofurazone (5-nitro-2-furaldehyde semicarbazone) is a synthetic antibiotic medicine that has been widely utilized to treat bacterial and protozoan infections. Nitrofurazone (NFZ) is used to treat both humans and animals for inflammatory illnesses, as well as Gram-positive and Gram-negative bacterial diseases of the skin, genitourinary tract, eyes, nose, and ears. However, nitrofurazone drug residues may enter the ecosystem, food chain, and drinking water. Long-term intake of this antibiotic can lead to liver disease, lung fibrosis, carcinogenicity, and birth defects [1,2]. Because of its dangers, the use of this antibiotic is prohibited for both people and animals in many nations, including the European Union. Nevertheless, due to its low cost and excellent antibacterial effectiveness, it is still used illegally in many countries [3]. Hence, it is crucial to detect NFZ in food and drink and to remove it from water, soil, and food. A few techniques that have been used to detect NFZ are high-performance liquid chromatography, liquid chromatography–mass spectrometry, spectrophotometry, and electrochemical detection. The electrochemical sensor is suitable for the on-site examination of targets due to its favorable characteristics, such as simplicity, portability, and quick reaction [4,5].



In the past three decades, porous materials have attracted great attention in many fields of exploration, including physics, chemistry, and materials science [6,7,8]. These materials play significant roles in our daily activities, with a wide range of applications such as adsorption, separation, biomedicine, and catalysis. Metal–organic frameworks (MOFs), also known as porous coordination polymers (PCPs), are constructed of organic linkers and metal ions or clusters, and they have emerged as a new type of crystalline material with a large surface area (typically ranging from 1000 to 10,000 m2/g), high porosity, tunable structures, and flexible tailoring ability compared with traditional porous materials such as zeolites [9,10,11]. MOFs can cover the full pore size gap between microporous zeolites and mesoporous silica structures and have highly tunable pore sizes (usually 0–3 nm; up to 9.8 nm). MOFs have a diverse range of applications, including gas absorption, separation, chemical sensors, biomedicine, proton conductivity, and heterogeneous catalysis [12,13,14,15].



The reason for the wide interest in MOFs is their well-defined and tailorable crystalline structures, which make them an ideal platform for the establishment of clear structure and property relationships. These structures and properties have great significance and provide more guidelines for the design of new functional materials [16]. In 2015, Chen Jun et al. synthesized Ni-MOFs by a solvothermal method as a high-performance rechargeable lithium-oxygen battery cathode catalyst. The test results showed that the specific capacity of Ni-MOFs was 9000 mAh/g [17]. In 2020, Hu Ning et al. used MOF-assisted ruthenium atoms with nitrogen-containing porous carbon (Ru SAs-NC) for supercapacitors and reported a current density of 0.02 mA cm−2 [18].



Zeolitic imidazolate frameworks (ZIFs) are porous hybrid materials with structures analogous to zeolites that are connected with four tetrahedral units, wherein metal ions, such as Zn2+ or Co2+, are linked through N atoms in ditopic imidazolate anions [19,20]. ZIFs have high pore sizes, surface functionality, and relatively high chemical and thermal stability. They have emerged as a potential material for H2 storage [21], CO2 adsorption [22], alkane/alkene separation [23], and heterogeneous catalysis [24], owing to their structural properties [25]. In 2015, Jiang Hailong et al. combined the high catalytic activity of ZIF-8 and ZIF-67, each with high specific surface areas, and used element doping to replace Zn with Co to obtain a high-specific-surface-area catalyst with excellent ORR catalytic activity [26]. In 2017, L. J. Feng et al. and others obtained a series of zinc-doped cobalt (ZnCoNC) that provides good conductivity for the composite material and shows excellent ORR and OER catalytic activity [27].



In 1991, Iijima et al. discovered and reported carbon nanofibers (CNFs), which have received extensive attention in electrochemical studies [28]. CNF materials are formed by crimping multiple layers of graphite sheets. The fiber diameters are generally 10–500 nm, and their lengths are about 0.5–100 μm. In addition, CNFs have not only good electrical conductivity but also high mechanical strength, a large aspect ratio, a large specific surface area, and good thermal stability. These properties make CNFs useful in a wide range of applications in the fields of electrode materials, sensors, reinforcement materials, catalysts, nano-photoelectric materials, heavy metal ion adsorption, and hydrogen storage [29,30,31].



Many materials can be used as a carbon source for CNF preparation, including polyacrylonitrile (PAN), polyvinyl alcohol (PVA), polyimide (PI), and polyvinylidene fluoride (PVDF) [32]. However, when polyacrylonitrile is used as the carbon source, a low-temperature stabilization process must be applied during the heat treatment to keep the fiber morphology and structure of CNFs stable. The preparation of CNFs using polyacrylonitrile as a carbon source was first proposed by Kim et al. [33]. At present, there are many methods for preparing carbon nanofibers, but most of them are still at the laboratory level. Because CNFs have very broad application prospects, the industrial production of CNFs will soon be necessary [34,35].



The current methods for preparing CNFs include chemical vapor deposition, and solid-phase synthesis [36,37]. These methods have problems such as high production costs, low production efficiency, and complicated production processes. At present, electrospinning is the most commonly used method of nano- and microfiber preparation. It can directly prepare polymer nanofibers. Compared with other methods, electrospinning is a relatively simple, and fast method of preparing nanofiber, and it has great application potential in the fields of biomedicine, filtration, sensors, catalysis, and energy storage [38,39,40,41].



Electrospinning was first patented in the United States in 1902, but it was not revisited until the 1990s [42]. Currently, electrospinning is a low-cost method that can produce nanofibers, and it can be used to make not only core–shell or hollow fibers but also a range, from single fibers to ordered fibers [43,44,45]. Electrospinning is an electrohydrodynamic process based on inducing the density of electrostatic charges on the molecules of the solution so that the self-repulsion of the charges causes the liquid to stretch into fibers in an electric field. In the electrospinning process, the applied voltage, flow rate, humidity, and temperature are important factors [46].



Electrospinning methods are very useful for the development of various structures whose functions depend on the surface area. This method can produce fibers with diameters in the millimeter (mm) to nanometer (nm) range. In energy and environmental applications, electrospun nanofibers have been used in electronics, sensor technology, catalysis, filtration, medical solar cells, lithium-ion batteries, fuel cells, hydrogen storage, and supercapacitors [47,48,49,50,51,52].



In this work, we describe the preparation of a ZIF-8/CNF composite by a flexible and simple method and characterization studies of the material. The prepared composite was examined in scanning electron microscope (SEM), X-ray diffraction analysis (XRD), Transmission Electron Microscopy (TEM), Raman spectroscopy, and Brunauer–Emmett–Teller (BET) studies. Electrochemical properties of the GCE/ZIF-8/CNFS electrode were examined in Electrochemical Impedance spectroscopy (EIS), Cyclic Voltammetry (CV), and Differential pulse voltammetry (DPV) studies. The ZIF-8/CNF composite was applied for NFZ detection and shown to have excellent electrochemical activity for real sample analysis. The prepared GCE/ZIF-8/CNF electrode demonstrated high sensitivity and selectivity and the lowest detection limit for NFZ detection. At the same time, this detection technique still has some drawbacks, such as costly raw materials, environmental pollution during the electrode preparation, and a long preparation time.




2. Materials and Methods


Polyacrylonitrile (PAN) (C3H3N; Molecular mass: 150,000 g/mol; Purity: 99.0%), zinc nitrate hexahydrate (Zn(NO3)2·6(H2O); Molecular mass: 297.49 g/mol; Purity: 99%), and 2-methylimidazole (C4H6N2; Molecular mass: 82.1 g/mol; Purity: 99%) were obtained from Sigma-Aldrich chemical company, Taiwan. N, N-Dimethylformamide (DMF) (C3H7NO; Molecular mass: 73.09 g/mol; Purity: 99.5%) was obtained from Tedia Chemical Company, Taiwan. Polyvinylpyrrolidone (PVP) ((C6H9NO)n) (Molecular mass: Average M.W. 1,300,000; Purity: K85-95) was obtained from ACROS chemical company Taiwan.



The crystalline phases were identified with a theta-2theta X-ray diffraction meter (XRD, D2 Phaser, Bruker, Billerica, Massachusetts, USA) using Cu Kα radiation (λ = 1.5406 Å). After the diffraction, the data were analyzed in MDI JADE5.0 software and compared with the JCPDS Card database. A field emission scanning electron microscope (JEOL, JSM-7610F, Tokyo, Japan, and Hitachi Regulus 8100, Tokyo, Japan, respectively) was used to observe the surface, film thickness, and morphology. The working voltage was 15 kV, the working current was 10 μA, and the chamber pressure was about 1.0 × 10−6 to 3.0 × 10−6 torr. To increase the conductivity of the specimen and improve the quality of the identified image, a gold coating was deposited on the specimen with a gold coater (JFC-1600, JEOL, Tokyo, Japan). The diameter of the nanofibers was measured by ImageJ software (version: 1.54h) from SEM images. The surface area of the material was calculated by the Brunauer–Emmett–Teller (BET, Tristar II 3030, Micromeritics, Norcross, GA, USA) method using high-purity nitrogen as the adsorbate in P/P0 = 0.05–0.3 under different relative pressures. A transmission electron microscope (TEM) was used at an operating voltage of 200 kV and vacuum pressure of 10−8 Pa (Japan Electron Optic Co., Ltd., JEOL 2100F, Tokyo, Japan). Raman spectra were collected with a micro-Raman mapping system (ACRON, UniNanoTech Co., Ltd., Yongin-si, Korea). Thermogravimetric analysis /differential scanning calorimetry analysis was conducted (TGA/DSC) by (STA 449 F5, NETZSCH, Selb, Germany) to analyze the thermal decomposition behavior of the electrospun fibers. In the TGA experiment, the temperature was increased from room temperature to 800 °C at a heating rate of 5 °C/min with N2/O2. SM3030-24PIR, you-shang Technical Corp electrospinning setup with a high-speed rotating drum collector (Falco, Taipei, Taiwan) attached with a 10 mL stainless-steel needle syringe (KDS 100, KD Scientific, Holliston, USA). Electrochemical impedance spectroscopy (EIS) was carried out with the ZAHNER impedance analyzer (Kroanch, Germany) at frequencies 0.1 Hz to 1 MHz. Electrochemical studies were conducted on a CHI 1211B workstation in the N2 atmosphere. The electrochemical work system had GCE as the main working electrode (area = 0.071 cm2), a Ag/AgCl electrode as the reference electrode, and Pt wire as the auxiliary electrode (Figure S3).



2.1. Instruments of Electrospinning


In a typical electrospinning setup, a high-voltage source was connected to a 1 mm diameter metallic needle, which was attached to a syringe pump (KDS 100, KD Scientific). In the electrospinning process, the precursor was placed in a 10 mL syringe with a stainless-steel needle. The Schematic of the electrospinning setup is shown in Figure 1. The PAN polymer solution (10 wt%) precursor fluids were prepared with the following procedure (Figure S1). First, to 0.85 g of PAN (Polyacrylonitrile, M.W. = 1,500,000), solute was added, with 7.22 mL of DMF (Dimethylformamide, from TEDIA) as the solvent, and the mixture was stirred at room temperature for 12 h to completely dissolve the polymer and obtain a viscous polymer solution (10 wt%) precursor fluid. Then, 0.3085 g of (1 mmol) Zn(NO3)2·6(H2O) and 0.3287 g (4 mmol) of 2-methylimidazole were added to 25 mL methanol at room temperature and ultrasonically stirred for 10 min. Then, the precursor liquid was exposed to high-voltage electricity from a power supplier (SM3030-24PIR, you-shang Technical Corp.), with electrostatic parameters as follows: working distance, 15 cm; working voltage, 20 kV; flow rate, 0.5 mL/h; ambient temperature, 33 °C ± 2 °C; and humidity, less than 20%. The rotation speeds of the rotating collector (high-speed rotating drum collector, Falco, Taipei, Taiwan) were 500, 1000, 1500, and 2000 rpm, respectively (Figure S3). The fibers were then pre-oxidized in air at 280 °C, with a heating rate of 1 °C/min. After pre-oxidation, the prepared fibers were annealed in a N2 atmosphere at 700 °C (Figure 2).




2.2. Preparation of ZIF-8


ZIF-8 was prepared by a synthesis method using a methanol solution at a normal temperature and pressure. First, 0.3085 g (1 mmol) of zinc nitrate hexahydrate was dissolved in methanol and ultrasonically stirred for 10 min to form a zinc nitrate solution, labeled solution A (Figure S2). Furthermore, 0.3287 g (4 mmol) of 2-methylimidazole was mixed in methanol at room temperature and ultrasonically stirred for 10 min to form solution B. After that, the zinc nitrate solution (solution A) and methylimidazole solution (solution B) were mixed under rapid stirring at room temperature for 2 h before being filtered to obtain a white powder. This powder was washed with methanol 5 to 10 times and finally dried at 60 °C for 24 h (Figure 3). After the ZIF-8 powder cooled to room temperature, it was stored for further use.




2.3. Preparation of ZIF-8/CNF Composite


ZIF-8/CNF composites were prepared from 0.3085 g of zinc nitrate hexahydrate, 2-methylimidazole, and methanol. First, synthesized CNFs (10 mg, 15 mg, or 20 mg) and approximately 1 mmol of zinc nitrate hexahydrate were added to 25 mL methanol. Then, the mixture was ultrasonically stirred at room temperature for 10 min to form the zinc nitrate hexahydrate precursor solution. After that, 4 mmol of 2-methylimidazole was added to methanol at room temperature and ultrasonically stirred for 10 min before quickly being mixed into the solutions of zinc nitrate hexahydrate. The mixtures were stirred at room temperature for 2 h and filtered to obtain white powder, which was washed with methanol 5 to 10 times before being dried at 60 °C for 24 h. The resulting ZIF-8/CNF composite material was stored and used for further studies. The schematic representation of the synthesis of the ZIF-8/CNFs composite is shown in Figure 4.




2.4. Preparation of GCE/ZIF-8/CNF Electrode


The GCE/ZIF-8/CNF electrode was prepared with the following process. The bare GCE surface was first polished with a 0.5 μm size alumina slurry (α-Al2O3) before being dipped in DI water and dried at room temperature for further modification. The prepared ZIF-8/CNFs catalyst (5 mg) was dispersed in 10 mL of DMF and ultrasonicated for 30 min. After that, 5 μL, 8 μL, and 10 μL of the ZIF-8/CNF material dispersion were drop-cast onto the cleaned GCE surface and dried at laboratory temperature. Then, the prepared GCE/ZIF-8/CNF electrodes were applied to the electrochemical sensor studies. The details of the preparation of the GCE/ZIF-8/CNF electrode are provided in Scheme 1. For comparison studies, GCE/ZIF-8 and GCE/CNF electrodes were prepared with the same procedure. Then, 8 μL of electrode-material-coated GCE/ZIF-8, GCE/CNF, and GCE/ZIF-8/CNF modified electrodes were used for the FLT sensor.





3. Results and Discussion


3.1. TGA Analysis of Carbon Nanofibers


Figure S5 shows the Differential Scanning Calorimetry—Thermogravimetric Analysis (DSC-TGA) results for PAN nanofibers in air. Figure 5 presents the DSC-TGA graph of PAN nanofibers, which shows almost no weight loss before 130 °C. When the temperature was between 130 °C and 230 °C, the DMF solvent began to volatilize at the same time the PAN underwent physical shrinkage and chemical cyclization shrinkage. Therefore, a weight loss of nearly 5% was indicated on the TGA curve between 130 °C and 230 °C. When the temperature rose to 230–300 °C, the fibers exhibited 10% weight loss as they underwent cyclization, dehydrogenation, and oxidation reactions. The H and N elements were removed and a stable PAN molecular chain structure was formed. At temperatures between 300 °C and 470 °C, the C, H, and N elements reacted with O2 to generate gas, and the PAN fiber was completely decomposed. Thus, we pre-oxidized the spun fibers at 280 °C before carbonization. Generally, the pre-oxidation temperature should be about 260 ℃; otherwise, the PAN fiber will be melted or even ablated.




3.2. SEM and TEM Analysis


Figure 6 presents (A) SEM images of as-spun CNFs (2000 rpm), (B–D) SEM images of CNFs after annealing, and (E–F) SEM images of a ZIF-8 crystal. SEM images of 500 rpm, 1000 rpm, and 1500 rpm CNFs after annealing are shown in Figure S5, Figure S6 and Figure S7, respectively. The SEM image of the as-spun fibers shows that the average fiber diameter was about 100–700 nm. The overall diameter of the as-spun fibers was uniform, and there was no agglomeration or adhesion. After pre-oxidation and annealing at a rate of 1 °C/min to 280 °C in air for pre-oxidation and subsequent heating at a rate of 1 °C/min to 280 °C in a N2 atmosphere for carbonization, the residual DMF and moisture disappeared due to pre-oxidization and the PAN was carbonized after high-temperature annealing. The average fiber diameter was about 100–420 nm. In addition, the CNFs did not break and the overall diameter remained the same after annealing. The rotation speed gradually increased, and the CNFs became straight and unidirectional in the experiment. Additionally, with increases in the rotation speed, the diameter of the CNFs did not change significantly. Figure S10 shows the SEM images of (a) the ZIF-8/(10 mg)/CNF composite, (b) the ZIF-8/(15 mg)/CNF composite, and (c) the ZIF-8/(20 mg)/CNF composite prepared at a normal temperature and pressure. Figure 6E,F shows that ZIF-18 had a hexagonal crystalline structure with an overall diameter of about 50–115 nm.



The ZIF-8/CNF composite was successfully generated by the synthesis method of methanol solution at normal temperature and pressure after improvement. Figure 7A–D shows SEM images of the ZIF-8/CNFs composite, revealing that the structure of the crystal attached to the surface of the composite was similar to the simulated ZIF-8 structure and indicating that, before and after composition, the CNFs remained unbroken and the overall diameter stayed the same. The results of the SEM images indicated the following: the CNFs were about 15 mg, mutual accumulation of ZIF-8 occurred, the weight of the CNFs was about 20 mg, and some CNFs had no ZIF-8 crystals attached to the surfaces. ZIF-8 was less attached to the surface of CNFs but accumulation between CNFS and ZIF-8 still occurred. The ZIF-8 crystals were relatively uniformly attached on the surfaces of CNFs, and the mutual accumulation between ZIF-8 and CNFs was relatively rare and would be used in the next analysis. The TEM image of the ZIF-8/CNFs composite confirmed that some particles were arranged on the CNFs surfaces and attached to them. TEM images of ZIF-8/CNFs composite fabricated by the synthesis method of methanol solution at normal temperature and pressure after improvement showed that the ZIF-8 crystals were relatively uniformly attached on the surface of the CNFs and mutual accumulation occurred between the CNFs and ZIF-8.




3.3. XRD Studies


Figure 8 presents the XRD patterns of ZIF-8, the CNFs, and the ZIF-8/CNF composite. The XRD pattern of CNFs after annealing showed no obvious diffraction peaks. Figure S8 shows the XRD patterns of CNFs prepared by electrospinning. Because the CNFs were an amorphous material and had undergone high-temperature annealing carbonization, they presented no obvious crystallinity. The diffraction peak of the rhombohedral phase generated by the synthesis method of methanol solution at normal temperature and pressure was consistent with the diffraction peak of the simulated ZIF-8 (PDF#62-1030). The main diffraction peaks at 7.3°, 10.4°, 12.7°, 14.3°, 16.4°, and 17.9° corresponded to the (110), (200), (211), (220), (310), and (222) planes of ZIF-8. As shown in the XRD spectra, the diffraction peaks of the ZIF-8/CNF composite were similar to the theoretical diffraction peaks of simulated ZIF-8. In addition, the CNFs, being an amorphous material, exhibited low crystallinity and their diffraction peaks were covered by the diffraction peaks of ZIF-8. These results indicated that the ZIF-8 crystals were successfully attached to the surfaces of the CNFs.




3.4. Raman Spectra


The Raman spectra of the simulated ZIF-8, CNFs, and ZIF-8/CNF composite are shown in Figure 9. Further to study the characteristics and microstructure of the amorphous CNFs, the graphitization degree of the CNFs was evaluated by Raman spectroscopy. Figure S9 shows the Raman spectrum of annealed CNFs prepared by electrospinning in 2000 rpm conditions. The Raman spectrum of ZIF-8 shows that strong bands are observed at 686 cm−1, 1146 cm−1, and 1458 cm−1 in the range of 400–2000 cm−1. These bands are corresponding to the bending vibration of the imidazole ring, C5–N stretching vibration, methyl bending vibration, antisymmetric vibration of C–H, and C–H stretching vibration, respectively. Further, the Raman spectrum of the CNFs revealed two strong D and G peaks at 1340 cm−1 and 1576 cm−1, respectively. In these spectra, the D-band for lattice defects and G band for the sp2 hybridized carbon atoms stretching vibration, respectively. The area between peak D and peak G (ID/IG) is usually used to describe the level of graphitization of carbon. A carbon material with a large value of ID/IG possesses many defect sites, which are beneficial to surface catalytic reactions. Moreover, the Raman spectrum of the ZIF-8/CNF composite depicted the curve of ZIF-8 and CNFs. The band at 686 cm−1 was related to the out-of-plane bending vibration of the imidazolate ring. The spectral region from 1100 to 1200 cm−1 indicated the C−N stretching vibration from the imidazolate ring. The band at 1461 cm−1 was due to the C−H vibration of the methyl group. In addition, there should be a signal of C=C stretching vibration from the imidazolate ring at about 1500 cm−1. The ZIF-8/CNF composite mainly had two strong peaks similar to those of CNFs. They were the D peak at 1340 cm−1 and the G peak at 1576 cm−1. The Raman spectral studies indicated the successful formation of the ZIF-8/CNF composite.




3.5. BET Analysis


The surface areas of the ZIF-8/CNF (2000 rpm) composite determined by BET are listed in Table 1. High-purity N2 gas was flowed over the ZIF-8/CNF catalyst at 150 °C for 12 h. The N2 gas adsorption volume was measured using P/P0 = 0–0.3 under various relative pressures. The results showed that due to the ZIF-8 being successfully attached to the CNFs and the consequently extremely high specific surface area, the specific surface area of the ZIF-8/CNF catalyst varied from 42.28 m2/g to 999.82 m2/g. Based on the BET studies, pure CNFs, and ZIF-8 exhibited 42.28 and 1310.34, respectively. On the other hand, if ZIF-8/(10 mg) were attached to the CNFs, the higher specific surface area of ZIF-8/(15 mg)/CNFs would be reduced because CNFs would accumulate and cover the ZIF-8 pores on the surfaces by the CNFs. After that, the specific surface area of the ZIF-8/(15 mg)/CNF composite reached a higher 999.82 m2/g because of ZIF-8 and the CNFs, having uniformly attached to form ZIF-8/CNF composite. Moreover, the higher specific surface area of ZIF-8/(20 mg)/CNFs would be reduced at 216.74 m2/g due to the higher ratio level of ZIF-8 and its irregular combination with CNFS. Hence, the higher specific surface area of ZIF-8/(15 mg)/CNFs exhibited higher electrochemical performances. Therefore, we applied ZIF-8/(15 mg)/CNF catalysts for further electrochemical sensors of NFZ [53,54,55].





4. Electrochemical Analysis of ZIF-8/CNFs Composite toward NFZ


4.1. Electrochemical Performance of NFZ at Modified Electrodes


The CV curves of various electrodes in NFZ were determined by the cyclic voltammetry technique. Figure 10A shows the cyclic voltammetric behaviors of bare GCE, GCE/CNFs, GCE/ZIF-8, and GCE/ZIF-8/CNFs composite in 40 μM of NFZ with N2 purging of 0.5 M PBS at a scan rate of 50 mVs−1. At the bare GCE, the redox couple was not observed, as the bare electrode was not responsive to NFZ. The GCE/CNFs and GCE/ZIF-8 electrodes had reduction peaks of NFZ of 110 µA and 152 µA, respectively. The GCE/ZIF-8/CNFs composite electrode had an excellent electrochemical response to NFZ (compared with other electrodes) with a reduction peak at 216 µA. Here, the reason for the good response was the high surface area of the material and good conduction for easy electron transfer. The CNFs and ZIF-8 were used due to their high surface area and increased electron transfer process. Thus, the electrochemical performances of the GCE/ZIF-8/CNF composite were better than those of the other electrode materials. For comparison, Figure 10B shows the responses of the bare GCE and the GCE/ZIF-8/CNFs composite electrodes toward NFZ detection (Scheme 1).




4.2. Effects of Different Scan Rates


Figure 11A presents the various scan rates of electrochemical studies in the modified GCE/ZIF-8/CNF composite electrode in pH 7.0 (0.5 M PBS) consisting of 40 µM NFZ at scan rates of 10–200 mVs−1. From the results, it is clear that the peak current uniformly increased as the scan rate shifted the potential toward the negative side. Figure 11B compares the linear plot for the redox peak of current with the square root of the scan rate. The results indicated a linear regression equation Ip = 22.826–38.528 and an R2 value of 0.9919. These results confirmed that the detection process of GCE/ZIF-8/CNFs composite electrodes was diffusion-controlled. These results indicated good electronic and catalytic activity.



Figure 12A presents the electrochemical performances for the detection of NFZ with different concentrations. Increasing the concentration of the NFZ further increased the current of the GCE/ZIF-8/CNF electrode. Without the addition of NFZ, no redox peak was evident. Each addition of NFZ raised the peak current of the electrode. These results demonstrated the excellent electrochemical performance of the GCE/ZIF-8/CNF electrode. Figure 12B reveals the corresponding linear relation between the peak current and NFZ concentration, and the calculated R2 value was 0.9909. These results indicated that the GCE/ZIF-8/CNFs electrode exhibited excellent electrochemical performance for the detection of NFZ.




4.3. Electronic Analysis under Varied PH


The electrochemical behavior of the GCE/ZIF-8/CNF electrode was further evaluated at different pH conditions (pH 3.0–11.0) in CV for 40 µM NFZ, and the results are shown in Figure 13A. It could be seen that the redox peak current increased as the pH rose from 3 to 11. Furthermore, the redox potential also shifted in the negative direction between pH 3 and pH 7, after which the peak current decreased until pH 11. This indicated that the electrochemical behavior depended on the pH of the solution. The ZIF-8/CNFs composite was much more active at pH 7. Hence, pH 7 was used for further electrochemical studies of NFZ detection with the GCE/ZIF-8/CNF electrode. Figure 13B shows that the maximum peak current response for the detection of NFZ was obtained at pH 7. Also, the linear relation obtained for the peak potential versus pH (Figure 13C) suggested that the non-dissociated NFZ was adsorbed more over the GCE/ZIF-8/CNF composite electrode.




4.4. DPV Studies and Stability Studies


DPV is a more sensitive method than the CV technique. DPV was used to measure the minimum and maximum detectable concentrations of NFZ. Figure 14A presents the DPV curve of the GCE/ZIF-8/CNF composite electrode under different concentrations (0.1–150 μM) of NFZ in 0.5M of PBS. The figure shows the sharp peak of the cathodic reduction current of NFZ. The results confirmed that the GCE/ZIF-8/CNF composite electrode had excellent sensitivity to NFZ for 15.55 µA µM−1 cm−2 and a limit of detection (LOD) of 0.027 µM. Figure 14B shows that the obtained linear regression equation was I(µA) = 1.8096x − 6.4888 [NFZ]/µM, with a correlation coefficient of 0.99. The sensitivity was calculated as 15.55 µA µM−1 cm−2 with an LOD of 0.027 µM. The GCE/ZIF-8/CNF electrode exhibited better performance in sensing NFZ than did the previously reported modified electrodes listed in Table 2. The detection limit (0.027 µM) of the NFZ at the GCE/ZIF-8/CNFs electrode is lower than that of the other modified electrodes such as Ag+@UiO-66 NH2/CsPbBr3/GCE-ECL (LOD = 90 µM), Ag-NPs@CPE (LOD = 0.012 µM), MIP-c-MWCNTs-ZIF/GCE (LOD = 6.7 µM), Fe-MOF/rGO/SPCE (LOD = 90 µM), Ag2S QDs/g-C3N4 (LOD = 0.054 µM), Poly-ACBK/GCE (LOD = 0.25 µM), Au-Ag (LOD = 0.2 µM), Ag-SDS (LOD = 0.37 µM), ZnCr2O4/SPCE (LOD = 0.001 µM), and DUT-67/T-PPY/GCE (LOD = 0.25 µM), due to the higher electrocatalytic activity as well as large surface area.



Cyclic stability is a major factor in electrochemical sensor studies. The obtained results indicated good operational stability. As shown in Figure 15, which presents the results of stability electronic analysis, during the first three cycles, the position and intensity of the redox peak corresponding to the GCE/ZIF-8/CNFs electrode were almost unchanged, and after the first cycle, the CV curves overlapped well. After 50 cycles of charge and discharge, the GCE/ZIF-8/CNFs electrode still had good cyclic stability.




4.5. Real Sample Analysis, Repeatability and Reproducibility


Figure 16 shows the GCE/ZIF-8/CNF electrode performance, after being evaluated by the DPV technique to detect NFZ in milk, river water, and tap water samples. Here, NFZ real samples were detected using the standard addition approach. Under ideal conditions, real sample analysis was carried out at laboratory temperature. The obtained milk and water samples were utilized for the analysis after being diluted to pH 7.0. Additionally, NFZ real sample measurements were carried out using electrochemical detection. Increasing the NFZ concentration increased the reduction peak current. The obtained results are listed in Table 3. The recovery results on milk (99.4%), tap water (98.4%), and river water (99.3%) revealed that the real sample recovery values for the sensing of NFZ were acceptable. This result demonstrated that the GCE/ZIF-8/CNF electrode is a promising option for electrochemically detecting NFZ in a variety of samples, even though these techniques have benefitted from such a high sensitivity, low cost, quick detection, short response time, outstanding selectivity, and ease of use.



Figure S11 shows the repeatability and reproducibility performance of the GCE/ZIF-8/CNFs electrode, after being evaluated by CV studies in the presence of 20 µM NFZ in PBS (pH 7). The GCE/ZIF-8/CNFs electrode had acceptable repeatability for four consecutive measurements by a single modified electrode. Furthermore, the GCE/ZIF-8/CNFs electrode showed considerable reproducibility in four experiments performed with four separate modified electrodes. According to the studies, the GCE/ZIF-8/CNFs electrode exhibited good repeatability and reproducibility performances.





5. Conclusions


In this study, we successfully produced as-spun carbon fibers by electrospinning and controlling the rotation speed of the rotating collector, and then we used pre-oxidation treatment at 280 °C and annealing at 700 °C under a N2 atmosphere to obtain CNFs. According to the XRD, FESEM, and Raman spectroscopy studies, the ZIF-8/CNF composite was successfully formed, and the ZIF-8 crystals were uniformly attached to CNFs. The specific surface areas of the ZIF-8, the CNFs, and the ZIF-8/CNF composite materials were calculated. The specific surface area of the ZIF-8/CNFs composite reached 999.82 m2/g. The ZIF-8/CNF composite had a better performance in catalytic activity and electrochemical characteristics. Electrochemical analysis showed that the synthesized ZIF-8/CNF composite nanomaterial had a wide linear response range; good stability, sensitivity, and selectivity; and great potential for electrochemical applications. The GCE/ZIF-8/CNFs electrode exhibited an excellent electrochemical response for the detection of nitrofurazone with a linear range of 0.1–150 μM, limit of detection of 0.027 µM, and sensitivity of 15.55 µA µM−1 cm−2.
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Figure 1. Schematic diagram of electrospinning of CNFs. 
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Figure 2. Flow chart for straight and unidirectional CNF fabrication. 
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Figure 3. Flow chart for preparation of ZIF-8. 
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Figure 4. Flow chart for preparation of ZIF-8/CNF composite. 
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Scheme 1. Electrochemical detection of nitrofurazone over GCE/ZIF-8/CNF composite electrode. 
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Figure 5. The DSC-TGA results for PAN nanofibers in 5 °C/min with N2/O2 and Ar used for the reaction (Blue line for DSC and red line for TGA curve). 
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Figure 6. SEM images of (A) electrospun-prepared CNFs (2000 rpm), (B–D) SEM images of CNFs (2000 rpm) after annealing, and (E,F) SEM images of ZIF-8 crystal. 
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Figure 7. (A–D) SEM images of the ZIF-8/CNF composite prepared at normal temperature and pressure. (E,F) TEM images of the ZIF-8/CNF composite. 
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Figure 8. The XRD patterns of ZIF-8, CNFs, and ZIF-8/CNFs composite fabricated by synthesis method of methanol solution at normal temperature and pressure. 
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Figure 9. The Raman spectra of simulated ZIF-8, CNFs, and ZIF-8/CNF composite. 
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Figure 10. (A) CV studies of (a) bare GCE, (b) GCE/CNFs, (c) GCE/ZIF-8, (d) GCE/ZIF-8/CNF composite electrode in the presence of 40 μM of NFZ in 0.5M PBS (pH = 7.0) at a scan rate of 50 mVs−1, and (B) CV responses of GCE and GCE/ZIF-8/CNFs composite in the presence of NFZ in PBS (pH = 7.0) at a scan rate of 50 mVs−1. 
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Figure 11. (A) CV curves of GCE/ZIF-8/CNFs electrode in the presence of 40 µM NFZ in 0.5 M PBS (pH 7.0) were observed at scan rates of 10–200 mVs−1. (Different colors are mentioned for different scan rates of 10–200 mVs−1). (B) Correlations between the peak currents and the square root of the scan rate. 
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Figure 12. (A) Effects of different concentrations (10–70 µM) at the GCE/ZIF-8/CNF electrode for the detection of NFZ at a scan rate of 50 mVs−1 in 0.5M PBS (pH = 7.0) (Different colors mentioned for different concentrations of NFZ). (B) Calibration plot between the peak current and the NFZ concentration. 






Figure 12. (A) Effects of different concentrations (10–70 µM) at the GCE/ZIF-8/CNF electrode for the detection of NFZ at a scan rate of 50 mVs−1 in 0.5M PBS (pH = 7.0) (Different colors mentioned for different concentrations of NFZ). (B) Calibration plot between the peak current and the NFZ concentration.
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Figure 13. (A) Cyclic voltammogram of GCE/ZIF-8/CNF electrode under deoxygenated conditions at pH 3.0 to pH 11.0. (B) The inset shows the pH values versus peak current. (C) The inset shows the pH values versus redox potential. 
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Figure 14. (A) The DPV performance of the GCE/ZIF-8/CNF electrode in different concentrations of NFZ. (B) The plot of the peak current versus concentration of NFZ. Different colors are mentioned for different concentrations (0.1–150 μM) of NFZ. 
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Figure 15. Cyclic stability studies of the GCE/ZIF-8/CNFs electrode during detection of NFZ at a scan rate of 50 mVs−1 in PBS (pH = 7.0) for 50 cycles. 
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Figure 16. Electrochemical sensing of NFZ with the GCE/ZIF-8/CNF electrode in (A) milk, (B) river water, and (C) tap water. Different colors are mentioned for different addition (40 µM, 80 µM, 120 µM) of real samples. 
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Table 1. The specific surface area of ZIF-8/CNF composite.






Table 1. The specific surface area of ZIF-8/CNF composite.





	Composition
	Specific Surface Area (m2/g)





	2000 rpm CNFs
	42.28



	Simulated ZIF-8
	1310.34



	ZIF-8/(10 mg) 2000 rpm CNFs
	333.53



	ZIF-8/(15 mg) 2000 rpm CNFs
	999.82



	ZIF-8/(20 mg) 2000 rpm CNFs
	216.74










 





Table 2. Comparison of GCE/ZIF-8/CNF electrode with other NFZ electrochemical sensors.






Table 2. Comparison of GCE/ZIF-8/CNF electrode with other NFZ electrochemical sensors.





	S. No
	Electrode
	LOD (µM)
	Linear Range (µM)
	Ref.





	1
	GCE/ZIF-8/CNFs
	0.027
	0.1–150
	This Work



	2
	Ag-NPs@CPE
	0.012
	0.2–100
	[56]



	3
	Ag+@UiO-66-NH2/CsPbBr3/GCE-ECL
	90
	5 × 10−4–100
	[57]



	4
	MIP-c-MWCNTs-ZIF/GCE
	6.7
	-
	[3]



	5
	Fe-MOF/rGO/SPCE
	0.77
	0.6–499
	[58]



	6
	Ag2S QDs/g-C3N4
	0.054
	0–30
	[59]



	7
	Poly-ACBK/GCE
	0.25
	0.75–192
	[4]



	8
	Au-Ag
	0.2
	1.99–643
	[60]



	9
	Ag-SDS
	0.37
	0.66–930
	[61]



	11
	ZnCr2O4/SPCE
	0.001
	0.01–152
	[62]



	12
	DUT-67/T-PPY/GCE
	0.25
	9.08–1004
	[5]










 





Table 3. Real sample analysis of NFZ in milk and water samples.






Table 3. Real sample analysis of NFZ in milk and water samples.





	
Sample

	
Added (µM)

	
Found (µM)

	
Recovery (%)






	
Milk

	
40

	
39.8

	
99.5




	
80

	
79.3

	
99.2




	
120

	
119.5

	
99.5




	
River water

	
40

	
39.0

	
97.5




	
80

	
78.9

	
98.6




	
120

	
119.2

	
99.3




	
Tap Water

	
40

	
39.5

	
98.7




	
80

	
79.6

	
99.5




	
120

	
119.8

	
99.8
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