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Abstract

:

In this paper, a new nanocomposite AuNPs/MXene/ERGO was prepared for sensitive electrochemical detection of nitrite. The nanocomposite was prepared by a facile one-step electrodeposition, HAuCl4, GO and MXene mixed in PBS solution with the applied potential of −1.4 V for 600 s. The modified material was characterized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and cyclic voltammetry (CV). The electrochemical behavior of nitrite at the modified electrode was performed by CV and chronoamperometry. The AuNPs/MXene/ERGO/GCE showed a well-defined oxidation peak for nitrite at +0.83 V (Vs. Ag/AgCl) in 0.1 M phosphate buffer solution (pH 7). The amperometric responses indicated the sensor had linear ranges of 0.5 to 80 μM and 80 to 780 μM with the LOD (0.15 μM and 0.015 μM) and sensitivity (340.14 and 977.89 μA mM−1 cm−2), respectively. Moreover, the fabricated sensor also showed good selectivity, repeatability, and long-term stability with satisfactory recoveries for a real sample. We also propose the work that needs to be done in the future for material improvements in the conclusion.
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1. Introduction


The demand of human beings for fish will reach 102 million tons by 2025, and aquaculture is one of the solutions to meet this projected requirement. However, the excretory products of fish, uneaten feed and overcrowding will cause the increase of nitrite concentration in aquaculture [1,2,3,4], which will affect fish growth [5], gill osmoregulatory function [6], blood oxygen carrying capacity [7,8] and ionic homeostasis [9]. Therefore, it is very important to detect nitrite content in aquaculture water rapidly and sensitively.



Many methods have been reported for nitrite determination, including Raman spectroscopy [10], spectrophotometry [11], chromatography [12], fluorescence analysis [13] and chemiluminescence [14]. Although all the aforementioned methods have shown excellent sensitivity and high accuracy, they need sophisticated instrumentation and complicated extraction processes, which are not appropriate for the rapid and real-time detection of nitrite. Electrochemical techniques [15,16] have the advantages of low cost, rapid, simple operation, and high efficiency [17]. However, the bare electrode has lower sensitivity and poor selectivity [18]. Modified electrodes with suitable catalysts are an effective solution for improve the selectivity and sensitivity [19], which have been widely used in nitrite detection.



Many electrochemical nitrite sensors were developed based on various nanocomposites that modify the electrode’s surface. C@In2O3 modified electrodes shows a linear range from 5 to 240 μM with a LOD of 0.08 μM for nitrite detection [20]. Muthumariappan et al. [21] developed a nitrite sensor based on a GO/Mn3O4 micro cubes modified screen-printed electrode, with a sensor performance of 0.1–1300 μM linear range with a 20 nM detection limit. Mani et al. [22] fabricated core-shell heterostructure multiwalled carbon nanotubes and reduced graphene oxide nanoribbons (MWCNTs@rGONRs)/chitosan nanocomposite for nitrite determination with a LOD of 10 nM, and the sensor’s performance was also good in actual samples. Jeena et al. [23] proposed an electrochemical nitrite sensor based on M-molybdate modified GCE with a linear range of 0.9–325.2 μM, the fabricated sensor that also can detect hydroquinone and Hg2+. These reports prove that a nanomaterial-modified electrode is effective for the detection of nitrite.



In addition, there are more nanomaterials can be used to improve the performance of the electrochemical sensor. Metal nanoparticles have large surface-to-volume ratios, which can increase electrochemical activities [24]. Commonly used metal nanoparticles include gold (Au) [25,26], silver (Ag) [27], platinum (Pt) [28,29], nickel (Ni) [30], palladium (Pd) [31], and copper (Cu) [32], the size, shape, composition, crystallinity and structure of metal nanoparticles affects their properties. Among them, Au nanoparticles (AuNPs) show excellent catalysis, electroconductibility and biocompatibility, which was widely used to fabricate the electrode to develop electrochemical sensors [33,34].



MXenes are a new 2D nanomaterial of 2D transition metal carbides, nitrides or carbonitrides developed by Prof. Gogotsi and co-workers in 2011, which have layered morphology, high electrical conductivities, high surface area, excellent hydrophilicity, good thermal stability, and environmentally friendly characteristics [35], and which have been used in electrochemical sensors [36], such as nitrite [37], pesticide carbendazim [38].



Graphene is a two-dimensional material composed of sp2 bonded carbon atoms, which has very large surface-to-volume (2630 m2/g), excellent electron transfer performance and biocompatibility [39,40]. The stability arising from long-range delocalisation of p-electrons giving rise to an extended aromatic network of C=C bonds across the entire basal plane. Recently, graphene-based material shows good electrochemical properties by the interactions of electroactive materials [16]. Some have reported that RGO shows significantly enhanced sensing performance compared to pristine graphene [41] and GO [42], due to it has more active edge plane defects and larger effective surface area. The electrochemical reduction method of GO to RGO is advantageous over chemical reduction methods due to its low cost, toxic free, green and fast approach [42]. The electrochemical sensors based on ERGO nanohybrid have been widely reported, such as in dopamine [43], nitrite [44] and Cd(II) [45] detection.



In this work, we have successfully prepared disposable AuNPs/MXene/ERGO/GCE composite by a one-step electrodeposition method. The AuNPs are uniformly loaded on the surface of MXene/ERGO. Due to the synergy of these components, AuNPs/MXene/ERGO show enhanced catalysis for the electrocatalytic oxidation of nitrite than those of ERGO, or MXENE/ERGO and AuNPs/ERGO. The modified electrode shows a good linear range of 0.5–80 and 80–780, and the stability, repeatability and selectivity of the modified electrode are also very satisfactory.




2. Materials and Methods


2.1. Chemicals and Apparatus


Graphite powder (99.95%), nitrite powder (99.8%), HAuCl4 (50%), Na2HPO4 (99.99%), NaH2PO4 (99.9%), KNO3 (AR, 98.5%), CaCl2(AR, 96%), NH4Cl (AR, 99.5%), KCl (AR, 99.5%), K2SO4 (AR, 99%) and glucose (99%) were purchased from Macklin Chemical Reagent Company (Shanghai, China). H2O2 (30%), HF (AR, 40%), HNO3 (68%), H2SO4 (98%), HPO4 (85%) and absolute ethanol (99.5%) was purchased from China Agricultural University, Beijing 100083, China. All of the chemical reagents were analytical grade and were used without further purification. Ultrapure water (18.25 MΩ) was used throughout the experiment and prepared using the laboratory equipment.



The glass carbon electrode (GCE) was obtained from Aida Heng-sheng Technology Development Co., LTD (AiDa, Tianjin, China). Cyclic voltammograms (CVs) (Gamry 600+, Warminster, PA, USA) and amperometric (i-t) (Gamry 600+, Warminster, PA, USA) measurements were performed by using the Gamry 600+ (Warminster, PA, USA) electrochemical workstation. The surface morphology and elemental distribution of the as-prepared AuNPs/MXene/ERGO/GCE was inspected by using the Hitachi SU3500 scanning electron microscopy (SEM) (Hitachi SU3500, Tokyo, Japan), X-ray diffraction (XRD) spectra were registered on a Bruker D8 diffractometer (Karlsruhe, Germany). The conventional three-electrode system was used for the electrochemical experiments; the modified GCE was used as a working electrode, a saturated Ag/AgCl as a reference electrode and a platinum wire as the auxiliary electrode. All the electrochemical experiments were performed at room temperature.




2.2. Preparation of Ti3C2-MXene/GO


Graphite oxide prepared by Hummer’s Method [46], and 10 mg GO power was suspended in 10 mL deionized water and exfoliated through ultrasonication (2 h) to obtain graphene oxide (GO) solution (1 mg/mL).



We added 2.0 g of Ti3AlC2 powder gradually into 30 mL HF solution (50 wt %). The reaction was left to proceed for 48 h at 40 °C under continuous stirring. The resulting mixture was washed with distilled water for multiple cycles by centrifugation until the pH of the aqueous reached about 6.0, and then we obtained the final Ti3C2Tx power through vacuum-filtering.



We added 5 mL deionized water and 5 mL GO solution (1 mg/mL) to 5 mg Ti3C2Tx power respectively, and used ultrasonication (2 h) to obtainTi3C2Tx (MXene) solution (1 mg/mL) and GO/MXene solution (1 mg/mL).




2.3. Preparation of AuNPs/MXene/ERGO Modified Glass Carbon Electrode (GCE)


The bare GCE was polished with 0.3 μm and 0.05 μm alumina slurries, and washed with HNO3, absolute ethanol and deionized water, respectively. We coated 5 μL GO, MXene and GO/MXene solution on the bare electrode surface and dried it at room temperature to obtain GO/GCE, Mxene/GCE and /MXene/GCE.



The AuNPs/MXene/ERGO GCE was prepared was through a single electrodeposition. The GO/MXene/GCE immersed into the solution containing 5mM of HAuCl4 as source of Au3+ ion and 0.1 M PBS (pH 5) as electrolyte, and reduced at a potential of −1.4 V for 600 s to obtain AuNPs/MXene/ERGO/GCE. For comparison, the AuNPs/ERGO/GCE, and Au/MXene/GCE were also fabricated by the same method with the first preparation of GO/GCE and MXene/GCE. The ERGO/GCE was preparation by electrochemical reduction of GO at −1.4 V for 600 s 0.1 M PBS (pH 5) solution. Scheme 1 illustrates the preparation of AuNPs/MXene/ERGO/GCE.




2.4. Electrochemical Tests


The electrochemical tests were performed using a standard three-electrode system of electrochemical workstation, the GCE as the work electrode, platinum wire as the counter electrode and Ag/AgCl as the reference electrode. Cyclic voltammetry (CV) was conducted over a potential range of 0.4∼1.2 V at the scan rate of 50 mV s−1. Chronoamperometry was performed under the potential of +0.83 V.





3. Results


3.1. Characterization of AuNPs/MXene/ERGO Nanocomposite


3.1.1. Structural Characterization


The morphology of ERGO and AuNPs/MXene/ERGO samples were investigated using SEM, as shown in Figure 1. Figure 1A shows the electrochemical reduction graphene oxygen, which displays the typical wrinkle-like thin sheet morphology. Figure 1B show the morphology of AuNPs/MXene/ERGO hybrid, it can clearly see that there are many porous on the surface, forming a three-dimensional structure. This is due to the addition of MXene, and the morphology of MXene changed during the electrochemical reduction process. In addition, it also shows that gold nanoparticles (AuNPs) are embedded on the surface of the material evenly, and the enlarged morphology (Figure 1C), reveals AuNPs also exist in the pores. The enlarged Figure 1D shows that the size of gold nanoparticles is uniform, and the particle size is about 100 nm, which is due to the prevention of agglomeration of AuNPs on the surface of MXene and ERGO. From SEM images, the composite material has a porous structure and the gold nanoparticles are loaded on the surface of ERGO and MXene. This structure is due to the fact that Mxene and GO are two-dimensional structures that favor the loading of AuNPs, and the mixture between Mxene and GO is preferentially drip-coated on the electrode surface. In the electrodeposition process, the Au3+ on the electrode surface are uniformly reduced to AuNPs, and the GO is also reduced to ERGO in this process. The elemental distribution of the nanocomposites was further determined by the energy-dispersed spectrum (EDS) show in Figure 2A and the two-dimensional elemental mapping described in Figure 2B–D, it clearly confirms the presence of C, Au, Ti, and O elements, illustrating the successful distribution of the target material.



Figure 3 shows the XRD patterns of GO (curve a), RRGO (curve b), MXene/ERGO (curve c) and AuNPs/MXene/ERGO (curve d). For curve a, the peak at 2θ = 11.2° corresponded to the (002) diffraction peak of GO, curve b shows the peak at 2θ = 27.8° indicating GO was reduced to ERGO after electrochemical reduction. From curve c, the typical characteristic peaks associated with the (0012) and (110) due to MXene were fitted well with Ti3C2 [38]. From curve d, the four sharp diffraction peaks occurring at 38.11°, 44.52°, 64.56°, and 78.14°, can be indexed to the crystal plane of (111), (200), (220), and (311) respectively, being in line with face-centered cubic Au. These results from SEM, EDS, XRD and the electrochemical results in the next section confirmed that an AuNPs/MXene/ERGO hybrid was successfully prepared.




3.1.2. Electrochemical Characterization of AuNPs/MXene/ERGO Nanocomposite


To study the effect of AuNPs/MXene/ERGO/GCE on the electron transfer reaction in the presence of the redox probe, CV was performed in 0.1M KCl solution containing 5 mM [Fe(CN)6]3−. The CV curves of bare GCE (a), ERGO/GCE (b), MXene/ERGO/GCE (c) and AuNPs/ERGO/GCE (d) shown in Figure 4. The peak current of bare GCE was 42.38 μA, ERGO/GCE and MXene/ERGO/GCE have higher peak currents, and it is shown that ERGO and MXene have the ability to enhance the oxidation reduction. Among them, AuNPs/MXene/ERGO/GCE obtained the highest oxidation peak current (81.83 μA). This indicates that the synergistic effect of AuNPs, MXene and ERGO increases the electron transfer rate of the modified electrode.




3.1.3. Electrical Behavior of Modified Electrode toward Nitrite


To test the electrocatalytic oxidation effect of different modified electrodes on nitrite, CV curves of different modified electrode in 0.1 M PBS (pH 7) containing 5 mM nitrite with a scan rate of 50 mV/s show in Figure 5A, each group was measured five times. The result shows that the nitrite oxidation peak and anodic peak potential of ERGO/GCE, ERGO/MXene/GCE and AuNPs/MXene/ERGO/GCE are higher than bare GCE, bare GCE shows higher oxidation potential of 1.1 V and lower oxidation peak current; ERGO/GCE with the oxidation peak potential of +0.81 V, and the oxidation peak current is 1.4-fold that of bare GCE, and this is due to the larger specific surface area and excellent electrical conductivity of ERGO. The oxidation peak current of ERGO/MXene/GCE is higher than ERGO/GCE, and the reason for this is that both ERGO and MXene have large specific surface areas and faster electron transfer rates. Among them, AuNPs/MXene/ERGO/GCE shows a well-defined, enhanced nitrite oxidation peak, it was about 2.5-fold that of bare GCE, this is the result of synergistic effect between ERGO, MXene and AuNPs. The CV curve of no nitrite is AuNPs/MXene/ERGO/GCE at 0.1M PBS without nitrite, there was an no oxidation peak without add nitrite, indicating that AuNPs/MXene/ERGO/GCE had the oxidation peak of nitrite at +0.83 V.



To understand the electrochemical mechanism, CV curves of 3 mM NO2− in PBS (pH = 7) were recorded AuNPs/MXene/ERGO/GCE at different scan rates from 20 and 200 mV/s (Figure 5B). The result showed that the anodic peak currents (Iap) of AuNPs/MXene/ERGO/GCE increased accordingly with the increase of the scan rate, meanwhile the cathodic and anodic peak potentials show a small shift and the peak-to-peak separation also becomes slightly enlarged, Figure 5C shows that the anodic peak potential shift is related to the scanning rate, the relationship of Eap vs. v1/2 with a correlation coefficient of 0.994(R2). Figure 5D indicates a good linear relationship of Iap and Icp vs. v1/2 from 20 and 200 mV/s (linear regression equations: Iap = 11.32 + 27.72v1/2, R2 = 0.998; Icp = 32.47-12.7v1/2, R2 = 0.9998). These results reveal that the electrochemical oxidation of nitrite at AuNPs/MXene/ERGO/GCE is a typical diffusion-controlled process. Overall oxidation of nitrite response at AuNPs/MXene/ERGO/GCE follows the following mechanism as shown Equation (1):


NO2− + H2O → NO3− + 2H+ + 2e−



(1)









3.2. Effect of Solution pH


The pH value has great influence on the electrochemical performance of the modified electrode. Here, the electrochemical performance of AuNPs/MXene/ERGO/GCE was studied towards 3 mM nitrite by CV in the pH range of 5 to 9 in 0.1 M PBS, the current peak as depicted in Figure 6. It can be seen that the current response is the strongest when the pH values are at 7, the current response increase when the pH lower than 7, and then declined significantly when the pH values are higher than 7. Consequently, the pH 7 of 0.1 M PBS solution was selected as a support electrolyte solution for the sensitivity detection of nitrite.




3.3. Amperometry


The modified GCE performance for the detection of nitrite of the AuNPs/MXene/ERGO/GCE was also investigated by amperometry. As shown in Figure 5A, the maximum response current with a good signal/noise ratio was observed at +0.83 V of AuNPs/MXene/ERGO/GCE. Therefore, +0.83 V was selected as the optimal detection potential in subsequent experiments. Figure 7A show the amperometric responses of modified electro at +0.83 V with adding nitrite in continuously stirred PBS (0.1 M, pH 7, 1200 r/min) solutions, and the nitrite addition interval was about 50 s. With the addition of nitrite, the response current increases with the increase of nitrite concentration. Fifty response current data of nitrite were obtained in 50 s, and the average value of these data was used as the response current of nitrite; they show a good linear relationship between the nitrite concentration and response current in Figure 7B. The linear ranges were from 0.5 to 80 μM and 80 to 780 μM with correlation coefficient of 0.995 and 0.998, respectively. The limit of detection (LOD) was 0.15 and 0.051 μM (LOD = 3SD/k), where SD and k are standard deviation of the blank and the slope of calibration graph, respectively. The limit of quantitation (LOQ) was 0.5 and 0.17 μM (LOD = 10SD/k), and the sensitivity was 340.14 and 977.89 μA mM−1 cm−2, respectively. Compared with others report nitrite sensors in Table 1, the proposed nitrite sensor shows similar performance in detection ranger and LOD but shows higher sensitivity. The results indicate that the fabricated AuNPs/MXene/ERGO/GCE could be an alternative platform for the detection of nitrite.




3.4. Selectivity, Reproducibility and Stability of the Modified Electrode


The selectivity is an important parameter of the nitrite sensor. The selectivity of AuNPs/MXene/ERGO/GCE toward nitrite sensing requires the addition of various possible interferents in 0.1 M PBS (pH = 7.0) by the amperometric method. Figure 8 shows amperometric current response for 50 μM nitrite in presence of 2 mM NH4Cl, NaNO3, K2SO4, K2HPO4, 3 mM KCl and 500 μM Cu(NO3)2, it clear that these ions showed almost no interference, the presence of 40-fold NH4Cl has a slight effect on the current response. These results demonstrated the excellent selectivity of AuNPs/MXene/ERGO/GCE for the detection of nitrite.



The parameters of stability, flexibility, and reproducibility of a fabricated sensor are very important in real and industrial applications. These parameters have been tested using cyclic voltammetry experiments of nitrite with a concentration of 1 mM. The relative standard deviation (R.S.D) was calculated as 2.35% from five different electrodes responses for detection of 1 mM nitrite (as show in Figure 9A), and was 2.13% for eight successive measurements (as show in Figure 9B), confirming the reproducibility of the sensor. The fabricated sensor kept in air tight packings, current peak was decreased 5.78% after two weeks toward detection of 500 μM nitrite. These results reveal that the fabricated sensor has a suitable operational and storage stability.



In order to evaluate the practical applicability of the fabricated sensor, nitrite present in tap water and river water were determined by amperometry using a standard addition method. The collect samples were filtered with a 0.22 μm membrane to remove large impurities. To all samples were added nitrite concentrations of 5, 10 and 15 μM, and all samples were tested three times to take the average value. Table 2 show the recoveries were: tap water (97.8%, 95.7% and 105.2%) and tap water (97.2%, 95% and 103.2%). The good recoveries of nitrite indicate that the developed nitrite sensor has a potential applicability for real water sample analysis.





4. Conclusions


In this work, we prepared a nitrite electrochemical sensor constructed with ERGO, AuNPs and an MXene composite modified electrode. The AuNPs were uniformly coated on the surface of MXene/ERGO by a simple electrodeposition. Under the optimal conditions, the AuNPS/MXene/ERGO/GCE exhibited a good current response compared to other electrode because of the synergistic effect between AuNPs and MXene, as well as ERGO supports, and the conductivity and catalytic performance of the electrode are improved. Compared with other reported sensors, the performance of the sensor was significantly improved. The amperometry experimental results demonstrated that the fabricated sensor had linear ranges (0.5 to 80 μM and 80 to 780 μM); low detection limit (0.15 and 0.51 μM), high sensitivity (340.14 and 977.89 μA mM−1 cm−2), and also obtained good selectivity, reproducibility, stability and satisfactory recovery. Therefore, the fabricated sensor has potential for the actual detection of nitrite.



However, there is still some work to be done in the practical application of the proposed sensor. In order to obtain better performance, the synthesis of modified electrode materials needs to be optimized. It is very important to optimize the mixing ratio of MXene and ERGO, and the amount of drop-casting on the electrode, and the electrodeposition voltage, time and pH value also affect the properties of the prepared materials. In addition, how to protect the electrode and increase the service time of the electrode are equally important.







Author Contributions


Conceptualization, T.W. and D.L.; methodology, T.W.; validation, T.W. and C.W.; formal analysis, Z.L. and X.X.; data curation, C.W.; writing—original draft preparation, T.W.; writing—review and editing, T.W.; project administration, D.L.; funding acquisition, D.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Guolian Aquatic Products Development Co. LTD (Grant no. 2017B010126001) and Major Science and Technology Innovation Project of Shandong Province (Grant no: 2019JZZY010703).




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


We are very grateful to Liu Er-wei, School of engineering, China Agricultural University, for his help in the SEM and EDS experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kocour Kroupová, H.; Valentová, O.; Svobodová, Z.; Šauer, P.; Máchová, J. Toxic effects of nitrite on freshwater organisms: A review. Rev. Aquac. 2018, 10, 525–542. [Google Scholar] [CrossRef]

	



Ciji, A.; Akhtar, M.S. Nitrite implications and its management strategies in aquaculture: A review. Rev. Aquac. 2020, 12, 878–908. [Google Scholar] [CrossRef]

	



Wang, L.; Li, X.; Lu, K.; Song, K.; Wang, G.; Zhang, C. Dietary hydroxyl methionine selenium supplementation enhances growth performance, antioxidant ability and nitrite tolerance of Litopenaeus vannamei. Aquaculture 2021, 537, 736513. [Google Scholar] [CrossRef]

	



Sun, S.; Ge, X.; Xuan, F.; Zhu, J.; Yu, N. Nitrite-induced hepatotoxicity in Bluntsnout bream (Megalobrama amblycephala): The mechanistic insight from transcriptome to physiology analysis. Environ. Toxicol. Phar. 2014, 37, 55–65. [Google Scholar] [CrossRef] [PubMed]

	



Do, T.T.H.; Le Thi, H.G.; Lek, S.; Vu, N.U.; Nguyen, T.P. Effects of nitrite at different temperatures on physiological parameters and growth in clown knifefish (Chitala ornata, Gray 1831). Aquaculture 2020, 521, 735060. [Google Scholar] [CrossRef]

	



Deane, E.E.; Woo, N.Y.S. Impact of nitrite exposure on endocrine, osmoregulatory and cytoprotective functions in the marine teleost Sparus sarba. Aquat. Toxicol. 2007, 82, 85–93. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Miao, L.; Zhang, W.; Pan, W.; Liang, H.; Ge, X.; Xu, Y.; Liu, B.; Ren, M.; Zhou, Q.; et al. Effect of nitrite exposure on oxygen-carrying capacity and gene expression of NF-kappa B/HIF-1 alpha pathway in gill of bighead carp (Aristichthys nobilis). Aquac. Int. 2018, 26, 899–911. [Google Scholar] [CrossRef]

	



Hvas, M.; Damsgaard, C.; Le Thi, H.G.; Do, T.T.H.; Jensen, F.B.; Bayley, M. The effect of environmental hypercapnia and size on nitrite toxicity in the striped catfish (Pangasianodon hypophthalmus). Aquat. Toxicol. 2016, 176, 151–160. [Google Scholar] [CrossRef]

	



Stormer, J.; Jensen, F.B.; Rankin, J.C. Uptake of nitrite, nitrate, and bromide in rainbow trout, Oncorhynchus mykiss: Effects on ionic balance. Can. J. Fish Aquat. Sci. 1996, 53, 1943–1950. [Google Scholar] [CrossRef]

	



Li, Z.; Li, M.; Wang, C.; Zhou, X.; Li, J.; Li, D. Highly sensitive and selective method for detection of trace amounts of nitrite in aquaculture water by SERRS coupled with diazo reaction. Sens. Actuators B Chem. 2019, 297, 126757. [Google Scholar] [CrossRef]

	



Liang, Y.; Liu, Q.; Liu, S.; Li, X.; Li, Y.; Zhang, M. One-step 3D printed flow cells using single transparent material for flow injection spectrophotometry. Talanta 2019, 201, 460–464. [Google Scholar] [CrossRef] [PubMed]

	



Wu, A.; Duan, T.; Tang, D.; Zheng, Z.; Zhu, J.; Wang, R.; He, B.; Cheng, H.; Feng, L.; Zhu, Q. Review the Application of Chromatography in the Analysis of Nitric Oxide-derived Nitrite and Nitrate Ions in Biological Fluids. Curr. Anal. Chem. 2014, 10, 609–621. [Google Scholar] [CrossRef]

	



Yang, L.; Wang, F.; Zhao, J.; Kong, X.; Lu, K.; Yang, M.; Zhang, J.; Sun, Z.; You, J. A facile dual-function fluorescent probe for detection of phosgene and nitrite and its applications in portable chemosensor analysis and food analysis. Talanta 2021, 221, 121477. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, Y.; Huang, C.; Chen, T.; Wu, J. Ultra-Weak Chemiluminescence Enhanced by Cerium-Doped LaF3 Nanoparticles: A Potential Nitrite Analysis Method. Front. Chem. 2020, 8, 639. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Zhao, D.; Li, D. Electrochemical and Other Methods for Detection and Determination of Dissolved Nitrite: A Review. Int. J. Electrochem. Sci. 2015, 10, 1144–1168. [Google Scholar]

	



Li, D.; Wang, T.; Li, Z.; Xu, X.; Wang, C.; Duan, Y. Application of Graphene-Based Materials for Detection of Nitrate and Nitrite in Water—A Review. Sensors 2020, 20, 54. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Ping, J.; Ying, Y. Recent developments in carbon nanomaterial-enabled electrochemical sensors for nitrite detection. TrAC Trend Anal. Chem. 2019, 113, 1–12. [Google Scholar] [CrossRef]

	



Zhang, D.; Fang, Y.; Miao, Z.; Ma, M.; Du, X.; Takahashi, S.; Anzai, J.; Chen, Q. Direct electrodeposion of reduced graphene oxide and dendritic copper nanoclusters on glassy carbon electrode for electrochemical detection of nitrite. Electrochim. Acta 2013, 107, 656–663. [Google Scholar] [CrossRef]

	



Chen, G.; Zheng, J. Non-enzymatic electrochemical sensor for nitrite based on a graphene oxide–polyaniline–Au nanoparticles nanocomposite. Microchem. J. 2021, 164, 106034. [Google Scholar] [CrossRef]

	



Dou, B.; Yan, J.; Chen, Q.; Han, X.; Feng, Q.; Miao, X.; Wang, P. Development of an innovative nitrite sensing platform based on the construction of carbon-layer-coated In2O3 porous tubes. Sens. Actuators B Chem. 2021, 328, 129082. [Google Scholar] [CrossRef]

	



Muthumariappan, A.; Govindasamy, M.; Chen, S.; Sakthivel, K.; Mani, V. Screen-printed electrode modified with a com-posite prepared from graphene oxide nanosheets and Mn3O4 microcubes for ultrasensitive determination of nitrite. Microchim. Acta 2017, 184, 3625–3634. [Google Scholar] [CrossRef]

	



Mani, V.; Govindasamy, M.; Chen, S.; Chen, T.; Kumar, A.S.; Huang, S. Core-shell heterostructured multiwalled carbon nanotubes@reduced graphene oxide nanoribbons/chitosan, a robust nanobiocomposite for enzymatic biosensing of hydrogen peroxide and nitrite. Sci. Rep. 2017, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Baby, J.N.; Sriram, B.; Wang, S.; George, M.; Govindasamy, M.; Benadict Joseph, X. Deep eutectic solvent-based manga-nese molybdate nanosheets for sensitive and simultaneous detection of human lethal compounds: Comparing the electro-chemical performances of M-molybdate (M = Mg, Fe, and Mn) electrocatalysts. Nanoscale 2020, 12, 19719. [Google Scholar] [CrossRef]

	



Chen, S.; Yuan, R.; Chai, Y.; Hu, F. Electrochemical sensing of hydrogen peroxide using metal nanoparticles: A review. Microchim. Acta 2013, 180, 15–32. [Google Scholar] [CrossRef]

	



Jena, B.K.; Ghosh, S.; Bera, R.; Dey, R.S.; Das, A.K.; Raj, C.R. Bioanalytical Applications of Au Nanoparticles. Recent Pat. Nanotechnol. 2010, 4, 41–52. [Google Scholar] [CrossRef]

	



Pan, H.; Li, D.; Li, J.; Zhu, W.; Fang, L. Enzyme-Mediated Growing Au Nanoparticles for Electrochemical and Optical Immunosensors: Signal-on and Signal-off. Int. J. Electrochem. Sci. 2012, 7, 12883–12894. [Google Scholar]

	



Jia, Q.; Zou, G.; Zhang, H.; Wang, W.; Ren, H.; Zhanwen, A.; Deng, Z.; Yan, S.; Shen, D.; Liu, L. Sintering mechanism of Ag-Pd nanoalloy film for power electronic packaging. Appl. Surf. Sci. 2021, 554. [Google Scholar] [CrossRef]

	



Kambolis, A.; Lizarraga, L.; Tsampas, M.N.; Burel, L.; Rieu, M.; Viricelle, J.P.; Vernoux, P. Electrochemical promotion of catalysis with highly dispersed Pt nanoparticles. Electrochem. Commun. 2012, 19, 5–8. [Google Scholar] [CrossRef]

	



Rasheed, P.A.; Pandey, R.P.; Jabbar, K.A.; Mahmoud, K.A. Platinum nanoparticles/Ti3C2Tx (MXene) composite for the effectual electrochemical sensing of Bisphenol A in aqueous media. J. Electroanal. Chem. 2021, 880, 114934. [Google Scholar] [CrossRef]

	



Akbarzadeh, R.; Dehghani, H. Sodium-dodecyl-sulphate-assisted synthesis of Ni nanoparticles: Electrochemical properties. Bull. Mater. Sci. 2017, 40, 1361–1369. [Google Scholar] [CrossRef]

	



Hu, S.; Che, F.; Khorasani, B.; Jeon, M.; Yoon, C.W.; McEwen, J.; Scudiero, L.; Ha, S. Improving the electrochemical oxidation of formic acid by tuning the electronic properties of Pd-based bimetallic nanoparticles. Appl. Catal. B Environ. 2019, 254, 685–692. [Google Scholar] [CrossRef]

	



Manoj, D.; Saravanan, R.; Santhanalakshmi, J.; Agarwal, S.; Gupta, V.K.; Boukherroub, R. Towards green synthesis of monodisperse Cu nanoparticles: An efficient and high sensitive electrochemical nitrite sensor. Sens. Actuators B Chem. 2018, 266, 873–882. [Google Scholar] [CrossRef]

	



Yang, M.; Guo, Z.; Li, L.; Huang, Y.; Liu, J.; Zhou, Q.; Chen, X.; Huang, X. Electrochemical determination of arsenic(III) with ultra-high anti-interference performance using Au-Cu bimetallic nanoparticles. Sens. Actuators B Chem. 2016, 231, 70–78. [Google Scholar] [CrossRef]

	



Zhao, G.; Zhou, B.; Wang, X.; Shen, J.; Zhao, B. Detection of organophosphorus pesticides by nanogold/ mercaptomethamidophos multi-residue electrochemical biosensor. Food Chem. 2021, 354. [Google Scholar] [CrossRef] [PubMed]

	



Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. [Google Scholar] [CrossRef]

	



Kalambate, P.K.; Gadhari, N.S.; Li, X.; Rao, Z.; Navale, S.T.; Shen, Y.; Patil, V.R.; Huang, Y. Recent advances in MXene–based electrochemical sensors and biosensors. TrAC Trends Anal. Chem. 2019, 120, 115643. [Google Scholar] [CrossRef]

	



Wang, Y.; Zeng, Z.; Qiao, J.; Dong, S.; Liang, Q.; Shao, S. Ultrasensitive determination of nitrite based on electrochemical platform of AuNPs deposited on PDDA-modified MXene nanosheets. Talanta 2021, 221, 121605. [Google Scholar] [CrossRef]

	



Xie, Y.; Gao, F.; Tu, X.; Ma, X.; Xu, Q.; Dai, R.; Huang, X.; Yu, Y.; Lu, L. Facile Synthesis of MXene/Electrochemically Reduced Graphene Oxide Composites and Their Application for Electrochemical Sensing of Carbendazim. J. Electrochem. Soc. 2019, 166, B1673–B1680. [Google Scholar] [CrossRef]

	



Wang, B.; Ruan, T.; Chen, Y.; Jin, F.; Peng, L.; Zhou, Y.; Wang, D.; Dou, S. Graphene-based composites for electrochemical energy storage. Energy Storage Mater. 2020, 24, 22–51. [Google Scholar] [CrossRef]

	



Song, Y.; Luo, Y.; Zhu, C.; Li, H.; Du, D.; Lin, Y. Recent advances in electrochemical biosensors based on graphene two-dimensional nanomaterials. Biosens. Bioelectron. 2016, 76, 195–212. [Google Scholar] [CrossRef] [PubMed]

	



Rowley-Neale, S.J.; Randviir, E.P.; Dena, A.S.A.; Banks, C.E. An overview of recent applications of reduced graphene oxide as a basis of electroanalytical sensing platforms. Appl. Mater. Today 2018, 10, 218–226. [Google Scholar] [CrossRef]

	



Sakthinathan, S.; Kubendhiran, S.; Chen, S.M.; Manibalan, K.; Govindasamy, M.; Tamizhdurai, P.; Huang, S.T. Reduced Graphene Oxide Non-covalent Functionalized with Zinc Tetra Phenyl Porphyrin Nanocomposite for Electrochemical Detection of Dopamine in Human Serum and Rat Brain Samples. Electroanalysis 2016, 28, 2126–2135. [Google Scholar] [CrossRef]

	



Kathiresan, V.; Thirumalai, D.; Rajarathinam, T.; Yeom, M.; Lee, J.; Kim, S.; Yoon, J.; Chang, S. A simple one-step electrochemical deposition of bioinspired nanocomposite for the non-enzymatic detection of dopamine. J. Anal. Sci. Technol. 2021, 12, 1–10. [Google Scholar] [CrossRef]

	



Zhe, T.; Sun, X.; Wang, Q.; Liu, Y.; Li, R.; Li, F.; Wang, L. A screen printed carbon electrode modified with a lamellar nanocomposite containing dendritic silver nanostructures, reduced graphene oxide, and β-cyclodextrin for voltammetric sensing of nitrite. Microchim. Acta 2019, 186, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Hu, J.; Hu, S.; Gao, G.; Song, Y. A Novel Electrochemical Sensor Based on Electropolymerized Ion Imprinted PoPD/ERGO Composite for Trace Cd(II) Determination in Water. Sensors 2020, 20, 1004. [Google Scholar] [CrossRef] [PubMed]

	



HUMMERS, W.S.; OFFEMAN, R.E. PREPARATION OF GRAPHITIC OXIDE. J. Am. Chem. Soc. 1958, 80, 1339. [Google Scholar] [CrossRef]

	



Majidi, M.R.; Ghaderi, S. Hydrogen bubble bubble dynamic template fabrication of nanoporous Cu film supported by graphene nanaosheets: A highly sensitive sensor for detection of nitrite. Talanta 2017, 175, 21–29. [Google Scholar] [CrossRef]

	



Kung, C.; Li, Y.; Lee, M.; Wang, S.; Chiang, W.; Ho, K. In situ growth of porphyrinic metal-organic framework nanocrystals on graphene nanoribbons for the electrocatalytic oxidation of nitrite. J. Mater. Chem. A 2016, 4, 10673–10682. [Google Scholar] [CrossRef]

	



Ozturk, A.; Alanyalioglu, M. Electrochemical fabrication and amperometric sensor application of graphene sheets. Superlattices Microstruct. 2016, 95, 56–64. [Google Scholar] [CrossRef]

	



Ikhsan, N.I.; Rameshkumar, P.; Pandikumar, A.; Shahid, M.M.; Huang, N.M.; Kumar, S.V.; Lim, H.N. Facile synthesis of graphene oxide-silver nanocomposite and its modified electrode for enhanced electrochemical detection of nitrite ions. Talanta 2015, 144, 908–914. [Google Scholar] [CrossRef]

	



Mo, R.; Wang, X.; Yuan, Q.; Yan, X.; Su, T.; Feng, Y.; Lv, L.; Zhou, C.; Hong, P.; Sun, S.; et al. Electrochemical Determination of Nitrite by Au Nanoparticle/Graphene-Chitosan Modified Electrode. Sensors 2018, 18, 1986. [Google Scholar] [CrossRef]

	



Mani, V.; Periasamy, A.P.; Chen, S. Highly selective amperometric nitrite sensor based on chemically reduced graphene oxide modified electrode. Electrochem. Commun. 2012, 17, 75–78. [Google Scholar] [CrossRef]

	



Kesavan, S.; Kumar, D.R.; Baynosa, M.L.; Shim, J. Potentiodynamic formation of diaminobenzene films on an electrochemically reduced graphene oxide surface: Determination of nitrite in water samples. Mater. Sci. Eng. C 2018, 85, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Nie, F.; Sheng, Q.; Zheng, J. An electrochemical sensor for sensitive determination of nitrites based on Ag-Fe3O4-graphene oxide magnetic nanocomposites. Chem. Pap. 2015, 69, 911–920. [Google Scholar] [CrossRef]

	



Marlinda, A.R.; Pandikumar, A.; Yusoff, N.; Huang, N.M.; Lim, H.N. Electrochemical sensing of nitrite using a glassy carbon electrode modified with reduced functionalized graphene oxide decorated with flower-like zinc oxide. Microchim. Acta 2015, 182, 1113–1122. [Google Scholar] [CrossRef]

	



Teymourian, H.; Salimi, A.; Khezrian, S. Fe3O4 magnetic nanoparticles/reduced graphene oxide nanosheets as a novel electrochemical and bioeletrochemical sensing platform. Biosens. Bioelectron. 2013, 49, 1–8. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 11 01892 sch001 550] 





Scheme 1. Nitrite detection scheme using ternary AuNPs/Ti3C2-MXene/ERGO modified glass carbon electrode (GCE) sensor. 






Scheme 1. Nitrite detection scheme using ternary AuNPs/Ti3C2-MXene/ERGO modified glass carbon electrode (GCE) sensor.



[image: Nanomaterials 11 01892 sch001]







[image: Nanomaterials 11 01892 g001 550] 





Figure 1. Scanning electron microscope (SEM) images of ERGO (A) and AuNPs/MXene/ERGO nanocomposite (B–D). 
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Figure 2. The energy-dispersive X-ray spectroscopy (EDS) (A) and element mapping of AuNPs/MXene/ERGO, (B) C. (C) Au and (D) Ti. 
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Figure 3. X-ray diffraction (XRD) patterns of GO (a), ERGO (b), MXene/ERGO (c) and AuNPs/MXene/ERGO (d). 
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Figure 4. Cyclic voltammetry (CV) curves of Bare GCE (a), ERGO/GCE (b), MXene/ERGO/GCE (c), and AuNPs/MXene/ERGO/GCE (d) in 0.1 M KCl solution containing 5 mM [K3Fe(CN)6]. 
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Figure 5. (A) CV result for Bare GCE, ERGO/GCE, ERGO/MXene/GCE and AuNPs/MXene/ERGO/GCE in 0.1 M PBS (pH 7) containing 5 mM NaNO2 with a scan rate of 50 mV/s, no nitrite is CV result for AuNPs/MXene/ERGO/GCE in 0.1 M PBS (pH 7) without nitrite with a scan rate of 50 mV/s. (B) CVs of AuNPs/MXene/ERGO/GCE in 0.1 M PBS (pH 7) containing 3 mM NaNO2 at different scan rates(v) from 20 to 200 mV/s (C) the relationship of anodic peak potentials vs. v1/2. (D) the relationship of current peak vs. v1/2. 
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Figure 6. CV of AuNPs/MXene/ERGO/GCE in 0.1 M PBS containing 3 mM nitrite at different pH values (pH = 5, 6, 7, 8, 9), scan rate = 50 mV/s. 
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Figure 7. (A) Amperometric responses of AuNPs/MXene/ERGO/GCE in continuous add of NO2− into 0.1 M PBS (pH 7) at an applied potential of 0.83 V (with stirred: 1200 r/min). Inset is the enlarge amperometric responses in a low concentration of nitrite. (B) Plot of relationship of current with nitrite concentration. Inset is the enlarge part of calibration plot. 
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Figure 8. Typical amperometric current responses at AuNPs/MXene/ERGO/GCE for addition of 50 μM nitrite and each addition of interference species 2 mM NH4Cl, NaNO3, K2SO4, K2HPO4, 3 mM KCl, 500 μM Cu(NO3)2. Applied potential: 0.83 V. 
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Figure 9. (A) AuNPs/MXene/ERGO/GCE detection nitrite in 8 samples with the same concentration. (B) The test of five AuNPs/MXene/ERGO/GCE in the same sample. 






Figure 9. (A) AuNPs/MXene/ERGO/GCE detection nitrite in 8 samples with the same concentration. (B) The test of five AuNPs/MXene/ERGO/GCE in the same sample.



[image: Nanomaterials 11 01892 g009]







[image: Table] 





Table 1. Comparison of proposed sensor with another reported nitrite sensor.
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Modified Electrodes

	
Linear Range (μM)

	
LOD (μM)

	
Ref.






	
NPCF-GNs/GCE

	
0.1–100

	
0.088

	
[47]




	
MOF-525/GNR/ITOE

	
10–2500

	
0.75

	
[48]




	
Graphene/GCE

	
1–250

	
0.24

	
[49]




	
GO-Ag/GCE

	
10–180

	
2.1

	
[50]




	
GO-CS-AuNPs/GCE

	
0.9–18.9

	
0.3

	
[51]




	
CR-GO/GCE

	
8.9–167

	
1

	
[52]




	
PDAB/ERGO/GCE

	
7–20,000

	
0.03

	
[53]




	
CoHCF/RGO/GCE

	
1–100

	
0.27

	
[54]




	
fZnO/rFGO/GCE

	
10–8000

	
33

	
[55]




	
Fe3O4/r-GO/GCE

	
1–92

	
0.3

	
[56]




	
AuNPs/MXene/ERGO/GCE

	
0.5–80

	
0.15

	
This work




	
80–780

	
0.051
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Table 2. Determination of nitrite in water samples (n = 3).
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Real Sample

	
Added (μM)

	
Found (μM)

	
Recovery (%)






	
Tap water

	
5

	
4.89

	
97.8%




	
10

	
9.57

	
95.7%




	
15

	
15.78

	
105.2%




	
River water

	
5

	
4.86

	
97.2%




	
10

	
10.5

	
95%




	
15

	
15.48

	
103.2%
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