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Abstract

:

To realize simple and intelligent electrochemical ammonia (NH3) detection in water, highly dense colloidal copper nanoparticles (CuNPs) were prepared and subsequently deposited onto a glassy carbon electrode (GCE). The CuNPs/GCE was then placed in an oven at 60 °C to intelligently transform CuNPs into cuprous oxide (Cu2O) thin film. The colloidal CuNPs were characterized by ultraviolet-visible (UV-Vis) spectroscopy, whereas the fabricated Cu2O/GCE was subjected to Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and electrochemical impedance spectroscopy (EIS). The XRD of Cu2O/GCE showed the crystalline nature of the thermally converted Cu2O thin film, whereas XPS demonstrated that the thin film formed on the surface of GCE was primarily composed of Cu2O. The SEM images of Cu2O/GCE revealed Cu2O crystals with hexapod morphology. The EIS study exhibited substantially higher charger transfer activity of Cu2O/GCE compared to bare GCE. The drop coating of ammonia (NH3) solution onto Cu2O/GCE enabled the fabricated electrode to be utilized as an electrochemical sensor for NH3 detection in water. The cyclic voltammetric (CV) behavior of NH3/Cu2O/GCE was investigated in 0.1 M pH 7 phosphate buffer, which led to the formation of a copper-ammonia complex and revealed the nobility of the fabricated electrode. The square wave voltammetric (SWV) response was linear over the 10 µM and 1000 µM ranges with a detection limit of 6.23 µM and good reproducibility. The NH3/Cu2O/GCE displayed high selectivity for the detection of NH3 in the presence of various coexisting cations and anions in 0.1 M pH 7 phosphate buffer. The recovery of NH3 in the drinking water sample varied from 98.2% to 99.1%.
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1. Introduction


The determination of ammonia in water is particularly important because of its toxic and irritant effects [1,2]. And, because of the widespread use of ammonia in food processing, agriculture, cleaning and disinfectant products, and refrigeration, excess ammonia can significantly harm the environment and human health [3]. The detection of ammonia in water has been reported through colorimetric/spectroscopic methods, however, time consumption, labor requirements, and associated high costs often limit their regular use [4,5,6]. Several researchers have also reported the amperometric/potentiometric detection of ammonia [7,8,9,10,11,12]. However, from the viewpoint of wastewater treatment, application in the ammonia fuel cell, and as a source for ultra-pure hydrogen, most of the detection of ammonia has been focused on its electrochemical oxidation in alkaline solution [13,14,15,16]. Based on the fabricated electrode system, a few methods have also been developed to detect the presence of ammonia in water, however, the lack of simplicity in fabrication is a significant shortcoming [3,17]. In this regard, the synthesis of colloidal CuNPs, their fabrication as Cu2O thin film on GCE, and drop coating of NH3 solution onto Cu2O/GCE for the detection of NH3 through copper-ammonia complex formation is a novel and simple approach to report.



CuNPs are striking materials primarily due to their intrinsic properties and wide range of applications in various fields, including photocatalysis, perovskite solar cells, energy conversion, electrochemical detection/sensing, biosensing, gas sensors, and antimicrobial activity [18,19,20]. Due to their high electrical conductivity and chemical reactivity, CuNPs are also replacing Au and Ag in conductive pastes and catalysis applications [21,22]. Recently, CuNPs have been of particular interest in electrochemical detection applications as well. As a result, CuNP-based electrodes have emerged in the past few years as the most suitable alternative for the direct monitoring of a variety of analytes [23,24,25]. Due to copper-ammonia complex affinity [26,27], CuNPs can be an efficient electrode material for the simple electrochemical detection of NH3. However, the only report appears to be from Valentini et al. [17], who used multi-walled carbon nanotube/copper nanoparticles composite paste electrodes for the detection of NH3 in drinking water. The disadvantages of this method include the complicated fabrication steps, vague mechanism, and poor reproducibility of the proposed electrode.



Among the various chemical methods for the synthesis of CuNPs, the wet chemical reduction method offers several advantages over others [28,29,30]. It is economical, simple, requires less effort, provides better control over the particle size and distribution, and flexibility in terms of the dense packing of CuNPs as thin films. However, the stability of colloidal CuNPs is extremely critical due to their sensitivity to air and the permanence of their oxides [31,32]. In recent years, reducing agents with additional capping and binding properties have received much attention due to their capability of modifying the NP surfaces in such a way as to increase their loading on substrates and produce functional thin films [28,33,34,35]. One such reducing agent is ascorbic acid, which is known to functionalize CuNPs while reducing them to a stable colloidal form.



There has been much interest in electrochemical sensing applications of Cu2O NPs due to their narrow band gap and excellent electrical properties [36]. As a result, various synthesis routes have been employed to obtain Cu2O NP-fabricated GCE. One such unique route consisted of oxidizing colloidal CuNPs on the surface of GCE at a low temperature (<250 °C) in the air [37,38]; however, to the best of our knowledge, this strategy was not employed in electrochemical sensing applications of Cu2O NPs. On the other hand, copper-ammonia chemistry is well established in the literature regarding the electrodeposition of Cu from ammonia solution because of the diverse speciation of Cu2O and CuO [37,38]; however, no NH3 detection was proposed earlier. Thus, oxidizing colloidal CuNPs on the surface of GCE under controlled thermal treatment in Cu2O is an intelligent and unique way to report the detection of NH3.



Herein, colloidal CuNPs were prepared through a wet chemical reduction method using ascorbic acid as a reducing as well as stabilizing agent. Prepared CuNPs were subsequently deposited on GCE and oxidized into Cu2O thin film in an oven at 60 °C. For the detection of NH3, Cu2O/GCE was further modified with NH3 solution and investigated by CV in 0.1 M pH 7 phosphate buffer. Suitable reaction pathways have been proposed corresponding to the reduction of the copper-ammonia complex, which produced a new reduction peak. Based on this, an intelligent NH3 detection in water is presented here.




2. Experimental Section


2.1. Reagents and Solutions


Copper(II) nitrate (Cu(NO3)2, 99%), ascorbic acid, sodium hydroxide (NaOH), phosphoric acid (H3PO4), ammonia (NH3) solution (32%), potassium chloride (KCl), potassium ferricyanide (Fe(CN6)3−/4−), and sodium sulfate (Na2SO4) were purchased from Sigma-Aldrich and used without any further modification. Then, 0.1 M stock solution of NH3 was prepared in deionized water. The 0.1 M phosphate buffers of various pH were prepared by the appropriate mixing of 0.5 M H3PO4 and 0.5 M NaOH solutions. The working solutions of NH3 were prepared by diluting the stock solution with phosphate buffer; 0.1 M KCl and 0.1 M NaSO4 were also tested as supporting electrolytes.




2.2. Synthesis of Colloidal CuNPs


Highly dense colloidal CuNPs were prepared in a single pot using the wet chemical reduction method. Briefly, 1 mL of 0.3 M Cu(NO3)2 was mixed with an appropriate amount of 0.5 M ascorbic acid and 0.2% NaOH under stirring. The reaction mixture was then refluxed for 2 h at 80 °C in air until the complete reduction of the metallic salt. During the reaction, the color changed from colorless to pale yellow, orange, pale brown, and, finally, dark brown. The volume of the reaction vessel was kept constant at 10 mL during the reduction process. The purpose of adding NaOH was to accelerate the rate of reduction. Ascorbic acid served as both a reducing and stabilizing agent. The reaction mixture was cooled and kept at room temperature for further studies.




2.3. Preparation of Cu2O Thin Film Electrode


For thin film formation, about 1 mL of the colloidal CuNPs was diluted with deionized water and sonicated for 2 min to obtain a homogeneous solution. The surface of GCE was thoroughly cleaned through polishing on alumina and diamond slurries, respectively, subsequently washed, and air dried. About 20 µL of colloidal CuNPs was dropped on GCE to cover the entire surface. The uniformity of the coated surface was optically ensured and left in an oven at 60 °C for 5 min. The drop-coated CuNPs were oxidized into a Cu2O thin film during the drying process and labeled as Cu2O/GCE.




2.4. Apparatus


The UV-visible spectra of colloidal CuNPs were recorded on a Cary 60 (Agilent Technology, Santa Clara, CA, USA). Fourier transform infrared (FTIR) analysis of Cu2O/GCE was performed with a Cary 630 (Agilent Technology, USA). The crystallinity of thermally converted Cu2O thin film on GCE was studied using an automated multipurpose X-ray diffractometer (Ultima IV, Rigaku, Akishima, Japan) equipped with Cu Kα radiation source in the 2θ range of 10° to 80°, at a 40 kV accelerating voltage, and a current of 40 mV. The elemental composition was analyzed by XPS (PHI 5000 Versa Probe II, ULVAC-PHI Inc., Chigasaki, Japan) in the binding energy range of 0 eV to 1350 eV. The shape, aggregation, and distribution information of Cu2O thin film on GCE was obtained using a field emission electron microscope (FESEM, JEOL, JSM-IT700HR, Tokyo, Japan). Electrochemical measurements including EIS, CV, and SWV were carried out with a VSP multi-channel potentiostat (Bio-logic Science Instrument, Seyssinet-Pariset, France) in a 20-mL cell with a three-electrode assembly. The assembly had a 3-mm diameter glassy carbon working electrode, a 50-mm long with a 0.5-mm diameter Pt wire counter electrode, and an Ag/AgCl reference electrode.




2.5. EIS and Electrochemical Measurements


Throughout the electrochemical measurements, the nitrogen environment was maintained. The EIS data were obtained against 2 mM (Fe(CN6)3−/4−) in 0.1 M KCl by scanning the frequency between 100 mHz–100 kHz at a 10 mV AC amplitude. The Nyquist plots were extracted using Randle’s equivalent circuit model. CV scans were initiated at all times at open circuit voltage (OCV) to a vertex potential (E1) +1.0 V followed by a cathodic sweep from + 1.0 V to −1.0 V and an anodic sweep from −1.0 V to +1.0 V at a scan rate of 100 mV/s in 0.1 M pH 7 phosphate buffer. A series of optimizations were performed with SWV in the potential direction from +1.0 V to −1.0 V to construct the calibration curves and calculate the limit of detection. No OCV or accumulation time was employed during SWV. For the interference study, reagent-grade chemicals were used.




2.6. NH3 Detection Procedure


An amount of 10 µL of 1 mM NH3 was dropped onto Cu2O/GCE and dried in air before the electrochemical measurements. The as-prepared NH3/Cu2O/GCE was then immersed in an electrochemical cell containing 0.1 M pH 7 phosphate buffer to obtain the CV behavior of NH3, as shown in Scheme 1. For analytical detection, NH3/Cu2O/GCE with various concentrations of NH3 were separately prepared using the drop coating procedure and subjected to SWV under the optimized conditions.




2.7. NH3 Recovery in Drinking Water


The drinking water sample was collected from Jeddah, Saudi Arabia. The sample was filtered using a 0.45-µm membrane filter to remove solid particulates and kept refrigerated at 4 °C. The sample was diluted with 0.1 M of pH 7 phosphate buffer and the SWV response of Cu2O/GCE was recorded under the optimized conditions. For recovery, the stock solution of NH3 was quantitatively dropped and coated onto Cu2O/GCE, and the SWV scans of the various NH3/Cu2O/GCEs were recorded in drinking water samples adjusted with 0.1 M pH 7 phosphate buffer.





3. Results and Discussion


3.1. UV-Visible Spectra of Colloidal CuNPs


Figure 1 shows the absorption spectra obtained at different times and the color change due to the formation of colloidal CuNPs. In an aqueous solution, CuNPs exhibited a broad and strong absorption signal around ~428 nm, corresponding to the surface plasmon resonance (SPR) of CuNPs. Ascorbic acid treatment is responsible for the broadening of CuNP SPR accompanied by a blue shift, indicating the formation and growth of smaller well-dispersed CuNPs, as reported elsewhere [28].



The increase in absorbance was due to the continuous growth of CuNPs in aqueous solution. The absorbance reached a maximum at 120 min as there was no further change in the color or UV-Vis spectra witnessed indicating that Cu salt completely reduced into CuNPs. The time required to produce CuNPs is much less than reported in the literature [28]. The additional absorption peak at ~330 nm was assigned to the oxidation product of ascorbic acid according to the literature [28].




3.2. Surface Functional Group Analysis by FTIR


The provision of ascorbic acid in the Cu2O thin film formation on GCE was studied by FTIR. The typical IR spectrum of pure ascorbic acid is presented in Figure 2, where characteristic peaks appeared at 3021, 1775, 1664, 1329, and 1108 cm−1, respectively [29,39]. A group of peaks in the region 3216–3529 were unassigned and were due to the O-H stretches. The peak at 3021 cm−1 was assigned to the =C-H stretching vibrations. The C=O bond stretching was observed at 1775 cm−1, whereas the 1664 cm−1 vibrations belonged to the C=C. The stretching at 1329 cm−1 originated from the C-O-C functional group. The C-O-H bond probably contributed to the peak at 1108 cm−1. In the IR spectrum of Cu2O thin film (Figure 2), the peaks associated with C=O and C-O-H bonds disappeared.



Ascorbic acid fully oxidized into dehydroascorbic acid when CuNPs occurred in colloidal solution [40]. However, during Cu2O thin film formation, as the Cu0 reoxidized into Cu+1, it is highly likely that dehydroascorbic acid converted into semi-dehydroascorbic acid form [41,42,43]. This is inferred from the IR spectrum of Cu2O/GCE, as the peak correlated with C=C and C-O-C remained but shifted to a lower wavenumber due to the significant delocalization of conjugated C=C bonds. Moreover, the peak at 600 cm−1 can be assigned to the vibrations of the Cu-O bond [44]. Considerable differences in the IR spectra provided clear evidence of the presence and aiding of ascorbic acid in the Cu2O thin film formation on GCE.




3.3. X-ray Diffraction Pattern of Cu2O/GCE


The crystal structure of Cu2O thin film on GCE was studied by XRD. The obtained XRD pattern of Cu2O/GCE is presented in Figure 3, where the peaks at 30.6°, 37.4°, 42.6°, 61.4°, and 72.4° corresponded to the 110, 111, 200, 220, and 311 planes of cuprite, indicating the crystalline nature of Cu2O thin film formed on GCE. The observed peak positions were well-matched with JCPDS# 05-0667, confirming the presence of body-centered cubic (bcc) Cu2O on the surface of GCE as a thin film [29,45,46]. The XRD spectrum indicated that peaks indexed to Cu2O were dominated in the spectrum, ruling out the presence of CuO in the film formed on the surface of GCE. The peaks indicated by -asterisk in the spectrum were due to the ascorbic acid adduct [47] and showed polycrystalline behavior, which is necessary and favorable in integrating Cu2O as a thin film on the surface of GCE.




3.4. XPS Analysis


The structure of the Cu2O thin film formed on GCE was further investigated by XPS. The obtained high-resolution XPS spectra are illustrated in Figure 4, where the symmetrical peak related to Cu2p1/2 appeared at ~952.9 eV with no or minimal satellite formation, suggesting that the film was primarily composed of Cu2O. The Cu2p3/2 corresponding to Cu+ in Cu2O after fitting was observed at 932.8 eV [48,49]. Furthermore, the peak located at 530.15 consisted of the signature of O1s peak of Cu2O based on literature interpretations. Thus, both XRD and XPS analysis showed no evidence of the presence of Cu2+ in the film.




3.5. Morphology of Cu2O on GCE


The morphology of Cu2O spread on the surface of GCE was characterized by SEM analysis. Figure 5a–d shows the SEM images of Cu2O/GCE at different magnifications, where the presence of a micron-sized hexapod was evident on Cu2O/GCE [50,51,52]. For comparison, an SEM image of bare GCE is provided in Figure S1 (Supplementary Information), where no particles were observed. In Figure 5a,b, images at 1500× magnification show that hexapod Cu2O with different growth stages, i.e., long- and short-leg-sized particles, were substantially populated on the surface of GCE. CuNPs were prone to oxidation in the air. When spread on GCE as a thin film, under controlled heat treatment at 60 °C, CuNPs mainly transformed into the Cu2O phase because CuO formation was reported at an even higher temperature >250 °C [37,38]. The controlled heat treatment also affected the size and morphology of the CuNP film and, upon reaction with oxygen, the micron-sized Cu2O with a characteristic hexapod morphology was formed on the surface of GCE, as confirmed by XRD and XPS analysis. Thus, the thermal treatment of colloidal CuNPs spread on the surface of GCE is a novel and simple way to produce hexapod Cu2O as a thin film. Higher magnification (Figure 5c,d) revealed that the larger hexapods appeared to be formed by an aggregation of smaller particles. Also, the smooth faces of larger hexapods were the result of the steady growth and surface reconstruction. Alongside the area coverage by the Cu2O hexapod, which improved the current response of the modified electrode, the exposed facets of Cu2O were also reported to play an important role in defining the electrochemical performance of the modified electrode [50]. As a result, due to the excellent conductivity of Cu2O hexapods and their affinity towards copper-ammonia complex formation, the highly sensitive detection of NH3 on Cu2O/GCE was expected.




3.6. EIS Analysis of GCE and Cu2O/GCE


The EIS analysis of GCE and Cu2O/GCE was performed to evaluate the changes in the interfacial charge transfer resistance of the modified electrode. EIS in the form of a Nyquist plot features a semicircle in the higher frequency region corresponding to the electron-transfer-limited process and a straight light at the lower frequency region, which is due to a diffusion-limited process [53,54]. A Nyquist plot is typically used to distinguish between the successful modification, and the interpretation of the Nyquist plot relies on Randle’s equivalent circuit model, where Rct is the surface resistance of the modified electrode, Cdl is the capacitance of the electrical double layer, Rs is the solution resistance, and Zw is the Warburg impedance of a diagonal line. The Nyquist plots of GCE and Cu2O/GCE are presented in Figure 6a, where Cu2O/GCE exhibited a distinctly larger semicircle compared to GCE, which is probably due to the presence of negatively charged functional groups at the modified electrode surface that hindered the electron transfer reaction between the Cu2O/GCE and redox marker (Fe(CN6)3−/4−). The interactions, either attractive or repulsive, between the modified material at the surface of GCE and (Fe(CN6)3−/4−) were estimated on the basis of the comparison of the magnitude of the semicircular region in the impedance measurements. The attractive interactions are due to the surface positive charges, whereas the negative entities such as surface oxygen groups generate the repulsive influence under the applied biased conditions. The expanded semicircular region for the modified electrode compared to bare GCE is indicative of such interactions. When Cu2O/GCE was investigated against (Fe(CN6)3−/4−), a distinctly larger semicircle was observed than for GCE, which is due to the repulsion between the oxygen functional groups at the modified surface and (Fe(CN6)3−/4−), thus elaborating the higher charger transfer activity or conductivity compared to the bare electrode [53,55]. Thus, the charger transfer activity of the GCE was greatly improved after being modified with Cu2O. Moreover, this significant increase in charge transfer resistance successfully advocates the entire surface coverage of GCE by Cu2O thin film. The increase in the Warburg impedance for the Cu2O/GCE was also concurrent with the decrease in the diffusion rate.




3.7. CV Analysis of GCE and Cu2O/GCE


Figure 6b represents the CV (black curve) obtained for GCE in 0.1 M pH 7 phosphate buffer with and without NH3 (1 mM) casting on the electrode surface. The CV scans were initiated at all of the times at OCV to a vertex potential (E1) +1.0 V. The cathodic sweep was recorded from +1.0 V to −1.0 V and the anodic sweep was recorded from −1.0 V to +1.0 V. There was no clear redox peak at GCE, which indicated that the oxidation or reduction reaction of NH3 did not take place at GCE in the investigated potential window. Subsequently, the CV of Cu2O/GCE was researched (without the presence of NH3 on the surface, blue curve) in 0.1 M pH 7 phosphate buffer by starting at OCV until +1.0 V and sweeping from positive to negative potentials (reduction) with a scan rate of 100 mV/s followed by the anodic sweep (oxidation) in the reverse direction (Figure S2, Supplementary Information). As the aim of the present work is the formation and properties of Cu2O thin film on GCE, only the potential range from +1.0 V to −1.0 V was scanned, which did not allow the formation of a passive layer. In the first anodic scan, from OCV until +1.0 V, the oxidation peak at ~+0.006 was due to the oxidation of Cu2O into CuO. The cathodic scan of Cu2O/GCE was characterized by a well-shaped reduction peak at ~−0.23 V, assigned to CuO conversion into Cu2O [45,56,57,58]. It might be speculated that, at a sufficiently positive potential, all of the Cu2O was converted to CuO, whereas it subsequently reduced to Cu2O during the cathodic scan. The reduction of CuO was immediately followed by the reduction of Cu2O into metallic copper (Cu) and, characteristically, the peak position of the second reduction was more negative as per literature interpretations [36,59]; however, in phosphate buffer medium, a second reduction peak was not observed. While, in the anodic scan, the oxidation of deposited Cu should produce two peaks; however, the oxidation of deposited Cu at the interface was not limited by diffusion, so most of the Cu appeared as Cu2O at the interface and, upon reverting the potential sweep in the positive direction, only one oxidation peak (~−0.07) was observed due to Cu2O converting into CuO in the form of a well-defined semi-reversible peak. Thus, affected by the electrolyte medium, the reduction peak was due to the electrode reductions of both CuO and Cu2O and the oxidation peak was due to the oxidation of Cu2O formed at the interface. Moreover, as the surface area of the oxidation peak was comparable to the reduction peak, it was supposed that all the Cu2O was reversibly reduced into CuO. Thus, the CV results also supported the XRD and XPS interpretations of the presence of Cu2O thin film on the surface of GCE. The appearance of only oxidation and reduction associated with Cu2O might be useful in the electrocatalytic detection of NH3 in the phosphate buffer electrolyte. Thus, thermally converted Cu2O thin film enhanced the electrocatalytic activity of the GCE in a phosphate buffer medium.




3.8. CV Analysis of NH3/Cu2O/GCE


The Cu2O/GCE was then covered with 10 µL of 1 mM NH3 by drop coating and investigated in 0.1 M pH 7 phosphate buffer under the same CV conditions. The CV curve started from OCV and scanned between +1.0 V and −1.0 V is presented in Figure S2 (Supplementary Information). Under corresponding experimental conditions, however, in the presence of NH3 over Cu2O/GCE, the CV curve differed from the preceding. The presence of NH3 on the modified electrode surface ensured the complex formation between CuO and NH3 when scanning reached +1.0 V [26,27]. This assumption is based on the possibility that NH3 chemically reacts with CuO after it is formed [26,27,60]. The NH3 covering favors the direct interaction between CuO and NH3 and favors the electron transfer. However, an additional oxidation peak at +0.4 V (Figure S2, Supplementary Information) in the first anodic scan from OCV until +1.0 V may also be associated with the copper-ammonia complex formation. As was likely, it was found that by providing the same CV conditions, the NH3/Cu2O/GCE exhibited two reduction peaks in the cathodic scan and one oxidation peak in the reverse direction (Figure 6b, red curve). The anodic peak was more or less at the same potential value, however, the appearance of two reduction peaks at ~−0.57 and at ~−0.19, one small and one sharp, probably indicates the formation of a copper-ammonia complex. Different from the CV analysis of Cu2O/GCE, the second reduction peak appeared at a more negative potential and was well separated from the first peak; therefore, it was chosen for the quantification of NH3. The same has been reported elsewhere [26,27,60], in that the oxidation of Cu2O in ammoniacal solution most likely went through the formation of the copper-ammonia complex and rather directly proceeded to form a passive layer, which subsequently reduced the electrocatalytic activity of the modified electrode. Since the NH3/Cu2O/GCE was exposed to the same experimental conditions as the Cu2O/GCE, the consideration that the second reduction peak could arise due to the dissolution of the Cu2O thin film was ruled out, but was due to the dissolution of NH3. As a result, in the presence of NH3, the anodic peak formed at ~−0.07 represented the oxidation of Cu2O into CuO and the subsequent copper-ammonia complex formation according to the following equation,


CuO + xNH3 + 2H+  → Cu(NH3)x+2 + H2O



(1)







In the reverse scan, the produced copper-ammine complex underwent two reductions according to the following reactions,


Cu(NH3)x+2 + e → Cu(NH3)x+1



(2)






Cu(NH3)x+1 + e → Cu0 + xNH3



(3)







The first reaction was due to the reduction of the Cu(II)-ammonia complex into the Cu(I)-ammonia complex, whereas the second reaction represented the subsequent reduction of the Cu(I)-ammonia complex into Cu in a phosphate buffer medium. It can be further explained that, in the more positive potential, the reacting copper-ammine species were formed by complexation, and when the reverse bias was employed, the copper-ammine species depleted by two successive reductions into Cu. The second cathodic peak appeared due to the reaction of NH3 with the Cu2O thin film; thus, by examining the various CV effects on the second cathodic peak, the electrochemical detection of NH3 was viable. Additionally, as the copper-ammonia complex formed at the modified electrode surface in a tiny amount, therefore, the exact coordination number of ammonia was uncertain.




3.9. Effect of Cu2O Amount


The thickness of Cu2O thin film is an important parameter to quantify the NH3 [53]. The CVs of 1 mM NH3 with three different thicknesses of Cu2O thin film on GCE are presented in Figure 6c. As can be seen, by increasing the film thickness, the oxidation and reduction peak currents were also increased; however, the second reduction peak was eventually more affected. An insignificant change in the redox peaks associated with Cu2O indicated these peaks were insensitive toward the presence of NH3. Considering the second cathodic peak, at first, the current drastically increased from 5 µL to 10 µL and then approximately remained at the same intensity with a further increase in the film thickness. This phenomenon was caused by the presence of NH3 on the surface of Cu2O/GCE and indicated that the complex formation between CuO and NH3 was adsorption-controlled due to the high concentration of Cu2O. However, the further increase in the intensity of the second cathodic peak with an increase in the Cu2O film thickness was not observed because of the saturation. Thus, the changes in the second reduction peak current, caused by copper-ammonia complex reduction, were distinguishable due to different amounts of Cu2O on GCE. Based on the above results, a 10-µL coating of CuNPs was chosen as the optimal value.




3.10. Effect of the Scan Rate


The effects of the scanning rate on the reduction of the copper-ammonia complex were studied. The NH3/Cu2O/GCE was prepared by first depositing 10 µL of CuNPs followed by thermal treatment, and then 10 µL of 1 mM NH3. Since the second cathodic peak originated from the complex formation between CuO and NH3, this peak can be directly related to the presence of NH3. The current of the second cathodic peak increased with the increase in the scan rate and was accompanied by a slight shift (Figure 6d) in the peak potential to the more negative direction due to the irreversible nature of the copper-ammonia reduction process. The peak current versus the scan rate is shown in Figure 7a, where a straight line with a correlation coefficient of 0.9941 also indicates the formation and reduction of the copper-ammonia complex were controlled by the adsorption process [34,49]. In Figure 7b, a plot of the logarithm of the peak current versus the logarithm of the scan rate is shown. The relationship was found to be linear with a slope of 0.97, which is far from the theoretical value of 0.5, suggesting that the detection of NH3 is an adsorption-controlled rather than a diffusion-controlled process.




3.11. Effect of NH3 Concentration


Figure 8a shows the CVs of Cu2O/GCE with different concentrations of NH3 coated on it. The CVs were recorded under the same experimental conditions in 0.1 M pH 7 phosphate buffer and the concentrations of NH3 were 0.01, 0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5 mM, respectively. The current of the second cathodic peak significantly increased with the increasing concentration of NH3. In Figure 8b, the reduction peak current as a function of the concentration of NH3 is plotted. It was observed that the reduction peak current rapidly increased at low concentrations, followed by a gradual increase at high concentrations. This phenomenon is also attributable to the adsorption of NH3 on the surface of Cu2O/GCE [54].




3.12. Effect of Changing the Vertex Potential


Further insights regarding the reduction of the copper-ammonia complex were extracted by inspecting the role of the vertex potential [36,59]. Figure 9a elaborates on the CV fetched by starting at OCV and sweeping between +0.2 V–−0.1 V. As discussed above, at a sufficiently positive potential, the majority of Cu2O was oxidized into CuO, thus providing less positive E1 potential. However, the appearance of two reduction peaks suggested that the copper-ammonia complex was successfully formed at such potential bias. The oxidation peak, which was due to the oxidation of interfacial Cu2O, was slightly shifted toward a more positive potential and the associated cathodic peak appeared depressed, whereas the second cathodic peak was broad and higher in intensity, as compared to Figure 6c. Thus, a vertex potential less positive than +1.0 V also consisted of two reduction peaks and one oxidation peak, which suggested the utilization of a positive potential of less than +1.0 V may also be exploited in the detection of NH3 over the Cu2O/GCE.



In another potential bias (Figure 9b), from −0.4 V to +1.0 V, there was an oxidation peak that appeared due to the oxidation of Cu2O to CuO, and an associated reduction peak was observed. In Figure S3 (Supplementary Information), the CV initiated at OCV with the first vertex potential was the same as in Figure 6b; however, the negative vertex potential was fixed at −0.4 V. The depressed reduction peak was due to the reduction of CuO into Cu2O and, at a potential more negative than this, the deposition of Cu was possible. This means that, while reversing the scan from −0.4 V, there should be no oxidation peak, as the deposition of Cu was not undertaken. However, the appearance of a sharp and well-shaped oxidation peak established our assumption that the oxidation peak was due to the conversion of interfacial Cu2O into CuO and not due to Cu deposited at the electrode surface limited by adsorption. These observations illustrate the importance of the changing vertex potentials that may notably affect the detection procedure.




3.13. Effect of the Supporting Electrolyte


The detection of NH3 using the Cu2O/GCE in two more neutral pH-supporting electrolyte solutions, such as 0.1 M KCl and 0.1 M Na2SO4, was tested. In both of the supporting electrolyte solutions, the CV with 10 µL of 1 mM NH3-coated Cu2O/GCE exhibited distinctly strong oxidation behavior, but no single reduction peak was witnessed (Figure 10a). The significant increase in the intensity of the oxidation peak current suggested that the electrodeposition of Cu during the cathodic sweep was significant as a result of a huge oxidation peak due to the anodic stripping of Cu observed in both KCl and Na2SO4. No reduction peak was observed; thus, one thing was apparent, the copper-ammonia complex did not take place in these supporting electrolyte solutions, therefore, the pH 7 phosphate buffer was the ideal choice for the detection of NH3.




3.14. Effect of pH


The pH study of NH3/Cu2O/GCE was carried out in the range of 4–10, and the obtained CVs are shown in Figure 10b. Due to the deposition of Cu at pH 4 and 5 during the cathodic sweep, the formed thin film was not stable, and resulted in a huge oxidation peak, as reported in the literature [26,45]. In other words, the copper-ammonia complex formation may take place in a neutral or basic medium. As can be seen, from within the pH range 6–10, under optimal conditions, the NH3/Cu2O/GCE resulted in typical CV curves with three distinct redox peaks. The peak current versus pH plot in Figure 10c showed a gradual increase in the reduction current of the second cathodic peak from 6 to 7, while at pH 8 and 9, the current remained stable and then increased again at pH 10. These findings suggest the electrochemical detection of NH3 at pH 7 or higher. So, for neutrality, pH 7 was preferred for further studies. Moreover, the peak potential versus pH plot (Figure 10d) displays a cathodic shift in the reduction peak potential of the second peak, which indicates the participation of protons in the reduction process of the copper-ammonia complex.




3.15. Effect of SWV Parameters


For the optimum detection of NH3 in 0.1 M pH 7 phosphate buffer, the SWV response of the prepared NH3/Cu2O/GCE was recorded. The SWV signal may be influenced by the variation in pulse amplitude, frequency, and step potential [53,54]. All three parameters are crucial for obtaining a sensitive SWV signal; therefore, the optimization of these parameters was performed, and the results are presented in Table 1. At first, the pulse amplitude was varied by keeping the other two parameters constant. The peak current increased with the increase in the pulse amplitude from 25 mV to 50 mV, followed by a gradual decrease. The maximum peak current observed at 50 mV was therefore chosen as the optimum value. The variation in the peak current with changing frequency reached the maximum at 50 ms; afterward, the peak shape was distorted and broad. The increase in the step potential resulted in a gradual increase in the peak current; however, the smooth and well-shaped SWV signal was observed at −10 mV. Thus, a 50 mV pulse amplitude, 50 ms frequency, and a −10 mV step potential were chosen as the optimum values for SWV investigations.




3.16. Analytical Response


The SWV analysis of NH3/Cu2O/GCE showed a strong signal under optimum conditions. Figure 11a shows the SWVs of Cu2O/GCE with different NH3 concentrations in the range of 10 µM to 1000 µM. Well-defined peaks proportional to the concentration of NH3 were observed. The linear regression equation (Figure 11b) was Ip (µA) = 50.497 C (µM) + 19.423 (R2 = 0.9995) with a detection limit (3.3 × standard deviation of blank/slope) of 6.23 µM determined at a single to noise ratio of 3, which was commensurate with the so far reported with a MWCNT/Cu nanocomposite paste electrode [17], considering the present work based on the NH3 surface modification, and enabled the quick on-site testing of NH3 in environmental samples. The sensor fabrication steps, as well as the detection medium, are important parameters to consider while developing an electrochemical sensor. As described in Table 2, though sensitive, most of the fabricated electrodes for NH3 detection had complex structures that limited their widespread use and detected NH3 through oxidation in very alkaline solutions. In comparison, the fabrication of NH3/Cu2O/GCE was a two-step procedure and detection was unique in a neutral medium, which can easily be combined with disposable SPCE (screen-printed carbon paste electrode) for the portable detection of NH3.



The repeatability variation coefficients calculated as relative standard deviations (RSD) at two concentrations, such as 50 µM and 500 µM, were 3.1% and 2.6%, displaying a good repeatability of the modified electrode. The reproducibility variation coefficients, also estimated at these concentrations using three separately fabricated NH3/Cu2O/GCE, were 2.1% and 2.9%, respectively, demonstrating excellent fabrication reproducibility. Also, the influence of interfering species was investigated. The Cu2O thin film structure stability was investigated by performing two successive CV scans of the same modification. The results are provided in Figure S4, Supplementary Information. The successive scans showed the same characteristic peaks, two reductions, and one oxidation. The oxidation and first reduction peaks were due to the Cu2O/CuO couple and were mainly unaffected. This also means that the Cu2O thin film structure was still intact, however, the second reduction peak was drastically depressed and decreased in intensity because most of the NH3 was removed from the modified surface by dissolution and went into the solution, and because the copper-ammonia complex reduction is limited by the adsorption, the decrease in peak intensity was rational. Therefore, it was preferred to freshly prepare NH3/Cu2O/GCE for each measurement because the detection of NH3 relied on the first cathodic scan. The ions used were K+, Na+, Zn2+, Ca2+, Cu2+, SO4−2, Cl−, NO2−, and NO3−. Virtually no interfering effects were observed for anions. The reason for this was due to the negatively functionalized surface of NH3/Cu2O/GCE, which repelled the anions. However, Zn2+ and Cu2+ faintly influenced the SWV single due to its affinity toward NH3.




3.17. NH3 Recovery


The recovery of NH3 was demonstrated in the drinking water sample. The pH of the real sample solution was maintained at pH 7. First, no second cathodic peak was observed when Cu2O/GCE was immersed in the real sample solution and the SWV signal was acquired under the optimized conditions. Subsequently, an amount of stock NH3 solution was drop-coated on the Cu2O/GCE surface, and recovery of the added NH3 was observed to be good for three determinations. The results are summarized in Table 3 and imply that the fabricated NH3/Cu2O/GCE was capable of NH3 determination in real drinking water samples.





4. Conclusions


The simple, intelligent, fast, and portable electrochemical detection of NH3 by drop coating on Cu2O/GCE was successfully demonstrated in a neutral medium. The detection was based on the chemical complexation between CuO and NH3 at the modified electrode surface and its subsequent reduction in the reverse direction. The fabrication of Cu2O/GCE followed by NH3 covering was also very simple. The approach is more promising and reliable than the usual detection of NH3 and could benefit the on-site detection of NH3 by utilizing disposable carbon electrodes and portable electrochemical instruments.
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Scheme 1. Schematic representation of the preparation of NH3/Cu2O/GCE and CV analysis. 
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Figure 1. Absorption spectra of CuNPs at different time intervals and color transformation. 
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Figure 2. FTIR analysis of pure ascorbic acid and Cu2O/GCE. 
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Figure 3. XRD diffraction pattern of Cu2O/GCE. Asterisks mark the diffractions peaks from ascorbic acid adduct. 
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Figure 4. High-resolution XPS spectra of Cu2O thin film (a) Cu2p and (b) O1s. 
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Figure 5. SEM images of Cu2O/GCE at different magnifications (a,b) 1500×, (c) 15,000×, and (d) 35,000×. 
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Figure 6. (a) Nyquist plot of GCE and Cu2O/GCE, (b) CV curves of GCE, Cu2O/GCE, and NH3/Cu2O/GCE in 0.1 M pH 7 phosphate buffer, (c) Cu2O/GCE coating of different volumes and (d) effect of scan rate. 
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Figure 7. Plot of (a) the peak current versus the scan rate and (b) the logarithm of the peak current versus the logarithm of the scan rate. 
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Figure 8. (a) CV curves of Cu2O/GCE with different concentrations of NH3 and (b) plot of peak current versus concentration of NH3. 
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Figure 9. CV curves of NH3/Cu2O/GCE were obtained within the potential window of (a) +0.2 V and −1.0 V and (b) −0.4 V and +1.0 V. 
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Figure 10. (a) CV curves of NH3/Cu2O/GCE in 0.1 M KCl and 0.1 M Na2SO4, (b) in different pH, (c) peak current versus pH plot, and (d) peak potential versus pH plot. 






Figure 10. (a) CV curves of NH3/Cu2O/GCE in 0.1 M KCl and 0.1 M Na2SO4, (b) in different pH, (c) peak current versus pH plot, and (d) peak potential versus pH plot.
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Figure 11. (a) SWV signal of Cu2O/GCE with NH3 in the concentration range of 10 µM to 1000 µM and (b) peak current versus concentration of NH3 plot. 






Figure 11. (a) SWV signal of Cu2O/GCE with NH3 in the concentration range of 10 µM to 1000 µM and (b) peak current versus concentration of NH3 plot.
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Table 1. SWV peak current and shape optimization.






Table 1. SWV peak current and shape optimization.





	
Pulse Amplitude/mV

	
Frequency/ms

	
Step Potential/mV

	
Ip/µA






	
Pulse amplitude




	
25

	
50

	
−10

	
−65.52




	
50

	
50

	
−10

	
−70.32




	
75

	
50

	
−10

	
−68.11




	
100

	
50

	
−10

	
−63.54




	
Frequency




	
25

	
10

	
−10

	
−37.04




	
25

	
25

	
−10

	
−56.21




	
25

	
50

	
−10

	
−70.32




	
25

	
100

	
−10

	
−89.15




	
Step potential




	
25

	
50

	
−5

	
−52.17




	
25

	
50

	
−10

	
−70.32




	
25

	
50

	
−15

	
−77.63




	
25

	
50

	
−20

	
−91.51











 





Table 2. Comparison of various fabrication and detection procedures for detecting NH3.






Table 2. Comparison of various fabrication and detection procedures for detecting NH3.





	Electrode System
	Direct/Indirect Detection
	Detection Technique
	Supporting Electrolyte
	Linear Range
	LOD
	References





	NH3/Cu2O NPs/GCE
	Through complex formation/indirect
	SWV
	0.1 M Phosphate buffer, pH 7
	0.01–1 mM
	6.23 µM
	This work



	MWCNT/Cu paste electrode
	Through complex formation/indirect
	DPV
	50 mM Carbonate buffer, pH 10
	3–100 µM
	3.47 µM
	[17]



	Pt-working-microfabricated electrode
	Oxidation/direct
	CV
	Ionic liquid
	1–20 ppm
	1 ppm
	[12]



	GCE
	Through chemical reaction/oxidation/indirect
	SWV
	0.1 M Borate buffer, pH 9
	0–60 µM
	0.71 µM
	[7]



	Pt/ITO
	Oxidation/direct
	LSW
	0.5 M KOH
	0.27–5 µM
	3.946 µM
	[61]



	Pt-PANI-CC
	Oxidation/direct
	DPV
	1 M KOH
	0.5–550 µM
	77.2 nM
	[62]



	SnO2
	Oxidation/direct
	CV
	Phosphate buffer
	-
	-
	[3]










 





Table 3. Determination of NH3 in drinking water samples using the proposed method.






Table 3. Determination of NH3 in drinking water samples using the proposed method.





	Detected (mM)
	Added (mM)
	Measured (mM)
	Recovery (%)





	0
	0.01
	0.00982
	98.2 ± 4.59



	0
	0.05
	0.04838
	96.7 ± 4.87



	0
	0.1
	0.0991
	99.1 ± 4.13







Recovery is expressed as average ± relative standard deviation (n = 3).
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