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Abstract

:

Ammonium (NH4+) ions are a primary contaminant in the river and along the waterside near an agricultural area, therefore, necessitating sensitive detection of pollutants before irreversibly damaging environment. Herein, a new approach of metal-organic framework-derived tungsten ethoxide/polypyrrole-reduced graphene oxide (MOFs-W(OCH2CH3)6/Ppy-rGO) electrochemical sensors are introduced. Through a simple hydrothermal process, Ppy-rGO is linked to tungsten ethoxide as an organic linker. This creates the MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal through hydrogen bonding. The synergistic combination of tungsten ethoxide and Ppy-rGO provides three-fold advantages: stabilization of Ppy-rGO for extended usage, enabling detection of analytes at ambient temperature, and availability of multiple pathways for effective detection of analytes. This is demonstrated through excellent detection of NH4+ ions over a dynamic concentration range of 0.85 to 3.35 µM with a ppb level detection limit of 0.278 µM (9.74 ppb) and a quantitation limit of 0.843 µM (29.54 ppb). The increment in the concentration of NH4+ ions contributes to the increment in proton (H+) concentration. The increment in proton concentration in the solution will increase the bonding activity and thus increase the conductivity. The cyclic voltammetry curves of all concentrations of NH4+ analytes at the operating potential window between −1.5 and 1.5 V exhibit a quasi-rectangular shape, indicating consistent electronic and ionic transport. The distinctive resistance changes of the MOFs-W(OCH2CH3)6/Ppy-rGO to various NH4+ ion concentrations and ultrasensitive detection provide an extraordinary platform for its application in the agriculture industry.
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1. Introduction


Ammonia or ammonium ions (NH4+) can be found largely in agricultural vegetation sites. Additionally, the major usage of ammonia in industry, especially fertilizer production for plantations, is a leading source of NH4+ ion discharge in running water sources such as rivers. NH4+ ions are the main part of the nitrogen cycle and the metabolic product of many substances [1]. At a low concentration of approximately <3 mM, NH4+ ions are an important nitrogen source for plants. However, it will be detrimental to plants and affect the balance of the ecosystem when it is above the threshold. NH4+ ions introduced to terrestrial and aquatic systems are a source of acidity in the water through the biological uptake of NH4+ ions contributed by pollution and the nitrification process, which produces hydrogen ions [2,3]. The abundance of NH4+ ions in ecosystems can be determined by many factors, including the chemical nature of the soil, the accumulation of organic compounds, temperature, pH, light, CO2, and oxygenation [4]. Soils with low pH and anoxic conditions indicate higher ammonification than nitrification rates, which are rich in NH4+ ions. Therefore, comprehensive monitoring of NH4+ ion content in the environment especially close to industrial areas is crucial for early screening and subsequent preventive measures [5].



Numerous methods have been introduced for monitoring NH4+ ions in water surroundings. Ions are naturally unstable, so immediate quantification is crucial after collection. In the earliest methods of analysis, the most common classical methods used for NH4+ ion detection are spectrophotometric, such as ultraviolet-visible (UV-Vis), infrared (IR), and fluorimetric, and electroanalytical analyses, including potentiometric based on the use of ion-selective electrodes, amperometric, coulometric, and voltamperometric [6]. The method for the determination of NH4+ ions or NH3 was proposed by Nessler in 1856. In this method, Nessler reagent or an alkaline solution of potassium tetraiodomercurate (II) (K2HgI4) would react with the ions to give a color complex [7,8]. Unfortunately, this method suffers from poor selectivity, and the elimination of other ions’ interference is difficult. NH4+ ions were often determined by a colorimetric indophenol titration method and a potentiometric method with an ion-selective electrode [9]. Meanwhile, the ion chromatography method offered simultaneous determination of a few nitrogen-contained ions in small-volume samples and the possibility of using different detectors such as UV-vis and mass spectrometry [10]. However, this method has low selectivity and sensitivity with poor repeatability in the analyte detections.



Although the aforementioned techniques have been in practice for over a decade, they are complicated and require a long time for data processing. Amperometric and potentiometric methods are simpler methods that require selective electrodes for NH4+ ion detection due to ions’ interference, particularly Fe2+, Ni2+, P+, K+, and Na+ [11]. Though the sensor signal is not predicted to be highly affected by the presence of certain ions, the selectivity test is essential to conduct for the possibility of ion interference. This is to ensure the optimum sensing performance of the sensor for real time monitoring as these ions present in the natural water resources. Meanwhile, other techniques such as spectrophotometric, colorimetric, and fluorometric methods are straightforward and cost-effective. However, it requires elaborate sample pre-treatment to eliminate background interferences and the use of several reagents for color formation. Among the approaches to the detection of ammonium ions quantitatively, electrochemical detection gives the possibility of real-time monitoring with the advantages of high sensitivity and selectivity, low cost, and independence of the sample color and turbidity. Various types of ammonium ion sensors have been developed, with the main obstacle primarily focused on choosing suitable ion-selective components and enzymes.



The high potential of conducting polymers, 2-dimensional layered materials, and metal-organic frameworks (MOFs) has been widely recognized for sensing applications. MOFs consist of inorganic metal centers and organic linkers with a rich hydrogen bonding network that exhibits various unique features such as high porosity, tunable pore size, and large surface area. MOFs are an attractive proposition for sensing applications due to their ability to be tuned to detect specific analytes, thus offering good adsorption or active sites and thereby promoting lower detection limits. The choice of ligand or organic linker is highly crucial when designing MOFs with excellent electronic conductivity. MOFs with a large pore size are not enough for the efficient detection of toxic liquids. The active functionalizations on the pore surface can contribute to unique and specific molecular recognition between host porous frameworks and guest analytes, which then enhances the sensing performance of MOFs. Common ligands used as organic linkers are 1,3,5-benzenetricarboxylate (BTC) [12], tetrakis-4-carboxyphenyl ethylene (TCPE) [13], 2,5-dihydrobenzene-1,4-dicarboxylate (H2HBDC) [13], hydroquinone [14], 5-(dihydroxyphosphoryl)isophthalic acid (DPPA) [15], and 2,5-dihydroxy terephthalic acid or benzene dicarboxylate (BDH-(OH)2) [16]. The porosity, surface area, conductivity, and functionalization of the complex material can be tuned by the type of ligand.



There are two strategies to design and prepare good, functionalized MOFs with excellent proton-conductive properties. Firstly, by choosing and introducing acidic organic linkers, such as phosphate groups, sulfonic groups, carboxyl groups, and other groups as well, into the MOFs. Secondly, by adding additional protonic molecules or carriers into the pores of the MOFs. In this study, rGO is used as the organic linker, while the additional protonic molecules would be from the polypyrrole chain attached to the graphene oxide. Concerning ammonium ions, the ideal sorbent might have a high density of reactive or adsorption sites for ammonia and thus be prone to having an affinity for NH4+ ions. The incorporation of metal oxide and structural defects (rGO) can impart a high density, and thus metal-ammonia bonding can occur.



Graphene is a sp2-hybridized carbon atom arranged in a two-dimensional hexagonal conjugated structure. The extraordinary physical properties, such as high carrier mobility with remarkable electrical and antimicrobial properties, are undeniably incredible. Graphene is also known for its great refractive index and optical transparency of up to 97.7% for single-layer graphene [17], its high mechanical strength with Young’s modulus of 1 TPa, and its fracture strength of 130 GPa [18]. It has a remarkable thermal conductivity of approximately ~50,000 W/mK [19], a large surface area of 2630 m2/g [20], and is thermally stable. Further, reduced graphene oxide (rGO) has spectacular flexibility that sustains sensing performance stability in devices even under extreme bending stress [21,22]. The GO is well-known for its strong oxidizing properties and can act as an oxidizing agent for the oxidative polymerization of pyrrole during the reduction process. This characteristic of graphene makes it a perfect candidate to be an organic ligand.



Likewise, tungsten oxide is a very promising material because it has a high theoretical capacity, excellent chemical stability, and good conductivity. It is an n-type semiconductor that works best as a negative electrode as it has many oxidation states and is known for its high energy and packing density with massive pseudocapacitance [23]. It has been widely used in many applications, such as secondary batteries [24], photocatalysis [25], electrochemical [26], dye-solar cells [27], sensing devices [28], and flexible and portable supercapacitors [29]. It also shows an exceptionally high surface area, which is good for sensing performance. Thus, the combination between tungsten ethoxide and pyrrole-reduced graphene oxide could enhance the surface area, mobility, and active sites for ion detection, therefore developing a MOF.



In this work, the synergistic combination of tungsten ethoxide and reduced graphene oxide would be beneficial for room temperature sensor operation as compared to the high-temperature operation of tungsten-based sensors as reported in various literature [30,31]. Metal-organic frameworks-derived tungsten ethoxide/polypyrrole-reduced graphene oxide (MOFs-W(OCH2CH3)6/Ppy-rGO) nanocrystals as the sensing elements were developed, and their performance in detecting NH4+ ions at different concentrations (0, 0.84, 1.26, 1.68, 2.52, and 3.35 µM) were thoroughly studied. The as-synthesized MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal is in black powder form, and it was mixed with Nafion and dimethylformamide (DMF) to become a viscous liquid. The MOFs-W(OCH2CH3)6/Ppy-rGO solution is then dropped onto the working electrode of the screen-printed electrode (SPE). The Ppy-rGO is astonishingly well-known for its high mobility, which is due to its excellent electroactive surface sites. The addition of metal oxide, which is tungsten ethoxide, can enhance the performance of graphene. It is expected to be extremely sensitive to the presence of NH4+ ions. Consequently, the fabricated electrochemical sensor demonstrates the extremely sensitive determination of NH4+ ions over a concentration range of 0.84 µM to 3.35 µM with a limit of detection (LOD) of 0.385 µM, limit of quantification (LOQ) of 1.166 µM. The developed electrochemical sensor demonstrates good reproducibility and stability for the detection of NH4+ ions in water.




2. Materials and Methods


2.1. Materials


Freeze-dried powder of GO was received from Universiti Putra Malaysia (Serdang, Selangor, Malaysia) [32]. Pyrrole (C4H5N, 97%), ammonia solution (NH3.H2O), and N,N-dimethylformamide (C3H7NO) were obtained from Merck (Shah Alam, Malaysia). Ultrapure deionized water was obtained from THE Direct-Q 8 UV system (Darmstadt, German). Tungsten(VI) ethoxide (W(OCH2CH3)6, 99.8%) was received from Alfa Aesar (Ward Hill, MA, United States). Ethanol (CH3CH2OH) was obtained from VWR BDH Chemicals (Rosny-sous-Bois cedex, France). Phosphate buffer solution (PBS) of ultra-pure grade is obtained from 1st Base (Selangor, Malaysia) (containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4; pH 7.4 at 25 °C; 0.1 M). Distilled water was obtained from Apex WS 4L (Kuala Lumpur, Malaysia). The screen-printed carbon electrode (SPCE) transducer, equipped with a working electrode with a diameter of 4 mm, a counter electrode made of carbon, a reference electrode or electric contacts made of Ag/AgCl, and a carbon ring, was purchased from Metrohm Sdn. Bhd. (Selangor, Malaysia).




2.2. Preparation of Polypyrrole-Reduced Graphene Oxide


The as-received GO powder (0.1 g) was mixed with pyrrole (0.1 mL) at a 1:1 mass-to-volume ratio and then subsequently subjected to a vaporizing process at 50 °C for a duration of 18 h. This process will reduce the GO, which can be clearly observed by the reduction of the carboxyl group and the hydroxyl group in Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). This was followed by annealing at 120 °C for 5 h in a flow of argon gas at atmospheric pressure.




2.3. Preparation of Metal-Organic Frameworks Derived Tungsten Ethoxide/Polypyrrole-Reduced Graphene Oxide


Ppy-rGO is a polymer chain attached to a graphene structure with an oxygenated-functional group that would act as an organic ligand. Tungsten ethoxide provides metal ions with possible attachment or bonding to oxygenated-functional groups in Ppy-rGO. The well-prepared Ppy-rGO of 30 wt% was added to well-dissolved tungsten ethoxide in N,N-dimethylformamide (DMF). The 30 wt% of Ppy-rGO is chosen after optimization of weight percentage usage explained in the supplementary information referring to Figure S3B and Table S1. The mixture was then sonicated for 5 min before being stirred for 30 min and later poured into a 100 mL Teflon liner. The liner was then placed in a Parr acid digestion vessel and continuously heated to 150 °C for 4 days. The vessel was progressively cooled to room temperature for 24 h. The powder formed after 10 h of drying at 80 °C in the oven, as illustrated in Figure S1. The synthesized product was kept in the desiccator to avoid oxidation and contamination. The synthesis was similar to the previous work [33].




2.4. Characterizations


Fourier transform infrared spectroscopy (FTIR) spectra were obtained using Perkin Elmer (Waltham, MA, United States) with the sample in a KBr pellet. A linear baseline was removed from all spectra. X-ray photoelectron spectroscopy (XPS) spectra were received and analyzed using Thermo Scientific (NE Dawson Creek Drive Hillsboro, OR, United States) (Al Kα radiation, hv = 1486.7 eV). Raman spectra were acquired from Horiba Jobin Yvon Scientific (Kyoto, Japan) (HR800) with wavelengths ranging from 200–4000 nm and powers ≤ 300 mW. Brunauer, Emmett, and Teller (BET) data were received by N2 adsorption at 77 K using a surface area and porosimetry analyzer (SAP) from Micromeretics (Tristar 3020) (Norcross, GA, United States) with a degassing temperature of 150 °C for a 240 min period. The BET methods were used to measure the pore size distribution and calculate the surface area of the nanocomposites. The total pore volume was measured at a relative pressure (P/Po) of 0.99. X-ray Diffraction (XRD) spectra were obtained from Xpert3 powder PANalytical with step scan mode between 2θ = 10–90° and a scan rate of 0.01°/min using Cu Kα of 1.5406 Å. Elemental composition, which consists of carbon, hydrogen, nitrogen, sulfur, and oxygen, was analyzed using the CHNS/O elemental analyzer (Thermo Scientific, UKM, Malaysia). The surface morphology, phase structure, and elemental composition of the composites were studied using a field emission scanning electron microscope (FESEM) with energy dispersive X-ray spectroscopy (EDX) (Zeiss, Oberkochen, Germany, Supra 55VP) at 5 keV. The EDX spot pattern and mapping scanning analysis were performed by the FESEM attachment. High-resolution transmission electron microscopic (HRTEM) images were performed using a Hitachi (Tokyo, Japan) (HT7830) at magnifications of 10 to 300,000 times with a virtual depth of field.




2.5. Ammonium Ion Sensing Measurement


The screen-printed electrode (SPE), purchased from DropSens (DRP-110), Metrohm Malaysia Sdn Bhd, was composed of a carbon counter electrode, an Ag pseudo-reference electrode, and a printed graphene working electrode (diameter, Ø = 4 mm). The device was cleaned with 70% ethanol and dried at room temperature. 0.08 g of MOFs-W(OCH2CH3)6/Ppy-rGO and 0.2 mL (2 × 10−3 wt%) Nafion were mixed with 1 mL DMF under ultrasonication for 30 min to obtain a black suspension. 1.2 µL of the suspension is dropped onto SPE and allowed to dry at room temperature. Metrohm Autolab/PGSTAT302N Potentiostat/Galvanostat NOVA 2.1 was used to measure the sensitivity using EIS and CV. For stability analysis, both EIS and CV were performed three times at room temperature for four weeks. EIS assays were conducted using five ammonia solutions with different concentrations spiked in distilled water (0.84 µM, 1.26 µM, 1.68 µM, 2.52 µM and 3.35 µM), at a standard potential of +0.10 V, using the sinusoidal amplitude of 10 mV and a frequency of 50 Hz, logarithmically distributed over a frequency range of 10–100 kHz. Impedance data were fitted to a [R (RQ)] circuit to determine the simplified Randles circuit using NOVA 2.1 software. This circuit included solution resistance (Rs), constant phase element (CPE), and charge transfer resistance (Rct) components, where CPE and Rct are in parallel. The 0 μM ammonia concentration means the W-MOF/Ppy-rGO/SPE device was analyzed by EIS and CV analyses in PBS. The solution was prepared by mixing PBS with ultrapure water in a 1:9 ratio. Meanwhile, CV measurements were conducted in the same ammonia solution using a potential scan from −1.0 to +1.0 V at 100 mV/s.





3. Results and Discussion


Thermal and chemical reduction routes are the most commonly utilized techniques to prepare rGO from GO. In this study, chemical reduction is used to synthesize Ppy-rGO nanocomposites with pyrrole as the oxidizing agent as it is a more feasible method that produces a higher percentage yield and gives a better response to the targeted analytes [34]. In addition, hydrothermal is the most preferable method to obtain the MOFs-W(OCH2CH3)6/Ppy-rGO due to the excellent sensing performance reported [35]. GO was synthesized using a simplified version of Hummer’s method [32]. When pyrrole was added, the GO sheets became crumpled and wrinkled (Figure 1e) due to the presence of oxygen functional groups. The folded sheets also confirmed the growth of polypyrrole along the GO sheets. The tungsten nanoparticles were observed to be dispersed evenly on the surface of Ppy-rGO wrinkled sheets, which can be seen in Figure 1f. The degradation FESEM images of Ppy-rGO and MOFs-W(OCH2CH3)6/Ppy-rGO are less comparable as shown in Figure S7.



As for the BET linear isotherm, it is observed to be a Type II isotherm based on the linear plot. At lower relative pressure, there is positive isothermal curvature, giving the first isothermal knee. This is due to the fact that the initial absorption occurred on an energetically more favorable surface area before being located on a less favorable one at low pressure. This indicates that most small pores will be filled up with a monolayer in the initial phase. Consequently, the monolayer absorption volume can be calculated, followed by specific surface areas that are to be 11.678, 19.263, and 6.312 m2/g for GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO, respectively. The second region of absorption occurs at higher relative pressure which took place as saturation was approached. Essentially, the increment of absorption volume was asymptotic to the volume axis. At higher relative pressure, the profile showed an increase in adsorption volume. There were many possibilities for this occurrence, such as either multilayer adsorbate on adsorbate absorption of a non-porous sample or incomplete filling of a porous sample for nitrogen absorption at 77 K. This could also occur in a sample with a macroporous structure that possesses large pores to be filled by nitrogen molecules as saturation is approached. However, for this case, the pore sizes of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO are 10.607, 11.152, and 18.886 nm, respectively. Thus, the porosity size range of 2 nm to 50 nm has been defined as mesoporous composites. There was a high probability of inconsistency in porosity size, which caused some pores to remain incompletely filled. This was supported by the appearance of a hysteresis loop at high relative pressure in the gas desorption isotherm linear plot as depicted in Figure 1g–i. Hysteresis was observed when there was more than one pore size. Moreover, hysteresis occurred due to the incomplete evaporation of nitrogen molecules from the poor neck or body of pores. Consequently, this will give less information on pore sizes from the desorption isotherm.



Based on the calculated percentage of elements obtained from the carbon, hydrogen, nitrogen, sulfur, and oxygen databases (Table S2), it can be clearly seen that the reduction of GO occurs as the calculated number of oxygen atoms is reduced from 41 to 27. Meanwhile, nitrogen atoms were observed after reduction, attributed to the presence of a reducing agent. This result was supported by the hyperchromic shift observed in the Raman spectrum of Ppy-rGO as compared to GO (Figure S3A). Raman spectroscopy is used to distinguish ordered and disordered compound structures of carbon and solid-state materials. The upright shifting was caused by the addition of pyrrole as a reducing agent. Referring to the data in Table 1, the intensity increment in the D peak over the G peak is attributed to the increment in defect concentration present in Ppy-rGO relative to that of GO. The defect could be at the edges, a dislocation, cracks, or vacancies. Furthermore, the intensity ratios (ID/IG) of the GO and Ppy-rGO are 0.949 and 1.146, respectively. The ID/IG is used to determine the degree of disorder within the graphitic lattice. The increment in ID/IG of Ppy-rGO as compared to that of GO is attributed to the formation of the sp2 domain, or unsaturated carbon [36]. The D and G peaks are left-shifted after the reduction of GO nanocomposites, as shown in Figure 2. The left-shifting occurred due to mechanical strain, polarity change, or charge transfer [37,38].



Meanwhile, the right-shifted D and G peaks of the MOFs-W(OCH2CH3)6/Ppy-rGO Raman spectrum relative to Ppy-rGO were generated upon the addition of tungsten or a new disorder that was attributed to the modification of the fine structure of graphene. The right-shifting peak was related to the increment in stacked layers of graphene, which can be seen in color intensity in EDX images (Figure S2), multiple peaks in 2D peaks of the Raman spectrum (Figure S3A) [39], and the increment number of carbon in the CHNS/O database of MOFs-W(OCH2CH3)6/Ppy-rGO (Table S2). The structure of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal was more disordered than the structure of Ppy-rGO. Table 1 shows the Raman spectra of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO.



The degree of the defect increases simultaneously with an increment in the ID/IG ratio and intensity in the D peak over the G peak. The intensity ratio between Ppy-rGO and MOFs-W(OCH2CH3)6/Ppy-rGO was decreased due to the electronic interaction between the metal oxide and Ppy-rGO nanomaterials, which forms multiple layers [40]. The decrease in intensity of the D band of the MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal was attributed to the rearrangement of the sp2 structure upon the bond interaction between them. This result was supported by the low-intensity 2D peaks of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal, which indicates the low crystallinity of graphene. The low crystallinity of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystals was related to the low intensity of the D peak over the G peak, or low ID/IG ratio. XRD spectra confirm the characteristic peaks of the as-prepared MOFs-W(OCH2CH3)6/Ppy-rGO samples [41,42,43,44], as shown in Figure S5 and Table S2. Briefly, the ID/IG ratio will start to decrease as an increasing defect density results in a more amorphous carbon structure [45]. Peaks located at 2738.8 cm−1 in the GO spectrum, 2714.1 cm−1 in the Ppy-rGO spectrum, and 2736.0 cm−1 in the GO spectrum were 2D lines representing the overtone of the D line, which results from an inelastic scattering from a second phonon, as shown in Figure S3A.



The FTIR spectra of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystals were recorded in the region of 500–4000 cm−1. More oxygen-functional groups, such as carboxyl, hydroxyl, and carbonyl groups, were observed with respect to the presence of the reducing agent, pyrrole. The presence of oxygenated functional groups decreased as reduction and hydrothermal processes were conducted. In Figure 2a, the intense peaks observed at 3435, 3434, and 3433 cm−1 are ascribed to the stretching vibration of O-H for GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO nanocomposites, respectively [46,47]. The peaks located at 1714, 1708, and 1675 cm−1 illustrated the stretching vibration of the C=O carboxyl group of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO from a conjugated dimer acid [48,49], respectively. Since all the nanocomposites have a sp2 hybridized conjugated hexagonal structure, it was possible to observe the dimer stretch peaks. Meanwhile, peaks located at 1630, 1659, and 1634 cm−1 were attributed to the C=C aromatic stretch peaks of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO, respectively, for cyclic conjugated cyclic alkenes. Additionally, the peaks located at 1565 and 1563 cm−1 were ascribed to N-H bending of Ppy-rGO and MOFs-W(OCH2CH3)6/Ppy-rGO, which described the interaction between pyrrole and GO after the reduction process. The peaks found at 1158, 1164, and 1131 cm−1 were due to the C-N stretch peaks of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO, respectively. However, the high-intensity ratio for the C-N stretch peak observed in the Ppy-rGO spectrum showed the interaction between nitrogen and carbon atoms upon the reduction process. The peaks located at 1079, 1087, and 1078 cm−1 were attributed to C-O bending or GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO [50], respectively. Upon reduction of GO, the O-H stretch peak in the Ppy-rGO spectrum was reduced. Two possibilities might have occurred: first, the interaction of oxygen from hydroxyl groups with pyrrole, and second, the reduction of the hydroxyl group into a carbonyl group. In the FTIR spectrum shown in Figure 2, the transmittance of C-O increased as more epoxy groups were produced due to the interaction between tungsten ethoxide and Ppy-rGO. The O-H stretch peak at MOFs-W(OCH2CH3)6/Ppy-rGO spectrum was greatly intense due to the possibility that some of the oxygen in tungsten ethoxide has changed into a hydroxyl group.



Figure 3 illustrates XPS spectra exhibiting the chemical composition in the GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO samples. Based on the spectra in Figure 4A, the profound peaks located at 284.3 eV and 284.8 eV represent C sp2 for aromatic molecules of Ppy-rGO and MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal, respectively. The peak found at 285.1 eV in the MOFs-W(OCH2CH3)6/Ppy-rGO XPS C 1s spectrum represents C sp3, caused by the rearrangement of the aromatic structure after the interaction between the metal oxide compound and Ppy-rGO. Further, the peaks found at 285.9, 287.8, and 290.9 eV represent the oxygen-containing functional groups such as (C=O) carbonyl, (C-O) hydroxyl, and (C-OOH) carboxyl [51], respectively. In Figure 3b, the sharp peak found at 532.8 eV, for both the Ppy-rGO and MOFs-W(OCH2CH3)6/Ppy-rGO spectra, stands for the (C=O) carboxyl group and (W-O) [52]. Additionally, two peaks that were found at 533.3 and 535.3 eV both represent (C-O) carbonyl and (C-O) hydroxyl, respectively. As for the N1s spectra (Figure 3c), the strong peak located at 400.2 eV represents pyrrolic N molecules. Meanwhile, peaks located at 397.9, 398.5, 401.7, and 402.7 eV represent peaks for graphene-N, graphene-NH2, graphitic N, and N-O, respectively [53,54]. According to the XPS spectra, the existence of an amide group in the rGO compound due to the pyrrole-reduction of GO and oxygen-containing functional groups was clearly observed. The absence of the N1s spectrum of GO can be proven from the full electron spectroscope (SPCA) energy spectrum in Figure S3C–E. The presence of oxygen-containing functional groups such as carbonyl, carboxyl, and hydroxyl improve the capability of the nanocomposites in the detection of ammonium analytes. All the assigned peaks were referred to the XPS Casa database.



Stoichiometry tungsten ethoxide (W(OCH2CH3)6) consists of covalent bonds formed by sharing a total of six electrons from the oxygen of ethoxy groups to fill up six valence electrons of the tungsten to achieve octet rule. The shared electrons are less attracted by the nucleus of W as it increases the Coulombian force of attraction for the remaining core-level electrons, leading to an increment in their binding energy (B.E.). Nevertheless, all electrons surround the nucleus of W metallic alone. As for WO3, it is attracted to electronegative oxygen. The energy needed to eject electrons from the positive center (W or WO3) is higher as compared to the neutral center or W in metal form. Therefore, the B.E. of the tungsten in WO6 is much greater than that of W in metal form. Likewise, the value of B.E. of core level electrons will be observed as being lower if there is oxygen vacancy present in WO6 than in stoichiometric WO6. In Figure S4, WO6 was observed to acquire a lesser B.E. value than those of metallic tungsten and lower than those of stoichiometric WO6, affirming the existence of sub-stoichiometric WO6. Tungsten was presented in two chemical states, namely W6+ and W5+. The deconvolution of the 4f core level into a doublet was due to spin–orbit coupling of electrons. A spectrum split into a doublet proves there were two chemical states of tungsten [55,56]. An intense doublet at a higher energy level incredibly illustrates the W6+ oxidation states with B.E. located at 35.78 and 37.98 eV, which correspond to 4f5/2 and 4f7/2, respectively. In addition, a doublet with a considerably low intensity represents the W5+ oxidation state. The existence of W in the W5+ oxidation state verifies the oxygen deficiency that is responsible for the lower electrical conductivity of the W(OCH2CH3)6 nanocrystal.



EIS is a useful tool that can be used to find out about internal resistance and make electrochemical label-free detection easier. The resulting Nyquist plots state that a high-frequency range corresponds to the equivalent series resistance (Rs), and the medium- to high-frequency range corresponds to the charge transfer resistance (Rct) of the cells. MOFs-W(OCH2CH3)6/Ppy-rGO is an n-type semiconductor sensor. For an n-type sensor, the surface absorbs oxygen molecules when exposed to air. Eventually, the oxygen molecules absorbed on the surface absorb electrons from MOFs-W(OCH2CH3)6/Ppy-rGO, which decreases the concentration of electrons and increases the resistance of the material. The chemical reaction can be described as follows [57,58]:
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When surface-depleted metal oxides come into contact with the reducing ammonium ion, electrons will be transported back to the material to reduce its resistance. However, the resistance of the material increases as the concentration of ammonium solution increases. Presumably, when the ammonium hydroxide concentration is diluted to a certain lower concentration, two ions will be produced, specifically NH4+ and OH−, as shown in Equation (4). The ammonium ions can dissociate into ammonia gas (NH3) and hydrogen ions (H+) as written in Equation (5).


   NH 3  .  H 2  O   ( l )   →     NH 4  +    ( aq )   +  OH −    ( aq )  



(4)






    NH 4  +    ( aq )   ↔    NH 3    ( g )   +    H +    ( aq )  



(5)






   WO 3    ( aq ) +  NH 3    ( g )   ↔     [  WO 3  (  NH 3  ) ]   5 +    



(6)






    [  WO 3  (  NH 3  ) ]   5 +     ( aq ) +  O 2    ( g ) + 4  H +    ( aq )   ↔     [  WO 3  (  NH 3  ) (  H 2  O  ) 2  ]   6 +     ( aq )  



(7)






    [  WO 3  (  NH 3  ) (  H 2  O  ) 2  ]   6 +     ( aq )   ↔     [  WO 3    (  NH 3  )  2  ]   5 +     ( aq ) + 2  H 2  O   ( l )  



(8)







The addition of ammonium ions caused the formation of a complex between W(VI) and neutral ammonia, which is easily oxidized by dissolved oxygen to W(VII) (Equation (6)) [59], followed by electrochemical reduction back to W(VI), which can be observed as a cathodic current increase (Equation (7)). The formation of tungsten and water is the product of a reduction reaction, in which water is the by-product (Equation (8)). That reduction reaction may cause a slight increment of resistance. As the concentration is higher, there will be an increment in the number of ions, which increases the resistance value as observed in Figure 4A.



The Nyquist plots portrayed a depressed semi-circle and a spike in the high- and low-frequency ranges. EIS was carried out to illustrate and explore the sensing performance of MOFs-W(OCH2CH3)6/Ppy-rGO nanocomposite. The semi-circle diameter on the abscissa of the Nyquist plot in the high-frequency range of the electrochemical systems was attributed to the charge-transfer resistance (Rct). Meanwhile, the lower value of Rct indicated a higher conductivity with a high ion transfer or diffusion rate into the electrodes. Impedance measurements usually generate Nyquist plots that can be categorized into three types. (i) a depressed semi-circle, (ii) a tilted spike, or (iii) a depressed semi-circle Nyquist plot with a tilted spike. A depressed semi-circle was formed when a constant phase element with a resistor connected in parallel was present in an equivalent circuit, as shown in Figure 4A,D. The constant phase element (CPE) or “leaky capacitor,” which is connected in series with a resistor, can be observed by the plot as a shape of a spike. Thus, the Nyquist plot that appears with a depressed semi-circle and a tilted spike corresponds to a combination of a parallel connection of a resistor and CPE that are connected in series with another resistor or CPE. The depressed semi-circle corresponds to the bulk material, while the tilted spike represents the electrical double layer. The electrochemical sensor showed remarkable stability with repetitive detection of NH4+ ions for four weeks consecutively at RT and a subsequent washing process with PBS solution (Table S5 and S6). The improved stability of MOFs-W(OCH2CH3)6/Ppy-rGO as compared to Ppy-rGO is due to the presence of tungsten, as discussed earlier in Raman and XPS analyses. The redox peak current has increased correspondingly to an increment of scan rate from 20 mVs−1 to 100 mVs−1, as confirmed by linear regression with an R2 of 0.9559 as shown in Figure S6A.



The LOD and LOQ were used to measure the sensitivity of the sensor based on the concentration of ammonium solution. LOD is the minimum number of analytes a sensor can detect. Meanwhile, LOQ is the smallest amount of the minimum concentration of a substance that is possible to determine with acceptable precision, accuracy, and uncertainty. Both LOD and LOQ values were analyzed using regression analysis and calculated using the formula equation as followed:


  LOD = 3.3 ×   SD  m   



(9)






  LOQ = 10 ×   SD  m   



(10)




where SD is the standard deviation (µM), and m is the gradient of the linear equation of bulk resistance measured (Ω) versus the concentration of the analytes (µM). The standard deviation (SD) is calculated using the following formula:


  SD =   SE    N     



(11)




where SE represents the standard error after regression analysis. Meanwhile, N represents four different concentrations of analytes: 0 µM, 0.85 µM, 1.26 µM, 1.68 µM, 2.52 µM, and 3.35 µM. The MOFs-W(OCH2CH3)6/Ppy-rGO sample was placed on SPE device and the analytes were drop cast on the sample accordingly starting from 0 µM analytes to the highest concentrated analytes.



In this regression analysis, the dependable variable is the concentration of the targeted analytes, whereas the independent variable is the Rct values, which were tabulated in Table S4. The linear graph of Rct against concentration is plotted as in Figure 4B to obtain the linear equation, which is Y = mX + C, where m is the gradient of the linear plot, C is the y-intercept, Y is the y-axis and X is the x-axis. The regression coefficient (R2) can be obtained in two ways: through regression analysis and a linear plot. The R2 value is a measure of how well a linear regression model fits the data. In other words, the closer the R2 value is to 1, the more variability the model explains. The standard error (SE) obtained from the regression analysis was 37.565 µM. Hence, by using Equation (11), the SD was calculated to be 15.336 µM. Based on the calculation formulas in Equations (9) and (10), the LOD and LOQ obtained were 0.278 and 0.843 µM, respectively. The fitting curve of EIS in the electrolytes is shown in Figure 4A. The electrochemical performance of the MOFs-W(OCH2CH3)6/Ppy-rGO SPE was evaluated every after drop-casted with a constant volume of ammonium solution electrolyte at 5 concentrations.



CV measurement is an electrochemical method that is widely used to understand the electrochemical behavior of materials. The CV curves were recorded at similar scan rates and operating potential windows (OPW) from −1.0 to 1.0 V, as shown in Figure 5c. CV measurements of the W-MOF/Ppy-rGO were performed at a scan rate of 100 mVs−1. The CV curves portrayed a quasi–rectangular shape with no faradic peaks representing double–layer capacitance. Double–layer capacitance (Cdl) can also be expressed as a constant–phase element (CPE). The Cdl or CPE are obtained from the impedance if and only if the polarizable electrode is illustrated as a connection of the Rs and Cdl. The coupling of the resistance with the surface capacitance, the adsorption of ions, and the chemical inhomogeneities of the surface are the results of the polarizable electrode. The CV curve of every concentration exhibited a similar pattern at the same scan rate without any apparent distortion, which contributes to great electronic and ionic transport inside the supercapacitor electrode material [60].



Ammonium ion solution is a weak base. It dissociates partially in the aqueous solution, which gives insufficient NH4+ and OH− ions and is thus less conductive. As the concentration increases, there will be an increase in the number of ions, which in turn increases the resistance value. Whereas the NaOH and KOH solutions are strong bases. They would dissociate completely into Na+, K+, and OH- ions in an aqueous solution. In addition, they are very conductive and corrosive, which reduces the thickness of the MOFs-W(OCH2CH3)6/Ppy-rGO nanocomposite. As a result, the Rs value shifted inconsistently, as observed in Figure S6B,C, which is correlated to the CV curve in Figure S6D,E. The Rs value is linearly proportional to the thickness of the drop-casted nanocomposites [61]. However, due to their high conductivity, the resistivity value of each concentration of Na+ and K+ ion solution is low. Rct value are tabulated in the Table S7. In fact, resistivity is inversely proportional to conductivity values. Hence, as expected, the EIS-fitted curves of the strong base solution showed a low resistivity value.



PBS was dropped on the material to help the device maintain n-type behavior such that electrons are the majority carriers with a larger electron concentration as compared to hole concentration. This solution has critical effects on the sensing performance of MOFs-W(OCH2CH3)6/Ppy-rGO. It consists of ions that influence the surface charges that exist on the nanocomposites’ surface. After a quick wash with PBS solution, the ammonium solution was dropped onto the material, and EIS and CV analyses were performed. The synergistic combination of the n-type properties of tungsten and the intrinsic characteristics of rGO led to an increase in the number of active sites and in the electrical conductivity needed to detect ammonium ions spiked in distilled water. Polypyrrole was anchored on the surface of the rGO nanosheets by two types of interaction: hydrogen bonding and π-π stacking, as shown in Figure 5b. The combination of these compounds has resulted in a large surface area for the fast transport of charge carriers and high availability of active surface sites for NH4+ ions. The addition of tungsten ethoxide to Ppy-rGO has enhanced the sensitivity due to the availability of multiple pathways for the detection of NH4+. The performance of MOFs-W(OCH2CH3)6/Ppy-rGO is attributed to the hydrogen bonding between W(OCH3CH5)6 and Ppy-rGO, which led to the p-n junction structure [62] as shown in Figure 5. As the NH4+ ions are adsorbed onto the sensor, the resistance increases due to the presence of electrons from the conduction band, which were transferred via efficient pathways provided by rGO. Particularly, there are four possible ways of NH4+ ion detection: hydrogen bonding between pyrrole and analytes; phenoxy groups from rGO and analytes; tungsten ethoxy and the analytes; and ion interaction between oxygen anion and NH4+ ion (Figure 5).



There are many transduction techniques for NH4+ ion detection, such as potentiometry, differential pulse voltammetry, square-wave voltammetry, colorimetry, amperometry, conductometry, impedance spectrometry, spectrophotometry, field-effect transistors (FET), and CV. Common reagents used to detect NH4+ ions are Nessler, indophenol blue (IPB), Berthelot, and Riegler to be used in the spectrophotometry technique. This technique provides highly accurate data and presents obvious color changes with the presence of NH4+ ions, as shown in Table S8 [7,8,9,59,63,64,65,66,67,68,69]. However, the reagents used have a negative effect on the environment, as most of them are toxic and corrosive [70]. This optical approach also requires complicated sample pretreatment and experimental operations [71]. Another approach will be using a FET-based sensor, which is very convenient due to its fast measurement capabilities, is portable, and allows operation under harsh and corrosive environmental conditions [72]. However, the consistency and reliability of sensing performance will be poor due to the corrosion of electrodes.




4. Conclusions


In summary, facile synthesis of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystals has been demonstrated through chemical reduction and hydrothermal techniques. The combination of graphene in tungsten-MOF provides high current mobility for improved NH4+ ion detection. The developed electrochemical sensor demonstrates high sensitivity as observed from the linear increment in the resistivity of the MOFs-W(OCH2CH3)6/Ppy-rGO electrode against increasing concentrations of NH4+ ions. The MOFs-W(OCH2CH3)6/Ppy-rGO electrode exhibited excellent stability towards NH4+ ion detection and good recovery for a four-week testing period at RT. The cyclic voltammetry showed a large redox peak current at a scan rate of 100 mVs−1. The LOD and LOQ of the MOFs-W(OCH2CH3)6/Ppy-rGO upon detection of NH4+ ions reached ppb levels at 0.278 µM (9.74 ppb) and 0.843 µM (29.54 ppb), respectively. The CV curves have remained consistent for all concentrations, showing excellent electronic and ionic transport in MOFs-W(OCH2CH3)6/Ppy-rGO nanocomposites. The improved electrochemical performance of the MOFs-W(OCH2CH3)6/Ppy-rGO after the drop-casted ammonium ions solution was attributed primarily to the synergistic effects of MOFs-W(OCH2CH3)6/Ppy-rGO, which provide outstanding electrochemical performance and, in turn, high charge capacity. The mobility properties of Ppy-rGO were enhanced with the presence of tungsten ethoxide, resulting in better ion detection. The outcome of this work based on MOFs-W(OCH2CH3)6/Ppy-rGO is expected to be of interest to sensing in agricultural areas.
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Figure 1. FESEM images of (a) GO; (b) Ppy-rGO; (c) MOFs-W(OCH2CH3)6/Ppy-rGO; HRTEM images of (d) GO, (e) Ppy-rGO; (f) MOFs-W(OCH2CH3)6/Ppy-rGO; and an isotherm linear plot for (g) GO and (h) Ppy-rGO; (i) MOFs-W(OCH2CH3)6/Ppy-rGO. 
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Figure 2. (a) FTIR spectra and (b) Raman spectra of (A) GO, (B) Ppy-rGO prepared in deionized water, and (C) MOFs-W(OCH2CH3)6/Ppy-rGO prepared in DMF. 
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Figure 3. Deconvoluted XPS spectra of the (a) C1s (b) O1s and (c) N1s region of (A) GO, (B) Ppy-rGO, and (C) MOFs-W(OCH2CH3)6/Ppy-rGO, respectively. 
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Figure 4. (A) EIS curve and the fitted equivalent circuit; (B) regression linear plot; (C) CV curve at different concentrations in an OPW between −1.0 to 1.0 V; (D) EIS curve of the stability test for MOFs-W(OCH2CH3)6/Ppy-rGO; (E) the stability performance comparison of MOFs-W(OCH2CH3)6/Ppy-rGO and Ppy-rGO; (F) regression linear plot of MOFs-W(OCH2CH3)6/Ppy-rGO drop-casted by NaOH, KOH and NH4OH analytes; and (G) the selectivity performance of MOFs-W(OCH2CH3)6/Ppy-rGO upon detection of NH4+, K+, and Na+ ions. 
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Figure 5. Schematic illustration of the (a) preparation of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal and detection of ammonium ions, (b,c) multiple ways of ion sensing of MOFs-W(OCH2CH3)6/Ppy-rGO nanocrystal upon detection of ammonium ions. 
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Table 1. Raman shifts and intensity ratios of GO, Ppy-rGO, and MOFs-W(OCH2CH3)6/Ppy-rGO.
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Nanocomposites

	
(cm−1)

	
ID/IG Ratio




	
D Band

	
G Band






	
GO

	
1352.7

	
1603.0

	
0.949




	
Ppy-rGO

	
1340.5

	
1572.8

	
1.146




	
MOFs-W(OCH2CH3)6/Ppy-rGO

	
1357.7

	
1587.9

	
0.887
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