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Abstract

:

Nickel-based catalysts have been widely recognized as highly promising electrocatalysts for oxidation. Herein, we designed a catalyst surface based on iron oxide electrodeposited on NiCo2O4 spinel oxide. Nickel foam was used as a support for the prepared catalysts. The modified surface was characterized by different techniques like electron microscopy and X-ray photon spectroscopy. The activity of the modified surface was investigated through the electrochemical oxidation of different organic molecules such as urea, ethanol, and ethylene glycol. Therefore, the modified Fe@ NiCo2O4/NF current in 1.0 M NaOH and 1.0 M fuel concentrations reached 31.4, 27.1, and 17.8 mA cm−2 for urea, ethanol, and ethylene glycol, respectively. Moreover, a range of kinetic characteristics parameters were computed, such as the diffusion coefficient, Tafel slope, and transfer coefficient. Chronoamperometry was employed to assess the electrode’s resistance to long-term oxidation. Consequently, the electrode’s activity exhibited a reduction ranging from 17% to 30% over a continuous oxidation period of 300 min.
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1. Introduction


Fossil fuel has served as the primary energy source for approximately one century. There has been a notable surge in the oil production rate, with projections indicating a potential demand of approximately 16 million tons per day by 2030. This surge can be attributed to the substantial growth observed in industrial development and the global population. Therefore, ongoing research primarily focuses on substituting conventional fossil fuels with sustainable and environmentally friendly energy sources [1,2,3,4].



A fuel cell is an electrochemical apparatus that directly converts chemical energy into electrical energy. The fundamental component responsible for converting chemical energy into electrical energy in fuel cells is known as the unit cell. The system comprises an electrolyte near an anode, which serves as the negative electrode, and a cathode, which functions as the positive electrode [5,6,7]. Noble metal surfaces, specifically platinum (Pt), gold (Au), and palladium (Pd), have predominantly been employed for electro-oxidation applications [8,9,10,11]. Most researchers have focused on examining the electro-oxidation of small molecules on cost-effective surfaces or, at the very least, on surfaces modified with noble metals to minimize expenses while maintaining electrode activity [12,13].



Spinel oxides, characterized by the general formula AB2O4, where A and B represent elements such as Co, Cu, Mn, Ni, and others, have been conventionally examined as anodes for fuel cell application [14,15,16]. In recent years, scholars have commenced contemplating the utilization of spinel oxides as potential anode materials in fuel cells [17,18,19]. Nickel cobaltite, as a spinel oxide, is extensively employed in energy-related purposes like direct fuel cells, capacitors, and hydrogen production [20,21,22,23,24,25].



Nickel cobaltite (NiCo2O4) has garnered significant attention, and substantial research has been dedicated to exploring its electrochemical uses like the electrochemical oxidation of small molecules. Ding et al. reported on the use of mesoporous spinel NiCo2O4 for the conversion of urea in an alkaline medium and showed that the electrode exhibited a current density of 136 mA cm−2 g−1 at a potential of 0.7 V (vs. Hg/HgO) in a solution containing 1.0 M KOH and 0.33 M urea. Additionally, the electrode demonstrated satisfactory stability [26]. Furthermore, a hierarchical NiCo2O4 nanowire array supported on Ni foam was reported by Sha et al. for urea electrochemical oxidation. The NiCo2O4/NF electrode had a low open potential of 0.19 V vs. Ag/AgCl, along with a current density of 570 mA cm−2. This performance was achieved in electrolytes containing 5.0 M KOH and 0.33 M urea [27]. Additionally, the electrochemical oxidation of ethanol upon nickel cobaltite was reported by Zhan et al, whereas NiCo2O4/GCE demonstrated much superior electrocatalytic performance, characterized by a larger current density and a lower onset potential, in comparison to both Co3O4 and NiO [28].



Iron (Fe) and iron oxide (Fe2O3) have been identified as beneficial co-catalysts or supports for metal-based catalysts. These materials offer several advantages over other metal oxides, primarily due to their cost-effectiveness and exceptional physicochemical characteristics. Notably, Fe and Fe2O3 exhibit high surface area, porosity, and electropositivity, significantly enhancing the activity of catalysts. Moreover, these properties facilitate electronic and bifunctional mechanisms over electrode surfaces [29,30].



The utilization of nickel foam (NF) electrodes has been proposed as a feasible alternative to platinum-based materials for the electrochemical oxidation of ammonia. The primary reason for this is attributed to their unique three-dimensional porous structure, relatively large specific surface area, impressive mechanical strength, and remarkable corrosion resistance [31,32]. Consequently, nickel foam was reported as a substrate for electrochemical oxidation in materials like CuCo/NF [33], NiMoO4/NF [34], Ni@Ni2P/NF [35], and NiCo2S4/NF [36]. The electrochemical oxidation of fuel depends on many factors like diffusion, adsorption, and charge transfer. Therefore, designing a more complex electrocatalyst can enhance the adsorption process by using a suitable substrate like nickel foam. Otherwise, the use of binary metals like spinel oxide (NiCo2O4) enhances the activity due to the diversity of the oxidation state. Additionally, the use of an oxide with a high charge transfer ability like Fe2O3 can enhance the activity of fuel oxidation by facilitating the transfer of electrons from the product to the electrode.



In this work, nickel cobalt oxide was supported by nickel foam. Then, the iron oxide was electrodeposited on NiCo2O4/NF. The presence of Fe2O3 enhanced the charge transfer step in electrochemical oxidation upon NiCo2O4. The use of the electrochemical deposition technique is considered as a controllable method for the preparation of nanoparticles. However, the activity of Fe@NiCo2O4/NF was characterized by different techniques. Several electrochemistry techniques were employed to judge the performance of the electrode toward the oxidation of urea, ethanol, and ethylene glycol. Various parameters were calculated to confirm the activity of the modified electrode toward fuel oxidation like the diffusion coefficient, surface coverage, and charge transfer resistance.




2. Results Section


2.1. Structural and Surface Characterization


The chemical structure of the prepared Fe@NiCo2O4/NF was investigated using powder X-ray diffraction. In Figure 1, the XRD chart of the Fe@NiCo2O4/NF electrode is shown. Thus, three phases of materials can be identified, namely, nickel foam, NiCo2O4, and Fe2O3.



The Ni foam, as it is received, exhibits two distinct reflections at angles of 44 and 52°. These reflections correspond to the (111) and (200) reflections of cubic Ni, as defined by the JCPDS No. 004–0850, with a Fm-3m space group [37,38,39]. The prepared NiCo2O4 has five clear reflections at angles of 30,4, 36.7, 58.3, 65.8, and 76.4°. The reflections being discussed are the (220), (311), (511), (440), and (533) reflections of cubic NiCo2O4, as specified by the JCPDS No. 73-1702 [40,41,42].



The synthesized Fe2O3 exhibits seven distinct reflections at angles of 24.6°, 33.9°, 35.4°, 49.1°, 55.1, 62.2, and 64.1°. The reflections under discussion are the (012), (104), (110), (113), (024), (116), (214), and (300) reflections of Fe2O3, as indicated by the JCPDS No. 86–2368 [43,44,45,46].



X-ray photon spectroscopy can ascertain oxidation states and other types of atom-to-atom bonding. Figure 2a illustrates the Ni 2p spectrum, which exhibits multiple discernible peaks. The identification of the 2p3/2 and 2p1/2 peaks, together with any satellite peaks, is accomplished by applying fitting procedures. The observed peaks at 853.6 eV are attributed to the Ni2p for nickel foam that supports the electrocatalyst [47,48,49]. Additionally, the peaks observed at 855, and 856 eV correspond to the presence of Ni2+ and Ni3+, respectively. Furthermore, two peaks appear at binding energies of 872 and 875 eV, attributed to the 2p1/2 for Ni2+ and Ni3+, respectively [50,51,52].



The spectrum of Co 2p exhibits two doublets resulting from spin–orbit coupling, together with two satellite peaks, as depicted in Figure 2b. The initial pair of peaks at 780.4 and 796.1 eV, and the subsequent pair at 782.1 and 798.3 eV, are identified as Co3+ and Co2+ ions, respectively. Two satellites at energy levels of 788.7 and 804.3 eV are equipped with the binding energy of Co3+ [53,54].



Figure 2c shows the XPS results for the O1s core level. The observed peaks at a binding energy of 530.6 and 533.1 eV are associated with the metal–oxygen bond in NiCo2O4, specifically with the valence and lattice oxygen [55,56,57,58,59]. On the other hand, the peak observed at the binding energy of 532.5 eV is attributed to O-M in the Fe2O3 layer [60,61,62]. Otherwise, the observed peak at a binding energy of 536 eV can be attributed to the presence of gas-phase adsorbed water [63,64].



The obtained results further substantiated the presence of iron (Fe) on the nickel cobalt oxide/nickel foam (NiCo2O4/NF) composite material within the analyzed sample. Figure 2d displays the Fe 2p peaks. The two primary peaks observed at the 711.2 and 713.1 eV binding energies are attributed to the Fe (II) 2p3/2 and Fe (III) 2p3/2 states, respectively. The energy peak observed at 724 eV can be attributed to the Fe 2p1/2 electron transition, but the peak observed at 731 eV is associated with the satellite peak of the Fe 2p1/2 transition [65,66,67].



The morphological characteristics of the nickel foam and nanostructures of Fe@NiCo2O4 were analyzed using scanning electron microscopy (SEM), as depicted in Figure 3a–c. Figure 3a depicts the varying magnifications of the hollow structure observed in the nickel foam. Figure 3b displays the surface morphology of the Fe@NiCo2O4/NF material in its as-prepared state, as observed under a scanning electron microscope (SEM). The dimensions of the particles range from 40 to 95 nanometers. The reduced particle size of Fe@NiCo2O4 suggests an enhanced activity level in the resulting materials. Structural stability was investigated using SEM; the SEM of the modified Fe@NiCo2O4/NF after the stability test is represented in Figure 3c. Some deterioration in particle shape was noticed due to being soaked in an alkaline medium for a long time.



The conventional method employed for the determination of Fe@NiCo2O4 nanoparticle sizes involved the use of transmission electron microscopy (TEM). The average particle size of Fe@NiCo2O4 was measured to be 70 nanometers. The transmission electron microscopy (TEM) image of Fe@NiCo2O4 is depicted in Figure 3d.



Therefore, the energy-dispersive X-ray spectroscopy (EDX) analysis revealed the existence of nickel (Ni), cobalt (Co), iron (Fe), and oxygen (O) elements. Figure 3e illustrates the elemental composition of the Fe@NiCo2O4 sample. The elemental percentages depicted in the inset figure are the intended composition of Fe@NiCo2O4, whereas the high percentages of nickel depicted in EDX data are due to the Ni-foam, in addition to the higher iron percentage regarding the method for sample preparation by electrodeposition on NiCo2O4/NF. As represented in Figure 3f, the particle size distribution is established by the Gaussian fitting of TEM data.



In addition, an investigation was conducted to analyze the distribution of elements on the surface of Fe@NiCo2O4/NF through the utilization of elemental mapping techniques (refer to Figure 4). The anticipated materials can be confirmed by detecting the Ni, Co, Fe, and O elements. The great reactivity of the electrode towards the conversion of organic molecules can be elucidated by considering the loud distribution of metals on its surface.




2.2. Electrochemical Activity Fe@NiCo2O4/NF


The modified Fe@NiCo2O4/NF activity was investigated in a 1.0 M NaOH solution using cyclic voltammetry. Given the significance of activating nickel-based electrodes in the electrochemical oxidation of small molecules, an initial approach was employed to enhance the performance of the electrodes by an activation strategy. The process led to the generation of NiOOH, a nickel-based compound that exhibits a significant degree of electrocatalytic efficacy. The activation step was conducted by employing repeated CVs in solution comprising a 1.0 M NaOH sweep rate of 200 mV s−1. The occurrence of NiOOH generation during successive cycles is responsible for the increase in current. According to the data presented in Figure 5, the magnitude of the NiOOH layer’s thickness exhibits a linear relationship with the number of potential sweeps. The acceleration of the conversion rate between Ni(OH)2 and NiOOH can be ascribed to the existence of OH ions, as indicated by Equation (1) [68] as follows:


6 Ni(OH)2+ 6 OH− ↔ 6 NiOOH+ 6H2O+ 6e−



(1)







The utilization of nickel foam as a catalyst support has been extensively employed, resulting in improved electrocatalytic activity for the electro-oxidation of organic small molecules. Nevertheless, recent findings have revealed that the utilization of NF leads to an augmentation in the electrode surface’s electrical conductivity and enhances the catalyst’s durability. The presence of active NiOOH species greatly influences the conversion of ethylene glycol. The surface coverage was determined using Equation (2) in the absence of fuel. Various scan speeds ranging from 5 to 100 mV s−1 were employed, and the corresponding results are presented in Figure 6. The surface coverage can be estimated from the following equation:


Ip = (n2 F2/4RT) ν A Γ



(2)







Ip is the current of an anodic or cathodic peak, n is the number of electrons used, F is the Faraday constant, A is the electrode area, and Γ is the surface coverage.



Figure 6a shows the CV of modified Fe@NiCo2O4/NF in 1.0 M NaOH in the absence of organic molecules throughout a large scan range. The surface coverage was determined by a linear relationship between the oxidation current and scan rate (see Figure 6b). As a result, the surface coverage offered for the changed surface is 9.14 × 10−7 cm2 s−1.



2.2.1. Urea Electro-Oxidation


Urea demonstrates significant fuel properties due to its ability to be produced on a wide scale using the petrochemical process. Moreover, it is important to acknowledge that water with a substantial concentration of urea can be observed in the sludge generated from industrial operations, as well as in human urine detected in wastewater. Urea fuel cells (DUFCs) are now witnessing substantial expansion in fuel-cell technology. The electrochemical oxidation of urea is widely recognized as a six-electron process, which can be mathematically represented by Equation (3) [20].


H2N-CO-NH2 + 6OH− ↔ N2 + 5H2O + CO2 + 6 e−



(3)







Figure 7a displays the cyclic voltammogram (CV) of the modified NiCo2O4/NF and Fe@NiCo2O4/NF electrodes immersed in a solution containing 1.0 M urea and 1.0 M NaOH. Consequently, the electrochemical analysis reveals the presence of two distinct oxidation peaks occurring at a potential of approximately 0.58 V relative to the Ag/AgCl reference electrode. Furthermore, the reduction process reaches its maximum at a potential of 0.36 V (against Ag/AgCl), which can be attributed to the conversion of Ni(III) to Ni(II). Otherwise, the modified Fe@NiCo2O4/NF shows a higher current for urea oxidation compared to the unmodified NiCo2O4/NF. Thus, the peak position for urea oxidation shifts toward a more negative value by the addition of Fe2O3 layers.



In addition, the Tafel slope was determined to measure urea conversion through linear sweep voltammetry with a scan rate of 1 mV s−1. The Tafel pattern of the modified NiCo2O4/NF and Fe@NiCo2O4/NF electrode is depicted in Figure 7b. The given Tafel slope is 104 and 85 mV dec−1 for NiCo2O4/NF and Fe@NiCo2O4/NF, respectively. Tafel graphs were generated for the electro-oxidation of urea using a modified electrode Fe@NiCo2O4/NF under quasi-steady-state polarization conditions. The experimental setup involved a solution of 1.0 M urea and 1.0 M NaOH. The logarithmic relationship between anodic current and overpotential can be observed in Figure 7b. The electrochemical sensitivity of the modified electrode Fe@NiCo2O4/NF toward variations in fuel concentration was also examined. In the experimental setup, a solution with a concentration of 1.0 M NaOH was utilized. The urea concentration in the solution varied within the range of 0.1 M to 1.0 M. The scan rate employed during the experiment was 20 mV s−1, as depicted in Figure 7c. The findings of this study demonstrate that the suggested composite material has the potential for utilization in many applications, such as urea electro-oxidation in wastewater treatment, hydrogen production, and fuel cells, particularly in scenarios where the urea concentration varies. The urea concentration and the anodic peak current are related to each other and are depicted in Figure 7d.




2.2.2. Ethanol Electro-Oxidation


Ethanol is well recognized as a biodegradable and relatively non-toxic substance that is produced by the process of biomass fermentation or ethylene hydration, which involves the conversion of a petroleum component. Ethanol, an alcohol compound, is characterized by the presence of a carbon–carbon (C-C) bond and demonstrates a higher energy density in comparison to methanol. This phenomenon could be due to the molecule’s capacity to release a total of twelve electrons during the process of complete oxidation to carbon dioxide, as illustrated by Equation (4) as follows:


CH3CH2OH + 12OH− ↔ 2CO2 + 9 H2O + 12e−



(4)







Figure 8a displays the cyclic voltammogram (CV) of the NiCo2O4/NF and Fe@NiCo2O4/NF composite material in the presence of ethanol. Therefore, the oxidation peak detected at around 0.5 V (against Ag/AgCl) was ascribed to the conversion of ethanol. The observed displacement of the ethanol peak towards a more negative value concerning the urea peak can be attributed to the electrode’s superior capacity for ethanol oxidation compared to its performance with urea. Furthermore, the current density of the Fe@NiCo2O4/NF-modified electrode was observed to increase by ~35% compared with the unmodified NiCo2O4/NF surface.



Figure 8b illustrates a Tafel diagram representing the Fe@NiCo2O4/NF electrode employed for the oxygen evolution reaction. The Tafel slope of 98, 91 mV dec−1 has been determined for many modified surfaces of NiCo2O4/NF and Fe@NiCo2O4/NF, with the lower Tafel slope for Fe@NiCo2O4/NF compared to neat NiCo2O4/NF reflecting the higher activity of the iron-modified sample.



Fe@NiCo2O4/NF’s Tafel slope for ethanol oxidation in an alkaline media was found to be equivalent to that of other modified surfaces, including Ni@NiO NWA/Pt (87 mV dec−1) [69], and Ni-Pd nanoflower (164 mV dec−1) [70].



Moreover, a study was undertaken to examine the electro-oxidation of ethanol across a range of concentrations, ranging from 0.1 M to 1.0 M. Based on the findings depicted in Figure 8c, it can be observed that no indications of surface saturation were detected within the investigated concentration range. Based on the data presented in Figure 8d, there is a positive correlation seen between the anodic peak current of ethanol’s electro-oxidation and the concentration of ethanol. The findings of this study indicate that the electrode under investigation exhibits favorable characteristics for implementation in diverse applications, including direct ethanol fuel cells (DEFCs).




2.2.3. Ethylene Glycol Electro-Oxidation


Ethylene glycol (EG), a cost-effective compound with a high boiling point, has attracted considerable interest. Furthermore, it is essential to highlight that EG’s energy capacity, roughly 4.8 A h mL−1, exceeds that of methanol, which is 4 A h mL−1 [16]. Based on the structural composition of ethylene glycol (EG), the conversion process from ethylene glycol to carbon dioxide (CO2) necessitates the utilization of 10 electrons per alcohol molecule. The reaction under consideration can be mathematically expressed as Equation (5) as follows:


HO-CH2-CH2-OH + 2H2O ↔ 2CO2 + 5H2 + 10 e−



(5)







Figure 9a represents CV that indicates the activity of NiCo2O4/NF and Fe@NiCo2O4/NF electrodes toward ethylene glycol electro-oxidations. The undefined peak observed for ethylene glycol is with regard to different possible molecules that ethylene glycol could oxidize, like glycolaldehyde, glyoxal, glycolic acid, and glyoxylic acid [24]. The addition of Fe2O3 to the NiCo2O4 spinel oxide led to enhanced activity toward EG electro-oxidation, whereas Fe2O3 could enhance the charge transfer process due to the high electrical conductivity of iron-based materials compared to NiCo2O4.



A Tafel diagram of the NiCo2O4/NF and Fe@NiCo2O4/NF electrodes for the oxygen evolution reaction is shown in Figure 9b. The Tafel slope for Fe@NiCo2O4/NF has been calculated as 130 and 120 mV dec−1 for NiCo2O4/NF and Fe@NiCo2O4/NF, respectively. By comparison, the Fe@NiCo2O4/NF Tafel slope was discovered to be comparable to those of other modified surfaces for ethylene glycol oxidation in an alkaline medium, such as NiCo @chitosan (88 mV dec−1) [24], IN738 supper alloy (80 mV dec−1) [68], and PtPdAuCuFe/C (80 mV dec−1) [71].



The efficacy of the electrode in eliminating ethylene glycol was assessed by measuring the activity of each electrode throughout a wide range of ethylene glycol concentrations. Figure 9c exhibits the cyclic voltammograms (CVs) of Fe@NiCo2O4/NF-modified electrodes in a 1.0 M NaOH solution, with a scan rate of 20 mV s−1. A significant increase in the anodic peak current was seen across a wide range of ethylene glycol concentrations. The oxidation reaction of ethylene glycol on the electrode exhibited a diffusion limitation, as seen by the slight change in peak potential with respect to concentration. Hence, the augmentation of ethylene glycol concentrations exerted an influence on the diffusion of ethylene glycol toward the surface of the electrode. The graphical depiction in Figure 9d demonstrates the linear correlation between the concentration of ethylene glycol and the anodic peak current, specifically at a potential of 0.6 V (vs. Ag/AgCl). This representation highlights the significant efficacy of the electro-oxidation process for ethylene glycol, as it prevents the electrode from reaching surface saturation, even when exposed to high concentrations such as 1.0 M ethylene glycol.



The electrochemical oxidation upon Fe@NiCo2O4/NF surfaces for urea, ethanol, and ethylene glycol was compared with others reported in the literature (see Table 1).





2.3. Effect of Scan Rate and Surface Durability


Furthermore, certain kinetic parameters, such as the diffusion coefficient, were computed. Figure 10a,b depict the visual representations. This study examines the influence of varying the scan rate within the range of 5 to 1000 mV s−1 on the electrochemical characteristics of the Fe@NiCo2O4/NF electrode in a 1.0 M fuel solution composed of urea and ethanol, in conjunction with a 1.0 M NaOH electrolyte. Using the Randles–Sevcik equation (Equation (6)), the diffusion coefficient was determined by establishing the link between the square root of scan rates and anodic peak currents.


Ip = 2.99 × 105 n A Co [(1 − α) no D ʋ] 0.5



(6)




where Ip is the anodic peak, n is the electron number (n = 6 for urea, n = 12 for ethanol, and n = 10 for ethylene glycol), Co is the initial concentration of fuels, D is the diffusion coefficient, ʋ is the scan rate, and A is the electrode area. The estimation of the diffusion coefficient is determined using the linear correlation seen between the anodic current and the square root of the sweep rate, as depicted in Figure 10c. The diffusion coefficients for urea and ethanol in modified Fe@NiCo2O4/NF are reported as 4.6 × 10−6 and 2.6 × 10−6 cm2 s−1, respectively. The elevated diffusion coefficient of urea can be attributed to its diminutive molecular size and reduced intermolecular interactions.



The examination of the electrode’s durability is regarded as a crucial aspect. The technique of chronoamperometry with a constant potential was employed to investigate the stability of the electrode. The chronoamperograms of the different modified surfaces were observed for 300 min at a consistent potential of 0.6 V (vs. Ag/AgCl) in a solution containing 1.0 M NaOH and 1.0 M of urea, ethanol, and ethylene glycol, as depicted in Figure 11, which shows a chronoamperogram of the Fe@NiCo2O4/NF electrode. Consequently, urea, ethanol, and ethylene glycol activity exhibited a respective decrease of 17.8%, 20.3%, and 31%. The projected durability of the electrode can be related to its ability to withstand carbon monoxide, which is facilitated by the inclusion of many transition metals in its crystal structure. Therefore, the Fe@NiCo2O4/NF structure possesses inherent stability, which substantially reduces the loss of catalyst mass. The decrease in electrical current can be ascribed to multiple processes, such as surface poisoning, electrode surface degradation, and incompletely oxidized species [78,79,80]. The presence of a co-catalyst affects the expected carbon monoxide (CO) tolerance of Fe@NiCo2O4/NF. The resistance of CO adsorption by Ni-based co-catalysts has been noted in previous studies [81].



Furthermore, electrochemical impedance spectroscopy is a powerful technique used to study the electrical properties of materials, such as ionic conductivity and charge transfer resistance. It involves applying a small-amplitude AC signal to a material and measuring the resulting impedance response over a range of frequencies. This method is commonly used in the field of electrochemistry to analyze the behavior of electrodes in various electrochemical systems. For example, researchers may use electrochemical impedance spectroscopy to study the performance of fuel cells by measuring the impedance of the electrode–electrolyte interface. By analyzing the impedance data, they can gain insights into the kinetics of electrochemical oxidation and charge transfer processes.



However, the performance of the modified Fe@NiCo2O4/NF was investigated toward different fuel oxidations using the EIS technique. The Nyquist plot of Fe@NiCo2O4/NF at a solution of 1.0 M fuel at a constant potential of 0.6 V is shown in Figure 12. Thus, the EIS data were fitted using NOVA software (version 2.1), while, the data were explained using two equivalent circuits (see Figure 12 inset). the Nyquist data showed that the urea electro-oxidation is a pure charge transfer process (Circuit no. 1). On the other hand, the electro-oxidation of ethanol and ethylene glycol exhibits some diffusion properties along with the charge transfer process (Circuit no. 2). However, as the equivalent circuit for the electrochemical impedance research, a comparable electric circuit was used. Resistance to the solution (Rs), resistance of the outer layer (R1), and resistance of the inner layer of the surface (R2) were determined. In addition, the two capacitors were enrolled in equivalent circuits, like C1, which represents double-layer capacitance, and C2, which represents the capacitance of the inner layer of the electrode surface. Furthermore, the diffusion parameter (W) reflects the presence of a diffusion-controlled region in circuit no. 2.



According to fitted data, the oxidation of urea upon a modified electrode is a pure charge transfer process. On the other hand, the electrochemical oxidation of both ethanol and ethylene glycol is considered as a mixture of the charge transfer and diffusion processes. Furthermore, the presence of two charge transfer circuits indicates that the oxidation of fuel on Fe@NiCo2O4/NF takes place through two different layers (inner and outer).



Charge transfer resistance can be employed for determining the efficiency of the electrode toward the oxidation process. As listed in Table 2, the electrode exhibited lower charge transfer resistance for urea compared to ethanol and ethylene glycol, which can be confirmed by data obtained by the CV technique.





3. Experimental Section


3.1. Instruments and Devices


The Fe@NiCo2O4/NF samples were analyzed using X-ray diffraction (XRD) with Cu-Kα radiation (λ = 1.5406 Ǻ) on an Analytical X’Pert instrument to determine their structures. The electrocatalyst with the highest activity for urea oxidation was analyzed using X-ray photoelectron spectroscopy (XPS). The analysis was conducted using a K-ALPHA instrument (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with monochromatic X-ray Al K-alpha radiation ranging from 10 to 1350 eV. The spot size was 400 µm, and the pressure was maintained at 10−9 mbar. The total spectrum pass energy was set at 200 eV, while the narrow spectrum pass energy was set at 50 eV. XPS was fitted using Casa XPS software (version 2.3.26). The Tescan SEM (TESCAN VEGA 3, Brno, Czech Republic) was utilized to examine the scanning electron microscope. The samples were affixed onto aluminum stubs using sticky carbon tape and subsequently coated with a layer of gold (Au) for a duration of 150 s using the Quorum techniques Ltd., East Sussex, UK) sputter coater (Q150t, Sussex, England). The surface morphology was assessed using high-resolution transmission electron microscopy (HR-TEM) with a JEOL JEM-2100 instrument from JEOL, Tokyo, Japan.




3.2. Synthesis of Fe@NiCo2O4/NF


Nickel foam (NF) samples with dimensions of 0.5 cm × 0.5 cm were submerged in a flask containing 15 mL of a diluted hydrochloric acid (HCl) solution with a concentration of 1.0 M to remove surface oxides and impurities. The flask was then put inside an ultrasonic bath that was programmed to run for 25 min at a power level of 100 W and a frequency of 80 kHz while keeping the temperature in the area at ambient. After being placed in a flask with deionized (DI) water, the NF samples were subjected to ultrasonication for 10 min. Any remaining oxides that might have been present on the sample surfaces were completely removed using the technique. The samples were then moved to a solution made of 100% ethanol, and they underwent an additional 10 min of ultrasonication [82].



In this experimental setting, a solution comprising Co(NO3)2.6H2O and Ni(NO3)2.6H2O was created. The recommended molar ratio for nickel to cobalt is 1:2. The solute was dissolved in a solution of deionized (DI) water and absolute ethanol in a 1:1 proportion. The resultant solution was thereafter subjected to vigorous stirring for a duration of 30 min utilizing a magnetic stirrer operating at ambient temperature. Following that, a solution containing 10 mM of NH4F and 18 mM of urea was put into the vessel. The mixture was then agitated for an additional length of 30 min. Throughout the duration of this process, the container maintained a securely sealed state. The complete solution was meticulously put into a 60 mL autoclave made of stainless steel and covered with Teflon. The autoclave contained a vertically oriented pre-treated nickel foam (NF) substrate, which served as the base for the subsequent NiCo2O4/NF sample fabrication. The autoclave was maintained in a tightly sealed and undisturbed state for a duration of 20 h, during which, a hydrothermal reaction took place at a temperature of 160 degrees Celsius. Following this, the autoclave was removed from the furnace and left to cool down at the surrounding room temperature. The gel-like substance formed was treated to a series of washes using deionized water and absolute ethanol in order to eliminate any residual reactants and undesirable byproducts. Following that, the product was dried in an oven set at a temperature of 60 °C for 24 h. Following this, the process of air calcination was carried out by exposing the dehydrated materials to a furnace operating at a temperature of 400 °C for 3 h. Subsequently, iron was electrochemically deposited onto the NiCo2O4/NF substrate using a solution containing 0.1 M FeSO4, 0.4 M H3PO4, and 0.5 M Na2SO4. The cyclic voltammetry technique was utilized to facilitate the electrochemical deposition of iron. This involved the application of 50 cyclic voltammograms (CVs) at a scan rate of 50 mV s−1 within a potential range of 0.2 to −1.2 V, relative to the Ag/AgCl reference electrode [83,84]. Finally, the Fe@NiCo2O4/NF composite was subjected to thorough rinsing with deionized water and subsequently subjected to a drying process in an oven set at a temperature of 60 °C for electrochemical analysis.




3.3. Electrochemical System


A nickel foam sample that underwent modifications was subjected to an experimental investigation to examine its electrochemical characteristics. The specimen’s measurements were measured as 0.5 cm in length, 0.5 cm in width, and 2 mm in height. To assess the efficacy of the Fe@NiCo2O4/NF electrode in enhancing the electro-oxidation of urea, ethanol, and ethylene glycol (EG), a series of electrochemical studies were conducted. These experiments included cyclic voltammograms, chronoamperometry, and electrochemical impedance spectroscopy. The experimental setup consisted of a three-electrode device using a 1.0 M NaOH aqueous electrolyte. The experiment employed a platinum wire as the counter electrode and a KCl-saturated Ag/AgCl electrode as the reference electrode. The electrodes were employed to measure the required tests. The AUTOLAB workstation (PGSTAT128N) was utilized to conduct a variety of electrochemical experiments, such as cyclic voltammetry, chronoamperometry, and electrochemical impedance. The graphical user interface was developed using Nova software (version 2.1), namely version 2.1. Furthermore, a Tafel slope was detected using linear sweep voltammetry. The LSV was performed at a sweep rate of 1 mV s−1 in a solution of 1.0 M fuel (i.e., urea, ethyl alcohol, and ethylene glycol). Additionally, the potential window was selected to include all redox peaks for fuel conversions. The current was standardized by utilizing the electroactive surface area. The calculation of current density is contingent upon the actual surface area available for the electrochemical process. Thus, we employed the following correlation to estimate the electrochemically active surface area:


ESA = Q/sL








where Q is the amount of charge consumed to reduce the NiOOH to Ni(OH)2, “s” is a constant that represents the monolayer of Ni(OH)2 equal 257 μC cm−2, and ‘L’ is the electrocatalyst loading 3.8 × 10−3 g cm−2.



The charges were calculated by integrating the area under the curve for the reduction peaks in Figure 5 (using origin software (version 9)). Therefore, the ESA values are 32.1 m2 g−1 for the Fe@ NiCo2O4/NF electrode.





4. Conclusions


The synthesis of nickel cobalt oxide on nickel foam was effectively achieved through the utilization of a hydrothermal method. The process of electrodeposition was employed to deposit iron onto the surface, utilizing cyclic voltammetry. The chemical structure of the anode that was created was confirmed by the utilization of X-ray photoelectron spectroscopy (XPS) research. The electrode exhibited significant reactivity towards the electrochemical oxidation of urea, ethanol, and ethylene glycol. The diminished reactivity of ethylene glycol can be attributed to the increased strength of intermolecular interactions between ethylene glycol and the surrounding solution. The unassigned peak observed during the oxidation of ethylene glycol can be attributed to a range of potential oxidation byproducts. The observation of a large resultant current during urea oxidation can be attributed to the easily accessible oxidation mechanism and the high diffusion coefficient of urea towards the electrode surface. The electrode exhibited a notable level of resilience when exposed to tiny organic compounds. Consequently, no alterations in the electric current were detected during a period of 5 h of oxidation.
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Figure 1. XRD chart for Fe@NiCo2O4/NF. 
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Figure 2. XPS spectrum of (a) Ni 2p, (b) Co 2P, (c) O1s, (d) Fe 2p. 
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Figure 3. (a,b) SEM of Fe@NiCo2O4/NF, (c) SEM of Fe@NiCo2O4/NF after stability experiment, (d) TEM of Fe@NiCo2O4. (e) EDX of Fe@NiCo2O4/NF, (f) particle size distribution of Fe@NiCo2O4. 
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Figure 4. Surface mapping of Fe@NiCo2O4/NF. Surface of Fe@NiCo2O4/NF overall elements, C, Ni, Co, Fe, and O. 
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Figure 5. Repeated CVs of modified Fe@NiCo2O4/NF electrode in 1.0 M NaOH. 
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Figure 6. (a) CVs of Fe@NiCo2O4/NF in solution of 1.0 NaOH at various sweep rates, (b) linear relation between scan rate versus peak current densities. 
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Figure 7. (a) CV of Fe@NiCo2O4/NF in alkaline and urea solution, (b) Tafel slope of urea oxidation, (c) CV of Fe@NiCo2O4/NF in different urea concentrations, (d) linear relation of anodic current versus urea concentrations. 
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Figure 8. (a) CV of Fe@NiCo2O4/NF in alkaline and ethanol solution, (b) Tafel slope of ethanol oxidation, (c) CV of Fe@NiCo2O4/NF in different ethanol concentrations, (d) linear relation of anodic current versus ethanol concentrations. 
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Figure 9. (a) CV of Fe@NiCo2O4/NF in alkaline and ethylene glycol solutions, (b) Tafel slope of ethylene glycol oxidation, (c) CV of Fe@NiCo2O4/NF in different ethylene glycol concentrations, (d) linear relation of anodic current versus ethylene glycol concentrations. 
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Figure 10. (a,b) CVs of Fe@NiCo2O4/NF in the solution of 1.0 M fuel (urea and ethanol) at wide ranges of scan rates. (c) Linear relation between anodic current versus square root of scan rate. 
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Figure 11. Chronoamerogram of Fe@NiCo2O4/NF with various fuels (urea, ethanol, and ethylene glycol). 
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Figure 12. Nyquist plot of the Fe@NiCo2O4/NF electrode in the presence of different fuels. 
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Table 1. Comparison between the results of Fe@NiCo2O4/NF and others reported in the literature.






Table 1. Comparison between the results of Fe@NiCo2O4/NF and others reported in the literature.





	Anode Material
	Fuel
	Electrolyte Concentration (mol L−1)
	Fuel Concentration (mol L−1)
	Sweep Rate

(mV s−1)
	Ip

(mA cm−2)
	Tafel Slope

(mV/dec)
	Ep (V)
	Reference





	Fe@NiCo2O4/NF
	Urea
	1.0
	1.0
	20
	31
	85
	0.55 (vs. Ag/AgCl)
	This work



	Fe@NiCo2O4/NF
	Ethanol
	1.0
	1.0
	20
	27
	91
	0.55 (vs. Ag/AgCl)
	This work



	Fe@NiCo2O4/NF
	Ethylene glycol
	1.0
	1.0
	20
	17
	120
	0.58

(vs. Ag/AgCl)
	This work



	Cu@NiO/GC
	Urea
	0.5
	0.3
	20
	32
	48
	0.58

(vs. Ag/AgCl)
	[72]



	NiO@MnOx/Pani/Gr
	Urea
	1.0
	0.3
	50
	20
	73
	0.5

(vs. Ag/AgCl)
	[73]



	IN738 supper alloy
	Ethanol
	1.0
	1.0
	20
	29
	52
	0.55

(vs. Ag/AgCl)
	[68]



	Pt/C
	Ethanol
	1.0
	1.0
	50
	4.9
	132
	−0.1 (vs. Hg/HgO)
	[74]



	Pt–MgO
	Ethanol
	1.0
	1.0
	50
	27.1
	129
	−0.2 (vs. Hg/HgO)
	[74]



	PdNiP/C
	Ethylene glycol
	1.0
	1.0
	20
	31
	-
	−0.3 (vs. SCE)
	[75]



	PdNi/Sulfonate-MWCNT
	Ethylene glycol
	0.5
	1.0
	50
	35
	-
	0.2 (vs. Ag/AgCl)
	[76]



	NiCo2O4@Chitosan
	Ethylene glycol
	1.0
	1.0
	20
	42
	88
	0.48 (vs. Ag/AgCl)
	[24]



	Mo-doped PtBi
	Ethylene glycol
	1.0
	1.0
	50
	61.1
	113
	−0.1 (vs. Ag/AgCl)
	[77]










 





Table 2. Representation of fitting parameters for modified Fe@NiCo2O4/NF in the presence of different fuels.
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	Fuel
	Rs (Ω cm2)
	R1 (Ω cm2)
	R2 (Ω cm2)
	C1 (F)
	C2 (F)
	W (Ω s−1/2)





	Urea
	3
	16
	117
	0.00182
	0.002471
	-



	Ethanol
	6
	21
	360
	0.00161
	0.002198
	0.001756



	Ethylene glycol
	5
	26
	410
	0.00117
	0.002071
	0.001019
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