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Abstract

:

Energy shortage and environmental pollution have become the most serious problems faced by human beings in the 21st century. Looking for advanced clean energy technology to achieve sustainable development of the ecological environment has become a hot spot for researchers. Nitrogen-based substances represented by urea are environmental pollutants but ideal energy substances. The efficiency of urea-based energy conversion technology mainly depends on the choice of catalyst. The development of new catalysts for urea oxidation reaction (UOR) has important application value in the field of waste energy conversion and pollution remediation based on UOR. In this work, four metal–organic framework materials (MOFs) were synthesized using ultrasound (NiCo-UMOFs) and hydrothermal (NiCo-MOFs, Ni-MOFs and Co-MOFs) methods to testify the activity toward UOR. Materials prepared using the hydrothermal method mostly form large and unevenly stacked block structures, while material prepared using ultrasound forms a layer-by-layer two-dimensional and thinner structure. Electrochemical characterization shows NiCo-UMOFs has the best electrocatalytic performance with an onset potential of 0.32 V (vs. Ag/AgCl), a Tafel slope of 51 mV dec−1, and a current density of 13 mA cm−2 at 0.5 V in a 1 M KOH electrolyte with 0.7 M urea. A prolonged urea electrolysis test demonstrates that 45.4% of urea is removed after 24 h.
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1. Introduction


Among the various fuel options, urea is a promising hydrogen carrier, a non-combustible, relatively non-toxic, colorless, anisotropic birefringent crystalline substance known for its presence in urine [1,2]. Urea has an energy density of 16.9 MJ L−1, much higher than compressed or liquid hydrogen, and its effective hydrogen content is as high as 10% [3]. As a common pollution source in daily life, urea will decompose into toxic ammonia gas under natural conditions. Existing studies have found that oxidation of urea through electrochemical catalytic degradation can effectively decompose urea into harmless N2, CO2 and valuable H2 [4]. Urea electrolysis has been recognized as an effective way to produce hydrogen from urea-rich wastewater for the development of fuel cells [5,6,7,8]. On the one hand, from the perspective of wastewater, a large amount of urea-polluted wastewater is produced in the urea production process [9,10], which can cause serious environmental problems due to decomposition into ammonia and other nitrogen-based pollutants [11]. On the other hand, from an energy perspective, the traditional degradation methods of nitrification and denitrification are complex and energy-consuming processes [12,13]. More importantly, the theoretical potential of urea electrooxidation (0.37 V vs. RHE) is relatively low, and it is more effective in reducing the energy consumption of hydrogen production than hydroelectrolysis (1.23 V vs. RHE) [14], providing a promising method for both urea removal and hydrogen production [15,16]. However, due to its complex 6-electron REDOX process, the inherently slow kinetics of urea oxidation reaction (UOR) severely limits its overall efficiency [17].



The selection of appropriate electrode materials can accelerate the electrochemical reaction rate and contribute to the electrochemical conversion of organic matter. In the field of electrocatalytic oxidation, efficient precious metal catalysts such as Ru, Ir, etc., have shown excellent catalytic performance [18]. Many of the subsequent transition metal-based electrocatalysts aim to achieve or even surpass precious metal electrocatalysts to carry out a series of operational means such as structural morphology, size regulation, element doping, etc. [19]. Among transition metal-based electrocatalysts, nickel-based catalysts gradually emerged due to their abundant, readily available and inexpensive characteristics, and excellent electrocatalytic performance [10]. Nickel has been proven to be a metal with good performance in catalyzing urea oxidation [20]. On this basis, it is found that the addition of cobalt increases the charge acceptance of nickel-based electrodes and improves the conductivity of nickel-based electrodes [21]. Co allows Ni to reach a higher oxidation state, and the higher oxidation state of Ni promotes the electrooxidation of small molecule. In addition, Co doping makes the nickel-based oxidation peak potential shift negatively, so the introduction of Co into Ni-based catalysts can improve its electrocatalytic activity for urea oxidative degradation, to a certain extent [22].



Metal–organic frameworks (MOFs) have achieved significant development in the fields of gas adsorption, energy storage, catalysis, and other fields in recent years, due to their diverse material morphology, large specific surface area, and regular pore structure [23]. Zhu Dongdong et al. prepared a two-dimensional MOF (Ni-MOF) composed of nickel and phthalic acid organic ligands, and found that ultra-thin Ni MOF nanosheets have high-oxidation-state nickel ions, achieving a high oxidation state at the molecular level [17]. Xu You et al. [24] synthesized an Ir-MOF/NF composite electrode containing a small amount of precious metal Ir using the one-step hydrothermal method, which increased the electrochemical activity, enhanced the electron transfer ability, and improved the stability of the electrode, which was conducive to the realization of the electrocatalysis of UOR. Wang Lu et al. [25] used Zm/Ni-MOF as a template to carbonize at high temperature into porous pomegranate-like Ni/C materials. During high-temperature firing, Zn in the skeleton would evaporate, leaving holes and forming open channels, which also provided a new angle for the preparation of derived porous materials using MOF. Cheng Ya’s team [26] pyrolyzed part of MOF to produce a 1D “quasi-CE MOF” nanorod structure through low-temperature heat treatment. During pyrolysis, the porous structure of MOF was retained and more active sites were exposed, thus improving the catalytic performance. Hu et al. [27] synthesized Ni(OH)F on nickel foam using the hydrothermal method, and then used it as the base to synthesize Ni-MOF-350 by burning, and finally converted it into C-350 under ammonia atmosphere. This treatment converts part of the MOF into nitride, improves the conductivity of the material, accelerates the transport of protons and charges, and makes the material become a bi-functional catalyst with both HER and UOR.



To meet the needs of the times, metal organic frame materials (MOFs) with many unsaturated metal active sites have become the research object of many researchers. By preparing different kinds of metal organic-framed structural materials to explore their performance and effect on the electrocatalytic urea degradation reaction, the environmental pollution caused by urea can be avoided, to a certain extent. Therefore, this work investigates the preparation of NiCo-UMOFs (nickel–cobalt bimetallic organic-skeleton nanomaterials synthesized using ultrasound), NiCo-MOFs and Co-MOFs (nickel–cobalt bimetal, mono-metallic cobalt and mono-metallic nickel organic-matrix nanomaterials synthesized using hydrothermal method, respectively), and explores their impact and effectiveness on the electrocatalytic UOR.




2. Materials and Methods


2.1. Materials


Cobalt(II) chloride hexahydrate (CoCl2·6H2O), nickel(II) chloride hexahydrate (NiCl2·6H2O), and triethylamine (TEA) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). The phthalic acid, urea, potassium hydroxide (KOH), N,N-Dimethylformamide (DMF), and ethanol were received from Shanghai Chemical Reagents Corporation (Shanghai, China). Ultrapure water was used throughout this study.




2.2. Synthesis of NiCo-UMOFs


First, 64 mL of N, N-dimethylformamide, 4 mL of ethanol solution and 4 mL of purified water were mixed in 100 mL of polytetrafluoroethylene (PTFE) lining. At the same time as the ultrasound, 1.5 mmol phthalic acid (250.45 mg) was added. After the phthalic acid was fully dissolved, 0.75 mmol CoCl2·6H2O (178.45 mg) and 0.75 mmol NiCl2·6H2O (178.27 mg) were added, respectively. Then, 1.6 mL triethylamine (TEA) was dropped into the mixture solution quickly and stirred for 5 min. After ultrasound for 8 h, the solution in the PTFE lining was transferred to the centrifuge tube; the volume of the solution should not exceed 2/3 of the volume of the centrifuge tube for the centrifuge operation (8000 r/min, t = 5 min). The solid obtained from centrifugation was washed with ethanol solution 3–5 times, and dried at room temperature (30 °C) to obtain NiCo-UMOFs.




2.3. Synthesis of NiCo-MOFs


Similarly, 64 mL of N, N-dimethylformamide, 4 mL of ethanol solution and 4 mL of purified water were mixed in 100 mL of PTFE lining. At the same time as the ultrasound, 1.5 mmol phthalic acid (250.45 mg) was added. After it was fully dissolved, 0.75 mmol CoCl2·6H2O (178.45 mg) and 0.75 mmol NiCl2·6H2O (178.27 mg) were added, respectively. After being completely dissolved, it was treated hydrothermally at 140 °C for 48 h. After cooling to room temperature, the solution in the PTFE lining was transferred to the centrifuge tube for the centrifuge operation (8000 r/min, t = 5 min); and the volume of the solution should not exceed 2/3 of the volume of the centrifuge tube. The solid obtained from centrifugation was washed with ethanol solution 3–5 times, and dried at room temperature.




2.4. Synthesis of Ni-MOFs and Co-MOFs


For Ni-MOFs, 1.5 mmol NiCl2·6H2O (356.54 mg) was added. For Co-MOFs, 1.5 mmol CoCl2·6H2O (356.90 mg) was added. The other preparation steps were the same as the synthesis of NiCo-MOFs.




2.5. Physical and Electrochemical Characterizations


A scanning electron microscope (SEM, S-4800 apparatus Carl Zeiss Microscopy, Hitachi, Tokyo, Japan), X-ray photoelectron spectrometer (XPS, Kratos Axis Supra, Shimadzu, Tokyo, Japan) and diffractometer (XRD, D8 Advance Bruker, Karlsruhe, Germany) were used to characterize and analyze the materials.



Before polishing the glassy carbon electrode, pour an appropriate amount of 50 nm α-alumina polishing powder onto the chamois, drop on an appropriate amount of purified water, gently polish the glassy carbon electrode vertically for 3–5 min in the “8” font, and then eluate the sticky substance on the surface of the glassy carbon electrode with purified water. Then pour an appropriate amount of 0.3 nm α alumina polishing powder onto the suede and repeat the above polishing operation until the glass carbon electrode is like a mirror. Then use a small amount of ethanol and purified water for ultrasonic cleaning for 30 s to remove the α alumina polishing powder on the surface of the glassy carbon electrode and other irrelevant substances, and then use dust removal.



Weigh 5 mg of the electrocatalyst material and put it into a polytetrafluoroethylene tube, add 0.2 mL purified water, 0.3 mL ethanol and 20 µL of 5%wt Nafion membrane solution, respectively, mix it well, and keep it under ultrasonic state for 2 h. After ultrasound, 10 µL of the mixture is placed on a clean polished glass carbon electrode with a pipette gun to completely cover the electrode. Finally, the glass carbon electrode loaded with the material is placed vertically at room temperature to air-dry naturally, or it can be air-dried by a blower before use.



All electrochemical tests are performed at an electrochemical workstation with model number CHI760E. The glass carbon electrode was modified with different electrocatalytic materials, and the Ag/AgCl electrode and platinum wire electrode were used as reference electrode and counter electrode, respectively. A typical three-electrode device was constructed using a salt bridge. All tests were performed in the potential range of 0.08–0.58 V and at room temperature, with reference to the corresponding reference electrode (Ag/AgCl electrode). The electrolyte solution in the electrochemical test was 1 M KOH solution with and without 0.7 M urea, and CV and LSV tests were carried out in two electrolyte solution systems at a scanning rate of 10 mV/s and 5 mV/s, respectively (all tests were carried out under the condition of 100% IR compensation). The I-t curve was obtained at a constant potential of 0.5 V.



The following should be noted: 1. Before measuring CV, scan 20 cycles at the same potential condition and scanning rate to activate the glass carbon electrode loaded with the material; 2. According to the LSV measured data log, use (j) as the horizontal coordinate and electric potential as the vertical coordinate to construct a Tafel diagram.




2.6. Analysis


In the experiment, liquid chromatography was used to detect urea in solution. The chromatographic analysis conditions were as follows: column model Polaris 5 C18-A, diode array detector (DAD), size 4.6 mm × 250 mm × 5 µm; the mobile phase was ultra-pure water with a flow rate of 0.9 mL/min. The diode array detector absorption wavelength was set to 195 nm; the column temperature was 25℃. The sample size was 10 µL. The analysis time was 6 min.



Pretreatment of sample solution detection: 1 mL of solution was taken and filtered with a 0.45 µm nylon filter.



Preparation of standard solution: Weigh 10 mg of the urea sample and place it in a 100 mL volumetric bottle with an appropriate amount of purified water. After dissolution, carry out constant volume operation with purified water, shake it well into 100 mg/L reserve solution, and place it for use.



For the 100 mg/L urea standard solution: use 100 µL injection needle to measure the reserve solution.



For the 80 mg/L urea standard solution: 100 µL reserve solution was measured with a 100 µL injection needle and 25 µL purified water was added.



For the 40 mg/L urea standard solution: 100 µL reserve solution was measured with a 100 µL injection needle and 150 µL purified water was added.



For the 10 mg/L urea standard solution: take 10 µL reserve solution with a 10 µL injection needle and add 90 µL purified water.



For the 1 mg/L urea standard solution: measure 10 µL reserve solution with a 10 µL injection needle and add 990µL purified water.



The data were recorded and analyzed to observe the changes in peak time and peak area of samples taken at different times, and the concentration and degradation efficiency at each time were calculated using the standard curve method. The concentration measured at 0 h was set as the initial concentration.





3. Results


3.1. MOFs Material Characterization


Figure 1 shows the SEM images of NiCo-UMOFs, NiCo-MOFs, Ni-MOFs and Co-MOFs electrocatalytic materials. It can be seen from the figure that NiCo-MOFs prepared using the hydrothermal method are more likely to form large block structures with uneven stacking. Compared with this material, NiCo-UMOFs is a two-dimensional thin structure with a smooth surface stacked layer upon layer, so it may have a larger contactable active area. According to the mapping, the bimetallic materials under the two synthesis methods are successfully loaded with a certain amount of cobalt and nickel.



Comparing NiCo-MOFs, Ni-MOFs and Co-MOFs prepared using the hydrothermal method, these three materials have great differences in micro-morphology. It can be seen from the figure that the mono-metallic Ni material is a tight ultra-thin two-dimensional nanosheet structure, there are obvious holes between the layers, and many active sites are fully exposed. The structure of mono-metal Co material and NiCo-MOFs is like a blocky structure, but the difference is that mono-metal Co material is a smaller blocky structure stacked layer by layer. Through the above analysis, the addition of Co will affect the structure of Ni-MOFs, to some extent. Combined with the measured properties, it is found that the introduction of the Co component affects the morphology of the original nickel-based material.



The X-ray diffraction images of NiCo-UMOFs and NiCo-MOFs are shown in Figure 2. As we can see, the strong diffraction peaks appear in Ni-MOFs at 2θ degrees of about 45º, which is attributed to the nickel peak. The XRD pattern of Co-MOFs exhibited weaker peaks at 2θ degrees of 33.5°. NiCo-UMOFs and NiCo-MOFs have similar diffraction peaks to Ni-MOFs, indicating that the introduction of Co did not affect the structure of Ni-MOF, and NiCo-UMOFs is successfully prepared.



The XPS measurements of NiCo-UMOFs were detected and the results are displayed in Figure 3. The survey spectrum (Figure 3a) demonstrates the presence of Ni, Co, O, and C elements in NiCo-UMOF. In the Ni 2p spectrum (Figure 3b), the characteristic peaks at 855.6 and 873.8 eV are attributed to Ni 2p3/2 and Ni 2p1/2, respectively, with the two satellite peaks at 861.4 and 880.1 eV [28]. In the Co 2p spectrum (Figure 3c), the characteristic peaks located at 781.1 and 797.4 eV correspond to Co 2p3/2 and Co 2p1/2, and the two satellite peaks are centered at 785.6 and 801.5 eV [29]. The above results indicate that Ni and Co ions exist in the form of Ni2+ and Co2+, respectively, in the synthesized NiCo-UMOFs. The C 1s spectrum (Figure 3d) is divided into two peaks at 284.6 and 288.3 eV, which correspond to the bonds of C-C=C and O-C=O, respectively [30]. The O 1s spectrum (Figure 3e) is indexed into two peaks, which are attributed to the metal-oxygen bonds M-O-M (531.0 eV) in the metal oxides and the oxygen in -OH (532.8 eV) [31]. Thus, XPS results verify the formation of the nickel and cobalt phthalic acid phases.




3.2. Electrocatalytic Performance


A cyclic voltammetry test was carried out in 1 M KOH, and the results are shown in Figure 4. As shown in Figure 4a, during forward scanning, an oxidation peak of NiCo-UMOFs material appears in the range of 0.25–0.35 V, which may correspond to the conversion of cobalt trivalent into higher-valence cobalt. Due to the occurrence of the oxygen evolution reaction, the current of NiCo-UMOFs rises sharply after about 0.5 V. In the reverse scan, the reduction peak in the range of 0.2–0.35 V should correspond to the reversal of the transformation in the forward scan. It can be seen from the figure that NiCo-UMOFs material has a higher current passing through the same contact area and the same potential. In addition, by comparing the graphs obtained from the CV test of these two materials at 1 M KOH in the figure, it can be clearly seen that the oxidation peak of NiCo-MOFs becomes wider and has a weaker acromion at about 0.35 V and 0.45 V during forward scanning. It is speculated that the characteristic oxidation peaks may be the conversion of cobalt (II) to cobalt (III) and nickel (II) to nickel (III), respectively. It can also be seen from Figure 4b that the electrocatalytic activity of both Ni-MOFs and Co-MOFs is lower than that of NiCo-MOFs. NiCo-UMOFs and NiCo-MOFs showed good electrocatalytic performance in the potential range of 0.08–0.58 V. Moreover, it can be observed clearly that NiCo-UMOFs material synthesized using the ultrasonic method has better electrocatalytic performance.



In addition, the LSV diagram measured in 1 M KOH solution can be seen in Figure 4c; the initial potential of the NiCo-UMOFs material is about 0.5 V, while, compared with all the other materials, the initial potential of NiCo-MOFs, Ni-MOFs and Co-MOFs is about 0.53, 0.55 and 0.56 V, respectively. According to the Tafel curve in Figure 4d, the Tafel slope of the NiCo-UMOFs material (31 mV/dec) is much smaller than that of NiCo-MOFs (33 mV/dec), Ni-MOFs (38 mV/dec) and Co-MOFs (402 mV/dec). The results show that the electrode material has faster reaction kinetics, which further confirms that the electrocatalytic performance of the material prepared using the ultrasonic method is better.



Based on the above results, it can be concluded that bimetallic organic-skeleton nanomaterials have the optimal electrochemical active area compared to single metals, and the NiCo UMOFs material prepared using the ultrasonic method has a larger electrochemical active area. To some extent, it has also been confirmed that nickel–cobalt bimetallic organic-skeleton nanomaterials have better electrocatalytic activity compared to single metals, and the nickel–cobalt bimetallic organic-skeleton nanomaterials prepared using the ultrasonic method have the best electrocatalytic performance.



The CV curve in Figure 5a shows the UOR under 1 M KOH + 0.7 M urea. Compared with the CV diagram in the background solution (Figure 3), it can be seen that the current density increases sharply after reaching the initial oxidation potential, which indicates that a strong UOR reaction occurs in this system. In addition, it is worth noting that the reduction peak of the electrochemically active substance under the condition of 1 M KOH + 0.7 M urea is much smaller than the corresponding reduction peak in the background solution, which indicates that some high-valence electrochemically active substances have been reduced.



In addition, the catalytic activity of UOR on glassy carbon electrode modified by different materials was further studied using the LSV test. As shown in Figure 5b, compared with the other three materials, the initial potential of the Ni-MOFs is higher and the oxidation current generated under the same potential condition is lower. In addition, the NiCo-MOFs, after doping Co, not only reduces the initial potential of UOR, but also produces significant current at a lower potential, indicating that the UOR electrocatalytic performance of Ni-Co bimetallic materials is better. The NiCo-UMOFs demonstrated the largest UOR current density, with onset potentials of 0.32 V (vs. Ag/AgCl). The Tafel curve based on LSV data measured under 1 M KOH + 0.7 M urea condition can be obtained (Figure 5c). The Tafel slope of the NiCo-UMOFs material (51 mV/dec) is much lower than that of the NiCo-MOFs (97 mV/dec), Ni-MOFs (171 mV/dec) and Co-MOFs (201 mV/dec), which indicates that the electrode material has faster reaction kinetics. It is further confirmed that the material prepared using the ultrasonic method has better performance for UOR electrocatalysis.



On this basis, the stability of NiCo-UMOFs and NiCo-MOFs in 1 M KOH + 0.7 M urea electrolytic solution was further investigated by applying a constant potential of 0.5 V. As shown in Figure 5d, the two materials have obvious current density fluctuations during the I-t test for 24 h, which may be caused by the unstable current density caused by some bubbles on the electrode surface under constant potential conditions. Overall, both NiCo-UMOFs and NiCo-MOFs have good stability in 1 M KOH + 0.7 M urea solution after applying a constant potential of 0.5 V. By contrast, NiCo-UMOFs achieved a higher current density of 13 mA cm−2, and has better catalytic performance toward UOR.




3.3. Study on Urea Degradation


According to the above research on the properties of the four materials for electrocatalytic urea, it can be concluded that the NiCo-UMOFs material prepared using the ultrasonic method has the best electrocatalytic properties. Hence, we use NiCo-UMOFs as anode catalyst for urea degradation. In order to amplify the electrode area, a carbon fiber electrode with an electrode area of 6 cm2 is used as a supporting electrode instead of a glassy carbon electrode. Then NiCo-UMOFs is proportionally coated onto the carbon fiber electrode, using a similar method. A prolonged urea electrolysis test is carried out with the NiCo-UMOFs modified carbon fiber electrode at a constant potential of 0.5 V vs. Ag/AgCl in 70 mL of 1 M KOH solution containing 50 mg/L urea. The effect of catalytic urea degradation is shown in Figure 5. The initial urea concentration (C0) is about 50 mg L−1 in Figure 6a. During urea electrolysis, the urea concentration decreased quickly to about 37.3 mg L−1 in the first 3 h. After 24 h, the urea concentration further reduced to about 27.6 mg L−1, with about 45.4% of urea removal efficiency. In Figure 6b, the current density declined from 1.9 mA cm−2 to 0.4 mA cm−2 in 24 h. This was because the urea concentration reduced relatively fast during this time, as the urea was electro-oxidized, leading to concentration polarization of the anode.





4. Discussion


We compared the performance for electrocatalytic urea oxidation of NiCo-UMOFs with some reported Ni and Co-based catalysts, as summarized in Table 1. It is obvious from the table that NiCo-UMOFs achieved an onset potential of 0.32 V (vs. Ag/AgCl), which is lower than the other catalysts, even some composite catalysts. Moreover, NiCo-UMOFs achieved a higher current density of 13 mA cm2 toward UOR, which is also competitive among these UOR catalysts. From the LSV test in KOH and urea solution, the UOR electrocatalytic performance of Ni-Co bimetallic materials is better than Co-MOFs and Ni-MOFs, indicating that doping Co facilitates the UOR. From SEM images, NiCo-UMOFs presented a two-dimensional thin structure with a smooth surface, so it possessed both the characteristics of the bulk MOFs and a high percentage of exposed-metal active sites on the surface, facilitating more interactions between the active sites and urea and thus enhancing the UOR performance of NiCo-UMOFs. So, the good UOR performance of NiCo-UMOFs could be attributed to the cooperation of Ni and Co, the rich, exposed catalytic sites, and the huge surface area.




5. Conclusions


In this work, NiCo-UMOFs, NiCo-MOFs, Co-MOFs and Ni-MOFs were prepared using the ultrasonic method and hydrothermal method, respectively. The physical surface characteristics of these four catalysts were reflected by SEM and XRD. The Co addition led to a smaller blocky morphology stacked layer by layer. The electrocatalytic properties of various materials were reflected through the determination of CV, LSV and I-t, and the results showed that NiCo-UMOFs prepared using the ultrasonic method had the best performance for electrocatalytic urea reaction and had good stability. This work develops alternative electrocatalysts for UORs.
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Figure 1. Scanning electron microscopy and energy spectrum of (a,b) NiCo-UMOFs and (c,d) NiCo-MOFs; SEM images of (e,f) Ni-MOFs and (g,h) Co-MOFs at different scanning sizes. 
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Figure 2. X-ray diffraction of Ni-MOFs, Co-MOFs, NiCo-UMOFs and NiCo-MOFs. 
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Figure 3. XPS spectra of NiCo-UMOFs.: (a) Survey, (b) Ni 2p, (c) Co 2p, (d) C 1s, and (e) O 1s. 
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Figure 4. Cyclic voltammetry plots of (a) NiCo-UMOFs and NiCo-MOFs, (b) NiCo-MOFs, Ni-MOFs, and Co-MOFs coated on a glassy carbon electrode in a 1 M KOH solution; (c) Linear scanning voltammograms of four different materials coated on glassy carbon electrodes in 1 M KOH solution, with a scanning speed of 5 mV/s; (d) Tafel curves for four different materials. 
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Figure 5. (a,b) CV and LSV plots of all materials coated on a glassy carbon electrode in a 1 M KOH + 0.7 M urea solution, with scanning rates of 10 mV/s and 5 mV/s, respectively; (c) Tafel curves of all materials coated on a glassy carbon electrode in 1 M KOH + 0.7 M urea solution; (d) I-t curves of four different materials at a constant potential of 0.5 V. 
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Figure 6. (a) Diagram of the ratio of instantaneous urea concentration (C) to initial urea concentration (C0) within 24 h; (b) Current-density curve of prolonged urea electrolysis. 
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Table 1. Comparison of different catalysts for UOR performances.
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	Catalysts
	Onset Potential

(V vs. Ag/AgCl)
	Current Density (mA/cm−2)
	References





	Ni(OH)2NS@NW
	0.73
	26
	[32]



	Ni/NiO nanosheets
	0.38
	10
	[33]



	NiO
	0.33
	20
	[34]



	FeCo2O4@Co3O4
	0.42
	10
	[35]



	NiO/Fe3O4@chitosan
	0.45
	35.4
	[36]



	Co dendrites
	0.35
	21
	[37]



	NiCo-UMOFs
	0.32
	13
	This work
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