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Seeking an excellent electrocatalyst is the trickiest issue for the application of urea electro-oxidation and electro-detection. Phosphorus-doped nickel plating on carbon fibers (Ni-P/CF) is synthesized by simple electroless plating. SEM results exhibit that the Ni-P densely and uniformly grows onto the surface of carbon fibers (CF), forming carbon fibers-like nanoarchitectures. Benefiting from the carbon fibers-like nano architectures with abundant exposed active sites on the surface of CF, electron transfer can be synchronously facilitated, and Ni-P/CF displays superior urea electrooxidation (UOR) performance with potentials of 1.40 V to reach 100 mA cm−2. Impressively, it can maintain at 20 mA cm−2 for 48 h without evident activity attenuation, demonstrating robust durability. Cycle stability shows that the voltage has only increased by 10 mV at 300 mA cm−2 from the 10th to 20000th cycles. Most importantly, Ni-P/CF at a length of 100 cm with good reproducibility was successfully synthesized, denoting great potential for large-scale industrial production. Therefore, this work not only affords cost-effective tactics for urea-rich wastewater degradation but also can achieve practical medical applications.
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1 INTRODUCTION
Urea is the end product of amino acid catabolism in the body and the main component of non-protein nitrogen in the blood. Urea is mainly excreted by the kidneys, all urea in the blood is filtered by the glomerulus, 30%–40% is reabsorbed by the renal tubules, and the renal tubules also secrete a small amount of urea, and the secretion increases in severe renal failure. Measurement of serum urea is one of the commonly used measures of glomerular function. Besides, urea has recently emerged as a bridging molecule connecting water and energy. The application of urea detection mainly has aspects in the feed industry, chemical industry, agriculture, and environmental protection industry. As a prominent and effective hydrogen carrier, urea is relatively non-toxic and non-flammable. Most importantly, the manufacturing infrastructure of cheap and widely available urea has developed, and the output is increasing rapidly (King and Botte, 2011; Sun et al., 2020; Li et al., 2021; Safeer N et al., 2022). However, in actual production and life, the discharged directly of urea-containing wastewater from industry, animal husbandry, and agriculture will cause serious environmental problems and even threaten human health (Urbańczyk et al., 2016; Lu et al., 2019; Sun and Ding, 2020). At present, the treatment methods of urea-rich wastewater mainly include hydrolysis (Mahalik et al., 2010), enzymatic hydrolysis (Krajewska, 2009), adsorption (Xue and Wilson, 2016), electrochemical oxidation, etc. Among them, electrochemical oxidation has gradually become one of the most potent methods because of its convenience for subsequent treatment and utilization, less waste (Guo et al., 2016; Xu et al., 2021; Zaher and Shehata, 2021). Urea electrolysis combines wastewater remediation and energy conversion, which provides a promising method to solve the increasingly severe environmental and fuel crisis. In addition, the theoretical oxidation potential of urea oxidation reaction (UOR) is only 0.37 V, which can effectively reduce the output of hydrogen production energy (Xiao et al., 2017; Yang et al., 2019; Wu and Hou, 2021). However, its characteristic of slow initiation kinetics of the six-electron transfer process (CO(NH2)2 (aq) + 6OH− → N2 (g) + CO2 (g) + 5H2O (l) + 6e−) hinders the overall electrolysis efficiency. Therefore, seeking an excellent electrocatalyst is the trickiest issue for the application of urea electrooxidation (Tong et al., 2018; Yang et al., 2019; Zhu et al., 2020). Precious metals such as platinum, rhodium, and iridium have shown fantastic electrocatalytic activity in previous reports, but they are difficult to apply in practical industries owing to their exorbitant price, and scarcity (Amstutz et al., 2012; Bai et al., 2020; Camposeco et al., 2021; Wang et al., 2021). Therefore, finding alternative and inexpensive non-noble metal catalysts is a critical factor to solving the problem. Transition metals are stable in an electrolyte solution and their crustal reserves are abundant, which has become popular research for the past few years (Liu et al., 2020; Feng et al., 2020; Zhang et al., 2020). At present, urea detection mainly has the following methods. The urease method is currently the most commonly used urea detection method, and its principle is to use urease to catalyze urea hydrolysis to generate ammonia, and then use acid-base titration or electrochemical method to determine the content of ammonia. Color rendering is another commonly used urea detection method, the principle of which is to condense urea with diacetyl to form diazine with color, and then quantify according to the depth of color. Fluorescence method is a urea detection method developed in recent years, the principle of which is to use urea to react with specific reagents to generate fluorescent substances, and then quantify according to the fluorescence intensity. With the continuous development of science and technology, the future urea detection technology will develop in a more sensitive, accurate and intelligent direction.
According to the research on the catalysis of urease, nickel is the active site for the dissociation of urea molecules (Suárez et al., 2003; Krajewska, 2009; Yan et al., 2012; Sha et al., 2020a). In recent years, Ni-based catalysts containing heteroatoms (N, P, S) with rich active sites, unique molecular structure, and robust electrochemical activity and stability have become the focus of studying (Sha et al., 2020b; Hu et al., 2020; Wang et al., 2022). Controlling the nanostructure of the electrode by carbon coating can effectively improve the active area and electrical conductivity of the material. The fabrication of the Ni2P-C catalyst was done by Yang et al. using a simple hydrothermal method. In the alkaline electrolyte, the Ni2P-C catalyst only needs potential of 0.5 V to reach the current density of 70.4 mA cm-2 (Zhang et al., 2017). In addition, hierarchical nanostructures may afford more accessible active sites and high durability in electrolytes. Li et al. (2020) obtained a uniform porous rod-like Ni2P/Ni composite via a simple phosphating method. The DFT calculation results showed that Ni2P/Ni fully embodies the size impact of nanomaterials, which makes the surface of the material easier to activate and significantly improves the kinetics and conductivity for UOR. Carbon fibers (CFs) with high strength and high modulus have a wide range of applications, including sensors, composite reinforcement materials, general engineering, and aerospace. However, the resistivity of carbon fibers is relatively large, and surface metallization technology including ion plating, metal powder plating, electroless plating, and electroplating can effectively improve this situation (Wang et al., 2017; Liu et al., 2019). Among them, electroless plating is an autocatalytic method widely used in industry. In the absence of electricity, the substrate is immersed in an electroless bath mainly composed of metal salts, stabilizers, reducing agents, and complexing agents to generate potential charges. The metals can be continuously and uniformly deposited on the substrate, effectively enhancing the thermal conductivity and electrical conductivity of the substrate. Temperature, pH value, bath parameters and so on directly affect the electroless plating process (Fayyad et al., 2018; Choi et al., 2020). In addition, electroless plating is simple to operate and results in good surface deposition with uniform covering, which is suitable for all kinds of non-conductive substrates with complex shapes. Most importantly, electroless plating with low cost and mild experimental conditions makes it possible for large-scale industrial production and exhibits nonnegligible competitiveness (Zheng et al., 2019; Qi et al., 2020).
In this study, we metalized the surface of carbon fibers by electroless nickel plating to obtain Ni-P/CF, which showed outstanding catalytic performance for urea electrooxidation (as exhibited in Scheme 1). Further, we explored the optimal conditions for electroless nickel plating on carbon fibers by controlling the heat treatment temperature, Ni/P ratio, and pH value of the plating solution. The experimental result display that the optimal treatment temperature of the plating solution is 80°C, the optimal Ni/P ratio is 1.5:2, and the optimal pH value is 8.5. In addition, carbon cloth and carbon paper were also electroless nickel plated as comparative substrates. It is worth mentioning that the low-cost and easy-to-operate electroless nickel plating process is of great importance for achieving large-scale production. As a demonstration, we successfully synthesized nickel-plated carbon fibers with a length of 100 cm in the laboratory, which undoubtedly provided infinite possibilities for practical industrial and medical application.
[image: Scheme 1]SCHEME 1 | Schematic diagram of synthesis route of Ni-P/CF.
2 EXPERIMENTAL SECTION
2.1 Experimental reagents
Nickel chloride (NiCl2•6H2O) and Sodium hypophosphite monohydrate (NaH2PO2•H2O) were purchased from Shanghai Macklin Biochemical Co., Ltd. Trisodium citrate dihydrate (Na3C6H5O7•2H2O), Ammonium chloride (NH4Cl), Palladium chloride (PdCl2), potassium hydroxide (KOH) and urea (CH4N2O) were purchased from Sinopharm Chemical Reagent Co., Ltd. Tin(Ⅱ) chloride dihydrate (SnCl2•2H2O) was purchased from Tianjin Beichen District Fangzheng Reagent Factory. All the reagents of this work were used without further purification.
2.2 Pretreatment of carbon fibers
Firstly, the carbon fibers were placed in a muffle furnace at 400°C for 1 h to remove organic impurities and pollutants on the surface of the carbon fibers, followed by sensitization and activation treatment: the carbon fibers were immersed in 0.05 M SnCl2 containing 0.15 M HCl for 30 min to make Sn2+ adhere to the surface of the carbon fibers. After that, the carbon fiber was transferred to 0.6 mM PdCl2 containing 0.01 M HCl solution for activation for 30 min. In this process, the sensitized substance is further oxidized to form a thin layer of catalytic metal on the surface of the carbon fiber, which acts as a catalyst for the redox reaction during electroless plating. Finally, cleaned with acetone, ethanol, and water by ultrasonic for 15 min, and then dried in an oven at 60°C.
2.3 Pretreatment of carbon cloth and carbon paper
The carbon cloth and carbon paper as a comparison were treated with oil and impurity removal by reference (Li S. et al., 2021; Gao et al., 2021), respectively. The carbon cloth of 1 cm × 1 cm was ultrasonicated for 20 min in a mixed solution (10 wt% nitric acid and 10 wt% sulfuric acid, Vnitric acid: Vsulfuric acid = 3:1), then cleaned with ethanol and deionized water successively. Finally, the carbon cloth was dried at 60°C for 12 h. The carbon paper was cut into 1 cm × 1 cm and ultrasonic cleaned with acetone, ethanol, and water to remove dust or grease from the surface. Subsequently, the carbon paper was soaked in 10 mL 20 mM nitric acid for ultrasonic treatment for 10 min, then transferred to an autoclave lined with Teflon. It was heated at 120°C for 12 h. Finally, the carbon paper was washed with water and dried for storage.
The subsequent sensitization and activation processes of carbon cloth and carbon paper were the same as that of carbon fibers.
2.4 Synthesis of Ni-P/CF
The pre-treated CFs (2 cm) were immersed in an electroless bath composed of NiCl2 ·6H2O (3.75 mmol), NaH2PO2 (5 mmol), Na3C6H5O7 2H2O (1.75 mmol), NH4Cl (7.5 mmol), and water (25 mL). The pH of the electroless plating solution was adjusted to 8.5 by ammonia. Then the beaker was transferred to the oven at 80°C for 1 h. After electroless plating, carbon fibers were washed thoroughly with ethanol and water and then dried at 60°C to obtain Ni-P/CF-80. Ni-P/CF-60 and Ni-P/CF-100 were prepared with the same synthesis procedure as Ni-P/CF-80 except that the heat treatment temperature was 80°C and 100°C, respectively. In addition, the pH and Ni/P ratio of the bath were also investigated. The synthesis procedure of Ni-P/CF pHplating aq. = 8 and Ni-P/CF pHplating aq. = 9 were the same as those of Ni-P/CF-80 except that the pH was 8 and 9, respectively. The synthesis procedure of Ni-P/CF 1:1 and Ni-P/CF 2:1.5 were the same as those of Ni-P/CF-80 except that The Ni/P ratio was 1:1 and 2:1.5, respectively.
2.5 Synthesis of Ni-P/CC and Ni-P/CP
Electroless nickel plating was also carried out on carbon cloth and carbon paper with the same synthesis procedure of Ni-P/CF-80.
2.6 Material characterization
The morphology and microstructure of the samples were observed by scanning electron microscopy (SEM, Sigma 300) combined with EDX (Smart EDX) measurement. The crystal structure and crystal plane information of the synthesized material were measured by X-ray diffraction (XRD, Bruker AXS D8 Advanced) in the scanning range of 10°–90° equipped with monochromatic Cu-Kα radiation (λ = 1.54 Å) at 40 mA and 45 kV. X-ray photoelectron spectroscopy (XPS) was measured by KRATOS (Axis UltraDLD) spectrometer. The excitation source is Al ka ray (hv = 1,486.6 eV), and the binding energy of C1s = 284.80 eV is used as the energy standard for charge correction.
2.7 Electrochemical measurements
Electrochemical measurements were performed with a set of traditional three-electrode configurations consisting of Hg/HgO (1 M KOH) as the reference electrode, a carbon rod as a counter electrode, and the prepared Ni-P/CF as the working electrode. And the aqueous solution of 1 M KOH with and without 0.33 M urea was employed as the electrolyte for the measurements at room temperature. The obtained potentials were exhibited vs. RHE reference electrode in this work by the equation: ERHE = EHg/HgO + 0.591 * pH + 0.098. The electrochemical properties of the materials were investigated by cyclic voltammetry (CV) at 50 mV s-1 with a potential ranging from 0.92 to 1.72 V (vs. RHE). Electrochemical impedance spectroscopy (EIS) was measured under the frequency range 0.01 Hz–100 KHz. The electrochemical stability was investigated using chronoamperometry and potential multistep chronopotentiometry measurement.
3 RESULTS AND DISCUSSION
3.1 Material characterization and discussion
Supplementary Figure S1A, B shows the macroscopic morphology of CF and Ni-P/CF. As shown in Supplementary Figure S1B, the surface of Ni-P/CF presents obvious metallic luster, which intuitively reflects the success of electroless plating. SEM images at different magnifications are shown in Figures 1A–E. It can be seen that Ni-P/CF is cylindrical with a diameter of about 10 μm. There is a uniform and compact coating on the surface without obvious cracks, which is beneficial to increase the electric conductivity of carbon fiber. The energy dispersion X-ray (EDX) analysis shows the elemental composition (Figures 1F–J). The content of Ni is the main part (atomic ratio of 55.54%), relative to P (atomic ratio of 1.48%), C (atomic ratio of 36.01%), and O (atomic ratio of 6.97%). In addition, each element is well distributed on the surface of the composite material, indicating that the catalyst material is uniformly deposited.
[image: Figure 1]FIGURE 1 | (A–E) SEM images of Ni-P/CF at different amplification. (F–J) The EDX spectrum and its corresponding elemental mapping of carbon, oxygen, phosphorus, and nickel elements.
To further study the structure of the prepared materials, XRD analysis was adopted (Figure 2A), which further proved the successful growth of Ni-P materials on carbon fibers. A distinct peak at 25.5° can be observed on pristine CF, which is characteristic of carbon. After electroless nickel plating, the catalyst produces characteristic peaks at 45.5°, 52.9°, and 77.8°, which can be attributed to the Ni(111), Ni(200), and Ni(220), respectively. Compared with Ni-P/CC and Ni-P/CP, the peak intensity of Ni-P/CF is the highest and broadest, reflecting the most successful plating of the Ni-P on the CF surface. However, no diffraction peaks related to Ni-P were found, which may be because the Ni-P deposited on the carbon fiber is amorphous. The doping of P changes the crystal structure of nickel, making the coating an amorphous structure (Liu et al., 2020). The high-resolution spectra of elements were tested and analyzed. As exhibited in Supplementary Figure S2, the XPS survey spectrum of Ni-P/CF demonstrates the existence of C, O, Ni, and P elements, which is consistent with EDS analysis. Based on C 1s (284.8 eV), the data obtained were fitted and corrected. The C1s spectrum of Ni-P/CF (Figure 2B) shows three peaks at 284.8, 286, and 288.6 eV, which can be deconvolution into C-C, C-O, and C=O, respectively. In Figure 2C, the Ni 2p spectrum of Ni-P/CF is fitted into six peaks, among which the peak centered at 880 and 860.9 eV are the satellite peaks. The binding energies of 869.1 and 852 eV correspond to Ni in the metallic state, and the other two peaks at 873.3 and 855.7 eV are attributed to bivalent Ni, corresponding to Ni 2p1/2 and Ni 2p3/2, respectively. Their existence is the result of the oxidation of the material surface caused by not being placed in a vacuum condition (Bhanja et al., 2021). As shown in Figure 2D, P 2p has three characteristic peaks at 132.8, 130.1, and 129.2 eV. The former is also attributed to the surface oxidation of the material, and the latter two peaks are respectively assigned to P 2p1/2 and P 2p3/2, indicating the formation of a phosphate-metal bond.
[image: Figure 2]FIGURE 2 | (A) XRD patterns of Ni-P/CF, Ni-P/CC, Ni-P/CP, and CF. High-resolution XPS spectra of (B) C 1s, (C) Ni 2p, and (D) P 2p of Ni-P/CF.
3.2 Electrocatalytic performance for UOR
In this work, the effects of heat treatment temperature, Ni/P molar ratio, and pH value of plating solution on UOR activity were firstly investigated to determine the optimal process conditions for electroless nickel plating on carbon fibers. The specific process parameters were statistically shown in Supplementary Table S1. Firstly, the heat treatment temperature in the electroless plating process was explored. Figures 3A, B show the CVs of the catalysts in the presence and absence of urea. It is obvious that the introduction of urea in the electrolyte greatly increased the current density. The maximum current density of Ni-P/CF-80 is 616.60 mA cm-2, which is significantly bigger than that of Ni-P/CF-60 (380 mA cm-2) and Ni-P/CF-100 (500.20 mA cm-2). Electrochemical impedance spectroscopy (EIS) was used to further explore the kinetic performance of the catalysts (Figure 3C). The diameter of the semicircle can represent the charge transfer resistance (Rct), which is used to evaluate the electrochemical reaction rate (Wu et al., 2014; Galal et al., 2020; Hatami et al., 2021). The Rct value of Ni-P/CF-80 is 1.38 Ω, which is smaller than that of Ni-P/CF-60 (2.27 Ω), and Ni-P/CF-100 (1.95 Ω), suggesting its faster charge transfer capability. In addition, to evaluate the electrochemical surface area (ECSA) of the samples, the specific double-layer capacitor (Cdl) based on the CV was studied in the non-Faraday region at a scanning rate ranging from 20 to 200 mV s-1 (Supplementary Figures S3A–C). The Cdl value of Ni-P/CF-80 is 19 mF cm-2, which is comparable to the contrast catalysts of Ni-P/CF-60 (16 mF cm-2) and Ni-P/CF-100 (19 mF cm-2), indicating that they have sufficient active sites (Figure 3D). The i-t curves of the electrode materials at different potentials were also tested to compare their catalytic stability (Supplementary Figures S3D–F). For instance, ignoring the effect of the initial reaction kinetics, the calculated inactivation rates (Mohamed and Liu, 2019) (j100s -j1200s)/j100s) of Ni-P/CF-80 is 5.5%, which is smaller than Ni-P/CF-60 (21.4%) and Ni-P/CF-100 (18.8%), indicating Ni-P/CF has more excellent stability than the other materials at 1.52 V (vs. RHE). After 1,200 s of the i-t test, the current density of Ni-P/CF-80 is 185.78 mA cm-2, which is bigger than Ni-P/CF-60 (114.68 mA cm-2) and Ni-P/CF-100 (127.6 mA cm-2), which is further suggesting Ni-P/CF has also outstanding activity while maintaining stability.
[image: Figure 3]FIGURE 3 | (A) CVs of Ni-P/CF-60–100 in 1 M KOH. (B) CVs, (C) EIS, and (D) Cdl value of Ni-P/CF-60–100 in 1 M KOH containing 0.33 M urea.
Whereafter, we also investigated the effect of the Ni/P ratio of the electroless plating solution on the UOR activity (Figure 4). Varying Ni/P molar ratio, corresponding to Ni-P/CF-80 1.5:2, Ni-P/CF-80 1:1 and Ni-P/CF-80 2:1.5 were obtained and compared. When the ratio of Ni/P is 1.5:2, Ni-P/CF displays superior UOR activity with the maximum current density of 616.60 mA cm-2, smaller Rct value of 1.38 Ω and a bigger Cdl value of 19 mF cm-2 in 1 M KOH containing 0.33 M urea. When the ratio of Ni/P is 1:1 (Ni/P = 2:1.5), Ni-P/CF displays moderate UOR activity with the maximum current density of 502.20 mA cm-2(Ni/P = 2:1.5, 460.40 mA cm-2), smaller Rct value of 4.84 Ω (Ni/P = 2:1.5, 11.42 Ω) and bigger Cdl value of 21 mF cm-2 (Ni/P = 2:1.5, 23 mF cm-2). In addition, the inactivation rates of Ni-P/CF 1:1 and Ni-P/CF 2:1.5 are 12.9% and 11.9% (Supplementary Figure S5).
[image: Figure 4]FIGURE 4 | (A) CVs of Ni-P/CF with different Ni/P molar ratios in 1 M KOH. (B) CVs, (C) EIS, and (D) Cdl value of Ni-P/CF with different Ni/P molar ratios in 1 M KOH containing 0.33 M urea.
Finally, we further explored the effect of the pH of the electroless plating solution on the UOR activity (Figure 5). Varying pH of the electroless plating solution, corresponding to Ni-P/CF pH plating aq. = 8, Ni-P/CF pH plating aq. = 8.5 and Ni-P/CF pH plating aq. = 9 were prepared and compared. When the pH value of the electroless plating solution is 8.5, Ni-P/CF displays superior UOR activity with the maximum current density of 616.60 mA cm-2, smaller Rct value of 1.38 Ω, and a bigger Cdl value of 19 mF cm-2 in 1 M KOH containing 0.33 M urea. When the pH value of the electroless plating solution is 8 (pH = 9), Ni-P/CF exhibit moderate UOR activity with the maximum current density of 510.80 mA cm-2 (pH plating aq. = 9, 496.20 mA cm-2), smaller Rct value of 3.89 Ω (pH plating aq. = 9, 5.39 Ω) and bigger Cdl value of 17 mF cm-2 (pH plating aq. = 9, 19 mF cm-2). As exhibited in Supplementary Figure S5, the i-t curves of Ni-P/CF pH plating aq. = 8 and Ni-P/CF pH plating aq. = 9 exhibited that their inactivation rates are 14.8% and 8.2%, respectively (1.52 V vs. RHE). To sum up, the experimental result display that the optimal treatment temperature of the plating solution is 80°C, the optimal Ni/P ratio is 1.5:2, and the optimal pH value is 8.5.
[image: Figure 5]FIGURE 5 | (A) CVs of Ni-P/CF pHplating aq. = 8–9 in 1 M KOH. (B) CVs, (C) EIS, and (D) Cdl value of Ni-P/CF pHplating aq. = 8–9 in 1 M KOH containing 0.33 M urea.
Hence, the UOR property of Ni-P/CF and contrast catalysts with the optimal preparation conditions of treatment temperature of 80°C, the Ni/P ratio of 1.5:2, and the pH value of 8.5 was further investigated. Figures 6A, B reveals the CV curves for UOR of Ni-P/CF and contrast catalysts in 1.0 M KOH solution with the presence/absence of 0.33 M urea. As exhibited in Figure 6B, the Ni-P/CF displays a prominently increased current density of 616.60 mA cm-2 at a potential of 1.72 V (vs. RHE), which is about 1.62, 43.01, and 2.48 times higher than that of commercial Ni-CF (380.00 mA cm-2), Ni-P/CP (14.33 mA cm-2) and Ni-P/CC (248.60 mA cm-2) (Figure 6C). Specifically, compared with the CVs of Ni-P/CF in 1.0 M KOH, the current density increased dramatically in 1.0 M KOH with 0.33 M urea, suggesting a superior UOR activity (Supplementary Figure S7). Ni-P/CF displays superior UOR performance with a potential of 1.40 V to obtain a current density of 100 mA cm-2. The commercial Ni-CF shows a moderate UOR performance with a potential of 1.45 V to reach a current density of 100 mA cm-2. The Ni-P/CC exhibit poor UOR activity with a potential of 1.50 V to acquire a current density of 100 mA cm-2. EIS was employed to further comprehend the dynamics for UOR (Figure 6D). EIS results exhibit that the Rct value of Ni-P/CP (35.06 Ω) is much greater than that of the other three materials, indicating inferior electrical conductivity and an inefficient charge transfer during UOR. Enlarge the EIS spectra of Ni-P/CC, commercial Ni-CF, and Ni-P/CF show small Rct values (2.71 Ω, 0.79 Ω, and 1.38 Ω respectively), indicating they have effective electron transfer for UOR (Figure 6E). The Cdl values was measurement to estimate the electrochemical surface area (ECSA) (Figure 6F). The Cdl values of Ni-P/CF is 19 mF cm-2, which is bigger than that of Ni-P/CP (0.3 mF cm-2), commercial Ni-CF (12 mF cm-2), suggesting that large exposed active species of Ni-P/CF.
[image: Figure 6]FIGURE 6 | (A) CVs of samples in 1 M KOH. (B) CVs of samples in 1 M KOH with 0.33 M urea. (C) Comparison of potential at the maximum current density among the catalysts. (D–E) EIS, (F) Cdl linear fitting and calculation, and (G) i-t curves of different materials in 1 M KOH with 0.33 M urea. (H) CVs of the Ni-P/CF at urea content from 0 M to 0.1 M (inset: CVs of the Ni-P/CF at urea content from 0.1 M to 0.5 M). (I) CVs of the Ni-P/CF at KOH concentrations from 0.5 M to 5 M in 0.33 M urea.
In practical applications, the electrochemical stability of catalysts in alkaline media is also an important criterion. i-t curves were executed to explore the stability for Ni-P/CF and the contrast material at the potential of 1.42 V vs. RHE (Figure 6G). As exhibited in Figure 6G, the current density of Ni-P/CF, Ni-P/CC, and commercial Ni-P/CF have a substantial decay in the initial stage, which is because of the transformation of Ni(OH)2 to intermediate NiOOH during the sustaining urea electrolytic. After that, the kinetics of the intermediate removal of the reactants and the urea oxidation reaction remain consistent, and the current density keeps a small change (Yang et al., 2021). The current density of Ni-P/CF is significantly higher than that of other materials, which reflects the faster interfacial electron transfer of Ni-P/CF. Supplementary Figure S9 shows the i-t curves of different electrodes at different potentials (1.47 V, 1.52 V vs. RHE). Figure 6H displays the CVs of Ni-P/CF in 1 M KOH with different urea. Then, we investigated the effect of urea concentration on the kinetics of Ni-P/CF for urea oxidation in 1 M KOH containing urea (0.–0.1 M, 0.1–0.5 M) (Figure 6H). As shown in Figure 6H, with the increase of urea content from 0 to 0.1 M, the position of the oxidation peak of the catalyst gradually shifts to the right, and the maximum current density gradually increases because the NiO(OH) active species start to catalytic oxidation of urea (Singh and Schechter, 2017; Alex et al., 2021). This result indicates that there is a diffusion controlled on the surface of Ni-P/CF with urea content from 0 m to 0.1 M (Vedh et al., 2012). In the inset of Figure 6H, the current density was significative increased with the increase of urea content to 0.33 M, and then the current density was decreased when the content of urea was increased to 0.5 M due to the equilibration adsorption of urea on the surface of Ni-P/CF. This result may be due to the lack of OH− ions in the catalyst for the oxidation of Ni2+ to Ni3+ on the electrode surface. It can also be proved by the trend that the current density increases with the increase of KOH concentration in Figure 6I. In addition, urea hydrolysis is also a major factor, which consumes urea while generating gas CO2 and N2, whose diffusion to the surface of electrode hinder the electrode respond (Song et al., 2017).
Figure 7A exhibits the CV curve of Ni-P/CF in 1 M KOH containing 0.33 M urea at different scanning rates (5–200 mV s-1). The current density of the Ni-P/CF increased with the increase in scan rate. For instance, the maximum current density of Ni-P/CF was increased from 503.60–662.20 mA cm-2 with the scan rate increasing from 5 to 200 mV s-1. This result indicates that the irreversible reaction on the surface of Ni-P/CF was faster (Bai et al., 2020). Furthermore, there is a linear characteristic between the square root of the scan rate and the current density (Figure 7A, inset), which further imply that the electron transport mechanism of the catalytic process is regulated by the diffusion process. Figure 7B displays the multi-current curves of Ni-P/CF. The relevant potentials are recorded with an increment of 10 mA cm-2 with a current density range from 20 to 60 mA cm-2. For example, the current density executes at 20 mA cm-2 for 3,600 s in the first stage. Compared with the multi-current curves of Ni-P/CF in 1 M KOH, Ni-P/CF exhibits a very low potential in 1 M KOH with 0.33 M urea, implying good UOR activity. Besides, the potential promptly levels off and executes gradually stable for the remaining time. The long-term stability is a crucial criterion to estimate the UOR electrocatalyst for practical applications. The long-term stability is a crucial criterion to estimate the UOR electrocatalyst for practical applications (Figure 7C). The stability of the Ni-P/CF was tested by continuous potential cycling in 1 M KOH solution containing 0.33 M urea. Between 10th and 20000th cycles, the CV curves nearly remain unchanged, which proves the outstanding durability of the Ni-P/CF. Amazedly, after 20000 cycles, the potential only declined 10 mV compared with the 10th curve, demonstrating its excellent electrochemical reproducibility, and cycling stability. The result can also be further verified by executing a continuous chronoamperometric.
[image: Figure 7]FIGURE 7 | (A) CVs of Ni-P/CF at different scanning rates. (B) Multi-current curve of Ni-P/CF in 1 M KOH with and without 0.33 M urea. (C) CVs recorded at the 10th cycle and 20000th cycle. (D) The V-T curve of Ni-P/CF in 1 M KOH containing 0.33 M urea. (E) Comparison of the potentials at j = 10 mA cm-2 among the reported UOR catalyst.
As displayed in Figure 7D, the potential of the Ni-P/CF electrode was still maintained almost constant in 48 h period at a constant current density of 20 mA cm-2, indicating the splendid durability of the Ni-P/CF electrode in an alkaline environment for the UOR. The applied voltage showed a slight rise at 24 h, which may be due to the consumption of the active substance NiOOH or the poisoning of the catalyst caused by CO2 generated by the complete oxidation of urea at the anode (Sayed et al., 2019; Xu et al., 2021). Encouragingly, the catalyst almost recovered its original activity by changing the electrolyte. The UOR potential of Ni-P/CF can also compete with many excellent related catalysts. The specific properties of these related catalysts are listed in Supplementary Table S2 and reflected in Figure 7E, which intuitively demonstrates the excellent UOR performance of Ni-P/CF.
The XPS was employed to further explore the chemical states for Ni-P/CF after 20000 cycles CVs test (Figures 8A–C). As exhibited in the spectra of Ni 2p, the peak centered at 879.35 and 861.48 eV can be ascribed to the satellite peaks, and the peaks at 873.47 and 855.93 eV are ascribed to Ni 2p1/2 and Ni 2p3/2, respectively, which correspond to Ni-OH bonds (Liu et al., 2021) In the spectra of P 2p, no characteristic peaks appear, indicating that P was dissolved during the test in the electrolyte. In addition, to explore the practical application potential of the scheme, we successfully synthesized 100 cm nickel-coated carbon fiber (Figures 8D, E). Then, we cut randomly five pieces of carbon fiber to measure the reproducibility for UOR activity (Figure 8F). The test results show that the Ni-P/CF has good reproducibility and potential for mass production. The realization of a scale-up laboratory provides an important experimental basis and success confidence for the leap from laboratory scale to industrial production.
[image: Figure 8]FIGURE 8 | High-resolution XPS spectra of (A) C 1s, (B) Ni 2p, (C) P 2p of Ni-P/CF after 20000 cycles CVs test. (D–E) Illustration of 100 cm Ni-P/CF. (F) CV sampling test of 100 cm Ni-P/CF.
The synthetic electrode was also tested for urea content in real urine. Urine was diluted 10,000 times and electrochemical testing was performed. The results of electrochemical tests and dry chemical colorimetry used in conventional medicine were compared. In order to ensure uniform test conditions, no preservatives were added to the dry chemical colorimetric test, as can be seen in Figure 9. The accuracy of dry chemical analysis is limited by a variety of interference factors, including the concentration of drug or nutrient metabolites in patient urine samples, changes in the concentration of certain metabolites caused by long-term exposure to light or room temperature environment, etc. Among them, the interference of vitamin C is the most obvious. However, the oxidation peak of vitamin C in electrochemical detection is very different from that of urea, so the influence of vitamin C can be avoided in electrochemical detection, and the results are more accurate. It can be seen from the test results in the manuscript that the electrochemical detection in this study basically had the same changing trend as the medical detection, and had high credibility. At the specific application level, the detection and data summary of a large number of actual samples are also required. The detection of urea with the electro-probe in practical application needs more correction. This study provides preliminary basic research for practical applications.
[image: Figure 9]FIGURE 9 | Urea detection in real urine with different methods.
4 CONCLUSION
In conclusion, Ni-P/CF has been successfully grown directly on CF surface by a sample hydrothermal technique. The UOR property measurement exhibits that the optimal treatment temperature of the plating solution is 80°C, the optimal Ni/P ratio is 1.5:2, and the optimal pH value is 8.5. The as-synthesized Ni-P/CF shows superior UOR performance with a maximum current density of 616.60 mA cm-2 in 1.0 M KOH with 0.33 M urea. Surprisingly, the cycle stability test of Ni-P/CF displays superior stability with the △V of 10 mV at the current density of 300 mA cm-2 between 10th and 20000th cycles. Furtherly, the robust durability was also demonstrated by 48 h V-T test at 20 mA cm-2. Importantly, large-scale synthesis of Ni-P/CF can be achieved according to the method in this work. As a demonstration, we successfully synthesized Ni-P/CF with a length of 100 cm. This large-scale catalyst synthesis undoubtedly makes practical industrial and medical production possible and provides an effective strategy.
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