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Abstract

:

Transition metal selenides have garnered considerable attention in the field of electrocatalytic oxygen evolution reaction (OER). However, their OER performances still lag behind those of Ir-based materials due to limited exposed active sites, inefficient electron transfer and inadequate stability. In this study, we have successfully synthesized nitrogen-doped NiSe2 nanosheets, which exhibit high efficiency and long-term stability for the OER, requiring only 320 mV to reach a current density of 10 mA cm−2. The nitrogen doping plays a crucial role in effectively regulating the work function and semiconductor characteristics of NiSe2, which facilitates the electron transport and optimizes the catalytic sites. Furthermore, the NiSe2 nanosheets present a larger surface area with more exposed active sites, thus resulting in exceptional OER catalytic activity. The nitrogen-doped NiSe2 nanosheets also display superior stability, maintaining a sustained current density throughout an 8-h OER operation.
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1. Introduction


The energy crisis and environmental pollution issues have emerged as significant obstacles to the rapid development of society [1,2]. Hydrogen energy has attracted widespread attention due to its high energy density and environmentally friendly characteristics [3,4]. In the process of electrochemical water electrolysis, the anodic oxygen evolution reaction (OER) plays a crucial role [5,6,7,8,9,10]. However, the OER proceeds at a relatively slow rate due to the complicated four-electron transfer process, which ultimately hampers the energy conversion efficiency of the entire water electrolysis system [11,12,13,14,15]. Currently, noble metals such as Ru- and Ir-based catalysts have exhibited high catalytic activity for the oxygen evolution reaction [16,17]. However, their practical application is hindered by their high cost and poor stability [18]. Therefore, there is an urgent need to develop high-performance and cost-effective OER electrocatalysts.



To address this challenge, researchers have turned their attention to first-row transition metal dichalcogenides (MX2: M = Fe, Co, Ni; X = S, Se) as promising OER electrocatalysts. These materials are composed of abundant and low-cost elements, making them economically viable alternatives [19,20,21,22,23]. It is worth noting that the OER activity of these catalysts is strongly influenced by the coordination environment and electronic structure of the active sites. Consequently, significant efforts have been dedicated to developing superior electrocatalysts that can enhance the reaction kinetics and decrease the overpotentials. Various strategies have been explored to enhance the intrinsic activity, including morphology and size optimization [24,25,26], composition control [20,21,27], heteroatom doping [28,29,30], defect engineering [22,23], and the construction of heterojunctions [31,32].



Among the diverse MX2-based electrocatalysts, NiSe2 has garnered significant attention due to its intrinsic catalytic properties and the presence of eight electrons in the 3d orbital, which enables facile regulation of its electronic structure [33,34]. However, the high resistance of NiSe2-based semiconductor materials significantly hampers their electrocatalytic performance. Recent studies have indicated that incorporating heteroatoms with higher electronegativity into the catalyst materials is an effective strategy for enhancing their activity. For instance, the incorporation of nitrogen into NiCo2S4 nanowire arrays allows for the modulation of electron density and d-band center, resulting in high-efficient and stable electrocatalytic hydrogen evolution [35]. Nitrogen doping has also been employed to modify the electronic structure of Co2P nanorods to optimize the binding of water and hydrogen molecules, thus leading to enhanced the hydrogen evolution kinetics [36]. The substitution of stronger electronegative heteroatoms at anion sites effectively adjusts the electronic properties and weakens the interaction between the metal and anion [37,38]. Thus, the introduction of heteroatoms with higher electronegativity into the NiSe2 lattices holds great promise for enhancing OER electrocatalysis.



Inspired by the above viewpoints, herein, we report nitrogen-doped NiSe2 nanosheets on carbon paper (denoted as N-NiSe2/CP) toward high-efficiency and stable OER electrocatalysis in alkaline media. The lower work function of N-NiSe2/CP than that of undoped counterpart reveals that the introduction of nitrogen atoms can facilitate electron transport and improve the OER activity. Therefore, the as-prepared N-NiSe2/CP possesses largely improved OER activity compared with NiSe2/CP and N-CP, requiring only 320 mV to reach a current density of 10 mA cm−2. Impressively, the N-NiSe2/CP catalyst also displays superior stability for a long-term electrolysis up to 8 h. This work provides a promising prospect in designing highly active and stable electrocatalysts for water splitting.




2. Results and Discussion


The preparation procedure of N-NiSe2 nanosheets on carbon paper was carried out as follows. Firstly, NiSe2 precursor nanosheets were grown on carbon paper using a hydrothermal process (Scheme 1). The scanning electron microscopy (SEM) image (Figure S1) reveals the uniform and densely arranged growth of NiSe2 nanosheets on the surface. To introduce nitrogen, the prepared NiSe2 precursor nanosheets were immersed in a 0.5 M urea solution for 6 h. After drying, the sample was subjected to high-temperature calcination, resulting in the transformation of the NiSe2 nanosheets into N-NiSe2 nanosheets. As shown in Figure 1a,b, the N-NiSe2 nanosheets remain the nanosheet structure, which not only increase the exposure of active sites for catalysis but also enhance their intimate contact with the electrolyte, resulting in the accelerated release of gaseous products. The phase composition of the catalysts was initially determined using X-ray diffraction (XRD). As shown in Figure 1c, pure NiSe2/CP and the N-NiSe2/CP exhibit one strong characteristic peak of carbon (PDF#26-1077) at 26.60°, which should be ascribed to the carbon paper. Other characteristic peaks belong to NiSe2 (PDF#41-1495), and notably, nitrogen doping does not change the crystal structure of NiSe2. Furthermore, transmission electron microscopy (TEM) was conducted to investigate the nanostructure and elemental distribution of the N-NiSe2/CP. As shown in Figure 1d, the N-NiSe2 nanosheets exhibit 2-dimensional structure with abundant overlapping interlaced ultrathin nanosheets. Figure 1e presents the high-resolution TEM (HR-TEM) image of the N-NiSe2/CP catalyst, revealing that the structural phase is preserved even after nitrogen doping. The lattice fringes with an interlayer spacing of 0.172 nm are attributed to the (222) plane of NiSe2. Figure 1f displays the elemental mapping images of C, N, Ni and Se obtained from energy dispersive X-ray (EDX) analysis of the N-NiSe2/CP, indicating the presence of these four elements throughout the nanosheets.



In order to examine the impact of nitrogen on the surface composition and chemical valence states of the N-NiSe2/CP, X-ray photoelectron spectroscopy (XPS) analysis was performed on both the NiSe2/CP and N-NiSe2/CP. As shown in Figure 2a, the high-resolution XPS spectra of Ni 2p can be deconvoluted into two shakeup satellites (marked as “Sat.”) at 861.71 and 878.66 eV, two spin-orbit doublets of Ni2+ at 853.91 and 871.44 eV as well as two spin-orbit doublets of Ni3+ at 857.70 and 874.99 eV for the two electrodes. The Se 3d XPS spectrum of NiSe2/CP and N-NiSe2/CP is shown in Figure S4. The two prominent peaks at 53.6 eV for Se 3d5/2 and 54.5 eV for Se 3d3/2 indicate the existence of Se2- ions. Additionally, there is a shoulder peak at 58.0 eV and a weak peak at 55.5 eV, which can be assigned respectively to elemental Se-O and Se, owing to slight surface oxidation. Furthermore, the influence of nitrogen on the valence band center structures and work functions of the catalysts was investigated using ultraviolet photoemission spectroscopy (UPS). As shown in Figure 2b,c, the cutoff energy (Ecutoff) values of NiSe2 and N-NiSe2 are determined to be 14.42 and 16.37 eV, respectively, while both the EF are kept at 0 eV. Fermi level is the highest occupied energy level of fermions, which is defined as 0 eV. In this case, the work function (Φ) of NiSe2 and N-NiSe2 can be determined to be 6.78 and 4.83 eV versus vacuum via the formula, Φ = hv − |Ecutoff − EF|. As a result, these findings confirm that nitrogen doping effectively modulates the work function of NiSe2, leading to potential optimization of oxygen adsorption behaviors and enhanced electron transfer during the oxygen evolution reaction process. In order to further explore the effect of nitrogen doping on the thickness of the nanosheets, we performed Atomic Force Microscopy (AFM) characterizations on both samples. As shown in Figure 3a,b, the thickness of the NiSe2 nanosheets is estimated as 11.11 nm and their thickness increases to 11.49 nm after nitrogen doping.



Their OER performances were assessed using a conventional three-electrode system in 1 M KOH solution. Figure 4a displays CV curves of as-prepared electrodes at a scan rate of 10 mV s−1. As anticipated, the N-NiSe2/CP electrode exhibits significantly lower overpotentials for achieving the same current densities compared to that of the NiSe2/CP and N-CP. The overpotential at a current density of 10 mA cm−2 was only 320 mV, which is better than other previously reported non-noble catalysts (Table S1). In addition, the N-NiSe2/CP exhibits a smaller Tafel slope of 95 mV dec−1 than that of the NiSe2/CP (198 mV dec−1) and N-CP (383 mV dec−1), further confirming a more favorable OER kinetics (Figure S5). Larger Tafel values indicate that the surface adsorption step has a dominant effect on the catalytic reaction rate. Electrochemical impedance spectroscopy (EIS) measurements were conducted to investigate the impact of nitrogen incorporation on the catalytic kinetics of the electrocatalysts. As shown in Figure 4b, the N-NiSe2/CP electrode exhibits a significantly lower charge-transfer resistance in comparison to the NiSe2/CP. This demonstrates the importance of nitrogen doping for facilitating the electron transfer and thus the reaction kinetics.



Stability represents a crucial parameter in the development of electrocatalysts, particularly for practical applications. Thus, a long-term stability measurement was performed at a constant potential of 1.6 V vs. RHE. The current density response of both the N-NiSe2/CP and NiSe2/CP electrodes is depicted in Figure S6. Remarkably, the N-NiSe2/CP exhibits exceptional stability throughout the 8-h runtime, highlighting its superior stability. To investigate the influence of nitrogen doping on the material properties, the Mott-Schottky (MS) measurement was conducted to determine the conductivity type of both N-NiSe2/CP and NiSe2/CP. Figure 4c presents the straight lines with positive and negative slopes located in different potential regions, reflecting the coexistence of n- and p-type characteristics of NiSe2/CP. After nitrogen doping, the MS curves of N-NiSe2/CP exhibit linear characteristics with negative slopes across various potential regions, indicating its p-type semiconductor behavior. This effect positively influences electron transport, thereby leading to an enhanced catalytic efficiency.




3. Materials and Methods


3.1. Materials


Analytical-grade chemicals were employed in the experiment without any further purification. Nickel (II) sulfate hexahydrate, K2S2O8, ammonium hydroxide solution, selenium and urea were procured from McLean Biochemical Technology Co., Ltd., Shanghai, China. The Nafion solution was obtained from Sigma-Aldrich, St. Louis, MO, USA. Deionized water with a resistivity of 18.2 MΩ·cm was supplied by the Milli-Q water purification system.




3.2. Ni Precursor Preparation


Nickel sulfate hexahydrate (5.26 g) and K2S2O8 (1 g) were dissolved in deionized water (45 mL) and stirred for 10 min. Then, 3 mL of ammonia water was added dropwise and stirred for 30 s. After that, a piece of carbon paper (3.5 × 4.5 cm2) was added to the mixture. It was removed and rinsed after an hour.




3.3. Synthesis of NiSe2/CP


NaBH4 (38 mg), Se powder (39.5 mg) and deionized water (35 mL) were put into the Ni precursor and then hydrothermally heated at 180 °C for 24 h.




3.4. Synthesis of N-NiSe2/CP


NiSe2/CP was soaked in 0.5 M urea for six hours, then calcined at 400 °C for 2 h under nitrogen atmosphere.




3.5. Material Characterizations


Scanning electron microscopy (SEM, FEI QUANTA FEG 250 field emission, produced by FEI, Hillsboro, OR, USA, secondary electron image resolution of 1.04 nm) was employed. The valence in the sample were obtained by X-ray photoelectron spectroscopy (XPS, PX13 0031 X-ray photoelectron spectroscopy analyzer, Bruker, Mannheim, Germany). X-ray diffraction (XRD) was performed on a SmartLab X-ray diffractometer from Rigaku, Japan, employing a Cu X-ray tube operated at a power of 9 kW. The valance band spectra were measured with a monochromatic He I light source (21.2 eV) and a VG Scienta R4000 analyzer. The work function (φ) was determined by the difference between the photon energy and the binding energy of the secondary cutoff edge.




3.6. Electrochemical Measurements


The electrochemical measurements were performed on a CHI 760E potentiostat. The Pt foil was used as counter electrode. The saturated calomel electrode (SCE) was used as the reference electrode. All potentials were converted into RHE according to the formula ERHE = ESCE + 0.059 × pH + 0.242 V.





4. Conclusions


We have successfully synthesized nitrogen-doped NiSe2 nanosheets which are directly grown on carbon paper, demonstrating high-efficiency and long-term performance in the oxygen evolution reaction. The incorporation of nitrogen in NiSe2 lattices leads to a lower work function and changes the semiconductor type, which enhances electron transport and improves OER activity. As a result, the N-NiSe2/CP electrode exhibits superior OER performance compared to the NiSe2/CP and N-CP electrode and the overpotential at a current density of 10 mA cm−2 was only 320 mV. Notably, the N-NiSe2/CP also demonstrates excellent stability which sustains its electrocatalytic activity after an 8-h continuous operation. This work opens up promising prospects for designing highly active and stable electrocatalysts by heterometal substitution.
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Scheme 1. Schematic illustration of the preparation procedure of N-NiSe2/CP. 
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Figure 1. (a,b) The SEM images of the N-NiSe2/CP at different magnifications. (c) XRD pattern of NiSe2/CP and N-NiSe2/CP. (d,e) The TEM images of the N-NiSe2/CP at different magnifications. (f) EDX element maps of the N-NiSe2/CP. 
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Figure 2. (a) High-resolution XPS spectra of Ni 2p. The cutoff energy (Ecutoff) values for (b) NiSe2/CP and (c) N-NiSe2/CP are 16.37 and 14.42 eV, respectively. 
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Figure 3. AFM phase images of (a) NiSe2/CP and (b) N-NiSe2/CP. 
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Figure 4. (a) The CV curves of the N-CP, NiSe2/CP and N-NiSe2/CP in 1 M KOH at a scan rate of 10 mV s−1. (b) EIS Nyquist plots of the NiSe2/CP and N-NiSe2/CP in 1 M KOH. M-S plot of (c) NiSe2/CP and (d) N-NiSe2/CP. 
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