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Abstract

:

For large-scale and sustainable water electrolysis, it is of great significance to develop cheap and efficient electrocatalysts that can replace platinum. Currently, it is difficult for most catalysts to combine high activity and stability. To solve this problem, we use cobalt to regulate the electronic structure of ruthenium to achieve high activity, and use carbon matrix to protect alloy nanoparticles to achieve high stability. Herein, based on the zeolitic imidazolate frameworks (ZIFs), a novel hybrid composed of RuCo alloy nano-particles and N-doped carbon was prepared via a facile pyrolysis-displacement-sintering strategy. Due to the unique porous structure and multi-component synergy, the optimal RuCo500@NC750 material in both acidic and alkaline media exhibited eminent HER catalytic activity. Notably, the 3-RuCo500@NC750 obtained a current density of 10 mA cm−2 at 22 mV and 31 mV in 0.5 M H2SO4 and 1.0 M KOH, respectively, comparable to that of the reference Pt/C catalyst. Furthermore, the Tafel slopes of the catalyst are 52 mV Dec−1 and 47 mV Dec−1, respectively, under acid and alkali conditions, and the catalyst has good stability, indicating that it has broad application prospects in practical electrolytic systems. This work contributes to understanding the role of carbon-supported polymetallic alloy in the electrocatalytic hydrogen evolution process, and provides some inspiration for the development of a high efficiency hydrogen evolution catalyst.
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1. Introduction


To address the global energy crisis and achieve carbon neutrality, it is urgent to find a clean and sustainable new energy source [1,2]. Hydrogen energy has the advantages of zero emissions, high energy density and recyclability, making it an ideal substitute for traditional fossil fuels [3]. So far, the most environmentally friendly and sustainable method to produce high purity hydrogen is water electrolysis [4,5]. However, this takes a lot of electric power to overcome the overpotential [6]. At present, platinum is the best catalyst for the hydrogen evolution reaction in industry [7], but its application is restricted by its low reserves and high cost [8,9]. Therefore, the development of efficient, cheap and abundant hydrogen evolution catalysts that can replace platinum has become the focus of research attention.



Over the past decades, although a great number of endeavors have been made to develop high performance hydrogen evolution transition element compound catalysts, such as metal sulfides and phosphides [10,11], there are still some shortcomings [12]. Generally speaking, the ideal electrocatalyst for hydrogen evolution should have moderate H adsorption strength [13,14]. Because the bonding strength of Ru-H (~65 kcal mol−1) [15] is similar to that of Pt-H (~62 kcal mol−1) [16] and its price is well below that of other platinum group metals, ruthenium based materials have attracted extensive attention in the field of HER electrocatalysis [17]. Javeed Mahmood et al. developed an efficient and pH-universal ruthenium-based catalyst for the hydrogen evolution reaction, and its hydrogen evolution overpotential at 10 mA cm−2 in 0.5 M H2SO4 and 1.0 M KOH is only 13.5 mV and 17.0 mV, respectively [18]. Wei Wang et al. used ruthenium nanoparticles loaded on carbon oxide nanotubes to electrocatalyse hydrogen evolution in an alkaline medium, and only the overpotential of 13.2 mV was needed to achieve the current density of 10 mA cm−2 [19]. The current limitation of platinum group metals arises from the fact that although these catalysts facilitate adsorption and recombination of active hydrogen intermediates (Had), they are generally inefficient in the first step of water dissociation [20,21]. Other transition metals (e.g., Fe, Co, Ni) can effectively split the HO–H bond [22,23,24], but do not easily convert the generated Had intermediate into H2 [21,25]. In addition, some studies have found that the charge distribution of the parent metal can be adjusted, and its electronic structure can be optimized by using another metal to form an alloy with it, so as to obtain appropriate metal–hydrogen binding energy and good HER performance [26,27,28]. Jing Dong et al. realized efficient hydrogen evolution by using mesoporous NiCo alloy/reduced graphene oxide nanocomposites, which can reach the current density of 10 mA cm−2 at 115 mV [29]. Hanruo Chen et al. used nanostructured PdFe alloy membranes as efficient electrocatalysts for hydrogen evolution in acidic and alkaline solutions [30]. Hence, in order to enhance the electrocatalytic activity of HER while reducing the cost, alloying a handful of Ru with another transition metal may be a viable way to achieve high HER electrocatalytic activity [27,31]. Besides high activity, boosting the stability of electrocatalysts is also important in practical applications [32]. Because of the high surface energy of metal/alloy nanoparticles (NPs), they usually encounter severe agglomeration, which leads to the degradation of catalytic activity [33]. To solve this problem, we can use the confinement effect to fix the alloy NPs into a conductive N-doped carbon matrix, which not only validly protects the alloy NPs from chemical corrosion or oxidation, inhibits the aggregation or separation of active substances, but also ensures the high conductivity of the catalyst [34,35,36].



ZIFs is a kind of porous crystal material formed by the interconnection of metal nodes and organic ligands [34,36]. Pyrolyzing ZIFs has become a commodious approach to prepare functional metal–carbon hybrid materials [37,38]. Therefore, we developed a simple pyrolysis-displacement-sintering strategy to directly fix RuCo alloy NPs into the nitrogen-doped carbon matrix (RuCo@NC) originating from ZIF-67 in this study. In this way, the electronic structure of Ru can be adjusted by Co to achieve high activity, and its stability can be improved by the encapsulation of the carbon matrix. Electrochemical experimental results demonstrate that the RuCo@NC has excellent electrocatalytic activity toward HER regardless of acidic or alkaline conditions, owing to the synergy between Ru and Co atoms, good conductivity, as well as abundant pores. Especially in alkaline medium it shows better performance than Pt/C, which may be attributed to Co being involved in water dissociation [39]. All in all, this material has potential applications in water electrolysis for hydrogen evolution.




2. Experimental Section


2.1. Materials


Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, Aladdin, Bay City, MI, USA, 99%) and 2-methylimidazole (C4H6N2, Aladdin, 98%) were used to synthesize ZIF67. Methanol (CH3OH, Xi Long Scientific, Shantou, China, 99.5%) and ethanol (C2H5OH, Xi Long Scientific, 99.5%) were used as solvent and cleaning solution, respectively. Anhydrous ruthenium(III) chloride (RuCl3, 3Achemical, Dhamna, India, 99%) was used to replace cobalt in carbonized ZIF67. All experiments used deionized water. The commercial Pt/C (20 wt.%) catalyst was purchased from Johnson Matthey Company.




2.2. Materials Preparation


2.2.1. Synthesis of CZIF67-T1


Firstly, ZIF-67 was synthesized by a modified method similar to that reported in previous literature [40]. Typically, 3.5 g of 2-methylimidazole and 3.0 g of Co(NO3)2·6H2O were dissolved in 80 mL and 40 mL of methanol under continuous agitation, respectively. The two solutions were then directly mixed, and ultrasound was performed for 10 min. Afterwards, the mixture was stirred vigorously for 24 h at room temperature. The obtained product was centrifuged with absolute alcohol four times and dried overnight at 55 °C. Secondly, the purple ZIF67 was carefully ground and placed in the quartz boat. The quartz boat was then heated to several different temperatures (T1 = 600, 750 and 900 °C) at a rate of 5 °C min−1 in a tubular furnace under 5% H2/Ar atmosphere and cooled naturally to indoor temperature after 2 h. The resulting black powder was collected after washing with water and labelled as CZIF67-T1 (T1 means pyrolysis temperature).




2.2.2. Synthesis of RuCo-T2@NC-T1


Firstly, 100 mg of CZIF67-T1 was added to 10 mL of water in a brown reagent bottle. After ultrasonic dispersion for 30 min, a certain amount of RuCl3 (as shown in Table S1) was added to the bottle and stirred vigorously for 36 h at ambient temperature. After finishing, black solids were filtered and then dried for 10 h in a vacuum. Secondly, these black solids were heated to a certain temperature (T2 = 300, 500 and 700 °C) for 2 h at a rate of 5 °C min−1 under a 5% H2/Ar atmosphere in a tubular furnace, and then naturally cooled to ambient temperature. Finally, the residual substance was collected and named RuCo-T2@NC-T1 (T2 means sintering temperature).




2.2.3. Synthesis of Ru NPs/CZIF67-750


Ru NPs/CZIF67-750 was prepared by sodium borohydride reduction method. In order to synthesize Ru NPs/CZIF67-750 catalyst with 10% Ru content, 100 mg of CZIF67-750 was ultrasonically dispersed in 10 mL of deionized water, and the calculated amount of RuCl3 was added under intense agitation. After that, the mixed system was put into an ice bath and an excess amount of fresh NaBH4 (0.5 M) aqueous solution was added dropwise. The mixture was continuously stirred for another 3 h to ensure a full reduction of Ru3+. Finally, the prepared catalysts were centrifuged with water and ethanol and dried at 55 °C for 10 h.






3. Results and Discussion


3.1. Design and Characterizations of Catalysts


The detailed fabrication process of RuCo@NC is clearly shown in Figure 1. Firstly, ZIF67 was synthesized by self-assembly of Co2+ and 2-methylimidazole. Subsequently, Ru3+ ions were replaced with carbonized ZIF-67 to cover the surface of Co NPs, then sintered to form RuCo alloy NPs loaded on N-doped carbon. These catalysts were called 1-RuCo-T2@NC-T1, 2-RuCo-T2@NC-T1, 3-RuCo-T2@NC-T1, respectively, according to different Ru content. In addition, Ru NPs/CZIF67-750 have also been synthesized by NaBH4 reduction for comparison.



The structures and morphologies of all the samples obtained by SEM and TEM are displayed in Figure 2 and Figure S1. As shown in Figure 2d and Figure S1a,d, the original ZIF67 presents a three-dimensional ordered dodecahedron structure and smooth surface. Then, the prepared ZIF67 precursors were pyrolyzed in flowing H2/Ar at different annealing temperatures. As can be seen from the SEM image (Figure S1b), the dodecahedron structure of CZIF67-750 is well maintained, but the particle size decreases. In the SAED pattern (Figure 2b), there are three obvious polycrystalline diffraction rings, which correspond to the (220), (200) and (111) faces of the face-centered cubic phase of Co, respectively, indicating the formation of Co nanoparticles in CZIF67-750. As shown in Figure 2e–g, Co NPS are uniformly dispersed in the carbon matrix, and the size of Co NPs enlarges with the increase in pyrolysis temperature. After deposition of Ru ions on the surface of carbonized ZIF67, it was sintered at different temperatures. As can be seen from Figure S1c and Figure 2a, the size of the sintered RuCo@NC is further reduced, and its surface becomes rough. In addition, the TEM images of 1-RuCo-T2@NC750 obtained at different sintering temperatures are shown in Figure S1e–g. With the increase in sintering temperature, the agglomeration of RuCo nanoparticles becomes more and more serious. The detailed distribution of elements in catalyst was obtained by a high angle annular dark field scanning transmission electron microscope (HAADF-STEM). According to the results of the EDX elemental mapping displayed in Figure 2c, it can be clearly observed that Ru and Co elements in 1-RuCo500@NC750 are evenly distributed in the carbon matrix. Moreover, the contents of Ru and Co in each sample were determined by inductively coupled plasma mass spectrometry (ICP-MS) (Table S2).



Powder X-ray diffraction (XRD) was conducted to further characterize the crystal phases and structures of CZIF67-T1 (Figure 3a) and 1-RuCo-T2@NC750 (Figure 3b). The XRD pattern (Figure 3a) of ZIF67 is in agreement with those previously reported [34], proving that it has been successfully synthesized. In Figure 3a, the diffraction peaks at 75.8°, 51.5° and 44.2° of Co@NC-600 can be assigned to the (220), (200) and (111) faces of the face-centered cubic phase of metallic cobalt (PDF#15-0806), respectively, suggesting the presence of cobalt metal, which is in keeping with the results of SAED. Furthermore, with the increase in pyrolysis temperature, the diffraction peaks of FCC-Co become stronger, indicating that the Co particles are larger, which is consistent with the results of TEM. Besides, the diffraction peak of graphite (002) plane appears when the sintering temperature is greater than 750 °C. As shown in Figure 3b, after the addition of Ru, the crystalline phase of RuCo@NC is found to be related to the annealing temperature. At low temperatures (e.g., 300 °C), the XRD patterns show only face-centered cubic phase cobalt metal (PDF#15-0806). However, the alloy phase of RuCo (PDF#65-8976) appears in addition to metallic cobalt at high temperatures (e.g., 500 and 700 °C), suggesting the coexistence of Co and RuCo metal particles in RuCo500@NC750 and RuCo700@NC750. For Ru NPs/CZIF67-750, XRD analysis was also carried out. Figure S5a shows that the hexagonal metallic Ru appears in the XRD pattern of Ru NPs/CZIF67-750 (PDF#89-3942), which indicates that Ru nanoparticles are successfully loaded on CZIF67-750.



To further understand the porosity of materials, the specific surface area and pore size distribution of the samples were obtained by nitrogen (N2) adsorption–desorption measurements. As shown in Figure 3c, the N2 adsorption isotherms of 1-RuCo500@NC750 and CZIF67-T1 belong to a type-IV isotherm with obvious type-H4 hysteresis loops. The rapid intake at relatively low pressures and hysteresis loops with P/P0 values between 0.4 and 1.0 indicate that micropores and mesopores coexist in the samples, which is in accordance with the information of pore size distribution in Figure 3d. BET (Brunauer–Emmett–Teller) specific surface areas and pore volumes for CZIF67-T1 and 1-RuCo500@NC750 are listed in Table S3. CZIF67-600 presents the minimum BET surface area of 57.21 m2 g−1, which may be due to the low pyrolysis temperature resulting in too few metal particles. When the pyrolysis temperature reaches 750 °C, the BET surface area increases sharply to 330.11 m2 g−1, which may be owing to the generation of more nanoparticles and graphitization of the carbon matrix [41]. Meanwhile, the formation of nanoparticles also leads to a reduction in pore volume because they clog the pores. Nevertheless, the BET surface area of CZIF67-900 decreases to some extent, which may be caused by the agglomeration of nanoparticles. The BET surface area and pore volume of 1-RuCo500@NC750 are much larger than that of CZIF67-750, which may be attributed to the fact that sintering results in more holes and a rough surface (Figure 2a). Higher BET specific surface area and larger pore volume are conducive to exposing more active sites, facilitating mass transfer and thus promoting HER performance [42].



In order to study the chemical valence states of each component element on the surface of the sample, X-ray photoelectron spectroscopy measurement was carried out. In the XPS spectra, Ru, Co, O, N and C elements can be observed on the surface of the sample. The N element arises from the ZIF67 precursor, while the O element comes from the oxidation of the catalyst by oxygen in air. As displayed in Figure 4b, the high-resolution N 1s spectrum of CZIF67-750 is fitted into two individual peaks at 397.8 and 399.5 eV, which are assigned to pyridinic-N and pyrrolic-N, respectively. Both types of N also exist in 1-RuCo500@NC750. The successful addition of N atoms into the catalyst is able to regulate the local electronic structure of the carbon layer and raise the electrical conductivity of the carbon layer, which is beneficial to the improvement of the electrocatalytic performance [43]. The high-resolution Co 2p spectrum (Figure 4c) shows double prominent peaks located at 777.5 eV and 792.6 eV, proving the formation of metallic cobalt atoms in CZIF67-750. The peaks at 795.5 eV and 780.0 eV can be attributed to Co2+ 2p1/2 and Co2+ 2p3/2, respectively, as a result of the partial oxidation of the sample exposed to air. It is noteworthy that bivalent cobalt can effectively promote the water dissociation in the alkaline hydrogen evolution process [44]. Compared with CZIF67-750, the Co 2p XPS peaks of 1-RuCo500@NC750 shift to a higher binding energy, probably as a result of a transfer of charge from Co, which is less electronegative, to Ru, which is more electronegative [3,31]. Only the peaks of Ru0 are observed in the high resolution Ru 3p XPS spectra (Figure 4d) of the sample, revealing that all Ru3+ is reduced to elemental Ru during sintering [45]. In addition, with the increase in sintering temperature, the binding energies of Co 2p and Ru 3p shift to positive and negative directions (Figure 4d and Figure S2b) respectively, suggesting that a high temperature is favorable for electron transfer from Co to Ru. The effective electron transfer from Co to Ru in RuCo alloy nanoparticles can form appropriate metal-hydrogen binding energy, thereby improving the catalytic performance [45,46]. Additionally, XPS was used to determine the content of Ru and Co in 1-RuCo500@NC750, as shown in Table S2. The cobalt content on the surface of the sample is significantly lower than the overall cobalt content because the cobalt on the surface is used to replace ruthenium in the solution.




3.2. Electrocatalytic Performances


The electrocatalytic HER performance of a sequence of samples in acidic (0.5 M H2SO4) and alkaline (1.0 M KOH) media was evaluated using a traditional three-electrode system. For comparison, Ru NPs/CZIF67-750 and commercial Pt/C (JM, 20 wt.%) were also tested under equal conditions. Firstly, we studied the HER activities of 1-RuCo500@NC-T1 in alkaline conditions. As displayed in Figure 5a, the linear sweep voltammetry (LSV) curves of 1-RuCo500@NC750 shows the minimum onset potential and maximum current density among the three samples generated at different pyrolysis temperatures, suggesting that 750 °C is the optimal pyrolysis temperature for 1-RuCo500@NC-T1. The reason may be that there are fewer cobalt nanoparticles produced at 600 °C which are difficult to displace Ru and form alloys, while the agglomeration of cobalt nanoparticles at 900 °C leads to the reduction in active sites. The same conclusion can be drawn from Figure S3a. Secondly, the HER activities of 1-RuCo-T2@NC750 were tested under alkaline conditions. As shown in Figure 5b, 1-RuCo500@NC750 has better HER activity than the other two samples. Compared with the pyrolysis temperature, the sintering temperature has less influence on HER activity. Figure 5c shows that the overpotential of 3-RuCo500@NC750 is very small, only 31 mV at 10 mA cm−2, far lower than the 203.6 mV of Ru NPs/CZIF67-750 and even the benchmark Pt/C (32.7 mV). At high overpotential, the advantage of 3-RuCo500@NC750 is more obvious (Figure 5d and Figure S3b), indicating that it has good alkaline HER catalytic activity. The Tafel slopes obtained from the polarization curve were utilized to study the intrinsic HER dynamics of catalysts. As shown in Figure 5e, the Tafel slope (47 mV dec−1) of 3-RuCo500@NC750 is lower than that of commercial Pt/C (48 mV dec−1) and Ru NPs/CZIF67-750 (163 mV dec−1), indicating that RuCo@NC-600 has the fastest kinetics for HER among them. Furthermore, the low Tafel slope value of 3-RuCo500@NC750 indicates that the HER takes place through the Volmer–Heyrovsky pathway [13]. In alkaline medium, the rate-determining step of both the material and Pt/C is the Volmer step. Because cobalt can accelerate the Volmer step, the material can achieve better performance than Pt/C. Electrochemical impedance spectroscopy (EIS) measurements can further disclose the kinetic characteristics of the catalyst (Figure S3d). The charge transfer resistance (Rct) of 3-RuCo500@NC750 is 8.85 Ω, which is much smaller than 24.97 Ω of CZIF67-750 and 23.04 Ω of Ru NPs/CZIF67-750, implying that the interfacial charge transfer rate is faster after Ru doping. 3-RuCo500@NC750 has such excellent HER activity that it surpasses many of the most advanced catalysts reported to date (Table S4). Besides, the HER behavior was evaluated by calculating electrochemical surface area (ECSA), which is an important factor in determining overall catalytic activity. Because the electrochemical double-layer capacitance (Cdl) is linearly proportional to the electrochemical surface area of the catalyst, ECSA was obtained by measuring Cdl using cyclic voltammetry (CV) at different scanning rates (0.01~0.1 V s−1) (Figure S4). As displayed in Figure S3c, the Cdl value of 3-RuCo500@NC750 is as high as 63.81 mF cm−2, which is the largest among all tested materials. Additionally, it is more than twice that of CZIF67-750 (30.15 mF cm−2), indicating that the formation of RuCo alloy in the catalyst can offer more active sites to effectively improve HER activity. Durability reflects the long-term stability of the catalyst and is another important index to measure the practical value of electrocatalyst. Firstly, it is evaluated by potential-cycle accelerated durability test (ADT). As displayed in Figure 5f, 3-RuCo500@NC750 exhibits almost the same polarization curve after 1500 cycles, indicating good durability. Secondly, only a small increase in overpotential is observed in the 15 h chronopotentiometry test (Figure S6a), which further proves that it has robust stability in long-term operation. After the accelerated aging test, the crystal phase of 3-RuCo500@NC750 did not change significantly (Figure S5b), demonstrating that it has good structural stability in alkaline medium.



With the development of proton exchange membrane (PEM) electrolysis of water technology, acidic HER has received more and more attention [47,48]. As a consequence, the electrocatalytic HER performance of n-RuCo500@NC750 was also investigated under acidic conditions. In 0.5 M H2SO4 solution, 3-RuCo500@NC750 requires an overpotential of only 22 mV to obtain the current density of −10 mA cm−2, much lower than that of Ru NPs/CZIF67-750 (93.2 mV) and slightly higher than that of the reference Pt/C catalyst (15.6 mV). The same is true at high current densities, as shown in Figure 6b. Meanwhile, the Tafel slope of 3-RuCo500@NC750 in 0.5 M H2SO4 solution is 52 mV dec−1, which is between the reference Pt/C (30 mV Dec−1) and Ru NPs/CZIF67-750 (90 mV Dec−1), corresponding to a Volmer–Heyrovsky pathway. The low overpotential and Tafel slope indicate that 3-RuCo500@NC750 is an excellent acid electrocatalyst for hydrogen evolution, which exceeds many non-platinum electrocatalysts (Table S5). Although its hydrogen evolution activity is not as good as that of commercial 20 wt.% Pt/C, its cost is lower, so it still has some practical value for acidic HER. Likewise, we also obtain the electrochemical double-layer capacitance by cyclic voltammetry at different scan rates. The Cdl value of 3-RuCo500@NC750 is the largest among the tested samples (Figure 6d), indicating that it has the largest ECSA. From the point of view of the electrochemical impedance spectrum (Figure 6e), 3-RuCo500@NC750 has the smallest charge transfer resistance (4.34 Ω), which is beneficial to reduce the energy consumption in the process of hydrogen evolution. In addition, the 3-RuCo500@NC750 also possesses the prominent cycling and long-term stabilities in acidic media, as assessed by chronopotentiometric measurements and the electrochemical accelerated durability tests (Figure 6f). After 3000 scanning cycles, the performance degradation of 3-RuCo500@NC750 is almost negligible. In chronopotentiometry (Figure S6b), 3-RuCo500@NC750 maintained high HER activity for up to 15 h. Comparing the XRD patterns of the catalysts before and after the accelerated aging experiment, it is found that the crystal phase structure of the catalysts has little change, indicating that the catalyst has good stability and can run for a long time under acidic conditions.



Based on the foregoing results and discussion, the excellent electrocatalytic HER performance of 3-RuCo500@NC750 may be attributed to its unique composite structure and composition, mainly including the following: (1) The large electrochemical surface area provides more active sites for catalysis and the three-dimensional porous structure is beneficial for mass transport [49,50]. (2) Nitrogen-doped graphitized carbon matrix can improve the conductivity of the catalyst, which is conducive to the rapid transfer of electrons [43]. At the same time, the carbon matrix can protect the alloy nanoparticles from corrosion and prevent them from agglomeration [51]. (3) Alloy effect. According to the d-band center theory, the d-band center (Ed) energy level determines the adsorption intensity between the active site on the catalyst surface and the adsorption molecule [52,53]. The higher the energy level is, the stronger the adsorption capacity is [54]. Due to the high Ed energy level of single metal Ru, its adsorption capacity with H is strong, so its activity is poor when used as HER catalyst [55]. Co atoms, which are less electronegative, contribute electrons to Ru atoms when they form alloys. The electrons preferentially enter the bonding orbital of Ru, which reduces the Ed energy level of Ru, thus decreasing the strength of the Ru-H bond [52,54,56]. In summary, the 3-RuCo500@NC750 catalyst has outstanding catalytic performance due to the advantages of the structure and composition mentioned above.





4. Conclusions


In conclusion, we developed a simple pyrolysis-displacement-sintering strategy to manufacture RuCo alloy nanopartles embedded in N-doped carbon as an excellent acid-base dual-use HER electrocatalyst. We found that RuCo alloy formed at a suitable pyrolysis temperature (500 °C) is more conducive to enhancing HER activity. The hydrogen evolution activity of the 3-RuCo500@NC750 with only 12.83 wt.% ruthenium content is better than that of commercial 20 wt.% Pt/C under alkaline conditions, and also outperforms that of most reported non-platinum catalysts under acidic conditions. Meanwhile, it also has a powerful stability and durability in both acid and alkaline media. The alloying of Ru and Co can adjust the d-band center energy level, so as to obtain high activity. Furthermore, cobalt can promote the decomposition of water, which is particularly important in basic hydrogen evolution. Meanwhile, the presence of nitrogen-doped carbon matrix greatly enhances the stability of the catalyst. Combined with the experimental analysis, we believe that the superior HER performance of 3-RuCo500@NC750 is mainly attributed to its particular composite and composition, including its alloy effect, nanoscale effect, plentiful porous structure and conductive nitrogen-doped carbon matrix.
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Figure 1. Schematic illustration of synthesis of RuCo@NC by a pyrolysis-displacement-sintering strategy. 
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Figure 2. (a) SEM image of 1-RuCo500@NC750. (b) SAED pattern of CZIF67-750. (c) HAADF-STEM image and the corresponding elemental mapping images of 1-RuCo500@NC750. TEM images of (d) ZIF67, (e) CZIF67-600, (f) CZIF67-750, (g) CZIF67-900. 
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Figure 3. (a) X-ray diffraction patterns of ZIF67 and CZIF67-T1 with different pyrolysis temperatures. (b) XRD patterns of 1-RuCo-T2@NC750 with different sintering temperatures. (c) N2 adsorption-desorption isotherms and (d) pore size distribution plots of CZIF67-T1 with different pyrolysis temperatures and 1-RuCo500@NC750. 
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Figure 4. (a) XPS full spectra of RuCo-T2@NC750 and CZIF67-T1. High-resolution (b) N 1s and (c) Co 2p XPS spectra of CZIF67-750 and 1-RuCo500@NC750. (d) Ru 3p XPS spectra of 1-RuCo300@NC750 and 1-RuCo500@NC750. 
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Figure 5. HER polarization curves of (a) 1-RuCo500@NC-T1 and (b) 1-RuCo-T2@NC750 in 1.0 M KOH. (c) Comparison of HER activities of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750. (d) HER overpotential of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750 at different current densities (10, 30, 50 mA cm−2). (e) Tafel plots of 3-RuCo500@NC750, Ru NPs/CZIF67-750 and 20% Pt/C catalysts. (f) Polarization curves of 3-RuCo500@NC750 initially and after 1500 cycles during the accelerated durability tests. 
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Figure 6. (a) HER polarization curves of Ru NPs/CZIF67-750, n-RuCo500@NC750 and 20% Pt/C in 0.5 M H2SO4. (b) HER overpotential of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750 at different current densities (10, 30, 50 mA cm−2). (c) Tafel plots of 3-RuCo500@NC750, Ru NPs/CZIF67-750 and 20% Pt/C. (d) Linear fitting of capacitance current to CV scan rate for Ru NPs/CZIF67-750, n-RuCo500@NC750 and CZIF67-750. (e) Nyquist plots of Ru NPs/CZIF67-750, n-RuCo500@NC750 and CZIF67-750. (f) Polarization curves of 3-RuCo500@NC750 initially and after 3000 cycles during the accelerated durability tests. 
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