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ABSTRACT. A key issue for enhancing performance of hydrogen evolution reaction (HER) by 

utilizing seawater for sustainable clean energy is to develop a highly efficient, stable and 

economical electrocatalyst. Herein, a uniquely hierarchical nanostructure of CoNiSe2 nanorod-

arrays (NRAs) integrated onto N-doped sea-sponge-carbon spheres (CoNiSe2/N-SSCSs) was 

designed and synthesized using successive ultrasonic spray pyrolysis (USP) and solvothermal - 

hydrothermal selenization (SHS) processes. Attributed to intrinsic HER activity of CoNiSe2 NRAs 

together with effective electron-transfer and ion-diffusion pathways of N-SSCSs, the CoNiSe2/N-

SSCSs nanocomposites exhibited highly stable HER electrocatalytic performances in both alkaline 

electrolytes and alkaline simulated seawater. The required overpotential is as low as 88 mV with 

a Tafel slope of 83 mV dec-1 at 10 mA cm-2 in 1.0 M KOH, which are comparable to the electrode 

of commercial Pt/C (η10= 35 mV & b=58 mV dec-1).  

Keywords: CoNiSe2 nanorod-arrays, Sea-sponge-C, hydrogen evolution reaction, electrocatalysis, 

seawater. 



 

1. Introduction 

Hydrogen energy is regarded as one of key green energy sources, and has merits of energy and 

environmental sustainability by using alkaline electrolyzers and abundant raw source [1-3]. 

However, it has been a key challenge to find an efficient and stable electrocatalyst to replace the 

expensive noble-metals (such as Pt) for hydrogen evolution reaction (HER) in an alkaline/neutral 

medium [4-10]. On another matter, seawater, as a rich water resource, has recently become a 

promising candidate for the electrolysis in hydrogen production [11-13]. Whereas its hard cations 

(Ca2+ and Mg2+) with negative potentials could be deposited on the surfaces of the catalysts in a 

form of hydroxides, thus blocking the active sites [14,15]. Besides, there is also a competing 

chlorine evolution reaction (CER) occurring at the counter electrode because of chloride electro-

oxidation chemistry, which results in harmful chlorine or highly corrosive hypochlorite and 

destroys the structures of electrocatalysts [16-19]. Nevertheless, the above problems are believed 

to be effectively solved in an alkaline medium by using economical electrocatalysts with excellent 

stability and reliability during the electrolysis of seawater [20-22]. 

Transition-metal selenides (TMSs), with their outstanding cost effectiveness and relatively low 

intrinsic resistivity, have shown good electrochemical activities in a wide range of pH values for 

HER during the water splitting process [23-25]. Recently, ternary metal selenides have received 

extensive attention, because their synergistic effects of various elements can effectively adjust their 

electronic structures, thus enhancing the overall catalytic performance [26-29]. For example, in 

transition metal based ternary metal selenides (e.g., MWSex: M= Co, Ni, Fe and Mn), the catalytic 

performance can be significantly enhanced by adding Ni or Co into WSex [30]. However, these 

TMSs have often shown poor electrical conductivities and unstable microstructures during water 

alkaline electrolysis [31-33]. Some porous carbonaceous materials were reported to accelerate 



 

electron transfer and ion diffusion during the electrocatalytic reactions, including CNTs, carbon 

fibers (CFs) and porous carbon skeleton [34-36]. For example, N-doping porous carbon skeleton 

has been reported very effective due to its numerous active sites and increased electrical 

conductivity [37,38]. Therefore, we believe that hybrid and hierarchical nanostructures containing 

TMSs with a N-doped carbon skeleton may achieve enhanced electrical conductivity, rapid mass 

transfer, and large specific surface areas with abundant active sites, thus promising to realize good 

HER electrocatalytic performance [39].  

In this work, CoNiSe2 nanorod-arrays (NRAs) are uniformly grown on porous structured N-

doped Sea-sponge-C spheres (N-SSCSs) [40,41] to form CoNiSe2/N-SSCSs nanocomposites 

through successive ultrasonic spray pyrolysis and solvothermal-hydrothermal selenization (USP-

SHS) processes. Our unique design strategy is illustrated in Fig. 1. CoNi-precursor NRAs are 

uniformly grown onto N-SSCSs using a solvothermal process, and then hierarchically 

nanostructured CoNiSe2/N-SSCSs is successfully synthesized through the subsequent 

hydrothermal selenization process. When these active CoNiSe2 NRAs are cross-linked with 3D 

conductive N-SSCSs, the number of active sites are increased significantly and effective pathways 

for electron-transfer and ion-diffusion are generated. Therefore, the hierarchically nanostructured 

CoNiSe2/N-SSCSs exhibits outstanding HER catalytic performance and stability in alkaline (1.0 

M KOH), neutral (2.0 M PBS) media and also in alkaline simulated seawater. This work provides 

a unique strategy to develop high performance HER electrocatalysts with wide application 

prospects. 



 

 

Fig. 1. Schematic illustrations for fabricating CoNiSe2/N-SSCSs nanocomposites. 

2. Experimental 

2.1 Synthesis of CoNiSe2/N-SSCSs electrocatalyst. 

Nanocomposites of CoNiSe2/N-SSCSs were synthesized by integrating CoNi-precursor onto the 

N-SSCSs (Fig. S1) [40,41], followed by a selenization treatment. In a typical synthetic procedure, 

0.2 mmol Ni(NO3)2·6H2O, 0.2 mmol Co(NO3)2·6H2O, 0.4 mmol urea and 2 mg N-SSCSs were 

added into a mixture of 16 mL deionized water and 4 mL ethanol. The mixture was ultrasonically 

mixed for 1 hour to ensure Co2+ and Ni2+ ions fully adsorbed onto the N-SSCSs. The mixed 

solution was then transferred to a 25 mL Teflon-lined stainless-steel autoclave, which was 

maintained at 120 ℃ for 4 hours and naturally cooled down to ambient temperature. The collected 

precursor was mixed with 20 mL NaHSe solution and then transferred into a 25 ml Teflon-lined 

stainless-steel autoclave under argon (Ar) gas. After the hydrothermal selenization treatment at 

160 ℃ for 24 hours, the final product of CoNiSe2/N-SSCSs was collected by washing with 

deionized water and ethanol. It was then dried in a vacuum oven at 60 ℃ for 12 hours. The 



 

synthesis parameters of control group samples such as CoNiSe2, NiSe2/N-SSCSs, CoSe2/N-

SSCSs, NiSe2 and CoSe2 are described in the experimental section in the supporting information. 

2.2 Characterization methods 

Morphology and microstructures of the as-prepared samples were characterized using a field 

emission scanning electron microscope (FE-SEM, JEOL, S-4800), a transmission electron 

microscope (TEM), and a high-resolution TEM (HRTEM, JEOL JEM-2100EX microscopy). 

Crystalline structures of the samples were analyzed using a Bruker D8 advanced (German) 

diffractometer with a Cu Kα radiation source (γ = 0.154056 nm). Energy-dispersive X-ray 

spectroscopy (EDS, TN5400 EDS instrument, Oxford, operated at 15 keV) was used to obtain the 

elemental mapping of the samples. Chemical elements and their binding information were obtained 

using an X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha spectrometer), with 

a monochromatized Al Kα (hv = 1,486.6 eV) X-ray source. The XPS peak of the contaminate 

carbon (C 1s = 284.6 eV) was used as the calibration reference of the binding energies. 

2.3 Electrochemical measurements. 

All the electrochemical tests were carried out using an electrochemical workstation (CHI 760E) 

with a standard three-electrode system, in which a saturated calomel electrode (SCE), a graphite 

rod and a 3 mm diameter glassy carbon electrode (GCE) loaded catalysts were used as the reference 

electrode, the counter electrode and the working electrode, respectively. The ink of electrocatalysts 

was prepared and 5 µL of electrocatalysts slurry was dropped onto the polished GCE and dried at 

room temperature. Solutions of 1.0 M KOH, 2.0 M PBS, 0.5 M H2SO4 and alkaline simulated 

seawater [42] were prepared as the electrolytes and saturated with Ar gas before testing. All the 

potentials measured in this work were referred to the reversible hydrogen electrode (RHE) using 

the equation of: E (RHE) = E (SCE) + 0.242 V + 0.0591 × pH. During measurements, 20 cycles 



 

of cyclic voltammetry (CV) tests of the electrode materials in a potential window (0.2 ~ 0.6V vs. 

RHE.) without Faradaic currents were performed. Values of double layer capacitance (Cdl) were 

derived by measuring the CV scans at different scanning rates of 20, 40, 60, 80 and 100 mV s-1. 

Linear sweep voltammetry (LSV) was conducted at a scan rate of 2 mV s-1 to compare the 

electrochemical activities of the as-prepared samples. Manual iR correction was carried out for all 

the polarization curves according to the equation of: E compensated = E measured -i×Rs, in which Rs is 

the series resistance measured by electrochemical impedance spectroscopy (EIS). Tafel plots were 

obtained based on the results of overpotential (η) versus log current (log j) in polarization curves 

to evaluate the HER kinetics of catalysts. The Tafel equation is obtained using the equation of η = 

b log (j) + a, where b (Tafel slope) represents the intrinsic activity of the catalysts and is used to 

analyze the rate-determining step of the HER process. EIS measurements were obtained within the 

frequency range of 105 to 0.01 Hz, with an AC voltage amplitude of 5 mV. In addition, 

chronoamperometry tests were conducted to evaluate the electrochemical HER stability of 

catalysts which were tested for 12 hours.  

3. Results and discussion 

3.1 Synthesis and Characterization 

Fig. 2 presents the morphology and structure of CoNiSe2/N-SSCSs obtained by the USP-SHS 

processes. In the fabrication, urea was selected to decompose CO3
2- and OH- for co-precipitating 

Ni2+ and Co2+ adsorbed onto N-SSCSs in the solvothermal system, and CoNi-precursor of NRAs 

were generated on N-SSCSs due to its lower nucleation barrier (Fig. S2). The phase transformation 

during the hydrothermal selenization process produced the CoNiSe2 NRAs/N-SSCSs (Fig. S3). 

However, there are many quite messy nanorods of CoNiSe2 without N-SSCSs (Fig. S4). The 

reaction conditions were further optimized (Figs. S5-S6). From the TEM image shown in Fig. 2a, 



 

the amorphous N-SSCSs has a 3D interpenetrating and porous structure with the aperture size of 

300-500 nm. SEM and TEM images show that CoNiSe2 NRAs are inserted uniformly into N-

SSCSs skeleton (Figs. 2b-d). Fig. 2e shows a HRTEM image of a single CoNiSe2 nanorod (the 

inset of Fig. 2d). It clearly shows lattice fringes of 0.27 and 0.20 nm, which correspond to the (101) 

and (102) planes of CoNiSe2, respectively. The corresponding selected-area electron diffraction 

(SAED) pattern (the inset of Fig. 2e) reveals the polycrystalline nature of CoNiSe2/N-SSCSs. EDS 

spectrum (the inset of Fig. 2c) and elemental mapping (Fig. 2f) confirm the uniform distribution 

of C, N, Co, Ni, and Se, which demonstrates the existence of N-SSCSs by comparing the EDS 

results of CoNiSe2 NRAs. 

 

Fig. 2. Material characterization: (a) TEM image of N-SSCSs. (b, c) SEM images in different magnifications 

(Inset: EDS), (d) TEM images (Inset: a single nanorod of CoNiSe2), (e) HRTEM image (Inset: SAED pattern), 

(f) Elemental mapping of CoNiSe2/N-SSCSs. 

Fig. 3 shows the crystalline phases and elemental valance states of the prepared samples. XRD 

pattern shows that the CoNiSe2/N-SSCSs presents three major peaks at 2θ values of 32.9°, 44.4° 

and 49.9°, corresponding to the (101), (102) and (110) planes of CoNiSe2 (PDF# 65-7038). 

Whereas that of the N-SSCSs only shows a broad diffraction peak of amorphous structure (Fig. 3a, 



 

above). Raman spectrum (Fig. 3a, below) of CoNiSe2/N-SSCSs exhibits band near 520 cm-1 

ascribed to Ag symmetric stretching mode. The band located near 208 cm-1 is attributed to the 

stretching vibration mode of the Se-Se pair. The bands observed near 477 and 680 cm-1 are the 

Raman vibration modes of CoNiSe2/N-SSCSs [43,44]. Raman spectra of SSCSs and N-SSCSs 

reveal that the value of ID:IG is increased from 0.72 to 0.83 after N-doping, indicating that the N-

doping increases the defect degree of SSCSs.  

XPS analysis was performed to investigate the valence states and elemental binding information. 

In Fig. 3b, the XPS survey spectrum reveals peaks of Se 3d, C 1s, N1s, O 1s, Ni 2p, and Co 2p in 

the binding energy region from 0 to 1000 eV, which are consistent with the EDS results. The C 1s 

spectrum (Fig. S7) can be devolved into three peaks centered at 284.3, 285.4 and 287.8 eV, 

corresponding to C-C/C=C, C-O/C-N and C=O/C=N, respectively [45,46]. The existence of N-C 

(sp2)- and N-C (sp3)- type bonds indicates that nitrogen is successfully integrated into the N-SSCSs 

structure. High-resolution N 1s spectrum (Fig. 3c) can be deconvoluted into three peaks, namely 

pyridinic N at 399 eV, pyrrolic N at 400.5 eV and graphitic N at 404.9 eV, respectively [47,48]. 

The presence of pyridine N and pyrrole N is beneficial for the electrocatalytic activity of HER 

process through actively interacting with H+ [39]. High-resolution spectrum of Ni 2p can be 

deconvoluted into three pairs of peaks (Fig. 3d). The two peaks at 860.8 and 879.2 eV are ascribed 

to the satellite peaks of Ni 2p [49]. The two main peaks located at 853.3 and 870.4 eV correspond 

to Ni 2p3/2 and Ni 2p1/2, respectively, which can be assigned to Ni-Se bonds [50,51]. The other two 

peaks at 855.9 and 873.5 eV are attributed to partially oxidized bonds as a result of the sample’s 

exposure to air [52]. For the high resolution spectrum of Co 2p (Fig. 3e), two spin-orbit peaks are 

at 778.3 and 793.2 eV, referring to Co 2p3/2 and Co 2p1/2, together with two satellite peaks at 784.4 

and 802.4 eV [53], representing Co-Se bonds [54]. The peaks at 780.9 and 796.9 eV can be 



 

attributed to Co-O bonds [53]. In Fig. 3f, the high resolution spectrum of Se 3d is resolved into 

two main peaks at 54.4 and 55.3 eV, corresponding to Se 3d5/2 and Se 3d3/2, which are related to 

the metal-selenium interactions. Meanwhile, the signal at 59.4 eV is linked to the existence of 

SeOx, due to the oxidation in air. [55]. In brief, XPS results confirm the formation of CoNiSe2 

NRAs on the N-SSCSs. 

 

Fig. 3. (a) XRD pattern (above) and Raman spectrum (below) of CoNiSe2/N-SSCSs; (b) XPS full spectrum of 

CoNiSe2/N-SSCSs; (c-f) High resolution XPS spectra of N 1s, Ni 2p, Co 2p, Se 3d, respectively. 

3.2 Electrocatalytic HER performance. 

To evaluate its electrocatalytic performance for HER, the as-synthesized CoNiSe2/N-SSCSs 

was tested in a 1.0 M KOH solution using a typical three-electrode system. The obtained results 

are shown in Fig. 4. The polarization curves after iR-drop corrections and Tafel slopes are 

illustrated in Figs. 4a-c. The CoNiSe2/N-SSCSs shows a superior activity with a low overpotential 

of 88 mV and a Tafel slope of 83 mV dec-1 at 10 mA cm−2. These readings are dramatically 

different from those of the single-metal counterparts of NiSe2/N-SSCSs (η10=135 mV & b=102 

mV dec-1, Fig. S8) and CoSe2/N-SSCSs (η10=162 mV & b=104 mV dec-1, Fig. S9). These values 

are comparable to those of the commercial Pt/C (η10= 35 mV & b=58 mV dec-1) and are also very 



 

prominent compared with those of Se-based and CoNiSe2-based HER catalysts reported in 

literature (Table S1-S2). However, the N-SSCSs have both a large overpotential and a large Tafel 

slope due to inert HER catalysis. In particular, the overpotentials and Tafel slopes of CoNiSe2/N-

SSCSs, NiSe2/N-SSCSs and CoSe2/N-SSCSs are all better than those of CoNiSe2, NiSe2 and 

CoSe2. These results indicate the acceleration of N-SSCSs for HER reaction kinetics based on 3D 

crosslinking channels and good conductivity, thus improving the HER performance. The CoNiSe2 

(η10=158 mV & b=101 mV dec-1) shows a much better performance than NiSe2(η10=179 mV & 

b=117 mV dec-1, Fig. S10) and CoSe2 (η10=179 mV & b=115 mV dec-1, Fig. S11). Therefore, we 

can conclude that alloying with Co and Ni atoms is an effective method to enhance the performance 

of CoNiSe2/N-SSCSs. The optimized Co:Ni ratio of 1:1 in the CoNiSe2/N-SSCSs exhibits the 

lowest overpotential than those with other Co:Ni ratios (Fig. S12). Theoretically, when the 

reactions follow the Volmer, Heyrovsky and Tafel mechanisms, the Tafel slopes are 119 mV dec-

1, 40 mV dec-1 and 30 mV dec-1, respectively [56]. The lowest Tafel slope of CoNiSe2/N-SSCSs 

at 83 mV dec-1 located within 119~40 mV dec-1 indicates that it has the fast reaction kinetics via 

the Volmer-Heyrovsky reaction mechanism [57]. 

EIS measurements were performed under a potential of 180 mV for the prepared samples. The 

obtained results are plotted in Fig. 4d. The obtained charge transport impedance (Rct) of 

CoNiSe2/N-SSCSs is 48 Ω, which is lower than those of NiSe2/N-SSCSs (60.5 Ω), CoSe2/N-

SSCSs (84.7 Ω), CoNiSe2 (67 Ω), NiSe2 (69.3 Ω) and CoSe2 (90.9 Ω). This suggests that the 

synergistic effect between Co and Ni atoms as well as the porous structure of conductive N-SSCSs 

improve the conductivity and charge transfer rate. For the CoNiSe2/N-SSCSs applied with varied 

overpotentials, the Rct value decreases gradually with the increase of overpotential, indicating that 

charge transfer kinetics is accelerated with the increase of overpotential (Fig. S13) [58]. To further 



 

investigate the intrinsic activities of the electrocatalysts, the Cdl was obtained by testing the CVs 

at different sweep speeds in the non-redox potential region (Fig. S14). Fig. 4e shows that the Cdl 

value of CoNiSe2/N-SSCSs is much higher than those of NiSe2/N-SSCSs, CoSe2/N-SSCSs, 

CoNiSe2, NiSe2 and CoSe2. This is mainly because there are more catalytically active sites in 

CoNiSe2/N-SSCSs, which are all available for the HER. The long-term stability was further 

investigated for the prepared samples using the chronoamperometry, and the obtained results are 

shown in Fig. 4f. Compared with that of CoNiSe2 (Fig. S15), the CoNiSe2/N-SSCSs exhibits the 

highest and stable current density at an overpotential of 200 mV without apparent decays within 

12 hours. There are no obvious morphology changes of CoNiSe2/N-SSCSs after the durability test 

(Fig. S16), showing no apparent aggregation or morphology changes of CoNiSe2 NRAs. The 

Faraday efficiency (FE) of CoNiSe2/N-SSCSs in the 1.0 M KOH solution was evaluated by using 

a sealed H-type electrolytic cell with a proton membrane to quantitatively collect the H2. The result 

is compared with the theoretical value of H2 calculated using the Faraday Law (Fig. S17). Fig. 4g 

shows that the measured H2 amount (the inset of Fig. 4g) keeps increasing continuously. The 

amount of H2 collected within 15 minutes is 0.21 mmol, corresponding to a high FE value of 94% 

[59,60]. In addition, the turnover frequency (TOF) value of CoNiSe2/N-SSCSs is calculated to be 

0.28 s-1 at an overpotential of 130 mV at pH = 7 (Fig. S18), which indicates CoNiSe2/N-SSCSs 

has the high intrinsic HER activity [61]. The HER mechanism of CoNiSe2/N-SSCSs in the alkaline 

medium is illustrated in Fig. 4h. The alloying of Co and Ni atoms improves the intrinsic 

conductivity and specific surface areas of the electrocatalyst. This regulates Gibbs free energy (ΔG) 

for adsorption of hydrogen intermediates (Hads) and the free energy of water dissociation to form 

Hads and OH- in the Volmer step [62,63]. The Volmer step thus has also been enhanced by the 

CoNiSe2/N-SSCSs catalyst. Moreover, the presence of N-SSCSs enables the CoNiSe2 NRAs to 



 

expose numerous catalytic active sites, which affords efficient electron transfer channels as shown 

in Fig. 4h. 

 

Fig. 4. HER performances of the as-prepared samples in 1.0 M KOH: (a) Polarization curves; (b) Tafel plots; (c) 

Values of the overpotential and Tafel slope at 10 mA cm-2, (d) Nyquist plots (Inset: the equivalent circuit 

modeling to fit all the EIS data); (e) Cdl values; (f) Chronoamperometry curves of the prepared samples; (g) The 

amount of H2 theoretically calculated and experimentally measured versus time (Inset: gas collection of H2); (h) 

Schematic illustration of the HER activity of CoNiSe2/N-SSCSs in the alkaline medium. 
 

The HER performance of the as-prepared electrocatalysts was further evaluated in a 2.0 M PBS 

solution (with a pH value of 7) to evaluate their practical applications. The obtained results are 

shown in Fig. 5, and they are similar to those obtained in a 1.0 M KOH. As shown in Figs. 5a-c, 

the CoNiSe2/N-SSCSs shows an overpotential of 162 mV and a Tafel slope of 116 mV dec-1 at 10 

mA cm−2. These values are comparable to those of the commercial Pt/C (η10=85 mV, b=187 mV 

dec-1).  



 

 

Fig. 5. HER performances of the as-prepared samples in 2.0 M PBS: (a) Polarization curves; (b) Tafel plots; (c) 

Values of the overpotential and Tafel slope at 10 mA cm-2, (d) Nyquist plots(Inset: the equivalent circuit modeling 

to fit all the EIS data); (e) Cdl values; (f) Chronoamperometry curves of the prepared samples. 

Based on the Volmer-Heyrovsky reaction mechanism [57], CoNiSe2/N-SSCSs has a superior 

HER performance in 2.0 M PBS, compared to the control group samples, including NiSe2/N-

SSCSs (η10=236 mV, b=222 mV dec-1), CoSe2/N-SSCSs (η10=247 mV, b=218 mV dec-1), CoNiSe2 

(η10=235 mV, b=182 mV dec-1), NiSe2 (η10=298 mV, b=263 mV dec-1) and CoSe2 (η10=267 mV, 

b=278 mV dec-1), mainly due to rate-limiting steps of Volmer reactions for those control group 

samples [57]. Furthermore, the CoNiSe2/N-SSCSs shows a much lower Rct value of 91 Ω (At the 

overpotential of 220 mV) and a higher Cdl value of 27.09 mF cm-2 than those of NiSe2/N-SSCSs, 

CoSe2/N-SSCSs, CoNiSe2, NiSe2 and CoSe2 (Figs. 5d-e, Fig. S19). Comparing the stability of 

CoNiSe2/N-SSCSs and CoNiSe2 at 300mV, CoNiSe2/N-SSCSS can remained a stable current 

density within 12 hours, while the current density CoNiSe2 decreases more seriously (Fig. 5f, Fig. 

S20). There are no obvious morphological changes in the both samples. All the above results show 

that the CoNiSe2/N-SSCSs has both excellent electrocatalytic activity and stability for HER in 

alkaline/neutral electrolytes. 



 

3.3 Electrocatalytic HER performance in alkaline simulated seawater. 

To demonstrate the practical applications, the prepared electrocatalysts were tested in the 

alkaline simulated seawater, and the obtained results are shown in Fig. 6. In Figs. 6a-c, CoNiSe2/N-

SSCSs shows the best electrocatalytic activity in the alkaline simulated seawater, with an 

overpotential of 105 mV at 10 mA cm−2. This value is much better than those of control group 

samples (e.g., NiSe2/ N-SSCSs (145 mV), CoSe2/ N-SSCSs (175 mV), CoNiSe2 (150 mV), NiSe2 

(169 mV) and CoSe2 (187 mV)) and is closer to that of the commercial Pt/C (26 mV). Its smallest 

Tafel slope of 78 mV dec-1 among all the catalysts in this study suggests its fastest kinetics via a 

Volmer-Heyrovsky mechanism toward the HER, compared with all the control group samples [57].  

 

Fig. 6. HER performances of the as-prepared samples in in alkaline simulated seawater : (a) Polarization curves; 

(b) Tafel plots; (c) Values of the overpotential and Tafel slope at 10 mA cm-2, (d) Nyquist plots(Inset: the 

equivalent circuit modeling to fit all the EIS data); (e) Cdl values; (f) Chronoamperometry curves of the prepared 

samples. 

Meanwhile, studies using the EIS were done under the same overpotential of 180 mV for as-

prepared samples mentioned above. CoNiSe2/N-SSCSs has the smallest Rct value (Fig. 6d), 

consisting with its higher conductivity and faster charge transfer. Its largest Cdl value of 138.63 



 

mF cm-2 (Fig. 6e and Fig. S21) indicates that CoNiSe2 NRAs are evenly distributed inside the N-

SSCSs skeleton, which significantly increases the electrochemical active areas. In addition, the 

stability of CoNiSe2/N-SSCSs is superior to that of CoNiSe2 at the potential of 200 mV, and it can 

maintain good performance within 12 hours without obvious degradation (Fig. 6f) and 

morphological changes.  

4. Conclusions 

In conclusion, a hierarchically nanostructured CoNiSe2/N-SSCSs was designed, synthesized 

and applied as electrocatalyst for HER. Owing to the uniformly growth of CoNiSe2 NRAs onto 

the conductive porous N-SSCSs, the number of exposed active sites are significantly increased, 

and both the electron transfer and ion diffusion are accelerated simultaneously. Meanwhile, the 

synergistic effect between Co and Ni atoms effectively modulates the ΔG of Hads adsorption and 

the free energy of water dissociation in Volmer step. The synthesized CoNiSe2/N-SSCSs 

electrocatalyst exhibits the superior electrocatalytic performance and long-term durability for HER 

in alkaline electrolyte and alkaline simulated seawater. This work provides a new idea for 

electrocatalytic HER in both alkaline electrolytes and seawater.  
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