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1 

Single-Atom Tungsten Doped Nis0.5Se0.5 1 

Nanosheets@Nanorods Heterostructures 2 

Catalyze Water Splitting Highly Active and 3 

Durable 4 

Abstract 5 

Developing robust nonprecious electrocatalysts towards hydrogen/oxygen evolution reaction 6 

(HER/OER) is crucial for the spread of hydrogen energy industrialization. Here, we prepared a 7 

highly active and durable electrocatalyst of W single-atoms doped NiS0.5Se0.5 8 

nanosheets@NiS0.5Se0.5 nanorods heterostructure (W-NiS0.5Se0.5). The W-NiS0.5Se0.5 exhibits 9 

superior catalytic activity for HER and OER with an ultralow overpotential (39, 106 mV for 10 

HER and 171, 239 mV for OER) and excellent long-term durability (500 h) at 10 and 100 mA 11 

cm−2, outperforming commercial precious-metal catalysts and many other reported transition-12 

metal-based compounds. The spin state of Ni was delocalized by introducing low spin-state of W 13 

single-atom, thus increasing the electron density of Ni 2p orbital, optimizing the 14 

adsorption/desorption process of H, significantly reducing the energy barrier of the rate-15 

determining step (O* → OOH*), finally accelerating thermodynamics and kinetics of HER/OER. 16 

This work provides a rational feasible strategy to design single-atom catalysts for water splitting 17 



 

2 

and develop advanced transition metal-based electrocatalysts via regulating delocalized spin 1 

states. 2 

Introduction 3 

The ever-increasing energy and environmental issues are obliging us to develop sustainable 4 

and clean energy technologies. Electrochemical water splitting into hydrogen, as the advantages 5 

of readily available reactant, stable output, and feasibility of large-scale production, has long 6 

been believed to be a promising energy storage strategy to solve the intermittence of renewable 7 

energy1-5. However, the large overpotential caused by kinetically sluggish oxygen evolution 8 

reaction (OER) and hydrogen evolution reaction (HER) largely hinder its practical application6-8. 9 

Nowadays, noble-based materials (Pt and Ru/IrO2) have been regarded as benchmark 10 

electrocatalysts to reduce the overpotential of reactions9-11. From a commercialization point-of-11 

view, it is highly imperative to develop the cost-efficient and robust electrocatalysts to substitute 12 

for noble-metal materials, especially based on earth-abundant materials (Fe, Co, Ni et al.)12-14. 13 

Transition metal compounds (TMCs) have been widely studied as one of important candidates 14 

for the water splitting due to their environmental benignity, low cost-efficiency, and theoretically 15 

high catalytic activity15,16. However, the water-splitting catalytic performances of pure TMCs are 16 

far from satisfactory. Previous experimental and theoretical work17,18 has anticipated that  the 17 

incorporation of metal atoms has been considered to be a valid strategy to optimize 18 

synergistically the active sites and dynamics, which can adequately improve water splitting 19 

activity in transition-metal compounds. For example, Xie et al.19 have confined Mn atoms in the 20 



 

3 

CoSe2 ultrathin nanosheets and inducing a subtle distortion of atomic arrangement. The spin 1 

states of heteroatom Mn cause this distortion and form a suitable structure to boost HER 2 

performances. Inevitably, the heteroatoms with spin states in the crystal lattice would generate a 3 

lopsided Coulomb force and then emerge micro-mechanically derived disturbance, which results 4 

in a subtle distortion of the atomic arrangement and finally improve electrocatalytic activity20,21. 5 

Moreover, heteroatoms can manipulate the electronic structure of electrocatalysts and accelerate 6 

the kinetic energy barrier in the HER/OER process22,23. More importantly, the distortion degree 7 

and electronic structure could be expediently and availably adjusted by the doping foreign atoms. 8 

Single-atom catalysts (SACs), with maximum atom efficiency and coordinatively unsaturated 9 

active sites, have been drawn wide attention in facilitating the electrocatalytic activity24-26. 10 

However, the operating durability of SACs remains a challenge. Single-atom doping has been 11 

reported to be useful for assisting suitable sites for intermediates formation with enhancing the 12 

interaction between individual metal atoms and the supports27-30. Thus, it is urgent to propose a 13 

strategy that combines the high efficiency of SACs into the crystal lattice and the delocalized 14 

spin states of transition metals, which can realize the design of an efficient and stable HER/OER 15 

electrocatalyst. W, a promising candidate of the SACs, features exceptional properties of positive 16 

charge, large spin magnetic moment, and excellent electrical conductivity31-33. However, the W 17 

single-atoms employed in water splitting remain unexplored, and thus, revealing the function of 18 

which in TMCs and corresponding catalytic mechanism is extremely important.  19 
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Herein, a low spin state W single-atom doped NiS0.5Se0.5 nanosheet@NiS0.5Se0.5 nanorods 1 

heterostructure grown on nickel foam (NF), denoted as W-NiS0.5Se0.5, was prepared by a 2 

convenient and facile method. The W-NiS0.5Se0.5 delivers high activity and excellent stability for 3 

HER and OER, outperforming commercial Pt/C, IrO2, and many recently reported transition 4 

metal-based electrocatalysts. In detail, the strong connection between W atoms and S/Se atoms 5 

in NiS0.5Se0.5 contributes to the exceptional stability, while some additional adsorption sites 6 

provided by W facilitate the HER/OER process. Moreover, the spin state of W single-atom 7 

would cause delocalization spin states of the Ni, increase electronic density of Ni 2p-electron, 8 

improve H adsorption/desorption behavior, significantly reduce the energy barrier of the rate-9 

determining step (O* → OOH*). We also demonstrate the universality of synthesized W single-10 

atom on NiS0.5Se0.5 strategy that can also be extended to obtained W-based single-atom on other 11 

TMCs materials such as NiS, NiSe, and their HER/OER activity is significantly enhanced. We 12 

believe that this study will pave a promising way to design high active and stable non-precious-13 

metal catalysts to split water. 14 

Results 15 

Material synthesis and characterization. To investigate the formation process of W -16 

NiS0.5Se0.5, different reaction time were investigated. As shown in Supplementary Figs. 1,2 and 17 

Supplementary Table 1, at the first stage, the interconnected NiS nanorods were formed. Then 18 

reacting with Se2- and generates agglomerated NiS0.75Se0.25 nanorods34. Subsequently, continue 19 

to selenizing and produce NiS0.5Se0.5 nanorods. At the fourth stage, the Ni2+, S2−, and Se2− in the 20 
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solution would form the nanosheet and wrapping the NiS0.5Se0.5 nanorods due to the principle of 1 

lattice match, which is consistent with our previous report35. Finally, the W atoms substitute Ni 2 

atoms in NiS0.5Se0.5 nanosheets and the W single-atom-NiS0.5Se0.5 nanosheets wrapped 3 

NiS0.5Se0.5 nanorods heterogeneous structure is formed (Fig. 1a). The W element has a more 4 

unoccupied outermost electron orbital than Ni, and the replacement of one Ni by one W the 5 

NiS0.5Se0.5 nanosheets structure was expected to generate some additional adsorption sites on W. 6 

To verify the inevitability of forming W-NiS0.5Se0.5, we calculated the formation energy of W-7 

NiS0.5Se0.5, NiS0.5Se0.5, NiS, NiS-NiS0.5Se0.5, and W-NiS-NiS0.5Se0.5 (Supplementary Fig. 3). W-8 

NiS0.5Se0.5 and NiS0.5Se0.5 show lower formation energy than other phases, indicating the 9 

accessibility and feasibility of producing these phases. Supplementary Fig. 4 showed the XRD 10 

patterns of the prepared samples. For bare NiS0.5Se0.5, all peaks were assigned to the same crystal 11 

structures of pyrite-type NiSe (JCPDS No. 02-0892) and NiS (JCPDS No. 02-1280), which have 12 

been investigated in our previous reports35. The W-doped sample (W-NiS0.5Se0.5) also present 13 

same typical XRD pattern of NiS0.5Se0.5, no peaks of WS2, WSe2 or WO3, which can be 14 

attributed to the low concentration and single-atom W. From the scanning electron microscopy 15 

(SEM) images, the uniformly nanorods with ~260 nm grown on NF (Fig. 1b and Supplementary 16 

Fig. 5). From the transmission electron microscopy (TEM) images, the nanorods were wrapped 17 

with ultrathin nanosheets (Fig. 1c). The wrapped nanosheet structure makes the W-NiS0.5Se0.5 18 

nanosheets suspended and fully immersed in the electrolyte solution, which makes the electrolyte 19 

solution flow more freely without dead space around the W-NiS0.5Se0.5 nanosheets and is thus 20 
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beneficial to the transfer and access of the electrolyte ions. In the high-resolution TEM (HRTEM) 1 

image (Fig. 1d), the lattice fringe of nanorod is 0.20 nm corresponding to (102) lattice plane of 2 

NiS0.5Se0.5. The lattice spacing of 0.27 nm in the nanosheets can be indexed to the (101) crystal 3 

plane, which similar to the pure NiS0.5Se0.5. Neither nanoparticles nor clusters were found in the 4 

HRTEM images of nanosheet and nanorods. High-angle annular dark-field scanning TEM 5 

(HAADF-STEM) measurements were adopted to directly observe the presence of W on the 6 

surface of NiS0.5Se0.5 nanosheets. As Fig. 1e,f shown, single-atom W appearing as bright spots 7 

can be found to be well dispersed in the lattice of NiS0.5Se0.5, confirming the formation of single-8 

atom dispersed catalyst. Similarly, the different intensity and the loosely interatomic distances of 9 

line profiles also indicate the isolated W atoms (Supplementary Fig. 5). As seen from the cross-10 

section view, the W single-atom doped into the nanosheets of W-NiS0.5Se0.5 rather than nanorods 11 

(Fig. 1g), while the Ni, S, and Se elements are homogeneously distributed in the whole cross-12 

section. The specific concentration of W is detected by inductively coupled plasma (ICP) and the 13 

atomic ratio of W to Ni is 3.06: 96.94, furthermore, a similar result can be received from energy 14 

dispersive spectroscopy (EDX), while the ratio from X-ray photoelectron spectroscopy (XPS) 15 

were obvious higher than those of ICP and EDX (Supplementary Fig. 5d and Table 2). It 16 

demonstrated the formation of W-NiS0.5Se0.5 nanosheets/NiS0.5Se0.5 nanorods heterostructures, 17 

which will improve its electrocatalytic HER/OER performance36-38. Particularly, our strategy can 18 

also be popularized to synthesize other W single-atom modified TMCs, such as NiS and NiSe 19 

(Supplementary Fig. 7,8 and Table 3).  20 
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 1 

Fig. 1 Synthesized procedure and structural characterizations of W-NiS0.5Se0.5. (a) 2 

Schematic illustration for the synthesis. (b) SEM image; (c, d) TEM images; (e, f) HAADF-3 

STEM image; (g) STEM-EDX elemental mapping images from the cross-section view. 4 

XPS was performed to investigate the chemical composition and binding status of the catalysts. 5 

The XPS survey spectrum of W-NiS0.5Se0.5 confirms the presence of W, Ni, S, and Se, 6 
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suggesting the doping of W in NiS0.5Se0.5 (Supplementary Fig. 9). Fig. 2a shows the W 4f core-1 

level spectra of W-NiS0.5Se0.5 and NiS0.5Se0.5. The binding energy peaks identified for W-2 

NiS0.5Se0.5 at 34.7 eV and 33.1 eV can be assigned to W4+ 4f5/2 and 4f7/2
39. Moreover, the peaks 3 

of W6+ 4f5/2 at 37.7 eV and 4f7/2 at 35.6 eV40,41, which were attributed to surface oxidation of the 4 

W-NiS0.5Se0.5
42,43. Compared with NiS0.5Se0.5, a slight negative shift of the binding energy was 5 

observed for W-NiS0.5Se0.5 in Ni 2p spectra (Fig. 2b), which indicates an increased electron 6 

density of Ni cations after W introducing, thus enhancing the electrocatalytic performance44,45. 7 

X-ray absorption spectroscopy (XAS) was investigated to obtain in-depth insight into the 8 

electronic and local structure of W-NiS0.5Se0.5. Figs. 2c,d exhibit W L3-edge X-ray absorption 9 

near-edge structure (XANES) (Fig. 2c) and Fourier transform extended X-ray absorption fine 10 

structure (FT-EXAFS) (Fig. 2d) spectra of W-NiS0.5Se0.5, together with the W foil, commercial 11 

WS2, WSe2, WO3. The main peak of W-NiS0.5Se0.5 moves toward higher energy compared to W 12 

foil, WS2, and WSe2, but moves toward lower energy than that of WO3, indicating the different 13 

chemical state of W (Supplementary Fig. 10). The W L3-edge FT-EXAFS spectrum of W-14 

NiS0.5Se0.5 shows evident peaks at 1.26 Å, 1.87 Å, and 2.38 Å (Fig. 2d and Supplementary Fig. 15 

11), which can be ascribed to W-O (1.34 Å), W-S (1.93 Å), and W-Se (2.38 Å), respectively. 16 

Compared to W foil, WS2, WSe2, and WO3, the absence of W-W (2.67 Å) in W-NiS0.5Se0.5 17 

indicates the atomic dispersion and special chemical coordination of W. These results 18 

demonstrate that single W atoms have been successfully doped into the NiS0.5Se0.5 nanosheets 19 

via the substitution of Ni sites. In addition, an appreciable shift of W-O peak can be detected in 20 
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W-NiS0.5Se0.5 as compared with WO3, confirming the significantly different W-O coordination. 1 

This might be attributed the forming W-O as the isolated W atoms adsorbed massive oxygen, 2 

which was coincidence with previous reports46. Moreover, the XAS was used to uncover the 3 

change of Ni species as the introduction of W. Fig. 2e shows the Ni K-edge XANES of W-4 

NiS0.5Se0.5 and NiS0.5Se0.5. An obvious decreased intensity of the white line in the W-NiS0.5Se0.5 5 

implies the local atomic arrangement of Ni atom caused by single-atom W doping25,47. This 6 

phenomenon is further definitely verified by the FT-EXAFS spectra (Fig. 2f and Supplementary 7 

Fig. 12). More importantly, in comparison with the dominant peak of W-NiS0.5Se0.5 shifts to a 8 

lower value compared to that of NiS0.5Se0.5, indicating the contract of Ni-S and Ni-Se bonds in 9 

W-NiS0.5Se0.5. The possible reason for this bonding change is the substitutional doped-W would 10 

lead to the delocalization of Ni48,49. 11 

The confinement of the distorted atomic arrangement to the basal plane can be further visually 12 

confirmed by HRTEM and corresponding fast Fourier transform (FFT), as displayed in 13 

Supplementary Fig. 13. The crystal lattice of NiS0.5Se0.5 shows a relatively regular atomic 14 

arrangement. However, a subtly disordered atomic arrangement on the surface is observed as the 15 

W single-atom doping into NiS0.5Se0.5. To directly estimate the disorder degree, similar to the 16 

previous literature50,51, the rotational angle is introduced and which determined by two end points 17 

of a diffraction arc and the central spot of the FFT. The disorder degree of 5.26% and 15.93% for 18 

NiS0.5Se0.5 and W-NiS0.5Se0.5 is obtained, respectively. It can be reasonably predicted that this 19 

distorted atomic arrangement is induced by the extraneous spin states. To reveal the spin state in 20 
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W-NiS0.5Se0.5, the temperature-dependent curve of magnetizations (M-T curve) was performed at 1 

H = 1 kOe to detect the eg electron configuration (Supplementary Fig. 14). The susceptibility is 2 

derived from magnetizations (χ = M/H) via the Curie-Weiss law and the total effective magnetic 3 

moment (μeff) is liner fitted from χ−1 – T via µeff = 8C µB
52, 53. According to obtained μeff, eg 4 

filling for NiS0.5Se0.5 and W-NiS0.5Se0.5 are 1.87 and 1.24 (Supplementary Fig. 14d), respectively, 5 

indicating that the W-NiS0.5Se0.5 has more eg unoccupied states than the NiS0.5Se0.5. Given the 6 

missing of high spin states, the Ni atoms in the W-NiS0.5Se0.5 nanosheets with more unoccupied 7 

eg states should be caused by more delocalized than those in the NiS0.5Se0.5 (Supplementary Fig. 8 

14e). 9 

 10 

Fig. 2 Chemical state and atomic coordination characterizations of W-NiS0.5Se0.5 and 11 

NiS0.5Se0.5. The high-resolution XPS spectra of (a) W 4f and (b) Ni 2p. The XANES spectra of (c) 12 

W L3-edge and (f) the corresponding FT curves for W-NiS0.5Se0.5, NiS0.5Se0.5, WO3, WS2, WSe2, 13 
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and W foil. The XANES spectra of (e) Ni K-edge and (d) the corresponding FT curves for W-1 

NiS0.5Se0.5, NiS0.5Se0.5, NiS, and NiSe. 2 

Electrocatalytic HER performance. The HER performances of W-NiS0.5Se0.5, NiS0.5Se0.5, 20% 3 

commercial Pt/C, and NF were tested in 1.0 M KOH electrolyte with a three-electrode system. 4 

As shown in Fig. 3a, W-NiS0.5Se0.5 exhibits a lower overpotential of 39 mV to reach 10 mA cm−2 5 

at 5 mV s−1, which is comparable to commercial Pt/C (36 mV) and much better than that of 6 

NiS0.5Se0.5 (72 mV) and NF (286 mV). The enhanced HER activity may result from the occurred 7 

delocalization spin states of the Ni atoms as the single W atom doping into NiS0.5Se0.5. 8 

Remarkably, W-NiS0.5Se0.5 exhibits lower overpotentials to obtain the current densities of 10, 9 

100, and 300 mA cm−2, especially at larger current density even surpass commercial Pt/C (Fig. 10 

3b and Supplementary Table 4). The reaction kinetics of catalysts can be evaluated from the 11 

corresponding Tafel plots and shown in Fig. 3c. The W-NiS0.5Se0.5 shows a Tafel slope of 51 mV 12 

dec−1, which is approximate to commercial Pt/C (36 mV dec−1) and much lower than those of 13 

NiS0.5Se0.5 (79 mV dec−1) and NF (161 mV dec−1). The lower Tafel slope of W-NiS0.5Se0.5 14 

demonstrates the construction of 3D heterostructured architectures and the doped W single-atom 15 

can facilitate the HER kinetics. The above merits of the W-NiS0.5Se0.5, including low 16 

overpotential and Tafel slope, are superior to commercial Pt/C and many active non-noble metal 17 

based electrocatalysts (Supplementary Table 5). Another powerful characterization for kinetics 18 

estimation is electrical impedance spectroscopy (EIS) and displayed in Supplementary Fig. 15. 19 
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The W-NiS0.5Se0.5 shows a lower internal resistance and faster rapid charge transfer than those of 1 

other catalysts, which due to the delocalized electronic state produced in W-NiS0.5Se0.5. Clearly, 2 

the Rct values show the rapid decrease from NiS0.5Se0.5 to W-NiS0.5Se0.5 (Supplementary Table 4), 3 

further confirming that the W-doped sample had a relatively higher carrier mobility across the 4 

Helmholtz layer, i.e., the catalyst|solution interface. The turnover frequency (TOF) of W-5 

NiS0.5Se0.5 can reach 1.105 s−1 at −100 mVRHE, which is considerably higher than that of 6 

commercial Pt/C (0.222 s−1), NiS0.5Se0.5 (0.004 s−1), and most reported non-noble catalysts (Fig. 7 

3d and Supplementary Table 5). To deep clarify the enhanced activity, the electrochemical 8 

double-layer capacitance (Cdl) of catalysts was measured. Higher electrochemical surface area 9 

(ECSA) implies more active sites for catalytic reactions and is good for water molecule 10 

adsorption and intimate contact with the electrolyte54
. As shown in Supplementary Fig. 16 and 11 

Table 4, W-NiS0.5Se0.5 exhibited the largest Cdl of 138.6 μF cm−2, which was higher than that of 12 

NiS0.5Se0.5 (109.3 μF cm−2), which is attributed to the unique distorted atomic arrangement and 13 

yields a significant excess of active sites. The normalized LSV from ECSA (Fig. 3e) indicates 14 

the superior intrinsic HER activity in W-NiS0.5Se0.5 than that in NiS0.5Se0.5, further evidencing 15 

the enhancement effect of W single-atom dopant.  16 

Apart from the HER performance, the stability is another pivotal factor for a promising 17 

electrocatalyst. Cyclic voltammetry (CV) and chronopotentiometry measurements were 18 

investigated to survey the stability of the W-NiS0.5Se0.5. In Fig. 3f, W-NiS0.5Se0.5 shows a 19 

negligible degradation (only 39 mV) after operating for 500 h at 10 mA cm−2, which is much 20 
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better than commercial Pt/C. Especially, at the large current density of 100 mA cm−2, W-1 

NiS0.5Se0.5 also shows a slight degradation of 58 mV. The robust durability of W-NiS0.5Se0.5 can 2 

be further verified by the LSV curves before and after 30,000 CV cycles. In order to evaluate the 3 

structure stability of W-NiS0.5Se0.5 during HER process, XRD, XPS, EDX, TEM, and STEM 4 

after HER stability were performed (Supplementary Figs. 17−20 and Table 6). The results 5 

demonstrate that W-NiS0.5Se0.5 exhibits an extremely stable chemical phase and nanostructure. 6 

This excellent stability may be caused by the high chemical stability, and high mechanical 7 

stability of the catalyst materials, which mainly originate from their unique structure. 8 

 9 

Fig. 3 Electrocatalytic HER properties of the W-NiS0.5Se0.5 catalyst recorded in 1.0 M KOH. 10 

(a) HER polarization curves of W-NiS0.5Se0.5, NiS0.5Se0.5, NF, and 20% commercial Pt/C. (b) 11 

Overpotentials comparison of W-NiS0.5Se0.5 with NiS0.5Se0.5 and 20% commercial Pt/C at 12 

various current densities. (c) The Tafel plots of W-NiS0.5Se0.5, NiS0.5Se0.5, NF, and 20% 13 

commercial Pt/C. (d) TOF of the W-NiS0.5Se0.5 compared to previous reports. (e) The normalized 14 
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LSV basing on ECSA for W-NiS0.5Se0.5 and NiS0.5Se0.5. (f) The long-term durability of W-1 

NiS0.5Se0.5 and 20% commercial Pt/C, the inset polarization curves were recorded before and 2 

after 30,000 CV cycles. 3 

Electrocatalytic OER performance. Water oxidation, with multi-electron pathways, is believed 4 

to be the main limiting step for electro-catalyzing overall water splitting. As shown in Fig. 4a 5 

and Supplementary Table 4, the LSV curves showed that W-NiS0.5Se0.5 exhibited a much lower 6 

overpotentials at low and high current density (171 mV@10 mA cm−2, 239 mV@100 mA cm−2) 7 

than those of IrO2 on NF (337 mV@10 mA cm-2, 419 mV@100 mA cm−2) and NiS0.5Se0.5 (257 8 

mV@10 mA cm−2, 331 mV@100 mA cm−2). Moreover, Fig. 4b and Supplementary Table 4 9 

presented that the Tafel slop for W-NiS0.5Se0.5 is 41 mV dec−1, which is much smaller than those 10 

of IrO2 loaded on NF (92 mV dec−1) and NiS0.5Se0.5 (62 mV dec−1), indicating a favorable OER 11 

kinetic for the W-NiS0.5Se0.5. The electrocatalytic performances of state-of-the-art OER catalysts 12 

in recent literatures are summarized and presented in Fig. 4c and Supplementary Table 7. It is 13 

obviously seen that W-NiS0.5Se0.5 owns favorable electrocatalytic activities from overpotential 14 

and Tafel slopes compared with most previously reported catalysts. The normalized LSV of W-15 

NiS0.5Se0.5 in Fig. 4d demonstrates that the W dopant can greatly improve the intrinsic activity of 16 

NiS0.5Se0.5. Compared to other OER catalysts, The W-NiS0.5Se0.5 also exhibits the lowest Rct of 17 

0.65 Ω (Supplementary Fig. 21 and Table 4). The TOF of W-NiS0.5Se0.5 at −250 mVRHE were 18 

calculated to be 1.85 s−1 (Supplementary Fig. 22 and Table 5), which is better than that of 19 

NiS0.5Se0.5 (0.0011 s−1), IrO2 (0.0017 s−1) and many active non-noble metal based electrocatalysts. 20 
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The reason for the excellent OER activity of W-NiS0.5Se0.5 is that Ni owns the lower spin state, 1 

facilitating the O radical formation and O–O coupling46. The detailed OER process would be 2 

discussed in the DFT section below.  3 

 4 

Fig. 4 Electrocatalytic OER properties of the W-NiS0.5Se0.5 catalyst recorded in 1.0 M KOH. 5 

(a) OER polarization curves of W-NiS0.5Se0.5, NiS0.5Se0.5, Ni foam, and commercial IrO2. (b) The 6 

Tafel plots corresponding to (a). (c) Overpotentials and Tafel slopes of W-NiS0.5Se0.5 at 10 mA 7 

cm-2 compared to other representative electrocatalysts. (d) The normalized LSV basing on ECSA 8 

for W-NiS0.5Se0.5 and NiS0.5Se0.5. (e) The long-term durability of W-NiS0.5Se0.5 and IrO2, the 9 

inset polarization curves were recorded before and after 30,000 CV cycles. (f) The HAADF-10 

STEM image of W-NiS0.5Se0.5 after the OER stability test. 11 

In Fig. 4e, W-NiS0.5Se0.5 shows extreme stability after operating OER at 10 and 100 mA cm-2 12 

for 500 h. On the other hand, W-NiS0.5Se0.5 also displays a negligible degradation after testing 13 

30,000 CV cycles (inset in Fig. 4e), further manifesting its exceptional stability during the OER 14 
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process. The post-measurements of XRD, XPS, EDX, TEM, and STEM for W-NiS0.5Se0.5 1 

exhibit that (Fig. 4f, Supplementary Figs. 23-25 and Table 6) the doped W single-atom remains 2 

the original morphology and composition in NiS0.5Se0.5, signifying the outstanding structural 3 

stability. The high durability of the W-NiS0.5Se0.5 is mainly due to the unique structure of the W-4 

S/Se moiety, leading to strong interaction between the monodispersed W atoms and the substrate. 5 

Electrocatalytic performance for overall water splitting. As shown in Fig. 5a, W-NiS0.5Se0.5 6 

owns higher HER and OER activity than Pt/C+IrO2, thus it is expected to assemble a two-7 

electrode water splitting system by using it as cathode and anode. The W-NiS0.5Se0.5||W-8 

NiS0.5Se0.5 system features lower potentials of 1.44 and 1.55 V to achieve 10 and 100 mA cm-2, 9 

respectively. The water-splitting property of W-NiS0.5Se0.5||W-NiS0.5Se0.5 is much better than 10 

those of NiS0.5Se0.5||NiS0.5Se0.5 and commercial IrO2||Pt/C (Fig. 5b) and even surpasses the most 11 

reported electrocatalysts (Supplementary Table 8). The amazing stability of W-NiS0.5Se0.5||W-12 

NiS0.5Se0.5 can be observed in Fig. 5c, measured at 10 mA cm-2 or even at 100 mA cm-2 for 500 h, 13 

which operating time is much longer than commercial IrO2||Pt/C. Moreover, the slight 14 

degradation of W-NiS0.5Se0.5||W-NiS0.5Se0.5 testing for 30,000 CV cycles (inset in Fig. 5c) 15 

confirms its excellent stability again. The experimental evolved H2 and O2 amounts of W-16 

NiS0.5Se0.5||W-NiS0.5Se0.5 system are matched well with the theoretical values, suggesting its 17 

Faradaic efficiency close to 100% (Supplementary Fig. 26). What’s more, the W-NiS0.5Se0.5||W-18 

NiS0.5Se0.5 system can drive water splitting by a commercially available alkaline battery (1.5 V) 19 
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and observe clear H2 and O2 bubbles (Fig. 5d), demonstrating its good overall water splitting 1 

performances.  2 

 3 

Fig. 5 Overall water splitting performances of the W-NiS0.5Se0.5 catalyst recorded in 1.0 M 4 

KOH. (a) HER and OER polarization curves of W-NiS0.5Se0.5, Pt/C, and IrO2. (b) The 5 

polarization curves of W-NiS0.5Se0.5||W-NiS0.5Se0.5, NiS0.5Se0.5||NiS0.5Se0.5, and Pt/C||IrO2. (c) 6 

The long-term durability of W-NiS0.5Se0.5||W-NiS0.5Se0.5 and Pt/C ||IrO2 for water splitting, the 7 

inset polarization curves were recorded before and after 30,000 CV cycles. (d) The gas evolution 8 

photographic image of W-NiS0.5Se0.5||W-NiS0.5Se0.5 powered by a commercial 1.5 V AA battery. 9 

To prove the universality, we synthesized the W-NiS and W-NiSe nanosheet@NiS and NiSe 10 

nanorods and which also show higher HER/OER and overall water splitting activity than those of 11 
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NiS and NiSe (Supplementary Figs. 27-29). Consequently, this one-step facile method can be 1 

considered as a mild-efficient and low-cost route to synthesize the W single-atom doped TCMs 2 

materials. In addition, the prepared W-NiS0.5Se0.5 can be believed to be a promising candidate to 3 

replace precious metals, which also can serve as the next-generation catalysts to electro-catalyze 4 

water splitting under alkaline conditions. 5 

First-principles calculations. To further uncover the modulation principle of W-NiS0.5Se0.5 for 6 

HER/OER catalytic activities at the atomic scale, density function theory (DFT) was performed. 7 

The optimized structures in W-NiS0.5Se0.5 and NiS0.5Se0.5 are displayed in Supplementary Figs. 8 

30,31. Fig. 6a shows the projected density of states (PDOS) of W-NiS0.5Se0.5 and NiS0.5Se0.5. 9 

New hybridized electronic states have emerged as W single-atom doping into NiS0.5Se0.5, which 10 

is mainly caused by the hybridization between W and S/Se atoms. Compared with the PDOS of 11 

NiS0.5Se0.5, specifically, a change that occurs around the Fermi level in W-NiS0.5Se0.5 and is 12 

mostly induced by the Ni 2p orbitals. The results demonstrate that the W single-atom dopant can 13 

efficiently optimize the electron state of Ni atoms in NiS0.5Se0.5 and finally improve its catalytic 14 

activity. Generally, the adsorption Gibbs free energy (∆G*) on a catalyst surface is a well-known 15 

descriptor for investigating the catalytic activity. As shown in Supplementary Figs. 32,33, the 16 

bond length of H−Ni of W-NiS0.5Se0.5 was estimated to be 1.687 Å, the bond length of H−W of 17 

W-NiS0.5Se0.5 was estimated to be 1.6826 Å, longer than the 1.6059 Å of NiS0.5Se0.5, which 18 

indicates the relatively weak H−Ni/H-W bonds on the W-NiS0.5Se0.5 and is, in turn, conducive to 19 

the formation of H−H by the recombination of two adjacently adsorbed H. As shown in Fig. 6b, 20 
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the NiS0.5Se0.5 has a large energy barrier on Ni site, indicating a sluggish process. In contrast, the 1 

calculated hydrogen adsorption free energy of W-NiS0.5Se0.5 shows a dramatically decreased 2 

∆GH* of on Ni site and low ∆GH* of on W site, suggesting an accelerated 3 

adsorption/desorption of H after the introduction of atomic-level W. These results indicate that 4 

the Ni site and W site are the active site for HER on W-NiS0.5Se0.5. To further understand the 5 

catalytic nature of W-NiS0.5Se0.5, we correlated the calculated ΔGH* with the exchange current 6 

density (j0, Supplemental Fig. 34) from the Tafel diagram and obtained the volcano diagram (Fig. 7 

4c). It can be seen that the activity of the W-NiS0.5Se0.5 evaluated by ΔGH* and j0 in alkaline 8 

solution is higher than that of the common noble and nonnoble metals in alkaline solution55,56. 9 

Remarkably, the activity of the W-NiS0.5Se0.5 even surpasses the state-of-the-art Pt/C catalysts in 10 

alkaline solution. Moreover, we researched the energetic pathway during the OER process in W-11 

NiS0.5Se0.5 and NiS0.5Se0.5, and the corresponding adsorption sites are shown in Figs. 6d and 12 

Supplementary Fig. 35. The typical OER mechanism in W-NiS0.5Se0.5 is illustrated in Fig. 6d. In 13 

detail, the *OH species first form on the Ni sites and then donate one proton to the system. 14 

Secondly, a single oxygen atom adsorbs on the Ni sites and reacts with water via nucleophilic 15 

attack, and then occurring deprotonation to generate *OOH. The *OOH has been formed in the 16 

third step and always acts as the potential determining step during the OER process. Finally, the 17 

proton-coupled electron transfer would result in the release of O2
57. The ∆G* of W-NiS0.5Se0.5 18 

and NiS0.5Se0.5 for OER is illustrated in Supplementary Fig. 36. At U = 0 V, the transformation 19 

of [*O] to [*OOH] needs to overcome a larger barrier, suggesting the determining step for W-20 
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NiS0.5Se0.5 and NiS0.5Se0.5 both is the formation of [*OOH]. The W atomic site incorporated 1 

NiS0.5Se0.5 lowers the barrier (1.41 eV) than that of 1.59 eV in NiS0.5Se0.5.  2 

 3 

Fig. 6 Optimized geometry of adsorption structure (a) Calculated PDOS of W-NiS0.5Se0.5 and 4 

NiS0.5Se0.5. (b) The calculated ∆GH* of different H* adsorption site on W-NiS0.5Se0.5 and 5 

NiS0.5Se0.5, respectively. (c) The proposed possible process of W-NiS0.5Se0.5 on OER process. (d) 6 

Volcano plots of j0 measured in alkaline solution as a function of the ΔGH* for pure metals55,56 7 

(black circles) and the state-of-the-art Pt/C (green diamond), as well as the W-NiS0.5Se0.5 (red 8 

star). The dashed lines are used to guide the eye. 9 
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Discussion 1 

In summary, we have demonstrated that W-NiS0.5Se0.5, synthesized by a simple universality 2 

one-step approach, is a highly active and robust HER/OER electrocatalyst in alkaline media. The 3 

HER/OER properties of W-NiS0.5Se0.5 outperform commercial Pt/C, IrO2, and other previously 4 

reported electrocatalysts. The replacement of Ni by W will provide some additional adsorption 5 

sites on the W-NiS0.5Se0.5. The low-spin of W single-atom would gear toward tuning the 6 

delocalization of Ni spin states, which increases the Ni 2p electronic states, optimized H* 7 

adsorption kinetics, significantly reducing the energy barrier for the rate-determining step (O* to 8 

OOH*). The superior catalytic performance of the W-NiS0.5Se0.5 catalyst highlights the 9 

importance of atomic-level engineering strategy for electronic structure tuning of electrocatalysts 10 

to effectively manipulate their catalytic properties. 11 

 12 

Methods 13 

Synthesis of W-NiS0.5Se0.5. In a typical synthesis of the NiS0.5Se0.5, to remove the nickel oxides on the NF 14 

surface, the NF was soaked in 1 M HCl solution firstly, then washed with deionized water, acetone and ethanol 15 

in turns. The NF was dried in a vacuum oven to avoid reoxidation. In detail, 0.288 g selenium powder was 16 

firstly dissolved in 6 ml hydrazine hydrate with stirring for 20 min. Then 0.278 g thiourea, 0.4 g ammonium 17 

fluoride, 15 ml ethanol and 9 ml water were added. After stirring for 30 min, 0.835 g tungsten trioxide was 18 

added. After stirring for another 30 min, the obtained solution with a dried NF (1 x 2.5 cm2) was put into a 50 19 

ml Teflon-lined stainless autoclave to process the solvothermal reaction at 220 °C for 24 h. After cooling to the 20 

room temperature, the obtained W-NiS0.5Se0.5 was washed with deionized water for three times then frozen 21 

drying. 22 
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Materials characterizations. The crystal structure of the samples was analyzed by the powder XRD (Bruker 1 

D8 Advance diffractometer, Cu Kα1). The morphology, nanostructure, and element of samples were 2 

investigated by SEM (Hitachi S4800, 30 kV) equipped with EDX (Genesis XM2), TEM (JEOL JEM-2100F, 3 

200 kV) and HAADF-STEM (JEOL JEM-ARM200F). ICP-mass spectrometry (ICP-MS) was utilized to 4 

characterize the composition of the nanocrystals. The chemical valence state and the surface atomic ratio were 5 

measured by XPS (Perkin Elmer PHI 1600 ECSA system). XAFS experiments were performed at the 1W1B 6 

beamline of the National University of Singapore Synchrotron Radiation Facility. The storage ring runs at 2.0 7 

GeV with a maximum electron current of about 450 mA. The energy range of the incident X-ray is tunable 8 

from 4 to 25 keV by fix-exit Si (111) double crystal monochromator. The absorption edge of standard metal 9 

foils was used to calibrate the X-ray energy. Samples were ground into fine powers and then pressed into thin 10 

disks of 10 mm in diameter. W L3-edge and Ni K-edge XANES/EXAFS spectra were collected at room 11 

temperature in transmission mode. The magnetic measurements were carried out with a MPMS SQUID 12 

magnetometer. 13 

Electrochemical test. All electrochemical investigations were conducted at room-temperature. The HER and 14 

OER electrocatalytic activity were tested in 1 M KOH by a three-electrode configuration on a CHI660B 15 

workstation, and the overall water splitting was tested by a two-electrode system. As a 3D electrode, the as-16 

obtained sample was used as the working electrodes (1 cm x 1 cm), and the counter electrode was a graphite 17 

rod. While a saturated calomel electrode (SCE) was used as the reference electrode. All the potentials were 18 

calibrated to the reversible hydrogen electrode (RHE) on the basis of the Nernst equation. The working 19 

electrodes were activated by using the CV test for several times at a scan rate of 50 mV s−1 before measuring 20 
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the CV and LSV. LSV was carried out at a scan rate of 5 mV s−1. All polarization curves were corrected with 1 

the IR in this work unless noted otherwise. Tafel plots were obtained from the polarization curves 2 

(overpotential (η) versus the logarithm of current density (log |J|)). EIS were performed from 100 kHz to 0.01 3 

Hz under an AC voltage (10 mV) at 0.6 V and −1.2 V vs. SCE for OER and HER, respectively. Accelerated 4 

durability tests of catalysts were performed by continuous potential cycling between 0 ~ 0.5 V and −0.9 ~ −1.2 5 

V vs. SCE for OER and HER at a scan rate of 100 mV s−1 for 30,000 cycles. The chronopotentiometry tests 6 

were performed for 500 h at a constant current density of 10 and 100 mA cm−2. The electrochemical Cdl was 7 

measured by CV method. The potential was swept at 5, 10, 15, 25, 50, 100, 150, and 200 mV s−1 from 0.37 to 8 

0.47 V versus RHE, where no faradic current was observed. The halves of the positive and negative current 9 

density at the center of the scanning range (i.e., 0.42 V) with different scan rates were plotted, and the slopes 10 

represent the double-layer capacitance. The overall water splitting tests were conducted by a two-electrode 11 

system and the catalysts loaded on NF (mass loading: 2.4 mg cm-2). Polarization curves were obtained at a 12 

scan rate of 5 mV s−1. For the working electrodes containing commercial 20 wt.% Pt/C or IrO2 catalyst, 10 mg 13 

Pt/C or IrO2 and 35 μl of 5 wt.% Nafion solution were dispersed in 965 μl isopropanol by sonication to form a 14 

homogeneous ink. The as-prepared catalyst ink (240 μl) was dropped on the surface of the NF, yielding an 15 

approximate catalyst loading of 2.4 mg cm−2.  16 

Computational details. The surfaces of NiS (101), NiS0.5Se0.5 (101), NiS-NiS0.5Se0.5 (101), W-NiS (101), W-17 

NiS0.5Se0.5 (101) and W-NiS-NiS0.5Se0.5 (101) were built, where the vacuum space along the z direction is set 18 

to be 20 Å, which is enough to avoid interaction between the two neighboring images. Then the H, OH, O and 19 

OOH have been loading on the surface. The bottom three atomic layers were fixed, the top three atomic layers 20 
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were relaxed adequately. The first principles calculations in the framework of density functional theory were 1 

carried out based on the Cambridge Sequential Total Energy Package known as CASTEP58. The exchange–2 

correlation functional under the generalized gradient approximation (GGA)59 with norm-conserving 3 

pseudopotentials and Perdew–Burke–Ernzerhof functional was adopted to describe the electron–electron 4 

interaction60. An energy cutoff of 750 eV was used and a k-point sampling set of 5 x 5 x 1 were tested to be 5 

converged. A force tolerance of 0.01 eV Å-1, energy tolerance of 5.0 x 10-7 eV per atom and maximum 6 

displacement of 5.0 x 10-4 Å were considered.  7 

The adsorption energy of A = H, OH, O and OOH were calculated by61: 8 

∆EA = E*A – E* – EA 9 

where E*A, E* and EA denote the energy of adsorbed system, clear surface and a group. The electrochemical 10 

model of OER can be divided into four one-electron reactions62: 11 

H2O + * → *OH + (H+ + e−) 12 

*OH + (H+ + e−) → *O + 2(H+ + e−) 13 

H2O + *O + 2(H+ + e−) → *OOH + 3(H+ + e−) 14 

*OOH + 3(H+ + e−) → O2 + * + 4(H+ + e−) 15 

According to the method presented by Nørskov, the Gibbs free energy diagrams were estimated by the 16 

following equation, 17 

∆G = ∆E + ∆ZPE – T∆S 18 
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where ∆E is the energy change between the reactant and product obtained from DFT calculations; ∆ZPE is the 1 

change of zero point energy; T and ∆S denote temperature and change of entropy, respectively. T is the 2 

temperature with unit K. In here, T = 300 K was considered.  3 

The formation energy Ef is: 4 

Ef = (Esys – μni*NNi – μW*NW – μS*NS – μSe*NSe)/N 5 

where Esys and N denote the total energy and number of atoms in systems, μNi, μW, μS and μSe are the chemical 6 

potentials of Ni, W, S and Se atoms in the pristine bulk, NNi, NW, NS and NSe are the number of Ni, W, S and 7 

Se atoms in systems. 8 

 9 
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