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Abstract
Layered transition metal dichalcogenides (TMDCs) are emerging materials family of catalysts. W is abundant and affordable, as WSe2 attracted attention for electro-optical applications, although it is relatively unexplored as a catalyst. We report the synthesis of WSe2 doped by various transition metals (Fe, Co, Nb, Ni, Zr). Among the doped catalysts, Ni-WSe2 is the most promising electrocatalyst for the hydrogen evolution reaction and it possesses the smallest charge transfer resistance, which contributes to the facilitated faster catalytic reaction. The analysis shows that upon doping withNi, the catalytic enhancement originates from improved hydrogen adsorption (Hads). Beyond this threshold of Ni loading, the improved activity in alkaline medium results from optimized interaction of the OH/surface active sites. Using density functional theory calculations, we identified that the catalytic sites are Se atoms either bound to a substitutional Ni dopant or constituting a small patch of NiSe grafted on the WSe2 surface. 
Introduction
The electrochemically-driven water splitting process mostly depends on the availability of the efficient and robust catalysts. Hydrogen production through water splitting is amongst the most promising methods for this challenge.1 In order to adopt water electrolyzers as a main hydrogen production source, it is necessary to develop highly efficient, inexpensive and abundantly available electrocatalysts in both half reactions of water splitting. Currently, Pt-based electrocatalysts demonstrate the best catalytic performances for the hydrogen evolution reaction (HER), in acid (2H + 2e ⟶H2) and alkaline (2H2O + 2e ⟶ H2 + 2OH-) media. However, considering the scarcity and cost of the noble metal platinum (Pt), its large-scale utilization as cathode in H2-production cells is limited.2 Among the nonprecious catalysts, that drive HER at low overpotential are transition metal dichalcogenides (TMDCs), such as MoS2, which have been reported as a promising electrocatalyst due to its layered structure, unique electronic configuration and electrochemical stability. Following the successful implementation of transition metal sulfides in various applications, transition metal selenides are now the rising stars; heavier chalcogens provide better electrical conductivity, which is critically important for energy storage, and optoelectronic and magnetic applications.3, 4 Although the overall structure is similar for all TMDCs, the material properties can be significantly different depending on the size, polarizability and charge of both constituting elements.5 
Tungsten is the heaviest transition metal in the family of TMDCs, which provides better opportunity to alter the structure and control the materials’ properties.6 WS2 and WSe2 have recently attracted considerable attention because of the abundancy of W in the Earth's crust, their affordable price and their more benign nature in comparison with the Mo counterparts. 7 In particular,  WSe2 is one of the most promising in this sub-family, and has been widely utilized for various applications including photodetectors and field-effect transistors.3, 8, 9 Its lattice structure is typical for TMDCs with W atoms confined in a trigonal prismatic coordination sphere neighbored to Se atoms.6 Each layer of W is sandwiched between two layers of hexagonally close-packed Se atoms, and the atomic layers are stacked by weak van-der-Waals interactions.10 The electrocatalytic HER activity is governed by active sites, intrinsic activity and conductivity between the active sites and the catalyst substrate.11 TMDCs  typically adopt a 2H crystal structure where the catalytic active sites are mostly absent on the basal planes and are available at the edges.12 DFT calculations by Nørskov et al., show that the Mo-edge of MoSe2 and the Se-edges of both WSe2 and MoSe2 are major sites for the catalytic activity of the HER, with activity that is predicted to be comparable to or better than MoS2.13 Edge-oriented structures of WSe2 are being envisaged as promising catalyst for HER,14, 15 not only theoretically but practically, similarly to other TMDC materials with such a morphology.16-18 In addition to creating edge-rich morphology, another common strategy to create active catalytic sites is by doping of the TMDC with other transition metals,14, 16, 17, 19-21 which is also a means to enhance the electrical conductance within the WSe2 nanosheets.22, 23 The formation of solid solutions with d-elements such as Zr and Nb to form W1-xNbxSe2 and W1-xZrxSe2 in a wide range of x is highly probable since both Zr and Nb have the same high ability to form molecular-like 2D-layers similar to WSe2.24 High affinity of Co to the saturation of the edges of layered d-metal dichalcogenides is also well established and is extensively applied in catalysis.25-27 Other works have used Fe and Ni as dopants in other TMDCs,28 but focused only on HER in acidic environments.27, 29, 30 A limited number of previous publications presented the catalytic performance towards HER of WSe2 structures such as monolayer nanosheets,31 WSe2 nanotubes supported on carbon fibres,32 WSe2 nanosheets supported on carbon fibres,33  exfoliated WSe2 nanosheets,34 Nb-doped WSe2,11 V-doped WSe2,11 Ta-doped WSe2,11 WSe2/rGO composite,35 and Co0.85Se-WSe2 composite36 and  WSe2 nanomesh. 37 To date, the number of efficient and inexpensive HER catalysts for alkaline medium is much lower than those for acidic media although there is promising commercial viability for the design of efficient and stable catalysts for alkaline conditions.
	In the present study, a comparative study for transition metal doping (Fe, Co, Nb, Ni and Zr) in WSe2 was carried out, using colloidal chemistry as the synthesis route. Doping with Ni leads to the best catalytic performance within this set of samples, in terms of the overpotential (η) at 10 mA cm-2 and with a lower Tafel slope. We therefore continued to study only Ni-doped samples in both acidic and alkaline medium. The 10 % Ni-doped WSe2 exhibits a significantly improved HER performance with a lower Tafel slope and overpotential at 10 mA cm-2 of 259 mV in acid and 215 mV in alkaline medium, much better than reported for pristine and other doped WSe2 samples. Herein, we demonstrate that the sluggish HER kinetics and catalytic activity of WSe2 are improved by a Ni doping. Using density functional theory calculations, we propose two possible structures as the catalytic active sites; either the Se bound to a substitutional Ni dopant or the Se in a small patch of NiSe grafted on the WSe2 surface. Electronic properties and charge transfer dynamics of these structures are also discussed. 
Experimental section
Pristine WSe2 was synthesized by colloidal chemistry. ODE-Se precursor was prepared by adding 1 mmol selenium powder in 20 mL ODE. Further, 0.2 mmol of ammonium metatungstate hydrate ((NH4)6H2W12O40·xH2O) were mixed with 20 mL of oleylamine. Then the flask was backfilled with N2 gas and 0.4 mmol of Se-ODE precursor solution (8 mL) were added dropwise using a syringe pump with constant stirring. The reaction temperature was slowly increased to 300oC and maintained for the next 3 hours. Doped WSe2 samples, with varying compositions, were synthesized by the same procedure except for substitution of some of the W precursor with the precursor of the doping element in the set ratio. The dried powder samples were annealed under N2 atmosphere at 250oC for 3 hours, to remove residuals attached to the surface (‘ligand stripping’). Working electrodes were prepared by dispersing 2 mg of the catalyst and 1 mg Vulcan carbon black in a 550 μl of Nafion solution and the homogeneous ink (20µl) was drop-casted onto a 3 mm glassy carbon electrode (i.e. final loading of ∼1 mg cm−2). Standard three electrode system was used for all the electrochemical measurements. The electrochemical HER measurements were performed in Argon-saturated 0.5 M H2SO4 or 0.5 M KOH aqueous solution at room temperature.  Detailed experimental procedures are provided in the Supporting Information.
Results and Discussion
The synthesized pristine WSe2 nanostructures comprised small, randomly assembled nanosheets anchored together, forming 3D hierarchical flower-like or petalled structure (Figure 1a-b). The nano petals constitute sheets with edge length of 200-500 nm, approximately 10 nm thick. Such a morphology offers many additional active edge sites through the rough surface, and promotes the HER performance.38 In addition, doped samples with a feed ratio of 3 % (i.e. substituting 3% of the W precursor) were prepared with various transition metals: Ni, Fe, Co, Nb, and Zr, all exhibiting similar structural morphology (See Figure 1c-f). The doping percent provided here is the percent in the feed ratio, and the actual doping level within the samples is probably different, as will be discussed below for the Ni-doped samples. In the case of 3 % Zr-WSe2, agglomerated particles of 200 nm on average have been observed (See Figure 1f).
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Figure 1. SEM images of: pristine WSe2 (a), 3% Ni-WSe2 (b), 3% Fe-WSe2 (c), 3% Co-WSe2 (d) 3% Nb-WSe2 (e), and 3% Zr-WSe2 (f).	Comment by barsadan: A and b are the same image – please check

According to the XRD powder diffractions, the crystallographic phase of the synthesized nanostructures i.e; Fe, Co, Nb, and Zr doped WSe2 is the bulk hexagonal phase, with P63/mmc symmetry matching the JCPDS Data card No. 00-038-1388 (Figure 2). 
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Figure 2. XRD Pattern of the pristine WSe2 along with the patterns for 3 %Fe, Co, Nb, Ni and Zr-doped WSe2 samples.
Hydrogen evolution electrocatalysis was probed by linear sweep voltammetry (LSV) between 0.1 and -0.5 V vs. RHE in 0.5 M H2SO4 in a three-electrode configuration (see the experimental section of the Supporting Information for details). Figure 3 shows the polarization curves with their corresponding Tafel plots for pristine WSe2 and 3% Fe, Co, Nb, Ni and Zr -doped WSe2. The 3% Ni-WSe2 catalyst demonstrates the best catalytic performance, displaying the lowest overpotential (ƞ) of 280 mV at 10 mA cm-2, an improvement of about 100 mV from the pristine WSe2. The HER kinetics of the catalysts mentioned above is analyzed by corresponding Tafel plots (η vs log j) (Figure 3b). The 3% Ni-doped WSe2 catalyst also shows the lowest Tafel slope within the sample set (79 mV/dec), indicating a faster rate of the HER. Therefore, we focus further on investigating the Ni-doped WSe2 samples. 


[image: ]
Figure 3. (a) HER polarization curves of the pristine WSe2 along with 3% Fe, Co, Nb, Zr and Ni-doped WSe2 sample in 0.5 M H2SO4 (b) The corresponding Tafel plots obtained from the polarization curves. 
A controlled synthesis of Ni-doped nanostructures, with feed ratios of 3%, 5% and 10% Ni, was carried out. SEM images show that the typical morphology was maintained upon Ni doping (Figure 4a-c and Figure S1 for additional TEM images), offering an opportunity to study the specific effect of Ni doping on the catalytic activity. As a control experiment, only Ni and Se precursors were used to prepare pure nickel-selenide structures under the same conditions as the Ni-doped WSe2, resulting in a mixed morphology containing both sheet-like structures of 250 nm in size and rod-like structures of 10 nm diameter and 400 nm in length (Figure 4d). The elemental composition in the samples was confirmed by SEM EDS analysis (Table S4).
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Figure 4. SEM images of: (a) 3% Ni doped WSe2 (b) 5% Ni doped WSe2 (c), 10% Ni doped WSe2 (d) and pristine nickel selenide (Ni3Se2-NiSe) structures of the control sample.
The crystallographic phase of the synthesized Ni-doped nanostructures also matched the bulk hexagonal phase of WSe2 (Figure 5a). The (002) peak at 2Ɵ = 13.5° shows broadening with higher Ni content, demonstrating thinning of the petals typically seen in the growth of ternary materials,17 and formation of plentiful edges for enhanced HER activity. At higher Ni loading (10% in the feed ratio relative to the W), a shoulder peak at 2Ɵ = 33.14° indicated the formation of hexagonal NiSe impurity (Figure 5a). The control sample of only nickel selenide showed that under these conditions, a mixed phase comprising 83% rhombohedral Ni3Se2 and 17% hexagonal NiSe was produced (See Figure S2 for XRD patterns). Raman spectroscopy, using excitation laser wavelength of 532 nm, showed only one broad peak located at 250 cm-1 for the A1g (out of plane) and E12g (in-plane) mode due to the small energy difference between them, Figure 5b.39 The increase in the A1g and E12g peak with higher Ni content and the characteristic shoulder peak located at 310 cm-1, both indicate thinning and the presence of few-layered WSe2.1, 40, 41
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Figure 5. (a) XRD Pattern of the pristine WSe2 along with 3 %, 5 % and 10 % Ni-doped WSe2 sample (b) Raman spectrum of the pristine WSe2, 3 %, 5 % and 10 % Ni-doped WSe2 sample.

[bookmark: _Hlk26020978]The chemical composition and atomic valence state of pristine and doped WSe2 were investigated by X-ray photoelectron spectroscopy (XPS) (Figure 6a-c). The spectrum shows two sets of peaks, corresponding to both W+4 and W+6.42 For the W+4, The W 4f spectrum of pristine WSe2 contains two signals located at 32.05 eV and 34.15 eV, assigned to 4f7/2 and 4f5/2, respectively.43 With higher Ni doping, both peaks gradually shift towards higher binding energies, 32.34 eV and 34.44 eV for the 10 % Ni doped WSe2 (Figure 6a). The second set of peaks, located at 35.76 eV and 37.86 eV for pristine WSe2, is assigned to 4f7/2 and 4f5/2 of W6+ and W5+, showing minor traces of the precursor or WO3, although the latter was not detected in the high resolution TEM studies (shown below).23, 43 Figure 6b shows the Se signal, composed of two lines for Se 3d5/2 and Se 3d3/2 located at 54.33 and 55.13 eV for the pristine WSe2 (deconvoluted images shown in Figure S3). With higher Ni doping, a shift towards the higher energy was observed, reaching 54.59 and 55.39 eV for 10% Ni-doped WSe2, confirming successful doping of Ni into the WSe2.23 The peak position for the W 4f and Se 3d for the pristine and Ni-doped WSe2 sample are given in Table S1. The shift observed in the binding energy of W and Se when Ni atoms are introduced into the WSe2 lattice suggests that the electronic structure is modified by Ni doping. Figure 6c presents the Ni 2p spectrum of the 5 % and 10 % Ni-doped WSe2 sample. The 2p3/2 peak located at 854.6 eV reveals that the Ni is in the Ni2+ oxidation state, similar to NiSe44 and Ni(OH)2 that possibly exit at surface.29 45 The XPS survey spectrum for oxygen is presented in Figure S4, showing that the O 1s peak appears at ~ 531.0 and 533.0, and can be therefore associate with O-W and not with oxidized Ni. 43 It indicates that in the outer surface, a certain fraction of the W is oxidized, although the reaction was carried out under nitrogen. 
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Figure 6. X-ray photoelectron spectra of (a) W 4f for pristine WSe2 along with 3 %, 5 % and 10 % Ni-doped WSe2, (b) Se 3d for pristine WSe2 along with 3 %, 5 % and 10 % Ni-doped WSe2 and (c) Ni 2p for 5 % and 10 % Ni-doped WSe2 sample.

Theoretical and experimental studies have shown that the activity trends in acidic solution are concluded on the basis of hydrogen adsorption (Hads) at the active sites. However, the kinetic barrier for the primary step of the water dissociation, H--OH, govern the overall reaction rate in alkaline medium in addition to the thermodynamic ΔGH*.46-48 Obviously, a low water dissociation barrier requires favorable H/OH adsorption on the surface. In this respect, Ni2+ promotes the dissociation of water by a favorable interaction of hydroxyl with Ni.49-51 The dissociation step is then followed by H adsorption on the nearby active sites of WSe2 and by adsorption of OH- on Ni. In addition, the observation that Ni alters the electronic structure and the binding energy of both W and Se (derived from XPS) suggests that the electronic structure can be modified to more favorable interaction with the intermediates. 
[bookmark: _Hlk25414703]The HER performance of the Ni-WSe2 catalysts with different amount of Ni in both acidic (0.5 M H2SO4) and alkaline (0.5 M KOH) media is presented in Figure 7 and Table 1 along with pristine WSe2 and as-obtained Ni3Se2-NiSe. In acidic solution, increasing the Ni content above 3% leads to negligible changes in both the overpotential and the Tafel values (Figure 7), while a pronounced improvement of the HER performance in alkaline was observed. Therefore, it can be concluded that up to 3% Ni doping, the hydrogen adsorption (Hads) is improved, and serves as the origin for the enhanced activity. Above this threshold of Ni loading, the improved activity in alkaline originates mainly from optimization of the OH/surface active sites interactions, and therefore no further improvement was observed in acidic media. The results for the 10% Ni-WSe2 catalyst, show improved performance in both media (ƞ=259 mV in acid, ƞ=215 mV in alkaline at 10 mA cm-2) which exceeds the reported values in the literature for various structures such as WSe2 monolayer nanosheets,31 WSe2 nanotubes supported on carbon fibres,32 WSe2 nanosheets supported on carbon fibres,33  exfoliated WSe2 nanosheets,34 Nb-doped WSe2,11 V-doped WSe2,11 Ta-doped WSe2,11 WSe2/rGO composite,35 and Co0.85Se-WSe2 composite36 (Table S2 in the Supporting Information). The use of additional Ni in the feed ratio did not improve further the catalytic performance in alkaline conditions (Figure S6).  
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Figure 7. (a) HER polarization curves of the pristine WSe2 and Ni3Se2 along with 3 %, 5 %, 10 % Ni-doped WSe2 in 0.5 M H2SO4 (b) corresponding Tafel plots obtained from the polarization curves (c) HER polarization curves of the pristine WSe2 and Ni3Se2 along with 3 %, 5 %, 10 % Ni-doped WSe2 in 0.5 M KOH (d) corresponding Tafel plots obtained from the polarization curves (e) Stability test of 10 % Ni-doped WSe2 sample in 0.5 M H2SO4. Polarization curves before (black) and after (red) continuous 3000 CV cycles (f) Nyquist plots showing the electrode kinetics of WSe2 along with 3 %, 5 % and 10 % Ni-doped WSe2 sample. 
Table 1: The electrochemical HER results for various Ni-doped WSe2 compared with pristine WSe2 and Ni3Se2-NiSe in acidic and alkaline media
	ECSA (cm2)
	Rct from Impedance at 200 mV 
(Ω)
	Tafel slope (mV/dec)
	Over Potential at 10 mA/cm2
(mV)
	Catalyst

	
	Base
	Acid
	Base
	Acid
	Base
	Acid
	

	25
	1500
	1450
	152
	105
	375
	372
	Pristine WSe2

	35
	460
	850
	136
	81
	271
	278
	3% Ni-WSe2

	50
	190
	600
	120
	84
	235
	266
	5% Ni-WSe2

	73
	160
	440
	109
	86
	215
	259
	10 % Ni-WSe2

	
	2900
	1120
	189
	71
	410
	298
	Pristine Ni3Se2-NiSe



In addition, the results showed that the 10% Ni-WSe2 catalyst had very good electrocatalytic stability after 3000 cyclic voltammetry (CV) cycles in 0.5 M H2SO4 (Figure 7e) and 0.5 M KOH (Figure S7). In addition, to characterize the materials directly before and after the catalytic reaction, we prepared another set of electrodes without carbon black (which complicates the analysis). The new set of electrodes was prepared by dispersing 3 mg of 10% Ni-WSe2 in 300 µl of the following solution: 2000 μl water, 500 μl ethanol and 150 μl Nafion solution (5%). The stability study was performed by cyclic voltammetry measurement in both acidic and alkaline media. The surface morphology of the catalyst before and after the stability study was investigated by SEM (Figure S8), showing that the surface morphology of the catalyst before and after the stability study is quite similar. XPS analysis of catalyst before and after the stability study shows minor changes in the XPS spectra (Figure S8 and S9). Electrochemical impedance spectroscopy was further used to explore the HER electrode kinetics of the pristine WSe2, Ni3Se2-NiSe and Ni-doped WSe2 catalysts at 200 mV potential. Figure 7f depicts the associated Nyquist plots at the overpotential of 200 mV. The interfacial charge transfer resistance (Rct) can be represented by the semicircle fit in a Nyquist plot. The 10 % Ni-WSe2 possesses the smallest electron transfer resistance, which contributed to the preferred catalytic reaction. The plot of log(1/Rct) versus the overpotential (ɳ) gives the Tafel slope from the impedance data for the HER. The results (Figure S10d) prove that 10% Ni-WSe2 exhibits the lowest Tafel slope (81 mV dec-1) much better than pristine WSe2 (120 mV dec-1). The Tafel slope derived in this way better reflects the electrode kinetics compared to those obtained from polarization curves. Additionally, electrochemical active surface area (ECSA) has been evaluated from the double layer capacitances (Cdl) measurements. As shown in Figure S11, the 10% Ni-doped WSe2 exhibits ECSA that is threefold higher than that of WSe2, indicating the high fraction of exposed effective active sites, which is responsible for the excellent HER activity (the electrochemical measurements are summarized in Table 1) 
In order to gain insights into the possible catalytic sites within the Ni-doped WSe2, we employed density functional theory (DFT) calculations (see the Supporting Information for calculation details). We calculated the formation energy, ΔE, as the difference between the total energies of a system and its relevant predecessors – the bulks of NiSe and WSe2 and molecular Se8 – in the ratios corresponding to the stoichiometry of a Ni-WSe2 nanostructure (Table S3). Possible locations for the Ni atoms within the WSe2 lattice include intercalated Ni atoms between the molecular layers of WSe2. Our calculations show that intercalation of single Ni atoms into the WSe2 lattice are extremely endothermic (Table S3). Intercalation of Ni atoms as octahedral or tetrahedral interstitials in the WSe2 van der Waals' gap would require energies of ~11 eV/Ni-atom. Alternative structures with W vacancies or Ni clustering exhibited ΔE ~5 eV/Ni-atom, i.e. too high to represent a realistic option. The experimental results refute intercalation since the layer spacing, as measure by XRD, remains close to the pristine material. In addition, considering the exposure of intercalated Ni atoms to a solvent medium, leaching of Ni is plausible.  
Substitutional doping of WSe2 layers by single Ni atoms was also highly endothermic with ΔE ~7.5 eV/Ni-atom. These calculations are in accordance with EDS elemental maps that show an actual 0.5% Ni substitution for the samples prepared using 10% Ni in the feed ratio (Figure 9), although such substitution occurs according to the shift of the XPS binding (Figure 6). Se deficiency and distortion of the prismatic coordination of Ni, only adds to thermodynamic instability. The formation of W1-xNixSe2 solid solutions may be promoted by an clustering of the dopant Ni atoms, since ΔE ~2.9 eV/Ni-atom is found for a Ni triplet and ΔE ~ 0.9 eV/Ni-atom for a complete 1H-NiSe2 layer. However, a mosaic of WSe2 and very large 1H-NiSe2 fragments cannot be expected, since Ni2+ ions disfavor the prismatic coordination and NiSe2 should rather crystallize in pyrite-like structure. Obviously, only small islands of Ni dopants might be expected, whose detection would be beyond the limits of XRD characterization.
In the highest Ni content, 10% in the feed ratio, an impurity phase of NiSe is detected (Figure 5a). Our calculations also unveil possible thermodynamic competition between the formation of alloyed W1-xNixSe2 layers and grafted NiSe patches on WSe2 layers (Table S4). The formation energies of several island-like NiSex fragments deposited on pristine WSe2 layer have been estimated. The formation of grafted NiSe phase on the WSe2 surface would require the endothermic formation of Se-deficient seed-like Ni3Se with ΔE ~5 eV/Ni-atom. Consequent saturation of the seeds by Se atoms would decrease ΔE to ~4 eV/Ni-atom. We can surmise that the growth of large-area NiSe-WSe2 heterostructure may be feasible, since the basal surface of a rapidly forming perfect WSe2 nanoparticle is more available than the lateral surface of a slowly organizing imperfect W1-xNixSe2 nanoparticle. The complete saturation of WSe2 surface by a single layer of NiSe could yield the hexagonal NiSe-WSe2 heterostructure with ΔE to ~1.0 eV/Ni-atom. Once such structure is formed, possible reconstructions into a distorted tetrahedral Ni coordination with zigzag-like or triangular-like arrangements of the Ni atoms may follow, with ΔE smaller by ~0.1-0.2 eV/Ni-atom than for the perfect tetrahedral Ni coordination. A deposition of a second NiSe layer on the first NiSe layer, will lower the formation energy further to ~0.7 eV/Ni-atom. 
[bookmark: _Hlk14117983]
[bookmark: _Hlk20729420]Table 2. Formation energies ΔE for selected different models of Ni-WSe2 nanostructures and single H-atom adsorption energies, ΔGH (according to equation 1). DFT calculations. (For the full table see the Supporting Information).
	Description of the model 
	DFT-optimized structure
	Formation energy ΔE, eV/Ni-atom
	Corrected hydrogen adsorption energy ΔGH, eV/H-atom

	single layer WSe2
	
[image: vmdscene]

	+0.33 (per WSe2)
+34.9 meV/Å2
	+2.49

	doping by single Ni-atom
	
[image: vmdscene]

	+7.48
	+0.09 (onto Se-Ni)
+1.28 (onto Se-W)

	NiSe2 layer (complete substitution of W in WSe2 layer)
	

	+0.87
	-

	chemisorption of Ni3Se cluster
	
[image: vmdscene]

	+5.10
	+1.29 (onto Se-Ni)
+1.91 (onto Se-W)

	NiSe single layer grafted onto WSe2 single layer (2a2a reconstruction)
	
[image: vmdscene]

	+0.99
	+0.24 (onto Se-Ni)
+0.21 (onto Se-Ni)
+2.09 (onto Se-W)

	NiSe single layer grafted onto WSe2 single layer (3a2a reconstruction)
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	+0.96
	[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17]+1.66 (onto Se-Ni)
+0.21 (onto Se-Ni)
+0.72 (onto Se-Ni)
+2.04 (onto Se-W)

	NiSe double layer grafted onto WSe2 single layer
	[image: vmdscene]
	+0.69
	+0.91 (onto Se-Ni)
+2.10 (onto Se-W)

	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]slab(001) Se(NiSe)2
non-polar Se-saturated
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	-0.36
-31.9 meV/Å2
	+0.17

	[bookmark: _Hlk3394435]slab(001) Se(NiSe)3
non-polar Se-saturated
	
[image: vmdscene]

	-0.33
-43.8 meV/Å2
	+0.08



The catalytic activity towards HER of an electrode material depends on the number of catalytic sites with favorable hydrogen adsorption energy (∆GH) and on the electron transfer kinetics at the electrode/electrolyte interface. As mentioned, the ΔGH* is one of the key descriptors in theoretical prediction of the activity for HER on solid electrodes and it was calculated via:

[bookmark: _Hlk20672408]where ESL+H, ESL, and EH2 are the DFT total energies of a single layer (SL) of WSe2 (pristine or Ni-doped) with adsorbed H*, the single layer alone, and a H2 molecule in the gas phase, respectively; ΔZPE and ΔS are the differences in the zero-point energies and entropies, between an adsorbed hydrogen atom and its reference state in the separated H2 molecule. ΔEZPE -TΔSH is about +0.24 eV.36, 52 According to Sabatier principle, (∆GH*) should be zero, under this condition the overall reaction has the maximum rate (expressed in terms of HER exchange current density, j0). The computed ΔGH values for catalytic sites of various Ni-WSe2 nanostructures are given in Table 2 for selected structures and in Table S3 for all the calculated structures. 
The Se atoms bound to a Ni dopant within alloyed W1-xNixSe2 layers seem to be promising catalytic sites with ΔGH = +0.09 eV/H-atom. Other Se atoms of the basal plane of the W1-xNixSe2 layers (those bound to W) still demonstrate a higher ΔGH = +1.28 eV/H-atom relative to ΔGH = +2.49 eV/H-atom of a Se atom in a pristine WSe2 (Table 2). Therefore, once Ni dopants overcome the thermodynamic barrier and substitute W, they produce optimized catalytic sites. Most of the adsorbed clusters of various nickel selenide structures show high ΔGH values. As the adsorbed layer widens and allowed to reconstruct (into the distorted tetrahedral Ni coordination with zigzag-like or triangular-like arrangements of the Ni atoms, as explained above), some of the Se exhibit ΔGH = +0.21 eV/H-atom or ΔGH = -0.22 eV/H-atom (see Table 2 and Table S3). Although thermodynamically favorable, deposition of a second NiSe layer on the NiSe-WSe2 heterostructure should lead to the total suppression of its HER activity. Alternatively, if thin slabs of Se-rich NiSe nanoparticles are formed, then the Se atoms at the NiSe(001) surface show ΔGH = +0.08 eV/H-atom and should be good HER catalysts. Hereby, the DFT calculations suggest two possible Ni-WSe2 combinations with similar thermodynamics of formation and slightly different hydrogen adsorption energies: Ni doped structures of the form W1-xNixSe2 and a heterostructure of NiSe-WSe2 single layers. The intercalation case has been extensively researched for Mo-based systems,20 17, 21, 24, 28, 53-55 and the heterostructure has been recently presented for the system of NiSe-MoSe2.56 The available structural data and our DFT calculations confirm similar values of the in-plane lattice parameter of molecular-like WSe2 layer (calc. a = 3.32 Å) and of NiSe(001) plane in NiSe bulk (calc. a = 3.61 Å), suggesting a tolerable lattice match at interface NiSe||WSe2. 
A comparative analysis of the electronic densities of states (DOS) uncovers that the alternative structures differ in their electronic properties such that they exhibit different charge transfer dynamics (Figure 8). The pristine WSe2 monolayer is a semiconductor with a calculated fundamental band gap of ~1.6 eV and a direct K-K transition. The valence band is formed by dominant Se4p-states but the top of this band is contributed mostly by W5dz2-states. Other W5d-states are unoccupied and form the bottom of the conduction band. The substitutional Ni doping of WSe2 substantially reshape the DOS profile of WSe2 (Figure 8a and the DOS of pristine WSe2 is shown in Figure S12); the main DOS change for the Ni-doped WSe2 is related to the splitting of several levels from the valence band into the band gap of WSe2, inducing p-type conductivity. Noteworthy, Ni3d-states and Se4p-states of the atoms near the dopant contribute the unoccupied part of these levels, making them a possible depot for entrant electrons during the first elementary reaction of the HER. The electron deficiency located only near the Ni and its Se neighbors can be confirmed by mapping the redistribution of electron density Δρ upon substitution of an W atom with Ni (Figure 8a). The electronic structure for the heterostructure of NiSe-WSe2 gets significantly modified, compared with pristine WSe2 (Figure 8b). The heterostructure is expected to demonstrate high electron conductivity, since the band gap of WSe2 is fully populated by Ni3d- and Se4p-states of NiSe and with a negligible propagation of W5d- and Se4p-states of WSe2. The edges of the former valence and conduction bands of WSe2 can be found at -1.0 and +0.7 eV, respectively, relative to the Fermi level. According to the calculated crystal orbitals' overlap populations, the bonding strength between Ni and Se bound in the WSe2 lattice should be comparable to that of W-Se bonding (~0.24-0.29 e). The map of Δρ confirms that the interaction between NiSe and WSe2 is realized via covalent-like bonding, while the amount of charge transfer from WSe2 to NiSe is small - in the order of 0.06 e/WSe2 (Figure 8b).
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[bookmark: _Hlk20242017][bookmark: _Hlk26021348]Figure 8. Electronic densities-of-states (DOS) for different Ni-WSe2 nanostructures: (a) WSe2 monolayer with single substitutional NiW atom; (b) WSe2 monolayer with grafted NiSe single layer (2a2a superstructure). Ball-and-stick models of corresponding nanostructures are depicted nearby and overlaid on the maps of the electron density redistribution (Δρ) caused by Ni-modification. W, Ni and Se atoms are painted in red, cyan and yellow, respectively. DFT calculations. The DOS of pristine WSe2 is presented in Figure S12.

In order to confirm the existence of segregated, Ni-rich, phases, we used high resolution electron microscopy. The proposed grafted Ni patches have a matching hexagonal structure as the WSe2 lattice, preventing direct imaging of attached grafted layers from a top view. The edge structure of the nanostructures in Figure 9a is presented in Figure 9b, showing an atomic-scale resolution of the WSe2 hexagonal lattice. The edge clearly contains multiple domains of a few nm each, but they are aligned such that the Fast Fourier Transform (FFT), in the inset of Figure 9b, shows one hexagonal pattern. The HAADF-STEM image of such a nanostructures agglomerate is shown in Figure 9c. HAADF STEM imaging is based on mass contrast, such that thicker sample parts have higher intensity in the image. For the frame in Figure 9c, a scan of the Electron Energy Loss (EEL) was performed, allowing to identify and map the location of the Ni atoms using the Ni L32 edge. Unlike Ni, detecting W by EELS is more complex, and therefore the image in Figure 9d contains an overlay of the Ni signal (in green) over the HAADF signal, which is the combined signal of all the constituting elements within the sample, in red. The green Ni signal is mainly located in two distinct patches within the field of view, showing the segregation of the Ni-rich phase. Uniquely identifying the nature and structure of the Ni-rich patch was not possible with the available data. Moreover, we expect a plethora of possible structures and different structural variations to be found across the sample.     
[image: ]
Figure 9. TEM images and STEM-EELS elemental maps of Ni-doped WSe2 nanostructures with 10% Ni in the feed ratio. (a) TEM bright-field image of a nanostructures agglomerate. (b) High-resolution TEM phase contrast image, showing the edges of a nanoflower. The inset shows an FFT of the lattice image with its hexagonal symmetry and is indicative of aligned stacking of layers. (c) HAADF image and an (d) elemental Ni map of the marked area in (c) obtained with STEM-EELS. In (d) the red color corresponds to the mass density represented by the HAADF signal and the green color to the signal of the Ni L32 absorption edge. The image in (d) confirms the existence of segregated Ni-rich patches, in addition to detecting a small concentration of Ni (<0.5%) from the WSe2 structure.

Conclusions
Transition metal doping (Fe, Co, Nb, Ni, Zr) of WSe2 nanostructures was obtained via a simple colloidal synthesis technique. After successful metal doping, a similar morphology was maintained, offering an opportunity to study the effect of doping on the catalytic HER activity. Among the doped catalysts, Ni-WSe2 is the most promising electrocatalyst to build high-performance and low-cost electrochemical hydrogen evolution reaction. The 10 % Ni-doped WSe2 exhibits a significantly improved HER performance with over potential at 10 mA cm-2 of 259 mV in acid with Tafel slope of 86 mV dec-1 and 215 mV in alkaline solutions with Tafel slope of 109 mV dec-1, much better than reported for pristine and doped WSe2 sample. Moreover, Ni-WSe2 exhibits reduction in the charge transfer resistance, which contributed to the facilitated faster catalytic reaction. The analysis shows that up to 3% Ni doping, the catalytic enhancement originates from improved hydrogen adsorption (Hads). Beyond this threshold of Ni loading, the improved activity in alkaline environment results from optimized interaction of the OH/surface active sites. Two optimized Ni-WSe2 nanostructures for HER were identified using DFT calculations: first, a substitutionally doped W1-xNixSe2 layer preserving the prismatic coordination of the Ni atoms and second, a NiSe single layer grafted onto WSe2 layer with distorted tetrahedral Ni coordination. The doped structures have a lower hydrogen adsorption energy (ΔGH), and their HER activity is localized only on the Se atoms bound to a Ni dopant atom. The charge transfer kinetics at the electrode/electrolyte interface of the doped structures are favorably affected from the unoccupied levels induced by doping making them a possible pool for entrant electrons during the first elementary step of the HER. The NiSe-WSe2 heterostructure demonstrates a tolerable energy of hydrogen adsorption, with a metal-like single layer of NiSe that possesses catalytically active Se atoms, potentially providing improved electron migration along and across the solid -electrolyte interface. WSe2 is therefore an additional building block of the TMDC family, serving as a platform to build hybrid structures with promising catalytic properties.
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