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The development of earth-abundant and low-cost electrocatalysts for hydrogen 

evolution reaction (HER) is essential for sustainable hydrogen production through 

water electrolysis. In this work, density functional theory (DFT) calculations were 

employed to systematically investigate how substitutional rhenium (Re) doping 

activates the basal plane of pure 1H-WX₂ (X = S, Se, Te) monolayers. Two doping 

concentrations, namely 25% and 50%, were considered to elucidate the concentration-

dependent catalytic behavior. Our results revealed that the hexagonal crystal symmetry 

of the host lattice is preserved after Re substitution, and negative dopant formation 

energies across all 25% doping systems establish their thermodynamic stability while 

the 50% Re doping systems were thermodynamically unstable due to positive 

formation energies. Hydrogen adsorption analysis demonstrated that pristine WX₂ 

monolayers possess weak catalytic activity due to unfavorable hydrogen adsorption 

free energy (ΔGH*). However, Re doping significantly improved HER performance. 

Among all investigated systems, the 25% Re-doped WS₂ monolayer (W0.75Re0.25S₂) 

exhibited the most favorable HER activity with a ΔGH* value of -0.16 eV. Volcano plot 

analysis further established that moderate Re doping (25%) provides the optimal 

catalytic performance, whereas excessive doping (50%) leads to hydrogen over-

binding. Density of states analysis showed that Re incorporation induces 

semiconductor-to-metal transitions in all WX₂ systems through the introduction of 

impurity states near the Fermi level, which may facilitates charge-transfer kinetics 

during catalysis. This study demonstrates that Re doping is an effective strategy for 

tuning the catalytic activity of tungsten dichalcogenides and highlights Re-doped WX₂ 

monolayers, particularly W0.75Re0.25S₂, as promising non-precious electrocatalyst for 

efficient hydrogen production. 
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INTRODUCTION 

The increasing global demand for clean and sustainable 

energy has driven intensive research into green hydrogen 

production via water splitting. This process involves two 

basic half-reactions: the hydrogen evolution reaction (HER) 

at the cathode and the oxygen evolution reaction (OER) at the 

anode (Fu et al., 2020). While precious platinum group 

materials exhibit excellent HER performance, their scarcity 

and high cost severely limit large-scale industrial adoption 

(Stamenkovic et al., 2017; Zhu et al., 2020). Consequently, 

developing cost-effective, earth-abundant, and highly 

efficient electrocatalysts has become a central goal in the 

field. 

In this context, two-dimentional (2D) transition metal 

dichalcogenides (TMDs) have emerged as promising 

alternatives due to their unique and excellent structural and 

electronic properties especially the molybdenum (Mo) and 

tungsten (W)-based dichalcogenides with general formula 

MX2 (M=Mo, W; X=S, Se, Te) (Alhassan et al., 2025; 

Sukanya et al., 2022). Compared to Mo, W is more earth-

abundant and its derivatives are more environmentally 

friendly (Huang et al., 2022). However, WX₂ (X=S, Se, Te) 

materials exist in multiple phases that span semiconducting 

(2H/1H), metallic (1T), and distorted (1T′) structures-offering 

versatile platforms for catalytic applications (Huang et al., 

2020; Ye et al., 2018). Despite these advantages, pure WX₂ 

materials face one critical problem which is the non-reactivity 

of their basal planes-resulting in lower catalytic performance 

compared to Platinum-based materials (Jaramillo et al., 

2007). To overcome this challenge, various strategies have 

been explored, including defect engineering, phase 

modulation, heterostructures (Alhassan et al., 2025; Sukanya 

et al., 2022; Vikraman et al., 2021). Among these, defect 

engineering particularly substitutional doping (especially 

with transition metals) has emerged as a highly effective 

approach to activate inert basal planes and optimize electronic 

structures (Zhang et al., 2020).  

Extensive studies have demonstrated that both transition 

metal and non-metal dopants can significantly enhance the 

HER activity of WX2 systems. For example, Fe-doped WS2 

monolayer exhibits a reduced overpotential of 195 mV in 

comparison to its pure counterpart (Kang et al., 2021). Zhang 

et al. (2021) reported that Cobalt doping in WSe2 has 

demonstrated a significant improvement in the HER 

performance compared to the pristine WSe2 (Zhang et al. 

(2021). Similarly, comparative investigations involving five 

different transition metals (Fe, Co, Nb, Ni, and Zr) dopants 

revealed that Ni-doped WSe2 delivers superior HER activity 

(Kadam et al., 2020). In addition, light-elements doping (such 

as B, N, P, and O) has been shown to enhance conductivity 

and optimize hydrogen adsorption behavior in WX2 systems 

(Huang et al., 2022; Sarma et al., 2020; Sun et al., 2022; Wang 
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et al., 2020; Wang et al., 2022). Despite these advances, the 

catalytic performance of doped WX2 still lags behind that of 

precious platinum group, highlighting the need for alternative 

dopants with more favorable electronic interactions. 

To this effect, experimental and theoretical studies suggest 

that substitutional doping of group VI TMDs (MX2, where M 

= Mo, W and X = S, Se) with elements from Groups V-VII is 

energetically favorable, particularly at metal sites rather than 

interstitial or defect positions (Dolui et al., 2013; Lin et al., 

2014). Among these, rhenium (Re) stands out as a particularly 

promising dopant due to its comparable atomic radius to 

tungsten and molybdenum (1.37 Å for Re vs. 1.39 Å for W 

and 1.39 Å for Mo), which minimizes lattice distortion upon 

substitution and its excellent intrinsic catalytic activity (Luo 

& Liang, 2024). Previous reports have shown that Re 

incorporation can increase the density of active sites, 

introduce n-type doping, induce phase transitions (e.g., from 

2H to metallic 1T phases), and enhance catalytic as well as 

electro-chemical performances in MoS2-based materials 

(Aliaga et al., 2019; Chhetri et al., 2015; Sigiro et al., 2015; 

Woo et al., 2015). However, Re-doped WS2 nanotubes were 

revealed to have demonstrated higher strain than the parent 

material (2H-WS2 nanotube) (Enyashin et al., 2011).  

To the best of our knowledge, despite all these promising 

attributes, doping the complete WX2 (X=S, Se, Te) family 

with Re for HER applications has not been systematically 

explored. Most of the existing works focused only on MoS2 

systems, leaving a gap in understanding the catalytic 

capability of the Re-doped 1H-WX2 (X=S, Se, T e) materials. 

Therefore, in this work, we address this gap by performing a 

comprehensive density functional theory (DFT) investigation 

on Re-doped WX₂ (X = S, Se, Te) monolayers. Specifically, 

we examine how varying Re concentrations (25% and 50%) 

influence the structural stability, electronic properties, and 

catalytic performance of these materials. By systematically 

comparing sulfide, selenide, and telluride systems, this study 

provides new insights into the interplay between dopant 

concentration, chalcogen chemistry, and catalytic activity. 

 

MATERIALS AND METHODS 

All density functional theory (DFT) calculations were 

performed using Quantum ESPRESSO simulation package 

(Giannozzi et al., 2009). A 2x2x1 supercells of the 1H-WX₂ 

(X = S, Se, Te) monolayers were used as the starting model. 

To account for van der Waals (vdW) interactions, the DFT-

D3 correction scheme was employed (Grimme et al., 2010). 

The exchange-correlation potential was described using the 

generalized gradient approximation (GGA) in the Perdew-

Burke-Ernzerhof (PBE) parameterization (Perdew et al., 

1996). Since standard GGA typically underestimates 

bandgaps, a DFT+U (Hubbard on-site correction) approach 

was adopted, with an effective U value of 5 eV applied to both 

W and Re atoms. This value was chosen because it reproduces 

experimental bandgaps for the pure systems (Creazzo, 2025). 

The electron-ion core interaction was treated with ultrasoft 

pseudopotentials, explicitly including the following valence 

orbitals: W (5d⁴ 6s²), Re (5d⁵ 6s²), S (3s² 3p⁴), Se (4s² 4p⁴), Te 

(5s² 5p⁴), and H (1s¹). A plane-wave kinetic energy cutoff of 

612 eV was used for all calculations. Brillouin-zone 

integration was carried out using Monkhorst-Pack sampling 

with an 8×8×1 k-point grid. A vacuum layer of 20 Å was 

added along the c-direction (perpendicular to the monolayer) 

to prevent spurious interactions between periodic images. 

Full structural relaxation was performed using the Broyden-

Fletcher-Goldfarb-Shanno (BFGS) algorithm.  

For the doping models, two different doping concentrations 

were considered-25% and 50% Re doping. The 25% Re 

doping was constructed by removing one W atom and 

replacing with a Re atom, yielding W0.75Re0.25X2(X= S, Se, 

Te). Whereas the 50% Re doing was achieved by substituting 

two W atoms with other two Re atoms, giving 

W0.5Re0.5X2(X= S, Se, Te).  

 

RESULTS AND DISCUSSION 

Structural Properties of Pure and Re-Doped WX₂(X=S, 

Se, Te) Monolayers 
The initial crystal parameters for the bulk WX2 (S, Se, Te) 

materials were obtained from material project database (Jain 

et al., 2013). The 1H-WX2 (S, Se, Te) monolayers constructed 

exhibit a hexagonal crystal structure with space group 

P63/mmc. The optimized lattice constant 𝑎 for the different 

monolayers was displayed in Table 1. Our calculated lattice 

constants for the pure materials show excellent agreement 

with previously reported theoretical and experimental values 

(Schutte et al., 1987; Vuong et al., 2018), validating our 

computational method. However, the hexagonal structure was 

preserved even after the Re substitution as shown in Figure 1, 

demonstrating that the host lattice can accommodate 

substantial Re incorporation without much structural 

collapse. The lattice parameter (𝑎) decreases systematically 

with increasing Re concentration for all three dichalcogenides 

(Table 1). For WS₂, the lattice constant contracts by 7.0% and 

9.6%, for 25% and 50% Re doping respectively. Similar 

reduction trends are observed for WSe₂ (7.4% and 10.7%) and 

WTe₂ (7.4% and 11.0%). This contraction reflects the slightly 

smaller atomic radius of Re atom and the formation of 

stronger Re-X bonds compared to W-X bonds, which may 

lead to enhanced metal-chalcogen covalency. Also, the unit-

cell volume decreases monotonically across all the doped 

materials as shown in Table 1. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1: Optimized crystal structures of: (a) Pure 1H-WX2 (X=S, Se, Te) (b) 25% Re-doped 1H-WX2 (X=S, Se, Te) and (c) 

50% Re-doped 1H-WX2 (X=S, Se, Te) monolayers 
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Table 1: Lattice Parameter (𝒂) for the Pure and Doped Materials, Tungsten-Chalcogen (W-X) and Rhenium-

Chalcogen (Re-X) Bond Lengths, Unit Cell Volumes (𝑽𝒄𝒆𝒍𝒍) and Dopant Formation Energies (𝑬𝒇) of the Doped Systems  

S/N Materials (𝑎) (Å) W-X (Å) Re-X (Å) 𝐸𝑓 (eV) 𝑉𝐶𝑒𝑙𝑙 (Å
3) 

1 Pure WS2 3.1896 2.4195 - - 1538.9388 

2 W0.75Re0.25S2 2.9659 - 2.3921 -2.7069 1330.6959 

3 W0.5Re0.5S2 2.8838 - 2.4140 3.7913 1259.7176 

4 Pure WSe2 3.3226 2.5520 - - 1685.2910 

5 W0.75Re0.25Se2 3.0779 - 2.5235 -3.1399 1446.5029 

6 W0.5Re0.5Se2 2.9672 - 2.5299 3.6844 1339.5355 

7 Pure WTe2 3.5560 2.7479 - - 1959.3257 

8 W0.75Re0.25Te2 3.2919 - 2.6821 -3.7635 1676.3585 

9 W0.5Re0.5Te2 3.1645 - 2.6933 2.6236 1551.5160 

 

To assess the thermodynamic stability of the doped structures, 

dopant formation energies were computed according to 

equation (1) (Alhassan & Abdulsalam, 2024; Dorian et al., 

2012), and the results were displayed in Table 1. 

𝐸𝑓 = 𝐸𝑑𝑜𝑝𝑒𝑑 + 𝐸𝑝𝑢𝑟𝑒 + 𝜇𝑊 − 𝜇ℜ.  (1) 

Where 𝐸𝑑𝑜𝑝𝑒𝑑  and 𝐸𝑝𝑢𝑟𝑒  are the DFT total energies of the 

doped and pure systems, 𝜇𝑊 and 𝜇ℜ are chemical potentials 

(total energy per atom) of bulk W and bulk Re crystals, 

respectively. 

The calculated 𝐸𝑓 values are negative for all 25% Re-doped 

systems, confirming that substitutional Re doping is 

thermodynamically feasible and favorable in the materials. 

Whereas the 50% Re-doped systems exhibited positive 

dopant formation energies revealing their thermodynamically 

instability. The increasingly negative values from S – Te (in 

the 25% doping level) suggest that Re incorporation becomes 

more favorable with increasing chalcogen atomic size. On the 

other hand, the decreasing positive values associated to 50% 

Re doping (from S – Te) signifies less instability in the 

selenide and telluride compared to the sulfide. That is to say, 

even for the 50% doping model, the heavier chalcogens were 

less unstable. 

 

Hydrogen Adsorption and HER activity 

The process of electrocatalytic water splitting is facilitated 

through two main half reactions which normally takes place 

at two different electrodes of an electrolyzer. HER at the 

cathode and OER at the anode. The HER is the main reaction 

that leads to the evolution of hydrogen. In acidic electrolytes, 

it proceeds through two primary mechanisms: Volmer-Tafel 

(equations 2 and 3) or Volmer-Heyrovsky (equation 4). The 

hydrogen adsorption site is represented by the symbol "*" in 

this description (Fu et al., 2020). 

* +H+ + e− → H*    (2) 

2H*
ads → H2 + 2*.   (3) 

* +H+ + e− + H* → H2 +*.   (4) 

Hydrogen adsorption step is common to both mechanisms 

and very important. The strength of this adsorption is 

quantified by the Gibbs free energy change, (ΔGH*), a crucial 

descriptor for HER performance and is calculated according 

to equations (5) or (7) (Huang et al., 2022; Ogunkunle et al., 

2024)  

∆𝐺𝐻 = 𝛥𝐸𝐻 − 𝑇𝛥𝑆 + 𝛥𝐸𝑍𝑃𝐸 .  (5) 

𝛥𝐸𝐻 = 𝐸𝐻 − 𝐸 −
1

2
𝐸𝐻2.   (6) 

 Where, 𝐸𝐻* and 𝐸* are the energies of the WX2 (X= S, Se, 

Te) monolayers with and without adsorbed H atoms, 

respectively,  𝐸𝐻2 is the energy of the free H2 molecule, T is 

the room temperature (T=298.15 K), ∆S is the entropy 

change, and ∆ZPE is the zero-point energy change. 

However, equation (5) can be written as (Nørskov et al., 

2005): 

∆𝐺𝐻 = 𝛥𝐸𝐻 + 0.24.   (7) 

Three different adsorption sites for the H on the surface of the 

electrocatalysts were considered. This is because the value of 

adsorption energy varies with positions. The sites are (I) on 

top of W, (II) on top of X, and (III) a bridge. At each position, 

the adsorption energy was calculated using equation (6), and 

the results were shown in Figure 2. Based on the result, H 

preferred to be adsorbed in between the W and X (bridge) for 

the cases of pure WS₂ and WSe₂ monolayers, whereas 

adsorption on top of W is the most stable for the WTe₂ 

monolayer.  

 

 
Figure 2: Adsorption energies of the three different adsorption sites considered on 

surface of the pure 1H-WX2 (S, Se, Te) monolayers 
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To explore the catalytic performance of the 1H-WX₂ (S, Se, 

Te) monolayers for HER process, the ΔGH* for the most stable 

adsorption sites was calculated according to equation (7); the 

results are depicted in Figure 3. An ideal electrocatalyst 

exhibits ΔGH* close to zero, indicating optimal hydrogen 

binding neither too weak nor too strong (Nørskov et al., 

2005). The pure WX₂ monolayers display strongly positive 

ΔGH* values particularly the WS₂ and WSe₂, confirming their 

intrinsically poor HER activity due to weak hydrogen 

adsorption on the inert basal plane. 

Moreover, Re doping dramatically enhances hydrogen 

adsorption as seen from Figure 3. For WS₂, ΔGH* decreases 

from 1.35 eV to -0.16 eV at 25% Re substitution, placing it 

remarkably close to the optimal zero value. However, the 

near-zero adsorption free energy signifies that Re may 

effectively activates the basal plane of the pure system. A 

similar, though less pronounced, improvement is observed for 

WSe₂ at the same concentration level. Re substitution lowers 

ΔGH* substantially, indicating stronger hydrogen binding and 

possible enhancement in the catalytic activity. On the other 

hand, at higher Re concentrations (50%), however, hydrogen 

adsorption becomes excessively strong, yielding highly 

negative ΔGH* values. For example, W0.5Re0.5S₂ exhibits 

ΔGH* = -1.41 eV. Such overbinding can impede hydrogen 

desorption and thus reduce HER turnover.  

 

 
Figure 3: The calculated ΔGH. Values for the pure and Re-doped WX2 (S, 

Se, Te) materials 

 

However, according to our results, the low Re-doping (25%) 

on the 1H-WX2 (S, Se, Te) monolayers gives the most 

favorable ΔGH* values, particularly W0.75Re0.2S₂-exhibits the 

most favorable HER thermodynamics among the studied 

materials. Similar trend was observed experimentally in Re-

doped MoS2, where low Re-doping reduces charge-transfer 

resistance in the material and enhances its catalytic activity 

(in HER) better than the higher concentration levels (Aliaga 

et al., 2019). 

 

Theoretical Exchange Current Density and Volcano Plot 

The theoretical exchange current density (𝑖0) represents the 

rate of the proton transfer to the surface, which can be derived 

on the basis of ΔGH*.  At standard conditions (pH = 0 and T 

= 300 K), the 𝑖0 can be computed using equations (8) and (9) 

when the proton transfer is exothermic (∆𝐺𝐻 < 0) and 

endothermic (∆𝐺𝐻 > 0) respectively (Nørskov et al., 2005). 

𝑖0 =
−𝑒𝑘0

1+𝑒𝑥𝑝(
−∆𝐺

𝐻
𝐾𝑇

)
    (8) 

𝑖0 =
−𝑒𝑘0𝑒𝑥𝑝(

−∆𝐺
𝐻

𝐾𝑇
)

1+𝑒𝑥𝑝(
−∆𝐺

𝐻
𝐾𝑇

)
.   (9) 

Where, 𝑘0 is the rate constant (200 s−1/site) and K is the 

Boltzmann constant. 

However, improved electrocatalytic activity and quicker 

reaction kinetics are indicated by a larger exchange current 

density. Catalysts with ΔGH* values closest to zero exhibit the 

highest intrinsic HER activity. Consequently, W0.75Re0.25S₂ is 

expected to deliver the largest exchange current density 

among all studied systems. Its location near the apex of the 

HER volcano plot confirms its optimal hydrogen-binding 

strength as depicted in Figure 4. 

 

 
Figure 4: Volcano plot constructed using the Gibbs free energy of hydrogen 

adsorption (ΔGH*) and theoretical exchange current density (i0) for pure and 

Re-doped WX₂ (X = S, Se, Te) monolayers, with Pt (111) included as a 

reference catalyst 
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In contrast, pure WX₂ materials lie on the weak-binding 

branch of the volcano (right side), where sluggish proton 

adsorption limits activity. The 50% Re-doped systems shift to 

the strong-binding branch (left side), where hydrogen 

desorption becomes rate-limiting. The volcano plot therefore 

clearly also identifies moderate Re doping as the optimal 

strategy for maximizing catalytic performance.  

 

Electronic Properties 

The electronic origin of the enhancement observed in the 

catalytic performance of the doped systems is explained 

based on analysis of the density of states and differential 

charge densities of the pure and doped materials. 

 

Density of States (DOS) 
The density of states (DOS) of the pure and doped systems 

were plotted (Figures 5a-5i) to further elucidate the electronic 

origin of the improvement observed in the catalytic 

performance of the doped materials. It is important to 

understand that the electronic states near the Fermi level play 

a crucial role in governing charge-transfer kinetics and 

catalytic efficiency of materials (Deng et al., 2019; Meng et 

al., 2018). Figures 5a, 5d, and 5g show the DOS plots for the 

pure 1H-WX₂ (X=S, Se, Te) monolayers. They all exhibit a 

semiconducting behavior as evidenced from their bandgaps, 

1.9 eV, 1.7 eV, and 1.2 eV for WS₂, WSe₂, and WTe₂ 

monolayers, respectively. These values are in reasonable 

agreement with previously reported data (Creazzo, 2025; Do 

et al., 2019; Kumar & Ahluwalia, 2012; Tonndorf et al., 

2013). However, it can be seen that the valence bands of the 

pure systems are largely populated by most of the states, 

leaving the corresponding conduction bands with minor 

states. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 5: Density of states for: (a) Pure WS2 (b) 25% Re-doped WS2 (c) 50% Re-doped WS2 (d) Pure WSe2 (e) 25% Re-doped 

WSe2 (f) 50% Re-doped WSe2 (g) Pure WTe2 (h) 25% Re-doped WTe2 (i) 50% Re-doped WTe2. The Fermi level is set at 0.0 

eV. 

 

The electronic structures of 1H-WX₂ (X=S, Se, Te) were 

profoundly changed after Re doping. However, additional 

states were emerged near the Fermi level, leading to complete 

metallization of the doped systems. This transition may be 

originated from the additional valence electron contributed by 

Re relative to W. As a result, Re behaves as an n-type dopant, 

shifting the Fermi level upward into the conduction band for 

all the doped systems (Figures 5b, 5c, 5e, 5f, 5h, 5i). The 

increased electronic states near the Fermi level may enhance 

carrier concentration and electrical conductivity-two critical 

parameters for electrocatalytic performance of a material. 

Additionally, while high conductivity is beneficial, catalytic 

activity depends critically on achieving an optimal balance 

between electron transport and hydrogen-binding strength. 

Charge Density Difference (CDD) 

The charge redistribution that exists through bonding 

interaction between the adsorbed H and the surface of the 

electrocatalysts is explained using charge density difference 

(𝛥𝜌). It is defined by the following relation (Huang et al., 

2022): 

𝛥𝜌 = 𝜌𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡+𝐻 − 𝜌𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 − 𝜌𝐻  (10) 

Where, 𝜌𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡+𝐻, 𝜌𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 and 𝜌𝐻 are charge densities of 

catalyst with adsorbed H, catalyst without adsorbed H and 

isolated H atom respectively. 

The charge density difference (CDD) plots in Figure 6 show 

the electronic interaction between the adsorbed hydrogen and 

the pure and Re-doped WX2 (X = S, Se, Te) monolayers. The 

yellow and blue regions represent charge accumulation and 
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depletion, respectively, indicating electron redistribution 

during adsorption. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6: Charge density differences of: (a) Pure WS2 (b) Re-doped WS2 (c) Pure WSe2 (d) Re-doped WSe2 (e) Pure WTe2 (f) 

Re-doped WTe2. The isosurface value used is 0.007 e/ Å. The yellow and blue colors represent charge accumulation and 

depletion respectively 

 

For the pure WS2, WSe2 and WTe2 systems, charge 

redistribution is relatively localized around the adsorption 

site, suggesting moderate interaction between adsorbed 

hydrogen and the surface of the catalyst. The charge 

accumulation seen around the adsorbed H for all the systems 

signifies a charge transfer from the catalyst to the adsorbate 

similar to what was reported for 1T’-WX2 (Huang et al., 

2022). Furthermore, it is observed that WTe2 exhibits a more 

diffuse charge distribution among the studied systems, which 

may be attributed to the larger atomic size and lower 

electronegativity of Te atoms compared to S and Se atoms. 

However, after Re doping, the charge accumulation around 

the adsorption region becomes significantly stronger and 

more delocalized for all systems. This improved 

redistribution indicates increased electron transfer and 

stronger orbital hybridization between the adsorbed hydrogen 

and the surface of the catalyst. Additionally, this suggests 

improved electrical conductivity and optimized adsorption 

behavior, both of which are essential for efficient hydrogen 

evolution reaction (HER) activity.  

 

CONCLUSION  

In this work, first-principles DFT calculations were 

performed to investigate the effects of substitutional Re 

doping on the basal plane activation of 1H-WX₂ (X = S, Se, 

Te) monolayers. The calculated negative formation energies 

for the 25% doping and positive formation energies for the 

50% doping concentration confirmed that Re incorporation 

into the WX₂ lattice is thermodynamically favorable and 

unfavorable respectively for the two different doping levels. 

Hydrogen adsorption calculations revealed that pristine WX₂ 

monolayers exhibit poor HER performance because of weak 

hydrogen adsorption on the inert basal plane. Remarkably, Re 

substitution substantially improved the catalytic activity by 

tuning the hydrogen adsorption free energy toward the 

thermoneutral region. Among all investigated systems, the 

25% Re-doped WS₂ monolayer demonstrated the best 

catalytic performance with a ΔGH* value very close to zero, 

suggesting optimal adsorption/desorption kinetics for HER. 

In contrast, excessive Re incorporation at 50% concentration 

resulted in overly strong hydrogen binding, which may hinder 

hydrogen desorption and reduce catalytic turnover. Electronic 

structure analysis demonstrated that Re doping induces 

significant metallization of the WX₂ monolayers through the 

emergence of impurity states near the Fermi level. Charge 

density difference analysis further confirmed stronger orbital 

hybridization and enhanced electron redistribution between 

adsorbed hydrogen and the catalyst surface after Re doping. 

These effects collectively explain the improved HER activity 

observed in the doped systems. Taken together, these findings 

carry direct practical significance for the design of next-

generation HER electrocatalysts: because Re  and WX2 are 

far more earth-abundant and less costly than platinum-group 

metals, and because the 25% doping level identified here is 

possibly dilute enough to be experimentally accessible via 

established chemical vapor deposition or solid-state doping 

routes. This work establishes substitutional Re doping as an 

effective electronic structure engineering strategy for 

activating inert basal planes of tungsten dichalcogenides 

toward efficient hydrogen evolution. The findings provide 

valuable theoretical insights for the rational design of high-

performance and earth-abundant HER electrocatalysts and 

identify W0.75Re0.25S₂ as a particularly promising candidate 

for sustainable hydrogen production applications. We 

recommend future experimental validation, such as 

electrochemical testing of Re-doped WS₂ thin films, to 

confirm the predicted catalytic gains. 
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