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A B S T R A C T   

The main prerequisite for designing electrocatalysts with favorable performance is to examine the 
links between electronic structural features and catalytic activity. In this work, Ni2P as a model 
electrocatalyst and one of the most potent catalysts for hydrogen evolution reaction (HER) was 
utilized to develop various Ni2P and carbon-based (graphene and N-doped graphene) hetero
structures. The characteristics of such structures (Ni2P, graphene, N-doped graphene, Ni2P/gra
phene, and Ni2P/N-doped graphene), including binding energies, the projected density of states 
(PDOS), band structure, charge density difference, charge transfer, Hirshfeld charge analysis, and 
minimum-energy path (MEP) towards HER were calculated and analyzed by density functional 
theory (DFT) approach. The coupling energy values of hybrid systems were correlated with the 
magnitude of charge transfer. The main factors driving a promising water-splitting reaction were 
explained by the data of PDOS, band structures, and charge analysis, including the inherent 
electronegativity of the N species alongside shifting the Fermi level toward the conductive band. 
It was also shown that a significant drop occurs in the HER energy barrier on Ni2P/graphene 
compared to the pristine Ni2P due to N doping on the graphene layer in the Ni2P/N-doped gra
phene heterostructure.   

1. Introduction 

Due to the higher global energy demands and severe environmental impacts of fossil fuels, clean and renewable energies are 
required to replace conventional fuels for extensive use on a global scale [1–4]. Hydrogen plays a crucial role as an alternative 
energy-carrying element in the forthcoming energy systems due to its high energy density and eco-friendly properties [5–7]. Hydrogen 
generation via water electrolysis is among the cleanest and most effective techniques with numerous advantages [8]. The hydrogen 
evolution reaction (HER) is the critical reaction of water electrolysis that requires an efficacious electrocatalyst to improve hydrogen 
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generation efficacy [9–11]. The existing modern HER electrocatalysts are typically based on Pt-containing materials or other noble 
metals that are usually costly due to their rare resources and limited supply [12,13]. Therefore, there is a considerable need to design 
non-noble metal HER catalysts that can be practically produced on large scales at low prices. 

With that in mind, transition-metal phosphides (TMPs) have recently attracted much attention due to their high catalytic activity, 
long-term durability, good conductivity, and low price [14,15]. Among the developed TMP catalysts, Ni2P has reportedly shown 
several promising properties as an HER electrocatalyst as it possesses: (i) a poor "ligand effect" owing to Ni–P bonds that accelerate the 
dissociation of hydrogen molecule; (ii) the "ensemble effect" of P that reduces the concentration of the active sites on the surface and 
prevents the catalyst toxicity due to the high coverage; and (iii) the P sites provide strong bonding to the generated hydrogen molecule 
[16]. Although pristine Ni2P demonstrates remarkable HER performance, one of its main drawbacks is the high overpotential (>150 
mV), resulting in weaker HER performance in strict acidic electrolytes compared to the HER activity of the standard, high-tech Pt/C 
electrocatalyst [17]. 

On the other hand, the excellent conductivity and high surface area of carbon substances make them ideal candidates for HER. 
Some chemically substituted carbon atoms with heteroatoms (e.g., N, B, P, S, etc.) may lead to the modulation of physicochemical 
specifications of the carbon for obtaining additional active sites [18–20]. Among various candidates for doping with carbon substances 
(e.g., graphite, graphene, carbon nanotube, carbon fiber, etc.), nitrogen can be an outstanding option as it shows an inherently greater 
electronegativity than carbon [21,22]. N-doped carbon nanotubes with vertical alignment have reportedly shown superior catalytic 
activities relative to Pt [23]. According to Qu et al. (2010), the catalytic current at the N-doped graphene (NG) electrode is three orders 
of magnitude higher compared to that of the Pt/C electrode across a wide-ranging potentiality [24]. In addition, NG was reported to 
display an enhanced HER activity compared to inherent graphene because of the modulation of its electronic constructs [25]. 
Nonetheless, the HER activity of NG is far less than that of standard noble metal catalysts and high-tech transition metal compounds. 

Moreover, van der Waals (vdW) heterostructures, consisting of a monolayer placed over another monolayer or a few-layer crystal, 
are suggested to be the modulators of the electrical and optical features of 2D materials [26–28]. Recent studies also indicated the 
effectiveness of such heterostructures due to their promising electrocatalytic performance [29]. Besides, defect-free basal planes are 
inactive against any catalytic reactions, especially in 2D layers [29]. According to other reports, however, the intrinsic electrocatalytic 
activity of each layer toward particular reactions can drastically change by creating heterostructures in which the atomic layers are 
located one above the other with a different atomic layer. This may even result in basal plane activity or render it inactive. This is 
mainly due to the impact of the in-built electric field among the metallic layers or sublayers [30–32]. Consequently, the VdW het
erostructure (heterojunction), which has been established through experimentation, has been of considerable interest in the field of 
electrocatalysts. For instance, a recently published experiment-based investigation indicated that stacked VdW vertical hetero
structures of catalytic graphene (G) and inactive hexagonal Boron Nitride (hBN), (hBN/graphene (G)) could be activated by vdW 
stacking [33], and these heterostructures are capable of acting as effective catalysts for HER. Similarly, such an impact has been 
detected from graphene/MoS2 vertical heterojunctions, in which the photo-electrocatalytic specifications of the VdW heterostructure 
with graphene on MoS2 show the utmost activity for HER in comparison to each layer alone as well as MoS2 on graphene [34]. 
Moreover, carbon and N-doped carbon materials such as CuS/Graphene could reach excellent electronic properties with other 2D 
structures [35], Ni2P/N- and S-doped graphene (NSG) nanosheets [36], NiCoP/N-doped carbon (NC) [37], RuMo/NC [38], WSe2/
multiwalled carbon nanotube (MWNT) [39], ZnIn2S4/g-C3N4 [40], Ni2P/N-doped reduced graphene oxide (N-RGO) [41], and 
WS2/C2N, the design of which is usually conducted by successive layer-by-layer deposition [42]. 

Despite several previous studies on the impacts of the TMPs 2D structures (particularly Ni2P) on the catalytic performance of 
graphitic materials, few systematic investigations help to comprehensively understand the reaction mechanism and the electronic 
properties of the structures. To the best of the authors’ knowledge, until now, there has been no study on this elaborated approach to 
VdW structures based on atomic layers. Moreover, tuning their HER properties to compare them with standard metal/metal oxide- 
based catalysts is necessary. 

To address the abovementioned concern, the DFT calculation was employed periodically to examine the Ni2P/graphene and Ni2P/ 
NG VdW heterostructures in this study. The goal was to establish a basal physical depiction of these heterostructures by the inter
connection of Ni2P with graphene and an NG monolayer to investigate the interface structure and electronic properties. The 
geometrical structures, interfacial binding energy, band structure, electronic structure, and projected density of state (PDOS) were 
deeply investigated, along with the electron density difference (EDD) and Hirshfeld charges on various atoms. In addition, the impacts 
of graphene and NG were examined on the energy barrier of the reaction coordinate of water splitting using the nudged elastic band 
(NEB) theory. Moreover, a new perspective is presented to prepare a non-noble metal electrocatalyst, which can be applied in the 
electrocatalytic splitting of water. 

2. Calculation method 

In this study, we optimized the system geometry and calculated the electronic structure using the DFT approach. To reduce the 
lattice mismatch of the Ni2P and graphene layer lower than 2.5%, we employed a model containing a 7 × 7 single graphene layer with 
98 carbon atoms for the graphene and NG surfaces to conform to a 3 × 3 pristine Ni2P. The vacuum space along the z direction is 
adjusted to around 20 Å to prevent interactions between the periodic slabs. There were entirely relaxed atoms and cells for the Ni2P 
and graphene-based materials. The following formulation was applied to calculate the binding energies of the composites [43]: 

Eb =ENi2P/Graphene material − ENi2P − EGraphene material (1) 
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Where, ENi2P/Graphene material, ENi2P and EGraphene material represent the total energy of Ni2P/graphene (or Ni2P/NG), pristine Ni2P, and 
graphene (or NG) monolayers, respectively. A negative Eb represents a stable adsorption structure. All the calculations were employed 
using the CASTEP code [44]. The generalized gradient approximation (GGA) was used to describe the Perdew-BeckeErnzerhof (PBE) 
for the exchange-correlation function [45]. A poor VdW interaction between the adjoining layers of the heterostructure was examined 
using the DFT-D2 functional with the Grimme correction [46]. All the estimations were performed by considering spin-polarization. 

Fig. 1. The top and side views of the most stable configurations of (a) pristine Ni2P, (b) graphene monolayer, (c) NG monolayer, (d) Ni2P/graphene 
heterostructure, and (e) Ni2P/NG heterostructure. The purple, pink, gray, and blue balls represent nickel, phosphorus, carbon, and nitrogen atoms, 
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The electron-ion interaction in reciprocal space was described using the plane-wave ultrasoft pseudopotential method, which 
accounted for the ionic cores of Ni-3d84s2 and P-3s33p2. The Self-consistent Field (SCF) is considered to be converged while the 
electronic energy changes at 10− 6 eV/atom. For geometric optimization and energy calculation, the setting of convergence bench
marks was as follows: (a) a maximum force tolerance of 0.01 eV/Å, (b) an energy tolerance of 10− 5 eV/atom, (c) a maximum 
displacement tolerance of 0.001 Å, and (d) a plane wave cutoff energy of 450 eV. Additionally, a Monkhorst Pack mesh of 3 × 3 × 1 
k-points was used to sample the Brillouin zone and a finer mesh with 5 × 5 × 1 k-points was applied to calculate the PDOS. 

All reactions are performed at the vacuum condition. The quadratic synchronous transit (QST)/linear synchronous transit (LST) 
and nudged elastic band (NEB) approaches were used to determine the MEP for each step in the reaction [47,48]. Vibrational fre
quencies, portraying an imaginary frequency over the potential energy surface (PES), confirmed the nature of the transition states. The 
simulation would stop when the orthogonal force reached 0.01 eV/Å. The MEP designated the topmost image as the translation state 
(TS). For each step in the reaction, the activation energy barrier (ΔEActivation) was estimated as follows [49,50]: 

ΔEActivation =ETS − EIS 

The charge density difference (Δρ) is calculated by using the following equation [51]: 

Δρ= ρNi2P/Graphene material − ρNi2P − ρGraphene material (2)  

Where ρGraphene material , ρNi2P and ρNi2P/Graphene material are the charge densities of graphene monolayer (or NG), pristine Ni2P, and Ni2P/ 
graphene (or Ni2P/NG) heterostructure, respectively. 

3. Results and discussion 

3.1. Optimizing the structures and binding energies 

Fig. 1 shows the configuration of the structures with utmost stability. The supercells of catalytic models were made by the opti
mization of graphite (a = b = 2.467 Å, c = 8.685 Å) and Ni2P (a = b = 5.164 Å, c = 4.656 Å). In particular, the 7 × 7 supercell of 
graphene (98 C atoms) with a = b = 17.274 Å and the 3 × 3 supercell of Ni2P (001) (90 Ni atoms and 45 P atoms) with a = b = 17.618 Å 
were used for making the computed models (Fig. 1a and b). Regarding the graphene structures, NG could preserve the planate shape of 

Fig. 2. Estimated PDOS and equivalent band structures for (a) Pristine Ni2P; (b) Graphen monolayer; (c) N-doped graphene monolayer; (d) Ni2P/ 
graphene heterostructure; and (e) Ni2P/NG heterostructure with PBE functional. The Fermi level is allocated at 0 eV (the green dashed line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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intact graphene when it was fully relaxed. In comparison to the C–C bond length of 1.42 Å in intact graphene, which corresponds to the 
experimentally obtained value [52,53], the C–N bond length was obtained at 1.389 Å for NG, which is in good accordance with values 
reported in previous studies [54,55]. The lengths of the Ni–Ni and Ni–P bonds were computed at 2.656 Å and 2.204 Å, both of which 
fall into 2% of the values obtained experimentally [56]. The mismatch (2%) between the 7 × 7 supercell of graphene (17.274 Å) and 3 
× 3 supercell of Ni2P (001) (17.618 Å) is proper for forming the heterostructure produced by graphene and Ni2P (001). 

In the present study, the Ni2P/graphene and Ni2P/NG heterostructures are constructed by placing a single-layer Ni2P at the top of 
monolayer graphene and NG slabs. The minimum distance between the Ni2P nanosheet and the graphene surface is 3.24 Å; mean
while, the minimum distance between the Ni2P nanosheet and the NG surface is 3.06 Å. There was a poor interaction between Ni2P and 
graphene-based layers that belonged to the VdW interaction. Structural distortions were absent on Ni2P and graphene-based layers 
compared to the separated constituents. 

The existence of nitrogen atoms led to the stability of doped sheets at greater total energies compared to their intact forms 
throughout the optimization. While the absolute atomic conformations of Ni2P/graphene achieve the binding energy at − 2.64 eV, a 
binding energy value of − 2.96 eV was obtained for their nitrogen-doped equivalent (Ni2P/NG). The molecular motion and the 
electronic structure are also affected by this greater value of bonding energy by boosting the kinetic energy of the doped system. Any 
system with the least feasible energy represents the optimized structure to attain steady energy configuration. 

Fig. 2. (continued). 
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3.2. Projected density of states and band structure 

The projected density of states (PDOS) was employed to analyze the electronic specifications of pure and diverse Ni2P hetero
structures. In the whole PDOS, the Fermi levels shifted to zero. Fig. 2a depicts the PDOS of the graphene monolayer. A Dirac point that 
can be seen at the Fermi level is the exclusive electronic zero bandgap representative of graphene, being both experimentally and 
theoretically related to the existing reports [57,58]. The two visible peaks at − 1.85 eV and 2.22 eV belong to the energy of the Highest 
Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), respectively. These observations also 
agree with those reported in a previous study [59]. Fig. 2b illustrates the PDOS of the NG monolayer. The downshift of the Dirac point 
of the total system (pink line) is visible from the Fermi level and into the conduction band. Close to the Fermi level, it is mainly involved 
in the hybridization of N-2p states and C-2p states, along with a variety of other states that exist at the Fermi level and suggest more 
conductivity of the doped system than the intact graphene. The electronic specifications of doped nitrogen on graphene were further 
studied by calculating the band structure. Fig. 2a exhibits the energy band structure of intact graphene. Gamma, M, and K are the 
highly symmetrical points in the Brillouin zone that corresponds to the supercell. 

At the K-points of undoped graphene, the bandgap is zero, and the conductive and valence bands are cone-shaped, in which the 
points of the cones touch at the Fermi energy. The zero value for the density of states is due to the cones touching at an indefinitely 
minor point (the Dirac point) without any’ range’ or’ extent’ in E-k space (i.e., states are absent in this point). 

The band structure of NG in Fig. 2b indicates that the Fermi level is shifting upwards into the conduction band (with an N atom that 
has one more electron than a C atom) compared to that of intact graphene (as seen in Fig. 2a). These observations indicate that the 
material turns into n-type metallic due to nitrogen doping, and the role of the nitrogen atom is an n-type dopant. The band structures 
determined here for the intact and NG fully correspond to those reported previously [60–62]. 

According to the results shown in Fig. 2c, P-3p states have a strong hybridization with the Ni-3d ones at [− 8.0 eV, 8.0 eV], forming 
covalent bonds between them. The main composition of valence electrons of Ni2P is the 3d orbitals of Ni atoms (Ni-3d), while the 
unoccupied electron above the Fermi level originates from the predominant Ni-3d orbitals and a minor number of P-3p orbitals (3p 
orbitals of P atoms). The distribution range of energy eigenvalues for the hybrid states is mostly 0–2 eV above the Fermi level. 
Additionally, Fig. 2c shows that Ni and P atoms are differentiated by PDOS at various locations. Additionally, more delocalization of 
the P-3p states of Ni2P is seen with their much stronger resonance with Ni-3d states, indicating that the Ni–P bonds are more robust in 

Fig. 3. The top and side views of the spatial mapping charge density difference (Δρ) profile of (a) Graphen monolayer, (b) N-doped graphene 
monolayer, (c) Pristine Ni2P, (d) Ni2P/graphene heterostructure, and (e) Ni2P/NG heterostructure. The cyan and blue color isosurfaces display the 
accretion and depletion of electrons, in respective order, in which the isosurface value is set at 0.05 e/Å 3. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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the Ni2P system. 
In comparison to that of their constituents individually (Ni2P, graphene, and NG), electronic states increase exponentially for Ni2P/ 

graphene and Ni2P/NG to values close to the Fermi level from the valence-electron states of C, N, P, and Ni (Fig. 2d and e). The C-2p 
orbitals of NG were dominant at the top of the valence band and the bottom of the conductance band of Ni2P/NG. The electrons of 
graphene or NG were easily transported to the Ni2P sheet. The condition of PDOSs for Ni2P/NG resembled that of Ni2P/graphene. A 
minor change has been observed in the intensity and shape of the PDOSs for both heterostructures, and no band gap was noticed. 

The easy transmission of electrons from graphene and NG to the Ni2P sheet is highly possible. The electron was transmitted suitably 
due to the electron deficiency of the NG sheets. It can be concluded that the improved electrical conductance of composite structures of 
Ni2P and carbon-based materials is attributed to the electrical conducting graphene and NG itself. However, the calculated DFT in this 
study proves that the electronic structures of the two heterostructures are strongly affected by the coupled Ni2P and carbon-based 
materials, leading to the improved overall electrical conductance of the combined system. This helps efficiently transfer electrons 
across the VdW heterostructure, resulting in high reaction kinetics for the two heterostructures. Thus, the calculated DFT indicates the 
reasons for the far better electrochemical functionality of Ni2P/graphene and Ni2P/NG from the atomic-scale point of view. 

3.3. Charge density difference and charge transfer 

The electronic properties and the charge quantitatively transferred at the heterostructure interface (i.e., Ni2P/graphene and Ni2P/ 
NG) were further investigated by examining the charge density and Hirshfeld charge population at the same adsorption sites, and the 
results illustrated in Fig. 3. The green and pink regions represent the charge depletion and accumulation. 

The difference in the charge density of graphene and NG is shown in Fig. 3a and b. The electronegativity of carbon is 2.55, while 
that of nitrogen is 3.04 [63]. These findings correspond to the fact that electrons are denser around the nitrogen atom while the 
positive charge (green) is more concentrated around the C atoms than the N atom. These observations show that the charge-density 
difference influences the adsorption site of the H3O + ion due to nitrogen doping. 

As depicted in Fig. 3c, the charge accumulation area (cyan color) nearly surrounds the Ni2P (Ni) sites, leading to the strong 
desorption of the adsorbed hydrogen on the Ni2P region. 

Fig. 3d and e exhibit the charge-density difference for the heterostructures (i.e., Ni2P/graphene and Ni2P/NG). There is no 
overlapped electron orbital between Ni2P and graphene-based systems layers, suggesting poor VdW interaction between the layers of 
these heterostructures. These figures show the charge density change at the active surfaces following the heterostructure generation. 
Evidently, only the electronic density around the Ni region can be optimized by the hybrid structures. This shows that these atoms are 
the active sites for the HER, resulting in appropriate strong hydrogen adsorption and improving the HER catalytic activity. 

Table 1 
Hirshfeld charges analysis on the Ni2P, Ni2P/graphene, and Ni2P/NG structures for various positions of Ni (1–3) and P (4–9) atoms.   

Position of different atomic charges on Ni2P sheet 

1 
3 
2 
7 
4 
5 
6 
8 
9   

Number of atomic position 1 2 3 4 5 6 7 8 9 
Ni2P − 0.03 − 0.03 − 0.03 0.05 0.05 0.06 0.05 0.05 0.05 
Ni2P/graphene − 0.04 − 0.03 − 0.04 0.06 0.05 0.06 0.06 0.06 0.06 
Ni2P/NG − 0.05 − 0.05 − 0.02 0.06 0.06 0.05 0.04 0.05 0.06  
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It is clear from Fig. 3d and e that the charge accumulation area (cyan color) at the Ni site in the hybrid structures significantly shifts 
downward, and the equivalent charge depletion area (blue color) grows greater than that of the Ni site in Ni2P. This suggests that the 
positivity of the energy barrier of the Ni site further increases with poorer hydrogen bonding. 

The estimated charge transfer of the Ni2P layer corresponds to the total summation of the Hirshfeld charge populations of the Ni 
and P atoms, as reported in Table 1. The charge transfer from Ni2P to graphene-based systems and vice versa are indicated by positive 
and negative values, respectively. A negative charge of Ni2P was observed for all the composites. Otherwise stated, the charging 
tendency is to be transferred from graphene-based materials to Ni2P. The order of the charge transfer level was Ni2P/NG and Ni2P/ 
graphene. The charge transfer values of − 0.22 and − 0.97e were obtained for Ni2P/graphene and Ni2P/NG, respectively. N-doping in 
graphene (N-doped graphene) is shown to favor the charge provision for all hybrid structures. 

3.4. Adsorption energy 

Equation (3) was employed to calculate the adsorption energy of H3O+ as follows: 

Eads =Esur+adsorbate − Esur − Eadsorbate (3)  

In this equation, Eads is the adsorption energy, Esur+adsorbate is the total energy of the surface-adsorbate(s) system, Esur is the total energy 
of the surface, and Eadsorbate is the total energy of the separated adsorbate(s) with structural optimization in the gaseous phase. It is 
worth mentioning that the energy of dual dipole interplay arising from the limited size of the supercell is not corrected due to its 
minuscule value [64]. The configurations with the utmost stability following fully relaxed H3O+ adsorption on pristine Ni2P, 
Ni2P/graphene, and Ni2P/NG are presented in Table 2. The distance between a particular atom of the adsorbate and the closest C atom 
on the Ni2P surface was determined from the output file position data, and a shorter distance indicated stronger adsorption. The O–H 
bond lengths and the H–O–H angle of 0.989 Å and 110.4◦ were obtained for the separated H3O+ molecule, respectively. The adsorption 
energy for the diverse structures is also listed in Table 2, indicating negative adsorption energies for all structures. The higher negative 
adsorption value of Ni2P/NG suggests that H3O+ molecules are more favorable to absorb on the surface of N-doped graphene 
compared to the Ni2P/graphene and pristine Ni2P. 

3.5. Reaction pathway of the hydrogen evolution reaction 

3.5.1. Volmer reaction 
Two types of possible pathways are recommended to reduce protons to hydrogen in the HER mechanism in an acidic medium, 

including the Volmer-Heyrovsky or the Volmer-Tafel mechanism [65,66]. The primary electrochemical reaction (i.e., Volmer reaction) 
denotes the initially adsorbed protons (H+) from the acid solution for forming adsorbed hydrogen (Equation (4)). The 
Volmer-Heyrovsky mechanism includes the reaction of H+ produced from water splitting with one adsorbed surface hydrogen (Hads) to 
form molecular hydrogen H2 (Equation (5)). The Volmer-Tafel mechanism, however, includes reacting two numbers of Hads with one 
another to form H2 (Equation (6)). The total reaction rate is controlled by the rate of the most sluggish step [67,68]. 

H3O+ + e− → Hads + H2O (Volmer reaction) (4)  

Table 2 
Adsorption energy of hydronium over various catalysts.  

Catalyst Ni2P Ni2P/graphene Ni2P/NG 

Configuration 

Adsorption Energy (eV) − 0.187 − 0.204 − 0.210 
Configuration 

4 − 0.180 − 0.185 − 0.188  
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Hads +H3O+ + e− → H2 + H2O(Heyrovsky reaction) (5)  

Hads +Hads →H2 (Tafel reaction) (6) 

According to previous reports [69–71], the HER catalytic activity of a catalyst has an association with the kinetic energy barrier of 
the hydrogen evolution pathway. To understand the graphene and NG impacts on the catalytic HER activity, the in-depth HER pathway 
on the Ni2P, Ni2P/graphene, and Ni2P/NG catalysts was further examined by DFT calculations. 

The simple steps of the Volmer reaction for the pristine Ni2P were studied to compare it with its bilayer systems. Fig. 4 sche
matically represents the initial (IS), transition (TS), and final (FS) states of the dissociation of hydronium ion on the surfaces of Ni2P, 
Ni2P/graphene, and Ni2P/NG. First, an H atom was located on the central hollow region of the Ni atom and above a P atom of Ni2P and 
hybrid slabs. The calculated energy barrier values were 0.27, 0.23, and 0.18 eV for the transition state on the Ni2P, Ni2P/graphene, and 
Ni2P/NG, respectively. The calculated interacting Ni–H bond distances were respectively 1.611 Å, 1.687 Å, and 1.760 Å at Ni2P, Ni2P/ 
graphene, and Ni2P/NG surfaces, respectively. This suggests the slight weakness of the Ni–H bonds of the adsorbed species after their 
adsorption on the heterostructure surfaces. Table 2 clearly indicates the lower adsorption energy of the H3O+ molecule on the surfaces 
of Ni2P/graphene and Ni2P/NG individually, in absolute value, than the energy needed for hydronium dissociation. This suggests slow 
kinetics for the primary Volmer step in the HER over the Ni2P catalyst; consequently, a high overpotential is required for the 
dissociation. 

3.5.2. Tafel reaction 
The Volmer-Tafel pathway was also calculated for the developed structures to investigate the reaction mechanism, illustrated in 

Fig. 5. The 2nd hydrogen atom was adsorbed on the Ni(II) site of Ni2P, Ni2P/graphene, and Ni2P/NG with mean bond lengths of 1.631, 
1.630, and 1.625 Å for H–Ni(II) and adsorption energy values of 0.180, 0.185, and 0.188 eV, respectively. The energy barriers of 0.40, 
1.12, and 0.28 eV with reaction energy values of − 1, − 1.23, and − 1.24 eV on Ni2P, Ni2P/graphene, and Ni2P/NG, correspondingly, are 
involved in the H migration. This endothermal Tafel step has reaction energy values of 0.63, 0.85, and 0.94 eV, and the energy barrier 
values are 2.67, 2.47, and 1.89 eV for Ni2P, Ni2P/graphene, and Ni2P/NG, respectively. The desorption of the evolved H2 molecule 
from the surface occurs in the FS, and the H–H bond length is 0.753 Å for the entire structure. 

The reported observations generally demonstrate that the catalytic activity of Ni2P/NG is greater than that of the equivalent hybrid 
catalyst with no N introduction and pristine Ni2P. It is concluded that the present findings of calculations correspond to those obtained 
experimentally [41,72]. The greater HER catalytic activity of the heterostructures is attributable to the outstanding migratory capacity 
of the adsorbed single H atom and the lower energy barrier to forming H2 following the introduction of graphene or NG into the Ni2P 

Fig. 4. The side view of the IS, TS, and FS structures are shown by the estimated MEPs of the Volmer reaction on (a) Pristine Ni2P, (b) Ni2P/ 
graphene heterostructure, and (c) Ni2P/NG heterostructure, in which a white ball represents the transported H to the surface at the final state. 
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system. 

3.5.3. Heyrovsky reaction 
Fig. 6 illustrates the Heyrovsky reaction pathway when the H3O+ ion is present. In the IS, the interfacial H atom couples at the Ni 

hollow site. This H atom partially escapes from the surface in the TS, while an H atom of a hydronium ion in the water layer reaches the 
surface, with a distance of 0.957 Å between the two interacting H atoms. The H2 molecule is created in the FS and departs from the 
surface. In this exothermal Heyrovsky step, the reaction energy values are − 0.20, − 0.16, and − 0.18 eV on Ni2P, Ni2P/graphene, and 
Ni2P/NG, respectively. For Ni2P, the calculated energy barrier was 2.56 eV, compared with the reduced values calculated for Ni2P/ 
graphene (1.98 eV) and Ni2P/NG (1.79 eV). 

3.5.4. Overall reaction 
The energy barrier between the developed catalysts was compared by considering two primary steps. The Ni2P/graphene and Ni2P/ 

NG systems act more efficiently in water splitting than pristine Ni2P. The energy barrier declines with the introduction of N-doping. It is 
clear from these values reported in this section that the NG systems act superior to the intact graphene system as catalysts for water 
splitting. Additionally, comparing the energy barriers for the Tafel and Heyrovsky reactions on the pristine Ni2P system indicates a 
remarkably lower energy barrier for the Volmer-Heyrovsky reaction than that for the Volmer-Tafel reaction. This is suggestive of a 
faster Volmer-Heyrovsky reaction and the major pathway of HER. Furthermore, the Volmer- Tafel reaction is the rate-determining step 
(RDS) in the overall reaction. 

4. Conclusion 

Using the DFT calculations, water splitting on pristine Ni2P, Ni2P/graphene, and Ni2P/NG was investigated systematically in this 
research. The relatively poor interaction of these heterostructures is attributed to VdW interaction. The calculated binding energy 
reveals the thermodynamic stability of the heterostructures. The estimated PDOS and band structures indicate more conductivity of NG 
than intact graphene, being helpful in the water-splitting reaction. According to the charge density difference and the Hirshfeld 
analysis of composites, it was clear that the charge was transferred from the graphene or NG to Ni2P. The water splitting efficiency was 
estimated by initial calculation of the adsorption energy of a single hydronium ion on the developed catalyst surfaces, and the bond 
length and angle were calculated afterward. Graphene and NG enhanced water absorption on the Ni2P surface, as indicated by more 
negative adsorption energies and shorter bond lengths of carbon-based catalysts than pristine Ni2P. Eventually, the MEP of the 

Fig. 5. Estimated MEPs for the Tafel reaction between two adjoining protons adsorbed on Ni–I and Ni-II regions on (a) pristine Ni2P, (b) Ni2P/ 
graphene heterostructure, and (c) Ni2P/NG heterostructure. Structural changes of these processes are shown on the upper panel. 
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adsorption of two hydronium ions was examined on the intact and NG. For water splitting, the Ni2P/NG catalyst presented lower 
barrier energy than Ni2P/graphene and pristine Ni2P. A comparison of the energetics for the Volmer, Tafel, and Heyrovsky reaction 
stages engaged in the HER mechanism reveals a rather energy barrier for the Tafel reaction than the Heyrovsky reaction. This indicates 
that the Volmer–Heyrovsky mechanism is the predominant reaction pathway; therefore, the Volmer-Tafel reaction is the RDS of the 
HER. 
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