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Abstract

Nickel phosphides (NixPy), particularly Ni
2
P, are promising catalysts for the acidic hydrogen evolution reaction (HER). Using

density functional theory (DFT), we model HER at the potential of zero charge (PZC), incorporating solvation effects via an explicit

water cluster and implicit surrounding solvent. Comparing the Volmer, Tafel, and Heyrovsky steps under saturated hydrogen

coverage on Ni
2
P(0001) terminations, we find that the Ni

3
P

2
(pristine) surface termination prefers the Volmer-Volmer-Tafel (VVT)

pathway with activation energy (Ea) of 0.57 eV. Conversely, the Ni
3
P

2
+4P (reconstructed) surface favors the Volmer-Heyrovsky

(VH) pathway with Ea = 0.60 eV. For the pristine surface termination, the differential gas-phase hydrogen adsorption free energies

(∆Gdi f f ) correlate with the Volmer and Tafel step reaction energies, and a linear Bell–Evans–Polanyi relationship for the calculated

activation and reaction energies validates the usefulness of the∆Gdi f f descriptor for the Volmer step under PZC conditions. Nickel

atoms play a crucial role in H
2

production on both pristine and reconstructed surfaces, suggesting that modifications of the Ni

sites can be used for catalyst design. Our findings highlight the importance of considering surface reconstruction and solvation

effects on the HER catalytic performance.

1. Introduction

Global energy demand and greenhouse gas emissions have

increased drastically with industrialization, a trend which is

expected to continue [1–5]. Reliance on fossil fuels results in

significant emissions, highlighting the need for a sustainable

energy transition. Renewable energy sources offer solutions

but are limited, for example, by seasonal and geographical fac-

tors [6–8]. Within this context, hydrogen production, espe-

cially through water electrolysis (”green” hydrogen), is recog-

nized as a viable method for energy storage and transportation

[9]. The high energy density of hydrogen and its zero emis-

sions, when combined with renewable resources, support its

role as an efficient energy carrier with broad access to renew-

able energy [6, 8, 10].

The primary step in producing hydrogen with renewable en-

ergy sources is water electrolysis powered by renewables [6].

However, green hydrogen production costs remain higher than

traditional methods such as steam methane reforming and coal

gasification [9]. A central step towards cost reduction is ad-

vancing efficient fuel cell technologies, essential for a ”hydro-

gen transition.” A major challenge in sustainable fuel cells is

the high overpotential required for water electrolysis. Identi-

fying abundant (cheap), stable, and effective electrocatalysts is

crucial for enhancing hydrogen production [11].

While noble metals such as Au, Ag, Pt, and Pd are efficient,

their scarcity and high-cost limit commercial viability [10].

Transition metal phosphides (TMPs) have emerged as poten-

tial catalysts due to their high electrical conductivity, abun-

dance, and catalytic properties [10, 12–14]. Extensive com-

putational and experimental research has been conducted on

TMP hydrogen evolution reaction (HER) catalysts to under-

stand the mechanisms behind their enhanced catalytic activity

and sensitivity to doping [11, 13, 15–26]. Nickel phosphides

(NixPy), particularly Ni
2
P, are notable TMP catalysts for HER

due to their stability and efficiency [19–31].

The catalytic activity of Ni
2
P was initially predicted using

density functional theory and later verified experimentally [19,

20, 32]. Subsequent studies extensively explored the thermo-

dynamic and electronic aspects of HER via hydrogen adsorp-

tion on active sites of Ni
2
P [14, 28, 33, 34]. Emphasis was given

to Ni hollow sites, P top sites and Ni-P bridge sites as active

sites, where the presence of phosphorus is identified to be vi-

tal [14, 19, 33, 35, 36]. Despite significant efforts to enhance the

catalytic activity of Ni
2
P through surface modifications such as

doping and heterostructures [27, 37–41], computational anal-

yses of HER transition states and activation energies remain

limited.

Understanding the HER pathways and TS energies on Ni
2
P

surfaces is crucial for accurate reaction kinetics analysis. In an

acidic environment, HER involves two key steps: the Volmer

step and the Tafel/Heyrovsky step. The Volmer step involves

H atom adsorption onto the catalyst surface, which is the pri-

mary step. The secondary step, Tafel or Heyrovsky, describes

hydrogen molecule formation through recombining two ad-

sorbed hydrogen atoms or an adsorbed hydrogen atom with a

proton from the solvent, respectively.

HER studies on transition metals have given more emphasis

for the route involving Volmer and Tafel steps [19, 36]. How-



ever, the evidence for the inferiority of the Heyrovsky step on

Ni
2
P compared to that of Tafel is limited, indicating the need

for further investigation to determine the dominant HER path-

way. Moreover, conclusions drawn from HER studies on Ni
2
P

based solely on gas-phase hydrogen adsorption studies, ne-

glecting solvent effects, may be insufficient for accurate reac-

tion kinetics representation [42]. Therefore, exploring alterna-

tive HER steps such as Heyrovsky along with Volmer and Tafel,

considering solvent influence, and understanding TS energies

on Ni
2
P surfaces are critical for improving predictive models

and catalyst design [42–48].

The present study employs DFT calculations along with a

hybrid solvent (water) model, which describes the influence of

interfacial water molecules and continuum bulk water on the

reaction, to investigate HER pathways and energetics on Ni
2
P

surfaces. This approach takes the first steps towards realis-

tically understanding reaction kinetics on Ni
2
P and its (0001)

terminations. The electrode systems are set under acidic con-

ditions at a potential of zero charge (PZC). Effects on the re-

action energetics due to electrode corrosion, variations in pH

and applied potential, though critical, are beyond the immedi-

ate scope of this study [28, 42, 47, 49]. Our results demonstrate

that Ni
2
P surfaces display moderate (∼ 0.6 eV) reaction bar-

riers even under PZC, and that the favourable HER pathway

depends on the surface termination (pristine / reconstructed).

The role of Ni sites turns out crucial for the final H
2

production

step (Tafel or Heyrovsky) providing opportunities for catalyst

design.

The article is structured as follows: Section 2 covers meth-

ods, including electronic structure simulations and hydrogen

adsorption studies. Section 3 presents results and discussion,

starting with structural optimizations and analysis of hydro-

gen adsorption and HER. Subsections 3.3.1 and 3.3.2 compare

the catalytic performance of pristine and reconstructed Ni
3
P

2

surfaces. Finally, Section 4 summarizes the key findings.

2. Methods

2.1. Electronic structure simulations

The atomistic simulations were based on the density func-

tional theory (DFT) of electronic structure as implemented in

the Vienna Ab initio Simulation Package (VASP) [50–52]. The

electron exchange and correlation (XC) interactions were de-

scribed using the Perdew-Burke-Ernzerhof (PBE) functional

within the general gradient approximations (GGA) [53]. The

Kohn-Sham wavefunctions were represented in a plane wave

basis set with an energy cut-off of 500 eV. The Brillouin zone

was sampled using a 6×6×6 k-point mesh for bulk structure

optimizations, while a 6×6×1 mesh was used for all other types

of calculations (slab systems). To facilitate a smooth conver-

gence of the calculations, the partial electron occupations in

the vicinity of the Fermi level were approximated by a Gaus-

sian smear with a kBT energy of 0.1 (0.05) eV in the gas-phase

(solvent) structural optimisations. The electronic degrees of

freedom were relaxed until the eigenvalues change less than

10
−8

eV in bulk structure optimizations and 10
−6

eV in all

other cases. The effective ionic core interacting with the va-

lence electron density is approximated using the projector aug-

mented wave method (PAW) [54]. The dispersion correction

proposed by Grimme et al. [55] was applied for total energies

and forces to test the effect on hydrogen adsorption, while the

reaction simulations were performed without it.

The velocity-quenched molecular dynamics algorithm was

used to relax the cell volume and shape of bulk structures and

atomic positions. Unless specified otherwise, the conjugate

gradient algorithm was employed for all other structure op-

timizations, and the absolute force value on any atom was set

below 0.01 eV/. The projected wavefunctions are calculated in

reciprocal space for bulk calculations and in real space for all

other structures. Dipole corrections to the total energy and

forces were applied systematically.

2×2 supercells of the catalyst surface with periodic bound-

ary conditions were constructed from the converged bulk

structure with 7 atomic layers and 20 vacuum, of which three

bottom layers were constrained to the bulk positions. The

reference slabs and their adsorption coverages were found

to be non-magnetic through spin-polarised calculations. The

choice and construction of structures follow the thermody-

namic framework mentioned in the references [56–58].

2.2. Hydrogen adsorption
The thermodynamic feasibility of hydrogen adsorption on

the candidate catalysts was analysed by changes in Gibbs Free

energy for n hydrogen atoms,

∆GnH = ∆Eads + ∆Fvib − T∆S H , (1)

where ∆Eads is the DFT (0 K) adsorption energy, ∆Fvib is

the change in vibrational free energy and ∆S H is the entropy

change upon adsorption. Consistent with the literature [38,

59], the entropy contribution of adsorbed hydrogen TSnH was

neglected, and the entropic energy of an H2 molecule was con-

sidered as TS H2 = 0.403 eV, referring to the standard tables

for gas-phase molecules [60].

The average Gibbs free energy ∆G(n) = ∆GnH/nH describes

the thermodynamic feasibility of hydrogen adsorption on the

catalyst relative to the pristine reference surface. The small-

est ∆G(n) indicates the optimum adsorption configuration at

a particular coverage. The average Gibbs free energy does not

provide adequate information regarding the feasibility of ad-

sorbing additional hydrogen atoms to the given coverage. Such

information is obtained using the differential Gibbs free en-

ergy,

∆Gdi f f (n) = ∆GnH − ∆G(n−1)H , (2)

which takes into account the configurational change be-

tween n and n + 1 hydrogens and enables identification of the

saturation coverage according to the Sabatier principle [34, 61,

62]. The most favourable hydrogen adsorption coverages are

marked by the thermoneutrality condition ∆Gdi f f (n) = 0. To

mitigate potential uncertainties stemming from computational

details, such as the selection of the XC functional, dispersion

correction, and other parameters, a thermoneutral range of
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−0.1 to 0.1 eV is adopted to analyse differential Gibbs free en-

ergy results. This approach aligns with the methodology out-

lined in the references [34, 62].

To include temperature effects, the vibrational energy

Evib(T, ω) and entropy due to vibrations S vib(T, ω) are calcu-

lated at T = 298 K. The corresponding equations have been

adapted from the reference [63], and the vibrational correc-

tions used to obtain Gibbs Free energy are discussed in the Sup-

plementary Information (Eqs. 6, 7 and Table 1), respectively.

The data associated with the present work’s hydrogen adsorp-

tion calculations is available [64]. The H
2
O adsorption calcula-

tions are omitted since reference [19] reviewed the competitive

adsorption between H
2
O and H on Ni

2
P surface and found that

H adsorbs stronger than H
2
O or OH.

2.3. Hydrogen evolution reaction
The acidic HER is marked by two H

+

ions from the water

forming an H
2

molecule often mediated by a catalyst surface.

The three steps of the acidic HER cycle on a catalyst are given

by,

H
+ + ∗ + e

–

−→ H∗ (Volmer) (3)

H ∗ +H
+ + e

–

−→ H
2
+ ∗ (Heyrovsky) (4)

2H∗ −→ H
2
+ 2∗ (Tafel) (5)

where ’*’ represents a vacant site on the catalyst surface. To

simplify the solvent description, an Eigen cation (H
9
O

+

4
, four

explicit water molecules and a proton) surrounded by an im-

plicit solvent was employed for all aqueous interface calcula-

tions. In the Volmer step, the H
+

from Eigen cation adsorbs at a

vacant site on the catalyst surface. Depending on the reaction

energetics, the system produces H
2

molecules either via Hey-

rovsky or Tafel step. The HER steps are schematically depicted

in Figure 1. It is important to note that although the chemical

equations represent charged species, the study uses a neutral

simulation cell (i.e., neutral species initially). Herein, the Eigen

cation acquires spontaneously a positive charge while the as-

sociated electron delocalises in the electrode.

The reaction energy (Er) and activation energy (Ea) are the

final state (FS) and transition state (TS) energies relative to the

initial state (IS), respectively. These energies indicate the fea-

sibility of a reaction step or cycle. Following the works of [36,

42], two consecutive Volmer steps and a Tafel step (VVT) were

used to describe the Er and Ea of a complete Tafel cycle for

H
2

production around the saturation coverage. A similar ap-

proach was taken by combining Volmer and Heyrovsky steps

(VH) for a complete cycle of the Heyrovsky mechanism.

All Volmer steps commence from a suitable hydrogen cover-

age configuration as the IS with an Eigen cation, H
9
O

+

4
. After

adsorbing a H
+

from the water cluster, the reaction step at-

tains an FS retaining four H
2
O molecules. This means that an

additional hydrogen must be present in the IS of the second

Volmer step (V2) of VVT (or Heyrovsky step of VH) compared

to the FS of the first Volmer step (V1). This discrepancy re-

sults in much lower energy for the IS of V2 compared to V1.

To address this, a ”proton-correction” was applied to the rel-

evant energy profiles, accounting for the artificial hydrogen

Figure 1: Schematics of the Volmer-Volmer-Tafel (VVT) and Volmer-

Heyrovsky (VH) cycles for hydrogen evolution reaction on a catalyst surface.

The figure was inspired by Ref. [65].

addition in the IS of V2. This adjustment removes the artificial

stability increase for V2 and accurately reflects the effects of

surface-Eigen cation interactions. This energy profile modifi-

cation, modelled as a proton transfer from bulk water to the

water cluster to form an eigencation, ensures mass (proton)-

balanced profiles and accurate relative energies for consecu-

tive Volmer and Volmer-Heyrovsky steps. This approach also

facilitates later discussions. The corresponding chemical equa-

tion representing ”proton-correction” is given in (6).

nH ∗ +H
2
O + H

+

−→ nH ∗ +H
3
O

+

(6)

In the VVT cycle, the catalyst surface proceeds from n to

n+2 coverage via two successive Volmer steps that prepare the

system in the desired coverage configuration for the Tafel step.

After the Tafel step, a H
2

is formed from the two adsorbed H

atoms. In the VH cycle, after the Volmer step, an H
+

from Eigen

cation binds with an adsorbed hydrogen to form a desorbed H
2

molecule. This marks the Heyrovsky step of the cycle.

The VVT/VH cycles begin with a charged water cluster and

conclude with an uncharged one. A proton transfer from the

bulk water to the water cluster is required as a final step to

achieve the charged state (IS) from the system’s uncharged

state (FS), marking the completion of the reaction cycle. Align-

ing the FS with that of the IS of the cycle ensures that the re-

spective energies differ by ∼0.01 eV only for all reaction cycles.

Hence, the Er values discussed in the following correspond to

energies that do not include the final proton-correction.

The Eigen cation in conjugation with a description of the

implicit solvent provides a practical approximation for the

catalyst-solvent interaction. The implicit solvent formalism in

VASPSol [66–68] was used to model the reactions. It is based

on the joint DFT (jDFT) [69] where the electronic structure

of the solute is modified by a classical density functional for

liquid solvent. The total free energy functional is modified by

adding Kohn-Sham, dielectric, and cavitation free energy con-

tributions to represent a solute system in a continuum linear

polarizable medium. All electrostatic interactions between the
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solute and the solvent are included in the dielectric term, and

all non-electrostatic interfacial interactions are approximated

with the cavitation term. The ground state free energy of a

solute-solvent system is obtained by minimizing the total free

energy functional with respect to the electron density of the

solute. For further details, refer to [66–68].

The Eigen cation (H
9
O

+

4
) was employed for reaction mod-

elling, where H
3
O

+

(hydronium) and H
5
O

+

2
(Zundel) clusters

are also possible. Hanslin et al. compared the energies of these

ions with the Eigen cation and found convergence with in-

creasing water cluster size [42]. It was also identified that an

implicit solvent description is necessary to stabilise the proto-

nated water clusters in reaction modelling [42].

A 2 × 2 surface with 5 (full) atomic layers was chosen for

the candidate catalyst systems. The top two layers of the cat-

alysts were relaxed, along with the adsorbed hydrogen atoms

and the water cluster. The energy profiles of the HER cycles

on catalyst surfaces were calculated using the climbing image-

Nudged Elastic Band (CI-NEB) method [70–72]. The electronic

and ionic optimizations converged below 10
−6

eV and 0.05 eV/,

respectively. The bulk relative permittivity of water ϵb was set

to 78.4, and the Debye length λD to 3 , respectively. The remain-

ing parameters are set to the default values in the VASPSol soft-

ware [66–68]. The Fast Inertial Relaxation Engine (FIRE) [73]

was used to optimise systems in solvent calculations. A de-

tailed comparison of other force-based optimizers is provided

in the reference [74]. The data from the HER calculations dis-

cussed in the work is available [75].

3. Results

3.1. Structure optimisations
The bulk structure of Ni

2
P converged to a hexagonal lattice

with lattice parameters a = b = 5.871 and c = 3.381 in a non-

magnetic state. The Ni
2
P bulk system has alternating layers

of Ni
3
P

2
and Ni

3
P in the [0001] direction as illustrated in Fig-

ure 2a. The optimized structure agrees with the experimental

lattice parameters a = b = 5.859 , c = 3.382 [76, 77], and is con-

sistent with theoretical values in the literature [28, 56–58, 78].

The Ni
2
P symmetric slabs of the Ni

3
P and Ni

3
P

2
surface ter-

minations are illustrated in Figure 2b and the corresponding

formation energy is plotted in Figure 2c. For the relevant range

of phosphorus chemical potential (µP) in Ni
2
P, the Ni

3
P

2
termi-

nation is marginally more thermodynamically favourable than

Ni
3
P [27, 56, 58]. Based on this result, Ni

3
P

2
was chosen as

the candidate catalyst surface termination. Although Ni
3
P is

less favoured in comparison with Ni
3
P

2
, experiments suggest

that both terminations are observed in Ni
2
P [78–80]. The de-

termination of lower (P-poor) and upper (P-rich) limits to µP

is explained in Section SI1. For a detailed structural stability

analysis of Ni
3
P and other NixPy systems, we refer to [27, 28,

56, 58].

The thermodynamic stability of the Ni
3
P

2
termination with

additional P atoms, compared to the pristine (Ni
3
P

2
) termi-

nation, has been analyzed through formation energy calcu-

lations, as illustrated in Figure 3a. Among the enriched ter-

minations, Ni
3
P

2
+5P is slightly more favourable towards the

(a)

(b)

(c)

Figure 2: (a) Bulk structure of Ni
2
P showing Ni

3
P and Ni

3
P

2
stacking with

lattice parameters indicated. Red and blue colours represent Ni and P, respec-

tively. (b) Ni
2
P(0001) surface slabs of the Ni

3
P and Ni

3
P

2
terminations. (c)

Formation energy for Ni
3
P and Ni

3
P

2
terminations in the phosphorus chemi-

cal potential range relevant for bulk Ni
2
P formation.

end of the P-rich limit, while Ni
3
P

2
+4P is preferred within the

middle-range of the µP limit. Motivated by the results given in

Figures 2c and 3a, and the fact that both Ni
3
P

2
(pristine) and

Ni
3
P

2
+4P (reconstructed) terminations are experimentally ob-

served [81, 82], both were considered as candidate surfaces for

studying HER [57, 58]. Correspondingly, the P adatoms on the

reconstructed surface termination occupy the Ni hollow sites,

which are considered ideal for adsorption on the pristine sur-

face [57, 58, 82]. Our results and the catalyst modelling are

consistent with the literature [58, 83, 84]. An extensive outlook

on Ni
2
P surface terminations can be found in the literature [35,

56, 58].

The following hydrogen adsorption calculations were car-

4



(a)

(b)

Figure 3: (a) Formation energy of the Ni
3
P

2
+XP (X = 1 to 5) terminated slabs

over a chemical potential range relevant for bulk Ni
2
P. The numbers of P

atoms refer to the chosen 2×2 supercell in this work. (b) Side view of the

Ni
2
P(0001) slabs with terminations Ni

3
P

2
(left) and Ni

3
P

2
+4P (right). The three

dark-shaded layers illustrate atoms with fixed bulk positions.

ried out on a 7-layered 2×2 surface of Ni
2
P(0001) asymmet-

ric slab with Ni
3
P

2
and Ni

3
P

2
+4P surface terminations (see Fig-

ure 3b).

3.2. Hydrogen adsorption

Table 1 displays the adsorption energies (∆Eads, eq. (1)) and

Gibbs Free energies (∆G(1), eq. (SI12)) of a single H atom ad-

sorbed on Ni
3
P

2
and Ni

3
P

2
+4P surfaces. The adsorption sites

where H diffuses away to a more stable neighbouring site are

excluded from the table. The hydrogen atom adsorbs the best

on the Ni hollow site (∆G(1) = -0.40 eV) on Ni
3
P

2
, and on the P

adatom (∆G(1) = 0.08 eV) on Ni
3
P

2
+4P. For pristine surface, the

results indicate that only Ni hollow sites are preferred for in-

creasing coverage. The positive ∆G(1) value of reconstructed

Ni
3
P

2
+4P is due to the vibrational and entropic corrections

(eq. (SI12)), while ∆Eads is negative for the P adatom as well.

Very similar adsorption free energy values (within 0.1 eV) have

been found in the literature [14, 33, 62], although some works

[36, 38] report weaker H adsorption relative to the present

work. Table SI2 consolidates the gas-phase adsorption energy

values from the literature.

Identifying the hydrogen saturation coverage on the pristine

and reconstructed surface is crucial for setting a favourable

condition for HER. Hence, a hydrogen coverage exploration

on the catalyst surfaces is conducted based on differential

Table 1: Adsorption energy (∆Eads) and Gibbs Free energy (∆G(1)) of a single

H atom adsorption without (with) dispersion corrections.

Adsorption site Ni
3
P

2

∆Eads(eV) ∆G(1)(eV)

Ni hollow -0.62 (-0.68) -0.40 (-0.46)

P top 0.10 0.36

Ni-P bridge -0.02 (-0.12) 0.22 (0.12)

Adsorption site Ni
3
P

2
+4P

∆Eads(eV) ∆G(1)(eV)

P top 0.19 0.44

Ni-P bridge 0.29 0.52

Ni top 0.00 0.21

adatom P -0.18 (-0.25) 0.08 (0.05)

(a)
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E
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H
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)
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Ni3P2 + 4P vdW

(b)

Figure 4: (a) Differential Gibbs Free energy (eq. (2)) and (b) average Gibbs free

energy as a function of hydrogen coverage on the Ni
3
P

2
(green) and Ni

3
P

2
+4P

(red) surface terminations. The dashed (solid) curves represent results with

(without) dispersion correction.

Gibbs Free energy (∆Gdi f f (n)) analysis. Figure 4a shows

∆Gdi f f (n) (eq. 2) for gas-phase hydrogen adsorption on Ni
3
P

2

and Ni
3
P

2
+4P surfaces for variable coverage. ∆Gdi f f (n) de-

notes the cost or gain of adsorbing additional hydrogen from

the preceding coverage configuration. A full-blown adsorption

coverage study for higher coverages with all possible adsorp-
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tion sites becomes a rapidly increasing combinatorial problem.

Hence, the initial (unrelaxed) adsorption site configurations

were constructed based on the site-specific information from

the previous coverages. Figure 4b depicts ∆G(n) at various

coverages. Considering possible computational inaccuracies,

a thermoneutral region is defined between -0.1 to 0.1 eV to an-

alyze the ∆Gdi f f (n) data following Refs. [34, 62].

Also, the relevance of the dispersion interaction in hydro-

gen adsorption is reported in Figure 4 for both surface types.

The presented data with dispersion corrections extend only up

to 14H and 8H on the pristine and reconstructed surfaces, re-

spectively, since the uncorrected data showed consistently in-

creasing endothermicity for higher coverages. The inclusion of

the dispersion interaction results in slightly stronger hydrogen

adsorption, which is also reflected in the differential Gibbs free

energy as a small shift downwards. We considered this effect

so small that we did not include dispersion corrections in the

following reaction simulations.

(a) (b)

Figure 5: Saturated number of hydrogens adsorbed on (a) Ni
3
P

2
(4H) and (b)

Ni
3
P

2
+4P(6H) surfaces with 2×2 unit cell.

As indicated by ∆Gdi f f (n), the 2×2 unit cell Ni
3
P

2
surface

termination saturates at four H atoms (nH = 4), each adsorbed

at a hollow site. The adsorption is exothermic until all four

hollow sites are covered (see Figure 5a), followed by a step-

wise increase, and the larger coverages are increasingly en-

dothermic. Consistent with the single H adsorption results,

the Ni-P bridge sites become preferred (∆Gdi f f (5) = 0.31 (0.21)

eV) [19] after all hollow sites are filled. Such combinations

of hollow and Ni-P bridge sites are the preferred adsorption

configurations for up to 10 H atoms. A combination of Ni-Ni

and Ni-P bridge sites with the hollow sites filled (∆Gdi f f (10) =

0.37 (0.27) eV) emerged as the best hydrogen adsorption motif

for 10 and higher numbers of H atoms on the pristine surface.

The emergence of the Ni-Ni bridge as a preferred (and locally

stable) adsorption site was only revealed through a coverage-

exploratory study for larger numbers of H atoms. However,

exploring coverages on supercells is a significant challenge,

necessitating a faster method for identifying active sites and

adsorption energies, as demonstrated by Ref. [85].

The preferred adsorption sites on the Ni
3
P

2
+4P surface ter-

mination consist of P adatoms covalently bonded to two or

three H atoms (PH
2
, PH

3
), except for the cases of 1, 3, and 7

H atoms. For 3H and 7H, a PH
1

unit is preferred over a PH3 in

combination with the PH2 unit(s). Pertaining to HER, cover-

ages 1, 2, and 6 align with the thermoneutral region, amongst

which 6 H (see Figure 5b) exhibits the most favourable adsorp-

tion. Identifying 6H as the best coverage once again demon-

strates the necessity of conducting coverage-exploratory stud-

ies to find the optimal coverage for reaction simulations.

3.3. Hydrogen evolution reaction

The investigation of thermoneutral adsorption on the candi-

date catalysts suggests that the coverages of 4, 5, and 6 H atoms

on the pristine surface and 6, 7, and 8 H atoms on the recon-

structed surface are suitable for HER. Since alternative path-

ways will be explored in the following, we distinguish differ-

ent configurations of the same coverage with Roman numer-

als in parenthesis adjacent to the coverage, e.g. nH(I), nH(II),

etc. The following subsections provide a detailed discussion

of Ea and Er (consolidated in Table 2) of VVT and VH cy-

cles on both pristine and reconstructed surfaces. For clarity,

the VVT and VH pathways on the pristine surface will be de-

noted as PXVVT and PXVH , respectively, where ”X” represents

the specific pathway number (e.g., P1VVT , P2VH). Correspond-

ingly, pathways on the reconstructed surface will be denoted

as RXVVT and RXVH . Within each VVT pathway on the pristine

surface (PXVVT ), the consecutive Volmer steps are denoted as

PXV1 and PXV2 in chronological order. These steps are repre-

sented as RXV1 and RXV2 for the reconstructed surface. Simi-

larly, the Volmer steps are labelled as PXV and RXV for the VH

pathways. Finally, Tafel and Heyrovsky steps will be referred

to as PXT / RXT and PXH / RXH for the pristine/reconstructed

surfaces.

Additionally, proton-corrections were applied consistently

to adjust the energy of the Volmer final states in all discussed

pathways, accounting for the transfer of an additional proton

from the bulk of water to the neutral water cluster (H
8
O

4
) in

order to form an Eigen cation (H
9
O

+

4
) again. It should be noted

that the final state energies of the pathways were not proton-

corrected, as this correction straightforwardly sets their final

energy close to zero. For further details, refer to section 2.3.

3.3.1. Pristine surface (Ni3P2)
Two energy profiles over various HER intermediates on the

pristine surface are illustrated in Figure 6. The Er and Ea (Ta-

ble 2) reveal that the VVT cycle involving 3H(0), 4H(0), and

5H(0) coverages is the preferred pathway, denoted as P1VVT

(Figure 6a). The Ea and Er of the VVT cycle are 0.57 eV and 0.56

eV, respectively. Figure 7 visually represents the P1VVT cycle.

The top view of relevant hydrogen coverage configurations in-

volved in the cycle is depicted in Figure 5a, and Figures SI1a

and SI1d. The consecutive Volmer steps proceed from 3H(0) to

5H(0) coverage going through 4H(0). The Tafel step (P1T) to

form H
2

starts with 5H(0), where 4 H atoms are at the hollow

site and one at a Ni-P bridge site. The Ni-P bridge hydrogen

shares a Ni atom with one of the hollow site hydrogen (Figure

SI1d). P1T results in the formation of H
2

on top of the Ni atom,

and H
2

desorbs from the surface. The individual Volmer and

Tafel energies (without proton-corrections) are summarized in

Table SI3.

At one step higher H coverage, the energy profile of an al-

ternative Tafel step P2T where the system goes from 6H(II) to

4H(I) + H
2

(Figure SI6b) is very close to that of P1T. Despite dif-

ferent numbers of H, the similarity between P1T and P2T can
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Figure 6: The energy profile of HER pathways on Ni
3
P

2
surface termination.

(a) Two consecutive Volmer steps from 3H(0) to 5H(0), and a Tafel step from

5H(0) to 3H(0) coverage corresponding to P1VVT . (b) A Volmer step from 4H(0)

to 5H(I), and a Heyrovsky step from 5H(I) to 4H(0) coverage corresponding to

P4VH .

be attributed to the correspondence in sites and atoms involved

in the mechanism. The two mechanisms differ in energies by

less than 0.05 eV.

Considering the Tafel energies solely (Table SI3), the most

feasible pathway is from 6H(I) to 4H(0) + H
2

(P3T), see Figure

SI6b. The Ea for H
2

formation in the P1T and P2T steps differ

from that of P3T. The participation of a Ni hollow site H atom to

form H
2

in P1T leads to an Ea ≈ 0.42 eV higher than that for the

Ni-P bridge site in P3T. Hence, the H
2

formation mediated by a

Ni atom is affected by the adsorption sites of participating hy-

drogens. Therefore, the order of feasibility for the Tafel steps is

P3T > P2T > P1T (Table SI3). As a whole, the VVT cycle Er and

Ea (with proton-corrections) suggest that the P2VVT pathway

is undesired compared to P1VVT and P3VVT . The order of pref-

erential pathways for the VVT cycle is P1VVT > P3VVT > P2VVT ,

see Table 2.

A comparison between the alternative pathways (see Ta-

ble SI3) indicates that the Volmer steps and corresponding

proton-corrections significantly influence the Ea and Er of

(a)

(b)

(c)

Figure 7: Volmer-Volmer-Tafel reaction pathway P1VVT on Ni
3
P

2
via surface

H coverages (a) 3 to 4, (b) 4 to 5 and (c) 5 to 3.

Table 2: Activation (Ea) and reaction (Er) energy of reaction pathways.

PXVVT/VH and RXVVT/VH represent Volmer-Volmer-Tafel/Volmer-Heyrovsky

pathways of HER on pristine and reconstructed surfaces, respectively.

Pathway Surface coverage transition Ea (eV) Er (eV)

P1VVT 3H(0)→4H(0)→5H(0)→3H(0) 0.56 0.57
P2VVT 4H(0)→5H(I)→6H(II)→4H(I) 1.22 1.20

P3VVT 4H(0)→5H(I)→6H(I)→4H(0) 0.95 0.68

P4VH 4H(0)→5H(I)→4H(0) 0.83 0.67

P5VH 4H(0)→5H(0)→4H(0) 0.82 0.74

R6VVT 6H(0)→7H(0)→8H(0)→6H(0) 1.14 0.03

R7VH 6H(0)→7H(I)→6H(0) 0.60 -0.02
R8VH 6H(0)→7H(0)→6H(0) 0.93 0.06

the cycles. Hence, modifications in the system that benefit

Volmer steps should be considered when designing better HER

catalysts. Since the gas phase differential adsorption energy

∆Gdi f f (n) correlates with the Volmer reaction energy (proton-

corrected) over explored coverages, the relevant systems for

reaction simulations can be screened based ∆Gdi f f (n) (Fig-

ure 8a), as suggested by Nørskov et al. [59]. Similar screening

can be made for Tafel reaction studies by leveraging the corre-

lation of gas phase differential adsorption energies (in steps of

2 hydrogens) with Tafel Er shown in Figure 8b.

Among the two VH pathways examined, one progresses

from 4H(0) to 5H(I) coverage and then returns to 4H(0) (P4VH),

while the other extends from 4H(0) to 5H(0) and then reverts

to 4H(0) (P5VH). The energy profile of P4VH (P5VH) across the

reaction intermediates is displayed in Figure 6b (Figure SI6d).

The Figure SI3 provides a visual aid to enhance comprehension
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Figure 8: Comparison of (a) proton-corrected Volmer reaction energies with

differential hydrogen adsorption energies in consecutive steps and (b) Tafel re-

action energies with hydrogen adsorption energies in steps of two hydrogens

as a function of coverage. Hydrogen coverage (n) is a positive integer value.

of the P4VH pathway. P4VH and P5VH exhibit similar VH en-

ergy profiles across the reaction intermediates, with the overall

Ea/Er of 0.83/0.67 eV and 0.82/0.74 eV, respectively. Both path-

ways exhibit similar barriers but slightly different Er which dif-

fer by ≈ 0.1 eV (Table SI3), suggesting that the P4H is a slightly

more preferred Heyrovsky step.

In P4VH and P5VH , 4H(0) is the initial and final coverage,

with 4 H atoms covering all Ni hollow sites (Figure 5a). The

intermediate coverages 5H(0) and 5H(I) of the VH cycle have

the fifth H adsorbed on a Ni-P bridge site, see Figures SI1d and

SI1e, respectively. In preparation for H
2

formation, H adsorbed

at the Ni-P bridge site ascends to the Ni top site before com-

bining with H
+

from the solvent. The energy plateau observed

towards the end of H
2

formation and the following uphill and

barrier before desorption (Figure 6b) reflects the fact that H
2

prefers adsorption on the Ni top site compared to desorption.

In both VVT and VH pathways, the Ni atom directly plays a

substantial role in mediating the H
2

production.

The similarity in the Volmer steps of P4VH and P5VH (see

Table SI3, Figures 6b , SI6d) is associated with the (bridge) ad-

sorption sites in 5H(I) and 5H(0). As in the VVT pathways, the

proton-corrected Volmer step was crucial in comprehending

the overall energetics of the VH cycles and their feasibility.

The bare Volmer reaction energetics are consistently higher

than the bare Tafel and Heyrovsky steps (see Table SI3), and

the proton-corrections improved the VVT/VH pathways.

Comparing the Er and Ea of all HER path-

ways on the pristine surface, the reaction prefers

P1VVT > P4VH/P5VH > P3VVT > P2VVT . The VVT path-

ways are not consistently better than VH, underscoring the

significance of VH pathway studies in such systems. On the

other hand, individual Tafel steps are energetically similar to

or better than Heyrovsky steps.

3.3.2. Reconstructed surface (Ni3P2+4P)
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Figure 9: Energy profiles of HER pathways on Ni
3
P

2
+4P surface termination.

(a) Two consecutive Volmer steps from 6H(0) to 8H(0) coverage, and a Tafel

step from 8H(0) to 6H(0) corresponding to R6VVT . (b) A Volmer step from 6H(0)

to 7H(I) coverage, and a Heyrovsky step from 7H(I) to 6H(0) corresponding to

R7VH .

Similarly, as above, the VVT and VH pathways have been

investigated on the reconstructed surface, and the energy pro-

files of two complete cycles are represented in Figure 9. The

VVT pathway with 6H(0), 7H(0), and 8H(0) coverages (R6VVT )
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resulted in a high Ea (1.14 eV) whereas the Er became low (0.03

eV). The reaction visualisation is provided in Figure SI4.

The two consecutive Volmer steps, R6V1 and R6V2, are both

exothermic, helping to maintain a low Er despite the positive

proton-correction in between. The small fluctuations appear-

ing after the second Volmer step are due to the diffusion of two

H atoms on a P adatom to the pristine layer Ni top site. The

Tafel energetics suggest that the orientation change/diffusion

on the reconstructed surface is allowed with a negligible bar-

rier. After the surface diffusion, the Ni atom mediates the

H
2

formation. As observed on the pristine surface, the H
2

molecule prefers to adsorb on top of the Ni atom before des-

orption with a substantial energy barrier; see Image number

19 of Figure 9a.

(a)

(b)

Figure 10: Volmer-Heyrovsky pathway R7 on Ni
3
P

2
+4P via surface hydrogen

coverages (a) 6 to 7 and (b) 7 to 6.

Contrary to the pristine surface, proton-corrections led to a

positive shift in the energy profile. Hence, they are not trivial

and must be distinguished between the surfaces. The upward

shift in the case of the reconstructed surface is due to the pos-

itive partial charge on the hydronium ion cluster and adatom

phosphorus, which lie very close to each other, resulting in

an unfavourable electrostatic situation. On the same grounds,

the pristine surface accumulates electron density, resulting in

a downward shift after proton-corrections.

Two alternative pathways, R7VH and R8VH , are considered

for the VH cycle on the reconstructed surface. The two path-

ways differ with respect to the 7H configuration. The top view

of both 7H(0) (R8VH) and 7H(I) (R7VH) coverages are given in

figures SI2b and SI2c, respectively. The energy profile and vi-

sualisations of the VH pathway R7VH are shown in figures 9b

and 10, respectively. The motivation for investigating the R7VH

pathway with a similar (0.05 eV difference) energy configura-

tion 7H(I) arises from the fact that Ni atoms mediate H
2

forma-

tion, and the adatom-to-pristine-layer diffusion appears very

feasible, as observed for the Tafel step from 8H(0) to 6H(0).

Consistent with the pristine surface calculations, the seventh

H atom at the Ni-P bridge site diffuses over the Ni top site and

forms H
2

with the proton from the water cluster, resulting in

an Ea/Er of 0.60/-0.02 eV.

The second VH pathway, R8VH , involves only lowest-energy

configurations 6H(0) and 7H(0), as evidenced by the calculated

Gibbs’s free energy (Figure 4). The energy profile for R8VH is

given in Figure SI6c. The added H atom in 7H(0) is adsorbed to

the adatom phosphorus. Although the Volmer step is exother-

mic in the 7H(0) case, the VH cycle Ea is 0.3 eV higher than that

of the 7H(I) case. The proton-correction is much more signif-

icant in R7VH than in the R8VH , which is consistent with the

electrostatic interaction of the water cluster and the adatoms.

Comparing the barrier heights in figures 9b and SI6c, the

pathway R7VH is energetically more feasible than R8VH for the

VH cycle. From Table SI3, the Heyrovsky mechanism appears

to be favourable for H
2

production compared to Tafel, irrespec-

tive of the pathway. Hence, the order of preferential reaction

cycles on the reconstructed surface is R7VH > R8VH > R6VVT .

4. Discussion and conclusions

The catalytic activity of Ni
2
P(0001) surface terminations for

acidic HER was investigated using DFT calculations. To under-

stand the HER activity, potential terminations and reconstruc-

tions along the [0001] direction must be considered. Based on

empirical and stability arguments, the present study focuses on

Ni
3
P

2
(pristine) and its Ni

3
P

2
+4P reconstruction, despite other

viable terminations (Ni
3
P) and phosphorus reconstructions.

Exploring critical hydrogen coverages is an essential start-

ing point for HER investigations. The key coverages (based on

∆Gdi f f ) are 3H(0), 4H(0), and 5H(0) on the pristine 2 × 2 sur-

face, and 6H(0), 7H(0), and 8H(0) on the reconstructed surface.

The pristine surface transitions from exothermic to endother-

mic adsorption between 4H(0) and 5H(0) as Ni hollow sites

fill. 6H(0) with three PH
2

units is thermoneutral on the recon-

structed surface. The subsequent HER simulations simulations

(with solvent) show that the Volmer mechanism is crucial in

determining the preferred cycle for both surface terminations.

The eigencation-surface interaction has a non-trivial influence

on the reaction energetics, depending on the termination and

H coverage. The gas-phase adsorption energy correlates with

the proton-corrected Volmer Er on the pristine surface, which

aids in screening potential Ni
2
P-related HER catalysts.

For the Ni
3
P

2
surface termination, the VVT cycle (P1VVT

pathway) is more feasible than the VH cycle. In P1VVT , sur-

face coverage varies between 3H(0), 4H(0), and 5H(0), and the

corresponding overall Ea and and Er are 0.57 eV and 0.56 eV,

respectively. The VVT pathways indicate that the strongly ad-

sorbed H atoms (Ni hollow sites) can participate in H
2

forma-

tion with an associated energy cost. Tailoring catalysts via

voltage and/or doping can enhance the role of such sites for

HER.

The reconstructed Ni
3
P

2
+4P prefers the VH (R7VH) mecha-

nism for HER. The H coverage varies between 6H(0) and 7H(I),

and the corresponding Ea and Er are 0.60 eV and -0.02 eV,

respectively. The Heyrovsky mechanism outperforms Tafel

regardless of the pathway. The Tafel mechanism (pathway

R6VVT ) suggests that the orientation change or diffusion onto

the pristine-type second layer is feasible. Hence, electrochemi-
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cal modifications on the second layer (Ni) can enhance H
2

pro-

duction here as well by facilitating surface H atom diffusion.

Finally, the reaction simulations were conducted at PZC

without applied voltage. We anticipate that applying voltage

and/or doping will affect surface stability, including potential

electrode corrosion, and consequently influence reaction en-

ergetics and mechanisms, such as transition states, as demon-

strated for MoS
2

[42]. Such advanced catalysis modelling com-

bining both voltage and solvent effects provides a more realis-

tic and improved understanding of the reaction pathways and

energetics.
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