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The all-electron full-potential linearized augmented plane-wave method is used to investigate the structural, electronic, and thermodynamic
properties of the hexagonal structure of Ni2P. We show that Ni2P is stable and has interesting mechanical and thermodynamical proper-
ties. While we used the non-equilibrium Green’s function formalism to investigate electronic transport properties, particularly conductance
by constructing a symmetric junction with Ni2P acting as the spacer between two gold electrodes (Au/Ni2P/Au). We considered both
phosphorus-rich and phosphorus-poor terminated interface and we show that the transmission coefficients depends on the nature of Ni2P/Au
interface. Furthermore, we mimic experimental junction, by analyzing the impact of phosphorus deficiency. We show that Ni2P’s conduc-
tance is altered differently depending on whether the defect is located at the interface or deep within the spacer.
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1. Introduction

Hydrogen fuel, produced through water electrolysis, emerges
as a promising clean energy alternative to fossil fuels [1].
The electrocatalytic hydrogen evolution reaction (HER) rep-
resents a crucial step in water electrolysis, with platinum (Pt)
currently recognized as the most efficient HER electrocata-
lyst, exhibiting a nearly zero onset overpotential [2]. How-
ever, due to its high cost and limited availability, extensive re-
search has been dedicated to identifying low-cost and catalyt-
ically active alternatives. Transition metal phosphides (TMP)
have emerged as promising candidates due to their distinct
and unique catalytic properties, offering potential solutions
for energy production and storage systems [3].

Nickel phosphide (Ni-P) is distinguished among transi-
tion metal phosphides due to its catalytic and electrochemi-
cal characteristics, particularly in alkaline electrolyzers and
fuel cells. It has demonstrated notable performance in both
the hydrogen evolution (HER) and oxygen evolution reac-
tions (OER). Nickel phosphide catalysts exhibit high activity,
stability, and potential for large-scale production [4]. More-
over, Ni-P has gathered attention for its potential in energy
storage applications, particularly rechargeable batteries. Re-
cently, its effectiveness as an electrode material have been
demonstrated, especially as an anode in lithium-ion batter-

ies, where nickel phosphide electrodes have shown impres-
sive cycling stability and high specific capacity, critical for
efficient energy storage [5-7].

Of the nine intermetallic Ni-P phases [8-10], Ni2P is one
of the most prominent compounds. Recently, Weiet al. [11]
have theoretically demonstrated that the Ni2P (001) surface
exhibits excellent performance in catalyzing the hydrodesul-
furization (HDS) process and that the bulk Ni2P presents a
real-space topological ferroelectricity [12].

For Ni2P to perform optimally in catalysis and in
rechargeable batteries, it must possess stable mechanical
and electrical properties [13]. Hence, there is a need
for a comprehensive understanding of its mechanical and
electrical properties, which, to our knowledge, are insuffi-
ciently explored. To address this gap, we aim to investi-
gate the mechanical, thermodynamic, and transport proper-
ties of Ni2P through first-principles calculations within the
density functional theory (DFT) framework combined with
non-equilibrium Green’s function (NEGF).

2. Computation details

The geometrical, electronic, and thermodynamic proper-
ties of Ni2P’s hexagonal structure were calculated using
the all-electron full-potential linear augmented plane-wave
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(FLAPW) method [14,15] implemented in the Fleur code
[16]. The calculations were conducted within the Perdew,
Burke, and Ernzerhof (PBE) parametrization of the gener-
alized gradient approximation for the exchange-correlation
potential [17]. A muffin-tin radius of 2.03 Bohr has been
considered for both Ni and P atoms. We used16×16×20 k-
points in the Brillouin zone, generated using the Monkhorst-
Pack scheme [18], for electronic and mechanical properties.
However, a finer mesh of 24600 k-points (40 × 40 × 60)
in the irreducible Brillouin has been used to plot the Fermi
surface and to calculate the electron’s group velocity (See
in Fig. 3). In contrast, the linear tetrahedron method is
adopted for the integration in the Brillouin zone (BZ) to cal-
culate the density of states (DOS) [19]. For the transport
calculation through Ni2P-based junctions, we employed the
non-equilibrium Green’s function [20] as implemented in the
Smeagol [21,22] based on the SIESTA-DFT packages [23].
A uniform real space grid with a cutoff of 400 Ry is used
in these calculations. We used norm-conserving, fully sepa-
rable Troullier Martin pseudopotentials [24] and double-zeta
ζ(DZ) as the basis set. A fine k-point Monkhorst-Pack mesh
(32× 32) was used to sample the 2d Brillouin zone to evalu-
ated both density matrix and the transmission coefficient. A
denser set, of128×128 k-points, was used to obtain the value
of the transmission coefficient at the Fermi level.

3. The mechanical properties

Ni2P assumes a hexagonal structure belonging to the revised
C22 (Fe2P) structure type (see Fig. 1), with a space group
P62m. The six Ni atoms occupy the Wyckoff positions 3(f)
and 3(g) (hereafter denoted as Ni(f) and Ni(g), respectively),
while phosphorus atoms occupy the 2(c) and 1(b) Wyckoff
positions. In theP62m space group (number 189), the Wyck-
off 3(f) and 3(g) positions correspond to fractional coordi-
natesxf etxg. Consequently, the structure of the Ni2P can

FIGURE 1. (Color online) The crystalline structure of Ni2P is de-
picted, with Ni(f) atoms shown in green and Ni(g) atoms presented
in blue. The variation of total energy as a function of volume under
isotropic deformation with c/a held constant (by diamonds), fitted
with the Birch-Murnaghan equation of state (solid line).

TABLE I. Calculated optimum lattice parameters (a andc) and frac-
tional coordinates,xf andxg of Wyckoff positions 3(f) and 3(g),
respectively, of the hexagonal structure of Ni2P system compared
experimenatal values and other calculations.

Lattice parameters
xf xg Reference

a0 c

5.885 3.373 0.2596 0.6012 this work

5.859 3.382 0.2575 0.5957 exp [29]

5.879 3.373 - - [30]

visualized as an alternation of two nonequivalent atomic
plans along the (0001) direction with stoichiometry of Ni3P2

and Ni3P. Theoretical studies [25] have demonstrated that
the Ni3P2-terminated surface is energetically favored com-
pared to the Ni3P-terminated surface. Additionally, the cat-
alytic activity strongly depends on the nature of the Ni2P sur-
face [26]. This difference between the terminated surfaces
will be further investigated during the transport analysis in
the last section. Furthermore, Weiet al. [12] reported that the
metallic and non-centrosymmetric Ni2P exhibits real-space
topological ferroelectricity, with the polyhedral polarity be-
ing reversed under an applied in-plane compressive strain.
This indicates that mechanical properties play a major role
and must be taken into account.

We begin by calculating the optimum lattice parametersa
andc, as well as the equilibrium positions of Ni(f) and Ni(g)
atoms. The obtained values are listed in Table I and compared
to experimental and other calculated values. The correspond-
ing optimum volume is then used to calculate the isotropic
bulk modulus and its pressure derivative by fitting the varia-
tion of the total energy as a function of volume (see Fig. 1)
with the Birch-Murnaghan equation of state [27,28].

Furthermore, we assess the stability of the hexagonal
structure by calculating the elastic constant tensor, which de-
scribes how a material responds to deforming forces. These
constants are usually determined either from the stress-strain
or energy-strain relationship. The former approach relies
on highly accurate calculations and requires denser k-point
meshes. That’s why, in this study, we adopt for the lat-
ter approach. For the hexagonal structure, five independent
elastic constants [31] can be obtained by subjecting the lat-
tice to small distortions [32]. We applied a lattice distortion
(δ = ±1, ±2) analogous to that of Fastet al. [33]. The
results were fitted with a parabolic equation to determine the
elastic constants. The obtained values, in GPa, are as follows:
C11 = 300.53, C12 = 162.70, C13 = 181.62, C33 = 244.53,
andC44 = 29.71. These values are in good agreement with
those reported by [30]. It’s important to note that in our sim-
ulations, ions are kept frozen while only lattice deformation
is applied. As a result, the obtained elastic constants are rela-
tively higher compared to other reported values. Nonetheless,
in both scenarios, the values ofCij satisfy the mechanical
stability criterion for the hexagonal structure [34]. In addi-
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tion, the dynamical stability can be checked from the phonon
dispersion and it was calculated by Zhaoet al. [30]. The ob-
tainedCij values can be used to calculate the isotropic bulk
modulus under the assumption that the ratio c/a remains un-
changed when the lattice is subjected to isotropic stress [35].
We have:

Biso =
2
9
(C11 + C12 + 2C13 + C33/2).

We obtainBiso = 210.83 GPa. This value can be compared
with the bulk modulus obtained from fitting the energy vari-
ation versus volume using the Birch-Murnaghan equation of
state (See Fig. 1). The fit yieldsB = 199.57 GPa, with a
pressure derivativeB′ = 4.57. Thus, the value is in an agree-
ment with that obtained from our calculated elastic constants
and other calculations [30].

Similarly, we obtained the isotropic shear modulus with
a value of:

G =
1
30

(7C11 − 5C12 + 12C44 + 2C33 − 4C13) .

We getG = 46.98 GPa very close to that obtained with
VASP code [30]. In addition, We can calculate the averaged
Young’s modulus (E) and the averaged Poisson’s ratio (ν) of
Ni2P starting the bulk and shear modulus from the following
relations [36]:

E =
9BG

3B + G
, ν =

3B − 2G

6B + 2G
.

An averaged Young’s modulusE = 67.95 GPa and the aver-
aged Poisson’s ratioν = 0.396 are obtained which compared
very well to previously calculated values [30].

Moreover, the ductility or brittleness behavior can be
characterized using Poisson’s ratio (ν) according to Frantse-
vich et al. [37], ν < 1/3 for brittle materials andν > 1/3 for
ductile materials. From the obtained value ofν, we conclude
that the compound Ni2P is ductile.

One important material characteristic that can be calcu-
lated based on elastic constants is the Debye temperature,
represented by the following equation [38]:

θD =
h

kB

(
3nNAρ

4πM

)1/3

vm.

In this expression,h, kB , andNA are Planck’s, Boltzmann’s,
and Avogadro’s constant, respectively.ρ is the density of the
material andM is its molar mass,n is the total number of
atoms per formula (here is 3), andvm is the averaged elastic
wave velocity. This equation is usually hindered by the prob-
lem of calculatingvm. For each direction in a crystal, there
exist three velocities, each of which is a complex function of
elastic constants, propagation direction. The expression for
the averaged speed velocity, as given by

vm =


1

3

3∑

i=1

∫

V

1
v3

i

dΩ
4π



− 1

3

.

Furthermore, the relationship between the stiffness tensor
and sound velocities in a solid enables the determination of
(pseudo) longitudinal and transverse velocities of sound (vi)
by solving the Christoffel equation, as given by Ref. [41]:

∑

ij

[
M̂ij − ρω2δij

]
sij = 0.

Here,ω is the frequency and̂M is the Christoffel matrix, de-
fined as

M̂ij =
∑
nm

qnCinmjqm.

From the three obtained eigenvaluesω2(q), three phase-
velocities are derived: one primary (vP ) and two sec-
ondary (v1

S , v2
S), corresponding to (pseudo-) longitudinal

and (pseudo) transverse polarizations (eigenvectors), respec-
tively. Each of these velocities depends on the propagation
direction qi, characterized by angleθ and φ. The above
double-integral is computed using Simpson’s 1/3 rule with
a 360 × 720 mesh for the anglesθ andφ, respectively. We
obtainvm = 2.741 km/s.

Alternatively, the primary and secondary isotropic sound
velocities can be calculated using :

viso
S =

√
G

ρ
, viso

P =

√
3B + 4G

3ρ
.

Here, B and G represent the bulk modulus and shear
modulus, respectively, which have been calculated before-
hand. These velocities are then used to calculatevm [38]
as :

3

(viso
m )3

=
1(

viso
P

)3 +
2(

viso
S

)3 .

We calculated the isotropic primary and secondary speeds
of sound asV P

iso = 6.119 km/s andV S
iso = 2.536 km/s, re-

spectively, resulting in the averaged isotropic speed of sound
viso

m = 2.870 km/s which is slightly bigger thanvm obtained
by the integral. These values of the averaged elastic wave
velocity lead to a Debye’s temperatureΘD = 364.3 K and
Θiso

D = 381.4 K, respectively, which are in good agreement
with the Debye temperature value at [42].

Additionally, the Debye temperature allows us to calcu-
late the ionic contribution to the heat capacity (Ci

P ) given by
(see [43])

Ci
P = βT 3 β =

12π4NkB

5Θ3
D

,

whereβ is the coefficient of the Debye lattice heat capacity
at low T and we obtainβ = 0.12 mJ/mol.K4.

To find the total heat capacity one needs to calculate
the electronic contribution as well (Ce

P ) which is related to
the density of state at the Fermi level through the relation
(see [44]) :

Ce
P = γT γ =

π2

3
D(EF )k2

B ,
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FIGURE 2. (Color online) Atomic-resolved density of states of Ni
and P atoms in Ni3P2 (black lines) and Ni3P1 (red lines) planes.
Fermi level is indicated by vertical dashed line.

where γ is the Sommerfeld constant andD(EF ) is the
density of states at the Fermi level. From the density of
states (presented in Fig. 2), which have a finite density
of state around the Fermi level (2.34 state/eV.fu) confirm-
ing the metallic nature of Ni2P, we get a value ofγ =
5.52 mJ/mol.K2.

Therefore, the heat capacity at low temperatures (by com-
bining the calculated elastic and electronic parameters) is
given by the following relationship [41]:

Cp = γT + βT 3.

4. Electronic properties

The revised C22 structure of Ni2P can be visualized as alter-
nating Ni3P2 and Ni3P planes along the c-axis. This struc-
tural arrangement can significantly influence both catalytic
activity and transport properties, depending on the termi-
nated surface. To illustrate this effect, we present the atomic-
resolved density of states (DOS) for both Ni and P in both
planes, as depicted in Fig. 2. Below the Fermi level, the den-
sity of states is primarily attributed to the d-orbitals of Nickel
atoms, while at lower energies, it results from the p-orbitals
of phosphorus. Around the Fermi level, the density of states
results from the hybridization of both phosphorus p-orbitals
and nickel d-orbitals. At the Fermi level, the density of states
results from the contributions of both the d-orbitals of Ni
(f) and Ni (g) as well as the p-orbitals of phosphorus, with
Ni(f) exhibiting a slightly higher contribution (Ni in the P-
rich plane). The contribution of the p-orbitals of phosphorus
in the Ni3P2 plane is higher than that in the Ni3P plane. This
suggests a stronger bonding between phosphorus and nickel
in the Ni3P1 plane due to the trivalency of phosphorus, result-
ing in an additional charge in the Ni3P2 plane. This disparity
in the contributions to the density of states at the Fermi level
will lead to differences in reactivity and transport properties.

We emphasize that relying solely on the density of states
at the Fermi level is insufficient to adequately describe the

FIGURE 3. (Color online) (a) Ni2P’s energy band structure along
high-symmetry lines, (b)Band’s contributions to the Fermi surface
with their corresponding speeds represented by a color code.

conductivity of Ni2P; it merely indicates its conductive na-
ture. To gain further insight into the conductivity of Bulk
Ni2P, which relies on the density of states at the Fermi level
and, more importantly, on the speed of electrons extracted
from the energy dispersionvkα = ∂ε(~k)/∂kα. In the context
of the relaxation time approximation and the Linear Boltz-
mann Equation, conductivity (σα,β) is given by the expres-
sion [45]:

σα,β =
e2

4π

∑
n

∫
d3kτvα(~k)vβ(~k)

(
−∂f

∂ε

)
.

Here, the sum is taken over all energy bands. The deriva-
tive of the Fermi-Dirac distribution function (f ) ensures that
only electrons near the Fermi level contribute to conductivity.
At low temperatures (T ¿ TF ), it can be demonstrated that
conductivity scales proportionally to the Fermi surface area
(SF ) and the Fermi velocity (vF ), i.e., σ ∝ SF vF . For the
energy dispersion, we plot the energy band structure on Ni2P
in Fig. 3a) along high-symmetry lines of its hexagonal Bril-
louin zone. The band structure reveals three bands crossing
the Fermi level (represented by blue, red, and green lines). In
addition, the contribution of each of these bands to the Fermi
surface, along with their corresponding speeds represented by
a color code on the Fermi surface, are depicted in Fig. 3b).
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FIGURE 4. a) The atomic geometry of the Au-Ni2P-Au system
with five Ni2P layers. b) the computed transmission coefficient of
junctions with different interfaces: Ni3P2 (Black) and Ni3P1 (red),
using density functional theory and NEGF formalism.

5. Transport properties

To go beyond the limitation of the relaxation time approx-
imation and to probe the effect of the surface termination
of Ni2P on the transport properties, we adopt the Landauer-
Buttiker approach [46,47], by constructing symmetrical junc-
tions made of two gold electrodes separated by 5 layers of
Ni2P [see Fig. 4a)]. We chose gold since the in-plane op-
timum lattice parameter, calculated in the previous sections,
matches the Au parametera0 =

√
2aAu, which is essential

for the layer-by-layer growth of Ni2P on the (111) surface
of gold. We thus usea0 = 5.885 Å as the in-plane lattice
parameter for the Au/Ni2P/Au(111) junctions. Additionally,
we maintain a fixed distance between gold and Ni2P planes,
regardless of the interface’s characteristics, and it is set to a
value of2.044 Å. However, the intra-plane distances in the
gold electrodes and Ni2P spacer remain consistent with their
respective bulk values (2.404̊A and 1.686Å respectively).

As discussed earlier, Ni2P can be viewed as alternating
planes of Ni3P2 (phosphorus-rich) and Ni3P1 (phosphorus-
poor), we examined both interfaces: Au/Ni3P2 and Au/Ni3P.
The calculated transmission coefficients are presented in
Fig. 4. Below the Fermi level of the gold electrode (taken as
an energy reference), the transmission coefficients for both
interfaces are low and increase above the Fermi level. At the
Fermi level, the phosphorus-rich terminated interface (Ni3P2)
exhibits higher transmission and thus higher conductivity
compared to the phosphorus-poor interface (Ni3P1). This
enhanced transmission is attributed to the hybridization be-
tween gold and phosphorus orbitals, resulting from the addi-
tional charge discussed in the previous section. Specifically,
in the case of the P-rich interface, there is notable hybridiza-

tion between the gold orbitals and the Ni2P orbital, particu-
larly with the third band, which is predominantly associated
with P (as shown in Fig. 3). This hybridization results in
higher transmission around theΓ point.

The ideal structure of the sample cannot be achieved ex-
perimentally. To mimic experimental junctions, which usu-
ally display some disorder and roughness at the interface or
deep in the junction, we calculate the transmission coefficient
for a junction with a P-rich interface with defects. In the first
case, the defect results from a missing P at one of the inter-
faces, while in the second case, the missing P is in the middle
of the junction.

Figure 5 presents the calculated transmission coefficients
for both cases compared to the ideal interface (P-rich inter-
face). It shows that the defect causes a drop in the conduc-
tance in both cases. The defect in the middle of the junction
leads to a larger decrease in the conductance by about 20%,
resulting in increased resistivity and thus higher energy con-
sumption.

To get more insight into the transport properties, we plot
the total density of states of the clean and defected junctions
around the Fermi level of the electrode (see Fig. 5). First, at
energies 2 to 4 eV below the Fermi, where the density of the
bulk is higher, the transmission coefficient is reduced. This is

FIGURE 5. Variation of a) transmission coefficients and b) total
density of states of the spacer (NiP), for clean junction (black line)
and defectuous junctions with a missing P at the interface and in
the middle of the spacer, red and green lines respectively.
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because, at this energy range, the main contribution comes
from the d-orbital of Ni, as discussed above, and these or-
bitals are less extended compared to s and p orbitals. Around
the Fermi level, the total density of states of the defective
spacer is slightly higher than that of the clean junction. It is
the opposite of the trend of the transmission coefficient since
the electrons have a lower speed in the defective spacers, and
thus a low probability of transmission.

6. Conclusions

Transition metal phosphides have emerged as promising can-
didates due to their distinct and unique catalytic properties,
offering potential solutions for energy production and stor-
age systems. Ni2P is considered promising in the fields
of dynamic catalysis as a cheap alternative to platinum due
to its catalytic and electrochemical properties. In this con-
text, structural, electronic, and thermodynamic properties
of Ni2P’s hexagonal structure has been studied in ab-initio
manner using the all-electron full-potential linear augmented

plane- wave method combined with NEGF technique for
transport properties. The results show that the Ni2P struc-
ture is stable under severe conditions, such as high pressure
and temperature. The structure of Ni2P consists of alternat-
ing planes rich and poor in phosphorus, which have differ-
ent conductive properties. When Ni2P structure is used in
real junctions, different termination interfaces will occur dis-
playing some disorder and roughness at the interface or deep
in the junction. This experimental situation has been simu-
lated by considering Ni2P as a spacer between two gold elec-
trodes (Au/Ni2P/Au) with two possible terminated interfaces,
rich (Ni3P2) and poor (Ni3P1) in phosphorus. In addition,
both pristine and defective junction, with missing phosphorus
atom at the interface and in the middle of the spacer, has also
been considered. Our calculations of the transmission coef-
ficient show that interfaces enriched with phosphorus in the
simulated systems exhibit higher conductivity. Conversely,
any phosphorus deficiency leads to reduced conductivity and
thus higher energy consumption. Nevertheless, Ni2P retains
its metallic character in all cases.
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