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The prospect of using two-dimensional tetragonal samarium nitride (t-SmN) in photo-
catalytic applications is being reported. First principles calculations were performed in
order to study structural, electronic, thermal and photocatalytic properties of the material.
The phonon band structure and cohesive energy computed using density functional
perturbation theory revealed dynamical stability of the monolayer. Ab-initio molecular
dynamics (AIMD) simulations were carried out to check the thermal stability of the
monolayer which pointed that the material is stable above 1000 K and chemically inert at
room temperature. The electronic structure calculations revealed SmN as ferromagnetic
semiconductor with a direct bandgap of 1.41 eV that predicts applications of the material in
spintronics. The band alignment pointed towards suitability of band offsets for
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Stability
Surface
Water splitting

electrochemical reduction of water splitting at neutral pH. The optical properties indicated
decent light-harvesting ability of the material from visible and ultraviolet regions of solar
spectrum. The micro-mechanisms of water decomposition and photocatalytic hydrogen

formation on the SmN monolayer are unraveled to confirm water splitting and hydrogen

generation.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The spectrum of two-dimensional (2D) materials starting from
graphene has extended to borophene, germanene, silicon
carbide, black phosphorus, transition-metal dichalcogenides,
monolayer gadolinium halides, etc. in the past decade [1-10].
The 2D materials offer unique physical properties such as thin
layer thickness, transparency, flexibility, and conductivity
when compared with the conventional bulk counterparts
[9,11—14]. Among these 2D materials, transition metals (TM)-
based monolayers are promising candidates owing to their
electrocatalytic and photocatalytic properties [15—17]. These
exhibit rich active sites for chemical reactions due to their
large surface area. The photocatalysts are capable to produce
hydrogen by splitting water via visible light which points to
their potential to solve impending energy crisis by harvesting
the solar energy [18]. The outcomes of extensive global
research activities appeared to synthesize several efficient
TM-based monolayer photocatalysts such as TiO, [19], WS,
[20], and ZnO [21] while predictions on RhTeCl [22], Zr,CO, [23]
and FeS, [15] have been made.

The performance of a photocatalyst can be gauged on basis
of several factors. An ideal photocatalyst to efficiently split
water molecules should have bandgap larger than 1.23 eV and
smaller than 3.0 eVin order to harvest sunlight. The position of
bottom of the electronic conduction band minimum needs to
be higher than —4.44 eV i.e., reduction potential of H/H,
whereas the top of the valence band should be lower than
—5.67 eV i.e., oxidation potential of O,/H,0. The photocatalyst
should have a small binding energy of photo-generated charge
carrier (electron-hole pair) and low recombination rate to
efficiently avoid surface charge recombination of the carriers
[24,25]. These requirements are strict which appeared to
hinder the practical hydrogen production upon using available
2D photocatalysts. Hence, the relevant community is striving
to improve the properties of photocatalysts by adding reagents
or co-catalysts. The noble metals Pd, Pt, Cr, Co, Rh, etc. are
generally used as co-catalysts to improve photocatalytic ac-
tivity but some of them are costly and toxic. Therefore,
extensive research activities on developing potential photo-
catalyst fulfilling the requirements of water splitting are in
progress.

Though, various TM based 2D materials have been designed
and examined for photocatalytic applications but work on RE
based 2D materials is scarce. The RE based 2D materials are
expected to offer unique electronic properties due to 4f elec-
trons which may be very helpful in photocatalytic activities
[26]. To the best of our knowledge, 2D materials comprising of
RE nitrides have not yet been reported. These considerations

have motivated the authors to investigate the prospects of
developing novel RE nitride monolayers. In this article, we
present a first-principles study of structural, electronic, mag-
netic, and catalytic properties of monolayered samarium
nitride. On the basis of thorough investigations, we proposed a
novel 2D tetragonal-structured samarium nitride (t-SmN)
which appeared a ferromagnetic semiconductor when bulk
samarium nitride is sliced along the (110) plane. The dynamic,
thermal, and chemical stability of monolayer SmN was
established on the basis of structure optimization, phonon
dispersion, and AIMD simulations. Furthermore, we studied
the water dissociation adsorption on the t-SmN monolayer to
explore the decomposition mechanism of water. The findings
of this study revealed that monolayer SmN is a promising
candidate for photo-catalyst and opto-electronics devices.

Computational method

The entire work reported herein was carried out via density
functional theory (DFT) based on plane-wave basis projector-
augmented wave method implemented in VASP [27]. Gener-
alized gradient approximation (GGA) functional supported by
parameterization from Perdew-Burke-Ernzerhof (PBE) was
adopted to deal with exchange and correlation [28]. The stan-
dard pseudo-potential was considered for all kinds of atoms
with valence electron configurations as 5s25p®4f°5d'6s? for Sm
and 2s%2p° for N [29,30]. The spin polarization was considered
in all the calculations. The crystal structure of SmN was fully
relaxed with plane-wave cut off energy set at 600 eV. The
respective values of energy convergence and residual force per
atom were 10~°eV and 0.01 eV/A. A vacuum space of more than
20 A along out-of-plane direction was set to avoid any inter-
action between the monolayer and its periodic images. A
Monkhorst-Pack k-point grids of 7 x 7 x 1and 9 x 9 x 1 was
used for sampling the Brillouin zone integration for structural
relaxation and electronic calculations respectively.

The conventional GGA:PBE is known to underestimate the
bandgap of semiconductors. A computationally more expen-
sive Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional [31]
has been found suitable to reproduce the experimental values
of bandgap of various systems e.g. MoS,, TiSs;, phosphorene,
and SrZrO; [32—34]. Hence, we employed HSEO6 functional to
obtain the electronic structures, bandgap, and optical prop-
erties from GGA:PBE relaxed geometries. The hybrid func-
tional is also resourceful to handle the strongly correlated 4f
electrons of Sm.

We performed phonon dispersion calculations using the
density functional perturbation theory (DFPT) approach
adopted in the PHONOPY code [5,35]. The force constant
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matrix was constructed by slight atomic displacements of
4 x 4 x 1 supercell and electronic degrees of freedom were
increased to 108 eV to make sure proper convergence. The ab-
initio molecular dynamics (AIMD) works in a combination of
different ab-initio schemes comprising of computing the
electronic structure as well as molecular dynamics simula-
tions. It helps exploration of thermal stability of many 2D
materials in addition to examining the structural and elec-
tronic characters. AIMD simulations were carried out with a
4 x 4 x 1 supercell in an NVT ensemble and a Nosé-Hoover
thermostat for the temperature control of systems [36]. AIMD
was performed on 4 x 4 x 1 supercell of 64 atoms for 5000
steps thereby setting the time step of 2 fs which has been
found sufficient to investigate the thermal stability at elevated
temperatures [35].

Results and discussion
Structural properties and stability

The bulk SmN is a half-metallic ferromagnetic material hav-
ing a rock salt like cubic crystal structure. In order to create a
surface, SmN monolayer is prepared by slicing the bulk along
(110) plane in the form of a tetragonal structure of bulk SmN
whereas the square lattice is unstable. The top and side views
of the 4 x 4 x 1 supercell of monolayer SmN after full struc-
tural relaxation are shown in Fig. 1. The t-SmN belongs to
space group P2_1/m and its unit cell consists of two Sm and
two N atoms with lattice parameters as a = 4.6671 A and b =
4.0077 A. The structure appeared in buckled layered form in
such a way that N atom layer is sandwiched between two Sm
atom layers. Each Sm(N) atom is surrounded by four N(Sm)
atoms. The bond lengths of Sm(N) atoms with the four adja-
cent N(Sm) atoms are different. The bond length of Sm—N is
2.3806 A and 22948 A along with the a and b-directions
respectively.

Fig. 1 — The optimized structure of 4 x 4 x 1 supercell of
SmN showing the top and side views. The maroon and
grey balls represent Sm and N atoms respectively.

Table 1 — A comparison of calculated cohesive energies of
t-SmN monolayer and some other 2D materials.

Material Cohesive Energy Experimentally
Econ (eV per atom) obtained or not

Tetragonal SmN 7.32 No

Graphene 8.66 [39] Yes

Silicene 3.98 [40] Yes

Zno 4.21 [41] Yes

h-AIN 503 [42] No

Tetragonal YN 5.14 [43] No

h-GaAs 7.11 [25] No

The stability of theoretically designed 2D materials is very
crucial. Cohesive energy is a very important physical quantity
to measure the kinetic stability of a material and it is defined
as the energy released to crystallize the condensed material
from its isolated atoms in gaseous form. The mathematical
relation for cohesive energy is:

ESmN

Econ = — (NsmEsm +nnEn)

tot

where Eg,y represents the total energy of SmN; Eg,, and Ey
represent the energies of isolated single Sm and N atoms
respectively; Ny, nsm, and ny stand for the total number of
atoms in SmN supercell, the number of Sm and N atoms
respectively. The calculated cohesive energy per atom of SmN
is —7.318eV which is comparable to other 2D materials
including graphene, AIN, AIP, Mo,C, YN, TiC, and silicene
[35,37,38]. The cohesive energies of the SmN monolayer and
various other 2D materials are given in Table 1 which points to
strong possibility to realize the SmN monolayers.

The dynamical stability of the 2D t-SmN crystal structure
was also investigated by performing phonon dispersion cal-
culations. The phonon band structure and partial DOS of the
4 x 4 x 1 supercell of SmN are shown in Fig. 2. It can be seen
clearly that there is no imaginary/negative frequency in the
entire Brillouin zone which points to dynamical stability of
SmN monolayer. The highest phonon frequency reaches up to
18.4 THz which reflects the robust bonding between Sm and N

Frequency (THz)

[ 0004081216
PDOS (a.u.)

K-Points

Fig. 2 — The phonon band structure calculated with
4 x 4 x 1 supercell of SmN and corresponding density of
states.
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Fig. 3 — The computed results of MD simulations showing
temperature and variation of free energy of the supercell of

SmN monolayer as a function of time. The snapshot of the
supercell at start and end of MD simulation are also shown.

atoms in the SmN monolayer. This highest phonon frequency
is higher than maximum phonon frequencies of silicene
(17.57 THz) [44], M0S, (14.33 THz) [45,46], GdX, (X = Cl, Br, I) [5]
and AlP (16.21 THz) [35]. The phonon bandgap of 2.63 THz was
observed in the acoustic and optical modes which implies that
acoustic phonon modes do not interact with optical phonon
modes. Recent studies have shown that the interaction of
optical modes with acoustic modes causes strong scattering of
acoustic phonons in heavy metal compounds and optical
phonons lying in the range of acoustic modes contribute in
decreasing the thermal conductivity [47—49]. The findings
indicate that SmN may have a high lattice thermal
conductivity.

The AIMD calculations were also performed to investigate
the thermal stability of the monolayer at elevated tempera-
tures. A 4 x 4 x 1 supercell of 64 atoms was used to perform
AIMD simulation for 5000 steps with 10 ps with a time step of 2
fs at 1000 K. The energy and temperature against the time
steps are plotted in Fig. 3 which also shows the snapshots

Energy (eV)

-6 -

-12 4

-18 4

taken at the start (left side) and end (right side) of the MD
simulation. The total energy of the structure almost remains
constant after 6 ps. The structure of 2D SmN is well main-
tained at 1000 K at the end of the simulation which points to
thermal stability of the material at high temperature.

We further evaluated the chemical stability of SmN in the
air at room temperature (300 K). A 3 x 3 x 1 supercell of 2D
SmN was exposed to various gases Ny, H,, O,, and H,0 at very
high pressure and room temperature. The density of gas
molecules of 9.60 x 10%® molecules/m*® was used in our MD
simulations. The SmN structure did not react chemically with
N,, H, or O, molecules and remained undamaged after 1 ps
which is an indicator of the chemical stability of the mono-
layer in air at room temperature. On the other hand, the ox-
ygen molecules were adsorbed physically on the surface while
the water reacted chemically on the SmN surface, but the
crystal structure remained intact. Based on the above-
discussed situations, we concluded that the 2D SmN is
dynamically, thermally, and chemically stable and can be
experimentally synthesized.

Electronic structures and optical properties

The structural and electronic properties of bulk SmN are
performed using hybrid functional HSE06 and relaxed geom-
etry of the structure along with the electronic band structure
are shown in Fig. 4. The calculated value of lattice constant of
5.1434 A and electronic band structure are in good agreement
with experimental data [30,50,51] which points to the validity
of our results on 2D t-SmN. Therefore, in order to compute the
electronic properties of the SmN monolayer, we employed
hybrid functional HSE06 level of theory to compute the correct
energy of Sm 4f-orbitals and the electronic structure.

The calculated density of states (DOS) for 2D SmN is shown
in Fig. 5 in which Fermi level is set as 0 eV. The spin polari-
zation can be seen due to the Sm 4f-electrons. The bands
present in the valence band near valence band minimum
(VBM) have a major contribution of N-2p and Sm-5d states. N-
2p and Sm-5d states overlap in the valence band and hybrid-
ization between 2p states of N and 5d states of Sm can be seen

——Spin-Up :

kpoints

Fig. 4 — The computed results on bulk-SmN using HSE06 functional (a) crystal structure and (b) electronic band structure.
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Fig. 5 — Calculated band structure (a) and density of states (b) for t-SmN monolayer by using hybrid functional HSEO6.

in the valence band. The contribution of N-2p states is very
small in the conduction band. The lower portion of the
valence band is made up of Sm-4f spin-up localized states and
is responsible for the magnetic properties of the SmN mono-
layer. On the other hand, the conduction band has a major
contribution from Sm-4f states and a minor contribution from
Sm-5d and N-2p states. The lower and upper parts of the
conduction band (CB) comprised of Sm-4f spin-up and spin-
down states respectively. A direct band gap of almost
1.41 eV is observed between VBM and CBM at I' kpoint as
shown in Fig. 5 (a) which indicates the semiconducting nature
of SmN monolayer that points to application of the material in
spintronics devices [52,53]. Further probe of electronic, opti-
cal, and magnetic properties of 2D SmN material is very
necessary to completely understand this semiconductor ma-
terial for its applications in future devices.

We have also studied the optical absorption of the SmN
monolayer to observe its light-harvesting performance. The
light absorption spectrum of the monolayer was calculated by
polarized light and shown in Fig. 6. We can conclude from the
absorption spectra that the monolayer is an optically aniso-
tropic material and covers light absorption from the visible to
ultraviolet region of the electromagnetic spectrum along with
both x and y directions.

Water splitting on t-SmN monolayer

The materials whose band gap is less than 3.0 eV and absorbs
energy in the wavelength range of 400—700 nm (visible spec-
trum) are considered good candidates for photocatalytic re-
actions. The bandgap and optical absorption range of SmN lies
in the visible region of light as discussed above in the elec-
tronic and optical properties, and it may show reasonable
photocatalytic activity in water splitting by harvesting solar
light. However, it was vital to check the stability of SmN in
liquid water to investigate the actual environment of catalyst
in practical applications. We employed AIMD simulations to
probe the stability of the SmN monolayer in liquid water. The
monolayer remains intact after 2 ps with small atomic vibra-
tion about their mean positions as shown in Fig. 7. The 50%
nitrogen sites were also occupied by the hydrogen atoms as a

Absorbance (%)

4
Energy (eV)

Fig. 6 — The theoretical optical absorbance spectrum of
SmN monolayer computed for x- and y-directions at HSE06
level of theory.
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Fig. 7 — Snapshot of 3 x 3 x 1 supercell of the t-SmN
monolayer in liquid water after stabilizing at 300 K after 2

ps.
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Fig. 8 — The reaction pathway of water dissociation
reaction on SmN monolayer. The maroon, grey, red, and
light pink balls represent Sm, N, O, and H atoms
respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version
of this article.)

result of water decomposition on SmN. The hydrogen atoms
remain attached to nitrogen atoms, but migration of a few
hydroxyl ions was observed on nearby Sm atoms or towards
the hydrogen atom of the water molecules which shows the
weak bonding of hydroxyl ions with Sm atoms in comparison
to hydrogen-nitrogen bonding, in agreement with literature
[54,55].

The water molecule dissociative adsorption has been
observed on SmN monolayer which renders it an active sur-
face for water decomposition. The most stable site for water
molecule adsorption is the bridging N atom between two Sm
atoms in the top layer. The reaction pathways of water
molecule dissociation and energy profile are shown in Fig. 8.
When water molecule came close to SmN monolayer, N atom
attracted one of the hydrogen atoms of the water molecule by
weakening the hydrogen-oxygen covalent bond while the
other hydrogen atom went away from the monolayer. The
oxygen atom of the water molecule tilted towards the Sm
atom as shown in Fig. 8 that caused dissociation of the water
molecule. The hydrogen and hydroxyl parts of the water were
adsorbed on the N and Sm atoms of SmN monolayer respec-
tively. Water molecule dissociation energy barrier of 0.21 eV is
observed on the SmN surface which is smaller than water
dissociation barrier for other recently studied surfaces
[56—60]. The water decomposition reaction on the SmN
monolayer is exothermic and irreversible. The reaction energy
is 1.52 eV which is higher than the water dissociation reaction
energy on the TiO, (001) surface and 2D Zr,CO, [23,61]. The
water dissociation reaction on 2D Zr,CO, is endothermic. The
charge density difference plot for dissociative water adsorp-
tion on the SmN monolayer is shown in Fig. 9 to further probe
the mechanism. The yellow color isosurface represents the
charge accumulation and the blue color indicates the charge
consumption. It can be seen clearly from the blue color in
Fig. 9 that the electron density decreased on the surface of
SmN and charge was transferred from the surface to the water
decomposition products. Above the surface, electron density
first increased around the O atom of the OH group and the H

Fig. 9 — Charge density difference of dissociative
adsorption of a water molecule on SmN monolayer, the
yellow isosurface represents the charge accumulation and
the blue one indicates the charge consumption. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)

atom attached to the nitrogen atom and then decreased. It
means that hydrogen and hydroxyl ions of water molecules
interact strongly with the surface of the SmN monolayer.
From these results, we can conclude that a water molecule
can be split on surface of SmN monolayer at neutral pH of 7
and which points to robustness of the material for photo-
catalytic reactions.

The band edge positions of a photocatalyst play very
important role in production of hydrogen and oxygen from
water and these must straddle the water redox potentials for
this purpose. The CBM of photocatalyst should be higher than
water's redox potential —4.44 eV and VBM of photocatalyst
should be lower than water's oxidation potential —5.67 eV at
0 pH. These reduction and oxidation potentials vary with pH
value as: Ejeduction = — 444+ pH x 0.0059 eV, Eoyidation = —
5.67 + pH x 0.0059 eV. We calculated the absolute band edges
positions of SmN monolayer to check its feasibility for

hydrogen/oxygen production by water splitting using the

HSEO6 Abs HSEO6
Ecem)vem — Evac, Where EZgyy veny Ecenvem

and Ey, are the energies of absolute band edges, HSE06
calculated band edges and vacuum level respectively. The
calculated values of EESES, EHMSEOS gnd Ve are —2.254 eV,
—3.667 eV and 0.912 eV respectively, hence EA%, = —3.166 eV
and E{B, = —4.579 eV are obtained. The band alignments of
various 2D materials compared with band offsets of SmN with
respect to water's reduction and oxidation potentials are dis-
played in Fig. 10. The materials with straddle band offsets can
be suitable for overall water splitting such as TiO, [62], ZnO
[63], and BSe [64], otherwise they can only perform oxidation
or reduction of water according to their VBM and CBM posi-
tions as shown in Fig. 10. One can find from

Fig. 10 that CBM of the SmN monolayer is much higher in
potential than —4.39 eV and it is suitable for water reduction,
but VBM cannot oxidize water molecules as it is higher than
—5.62 eV similar to GaAs [25] and InP [65]. Hence, 2D SmN is
suitable for the water reduction at neutral pH and can generate
hydrogen by reducing the water molecules. To further unveil
the micro-mechanism of hydrogen production by photo-
catalysis on the SmN monolayer, we simulated the interaction
of two hydrogen adatoms as shown in Fig. 11. The hydrogen

: Abs _
equation Egqgy, JVEM =
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Fig. 10 — A comparison of band alignments of some 2D
materials and SmN with respect to the water oxidation and
reduction potentials for water splitting at 7 pH.
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Fig. 11 — Pathway of the interaction between two hydrogen
adatoms to form and release hydrogen molecule from the
t-SmN monolayer.

atoms, produced by the water molecules' decomposition, are
adsorbed on the adjacent nitrogen positions on the SmN
monolayer [66]. The small endothermic reaction energy of
0.081 eV is required to remove the hydrogen molecule from
SmN as displayed in Fig. 11 and it is easy for H, gas to be
released. Hence, we can conclude that the SmN monolayer is
an efficient photocatalyst for water splitting. On the other
hand, this small endothermic reaction energy also implies that
the SmN monolayer can be a potential material for hydrogen
storage. Furthermore, small bandgap, optical absorption in
visible region make and exothermic water decomposition
make SmN monolayer an efficient photocatalyst over other 2D
materials such as TiO,, BSe, GaAs etc [52].

Conclusion

In summary, we studied the structural, electronic, optical, and
photocatalytic properties of the t-SmN monolayer by per-
forming first-principles calculations. The 2D SmN belongs to

the P2_1/m space group and its lattice parameters are
a=46671A and b = 4.0077 A. The absence of negative fre-
quency modes in phonon band structure and low cohesive
energy value of -7.318eV exhibited its kinetic stability.
Thermal and chemical stability of the SmN was proved by
AIMD simulations. The 2D SmN was found a ferromagnetic
semiconductor with direct bandgap of 1.41 eV by HSEO6 cal-
culations. Sm-4f electrons were responsible for spin polari-
zation in the electronic structure. The hybridization of N-2p
and Sm-5d states was found in VB and CB was mainly made of
Sm-4f states. SmN also exhibited good optical absorption
ability in the visible and ultraviolet region of solar spectrum.
The calculated electronic and optical properties indicate that
SmN monolayer is a robust photocatalytic material to convert
solar energy into chemical energy. The band alignment was
pointing the hydrogen evolution reaction only on the SmN
monolayer. Finally, the study of water molecule dissociative
absorption and hydrogen molecule formation on the SmN
monolayer indicates that splitting of H,O and formation of H,
is energetically favourable on this monolayer. SmN mono-
layer can be considered as promising efficient photocatalyst
for hydrogen formation by solar splitting water.
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