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Seawater Distillation with BesC2 Monolayer: Case Study by DFT

Abstract

The predicted structure of the BesC2 monolayer has been investigated using ab-initio calculations and
density functional theory, for which the full potential linear augmented plane waves plus local orbital
(FP-LAPW+Lo) and the Perdew—Burke—Ernzerhof generalized gradient approximation (PBE-GGA)
functional methods have been used. This structure has a uniform porosity and its pore size is 5.7 A,
which is very suitable for water nanofiltration. After studying the electronic properties of the BesCa
monolayer to use it as nanofiltration, one and two molecular clusters of water are adsorbed on it. The
adsorption energy and the penetration of water molecules in the BesC2 monolayer are investigated.
There is a discussion about its encouraging prospective application in highly efficient nanofiltration

membranes for the desalination of seawater.
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Introduction

1. Introduction

About one-third of the world's population is currently facing
water shortages, which is projected to increase to two-thirds of
the world's population by 2030 [1]. Therefore, freshwater
resources are very scarce and access to them is rapidly
declining due to population growth, agriculture, industrial
expansion, and climate change, etc., indicating a kind of global
crisis [2]. Hence, desalination is a promising method for
providing safe water from the waters of seas and oceans, which
make up 97% of the total water of the earth [3]. Desalination
provides a good hydrological cycle for producing safe water
from oceans and seas. There are different industrial solutions
and methods for desalination requiring high initial and current
costs and high energy consumption, which is one of the
challenges facing the 21st century [4].

The first step is to direct desalination to methods with the least
energy consumption and current and initial costs [5]. Thus, in
order to achieve these goals, the first step is to change the
membrane technology as the most widely used method. The
development of nanotechnology has made it possible to make
new membranes, the most important feature of which is the
need for less energy for desalination [6]. The unique structural
and morphological properties of nanomaterials for use in saline
water treatment and desalination have attracted considerable
attention. The result of recent advances in this field can be seen
in membranes with high water flux and excellent salt
repellency [7]. However, the economic feasibility of these
nanomaterials remains questionable [8].

Membrane separation techniclogy has advantagces such as
lower energy consumption and lower investment costs than
conventional separation methods, and in addition to the
simplicity of the process, it requires less equipment [9]. Many
studies have shown that the reverse osmosis method consumes
less energy than other methods [10]. Desalination plants
typically have a widespread negative impact on the
surrounding ecosystem and environment [11].

Over the past few decades, the use of membranes has expanded
significantly, and they are now used in a wide variety of
industries to separate gas and liquid [12,13]. This wide range
of applications is due to their usefulness and special features
such as their small size for large surface membrane areas,
compactness, ease of fabrication, operation, and design of
prefabricated samples [14,15].

With the advent of one-dimensional and two-dimensional
carbon nanomaterials, the membranes studied today are made
of graphene or carbon nanotubes. To achieve desalination
membranes, nanometer porosity is created on single-layer or
multi-layer graphene surfaces by various methods such as ion
bombardment. These pores are then chemically functionalized
to physically prevent the passage of water-soluble ions [16].
The desalination capacity of this type of membrane strongly
depends on the diameter of the pores created on the graphene
surface or the diameter of the carbon nanotubes [17-20]. In this
study, a Be;C, monolayer membrane is also examined with a
suitable pore size for water distillation, which is organized as
follows: In Section 2, there are details of the calculations and
the simulation method. In Section 3, the structural and
electronic properties of the Be;C, monolayer are examined. In
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Section 4, as an exploratory study, the influence of the use of
Be;sC, monolayer as nanofiltration is investigated by the
adsorption of water molecules, and finally, the results are
summarized [15,12-14].

2. Computational Details

The Density Functional Theory framework and full potential
linear augmented plane waves plus local orbital (FP-
LAPW++lo) methods [21] are used to perform the calculations
as well as the Perdew—Burke—Ernzerhof generalized gradient
approximation (PBE-GGA) [22,23] which are used by
WIEN2k package [24]. The input parameters are optimized to
R Kmax=8.0, Gmax=14.0, and K-Point=4000. Owing to
symmetry, the five positions of the selected space group,
p6/mmm(191), are reduced to two positions. The obtained
lattice constants are a=b=5.68 A and c=10 A. The mini position
command is utilized to relax the structure with 1.0 a.u./dyne
accuracy [25]. Except for Figure 1, which is depicted by the
XcrysDen package [26], all other figures are depicted by
SigmaPlot software.

3. Structural and Electronic Properties

The BesC; structure was predicted in 2017 by Bing Wang et al.
This structure is a hexagonal monolayer structure which is
similar to the T-Carbon graphene-like monolayer structure
[27]. In the equilibrium state, two C atoms and three Be atoms
are in the structure of its unit cell, which is shown in Figure 1a.
Be atoms in Wyckoff locations are bridges between two C

atoms with which they form strong o bonds. Figure 2(b) also
illustrates a 2x2x1 supercell of this structure. The bond length
of Be-C is 1.64 A, and the bond angle is 120 degrees.

For the stability of this structure and according to the reference
[28], the formation energy is calculated chemically, the value
of which is equal to -0.99 eV/atom. Moreover, for dynamic
stability, phonon calculations are obtained, and no imaginary
negative mode has been observed. Another emphasis on the
stability of this system is its thermal stability calculations,
demonstrating that this structure maintains its original
configuration up to 900 K.

To reveal the mechanical stability of a system, the energy-
volume diagram (E-V) (Figure 1), another tool of
computational physics, requires a minimum as proof of
stability, and acceptable lattice constants can be obtained by
fitting the Birch-Murnaghan equation with the E-V diagram;
a=b=5.69 A and c= 10 A.
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In this section, the electronic properties of the BesC,
monolayer are examined and compared with the results
obtained in reference [28]. To evaluate its electronic
properties, band structure and total and partial density of states
diagrams are shown in Figure 2. As shown in Figure 2a, the
two bands of VBM and CBM touch each other at the Fermi
level at the Dirac k point, indicating the zero energy gap
semiconductor properties for this structure, and it is the so-
called Dirac cone which is observed and confirmed in the DOS
diagram in Figure 2b. It is clear from Figure 2 (b) that the Dirac
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Figure 1. Top views of the (a) unit cell and (b) 2 x 2 % 1 supercell structure and (c) energy—volume (E—V) curve of Be;C,.
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state near the Fermi level is composed of the hybridization of
the p orbitals of the Be and C atoms. In this structure, a strong
o bond is established between the Be and C atoms, and each C
atom is hybridized by sp? to three Be atoms as a triangular, as
shown in Figure 2 (b). In this figure, the pz orbital for the two
atoms of Be and C has the largest share in VBM and CBM to
form the Dirac cone, and the share of the s, px, and py orbitals
of these two atoms is negligible. It is noteworthy that these
calculations are in good agreement with the reference [28].
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Figure 2. (a) Band structure and (b) DOS diagrams of Be;C, monolayer.

4. Result and Discussion

4.1. Water Nanofiltration

Figure 1b illustrates a 2x2x1 supercell of the Be;C, monolayer
structure. In a hexagonal pore, the distance between two atoms
facing each other is 6.57A and the distance between two facing
Be atoms is 5.69A, with the atoms measured center-to-center.
Experimental studies reveal that the size of the graphene pore
in the optimized state must be 0.440.24 nm in size to allow a

molecule of water to pass through and also to reject inorganic
saltions [15, 29]. It should be noted, however, that the Van der
Waals diameter of a molecule of water is 0.275 nm [30]. In
addition, hydrated salt ions are often about 0.7 nm in diameter
or even larger, for example, Na'=0.72 nm, K*=0.67 nm, and
C1'=0.66 nm [31,32].

Two-dimensional materials are very attractive for ionic and
molecular nanofiltration, but they are limited in wide areas by



extended mechanical resistance. In 2019, Yanbing Yang et al
experimentally used a GNM/SWNT composite membrane to
desalinate water. Using this structure, they showed high water
permeability as well as a high rate of rejection of salt ions or
organic molecules. In their structure, most of the pores in the
hybrid membrane were obtained between 4A and 7A [33].
According to the above and the values obtained from the Be;C»
monolayer structure located in Figure 1b, the pore size in the
Bes;C, monolayer corresponds very well with the optimized
size for water nanofiltration. For high permeability, a solvent
requires a membrane as thin as possible [34,35], with the Be;C,
monolayer structure possessing these characteristics.
Therefore, the Be;C, monolayer has excellent properties as a
single membrane for the desalination of water. The pore size
as a physical sieve determines the rejection of organic dyes and
ion salts.

4.2. Water Absorption on Be;C> Monolayer

In this section, the interaction between the water molecules and
the BesC, monolayer surface is investigated as water
permeability on the Be;C, monolayer. First, a water molecule
is placed on a 2x2x1 supercell structure with a pore
approximately 5.70 A in diameter shown in Figure 1b. After
relaxing the structure, it was found that the most stable place
for the adsorption of an H>O molecule on the Be;C» monolayer
is its hexagonal center, which is illustrated in Figure 4 (a) and

(b) in both the top and side views. Moreover, after relaxing the
structure of the water molecule, it was placed at a distance of
1.95 A from its hexagonal center, which is the distance of the
O atom to the center of the hexagonal pore, and the two H
atoms are placed aligned in with each other with two opposite
Be atoms. The distance from the H atom to its nearest neighbor
is 3.29 A, which is longer than the range of Be-H hydrogen
bonds. Hence, there is no chemical bond between the water
molecule and the neighboring atoms, and it is more of a weak
van der Waals type. As shown in Figure 3 (ab), the H,O
molecule is perpendicular to the Be;C, surface, and the
distance of the O atom with the neighboring carbon atoms is
3.80 A and with the Be atoms, which are aligned with the H
direction of the water molecule, is 3.44 A with 4 atoms as well
as 3.41 A with the other four Be atoms. It can be concluded
that because of the adsorption of a single molecule of H,O, the
Be atoms have slightly shifted from their two-dimensional
plane, so the Be3;C, monolayer has a slight curvature.

In terms of electronic properties, the structure under the
influence of this water molecule has a wider energy gap to turn
into a semiconductor with an energy gap of 0.37 eV, the DOS
diagram of which is depicted in Figure 3c.
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Figure 3. (a), (b) top and side view for single H,O adsorption on Be;C, monolayer and (c) total DOS for this case.

The adsorption energy can reflect the strength of the interaction
between the BesC, monolayer and the water molecules, so it is
calculated for this purpose. In this structure, the adsorption
energy is obtained from the following equation:

Egas = %[Etot — (nEyzo + EBe3c2)] (1)

In this equation, Eads is adsorption energy, Ei is equal to the
energy of the whole system on which water molecules are
absorbed, Epxo is the total energy of an isolated water
molecule, Egesc: is the energy of BesC, monolayer, and n is the
number of water atoms. The calculated amount of adsorption
energy is about 0.042 eV, indicating that there is no chemical
bond between the H,O molecule and the Be;C, monolayer,
which is slightly larger than the adsorption of a water molecule
on graphene (0.03 eV) [36] and less than T-C3N (0.617 eV)
[27]. This adsorption energy demonstrates that there is no

chemical bond between the water molecule and the Be;C;
monolayer, and the bond is of the physically weak Van der
Waals type. The adsorption of a water molecule on the Be;C,
monolayer is an exothermic process.

In Figure 4, the energy profile is calculated, expressing the
state of water penetration in the shortest passage path, which is
obtained with an energy barrier of 23.03 kcal/mol. As it is
known, reactions equal to or less than 21 kcal/mol can easily
continue at room temperature [37]. Nevertheless, this barrier is
obtained from the DFT calculation in which only one water
molecule is considered, without any environmental effects as
well as pressure and temperature conditions. Osmotic pressure
applied to one side of the BesC, monolayer and other
environmental factors can help water molecules easily pass
through this barrier.
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Figure 4. Energy profile one water molecule penetrating along the minimum migration path through a pore on Be;C, monolayer

Such a calculated geometric arrangement for small blue
clusters is in good agreement with previously reported papers
[27, 38, 39].

5. Conclusion

The structural and electronic properties of this material are
investigated by the computational method to be consistent with
the previous work done on the Be;C; structure. It is a structure
similar to a graphene-like T-carbon monolayer, which is
electronically a semiconductor with zero electronic gaps and is
one of the Dirac cone nanomaterials. Due to the very suitable
pore size (5.7 A) in the Be;C, monolayer, water adsorption on
this material has been studied. The calculations demonstrate
that this pore size rejects mineral salt ions and organic
pollutants in water, so that water molecules pass, leading to
water desalination. The adsorption energy of one H,O
molecule on the Be;C, monolayer has adsorption energy of
0.042 eV, creating no chemical bond between the water
molecule and the structure, allowing water molecules to pass
easily through the structure pores. However, there is a weak
van der Waals physical bond between the water molecule and
the BesC, monolayer. The energy barrier value for the shortest
possible path of this structure is calculated to be 23.03
kcal/mol, which, considering the computational constraints
and environmental conditions, water molecules can overcome
and cross this energy barrier even at room temperature.
Appropriate pore size, high density of pores and their uniform
distribution on the surface, very thin thickness, type of bond,
and unique mechanical properties of this structure are so
convincing that this material has a promising potential
application in seawater desalination and water treatment.
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