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A B S T R A C T   

Development of low-cost and high-efficiency seawater desalination technologies is critical for solving the global 
water crisis. In this study, we proposed a fast water filtering method, with a high salt rejection rate, that uses 
MoSe2 nanopore via molecular dynamics (MD) simulation. These simulation results suggest that fast water 
filtering and high salt rejection rates can be achieved using MoSe2 nanopore with a pore size of 66.54 Å2. Water 
permeation through the MoSe2 nanopore is larger than that through the MoS2 nanopore of various size, and the 
water flux through both MoSe2 and MoS2 nanopores is much larger than that through the graphene nanopore of 
similar nanopore size. The underlying mechanism of water transportation through both MoSe2 and MoS2 
nanopores are discussed after analysis of the water permeation potential of mean force (PMF), the 2D density of 
the water molecule inside the nanopores, the dipole of water molecules during transportation, etc. Our results 
suggest that a 1-cm2 MoSe2 nanopore (66.54 Å2) membrane can produce freshwater with a flow rate of 10.1 L per 
day per MPa under 150 MPa, which it is about 2 orders of magnitude higher than the currently used commercial 
reverse osmosis (RO) membrane.   

1. Introduction 

Nearly 70% of the surface of earth is covered by water, but most of 
the water on earth cannot be directly utilized as it is either too salty for 
human consumption or is locked up in snow and ice [1]. The demand for 
fresh water will greatly increase with the increasing population [2]. 
Desalination is one effective method of boosting fresh water supplies 
[3–5] in order to meet the increasing demand for fresh water. However, 
the price of fresh water obtained from desalination method is still too 
high, making it unaffordable for ordinary residents. Among these 
desalination methods, the reverse osmosis (RO) is a technology that uses 
a semipermeable membrane to remove ions, organic molecules and 
larger particles from drinking water and it is used in almost half of the 

desalination plants [6–8]. However, RO technologies, which are based 
on traditional polymeric membranes, still face several challenges such as 
slow water transport, decreased permeate flux, irreversible membrane 
fouling [9] etc. Therefore, there is still a need for fast, efficient and cheap 
desalination methods. 

The development of nanotechnology provides new opportunities in 
designing membranes for fast and energy-efficient water desalination 
[10]. Nanopores, with diameters in the order of nanometer to angstrom, 
have shown promising applications in low-cost and high-efficiency 
water desalination [11–15]. The nanopore made from single layer 
two-dimensional materials is considered to be a good desalination ma-
terial. Fluorinated porous graphene (with pore-diameter of 11.7 Å and 
porosity of 10%) has excellent performances in salt rejection, and it can 
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achieve a water flux around 28.1 L⋅cm� 2 h [16]. As reported in many 
studies, graphene oxides with different functional groups can separate 
ions and hence, desalination with high efficiency can be achieved 
[17–20]. However, the hydrogen bonds between water molecules are 
interrupted and the water flux decreases when water molecules pass 
through the graphene nanopore [21]. Moreover, Aluru et al. found that 
the single layer MoS2 nanopore can achieve permeation and desalina-
tion up to five orders of magnitude higher than conventional MFI-type 
zeolite [11]. The development of two-dimensional materials offers a 
high potential for fast and efficient desalination, and an increasing 
number of new 2D materials are being fabricated [22–24]. Like other 
two-dimensional materials, MoSe2 has unique mechanical and electrical 
properties. In recent years, MoSe2 has been fabricated using various 
methods [25–27]. However, the desalination performance of MoSe2 has 
been rarely explored, and the understanding of the mechanism of water 
permeation through the MoSe2 nanopore is still very limited and 
obscure. 

In this study, the 2D material MoSe2 was used as a model of a RO 
membrane, and its desalination performance was studied using molec-
ular dynamics (MD) simulations. Recently, MD simulation has been 
successfully used by our group and other groups, in the study of the 
transportation of ions and water through the nanopore [28–32]. In order 
to compare the desalination performance of MoSe2 nanopore with other 
2D materials that have potential application in water desalination, both 
graphene and MoS2 were modeled and their desalination performances 
were evaluated and compared. Our results show that the MoSe2 nano-
pore exhibits higher efficiency of water permeation and higher salt 
rejection rate compared to that of graphene and MoS2 nanopore. These 
excellent properties offer the possibility of high desalination efficiency 
using MoSe2 materials. 

2. Computational methods and details 

2.1. Setup of model 

A typical water desalination simulation box is shown in Fig. 1. The 
two chambers are separated by either MoS2 (Fig. 1(b)) or MoSe2 (Fig. 1 
(c)) membrane. The aqueous solution of 0.5 M NaCl is on the left 
chamber and pure water bath is on the right chamber. The concentration 
of NaCl was selected depending on the salinity of seawater (~0.599 M). 
Hydraulic pressures, Pleft and Pright were applied to two graphene plates, 
respectively. To investigate the effect of applied pressure on water flux 
and salt rejection rate, Pleft was set to be 50, 100, 150, 250 and 350 MPa, 
while Pright was set to be 0.1 MPa (ambient pressure). In our simulation, 
the method of applying pressure was the same as that reported by Jiang 
[33]. Moreover, MoS2 or MoSe2 membranes of three different pore sizes 
(30.00, 41.95, 66.54 Å2) were considered, as shown in Fig. S1 in Sup-
porting Information. The nanopore size was calculated as in the refer-
ence [11]. For the purpose of comparing the desalination performance of 
MoS2 and MoSe2 with that of other 2D materials, a graphene membrane 
with pore size 68.00 Å2 was also considered. These membranes with 
different pore sizes were build using visual molecular dynamics (VMD) 
[34]. Table 1 summarizes the details of all the systems in our simulation. 

2.2. Simulation details 

The Lennard–Jones (LJ) parameters of MoS2, MoSe2 and graphene 
membranes as well as related references are listed in Table S1. The pa-
rameters for ions (Naþ and Cl� ) were obtained from Amber 03 force field 
[35]. TIP3P water model was adopted for water molecules in all simu-
lations [36]. The Lorentz-Berthelot combination rule was applied to 
obtain the LJ potential parameters of cross-interactions (MoS2–ion, 
MoS2–water, etc.) between non-bonded atoms. During the simulations, 
all atoms in the MoS2, MoSe2 and graphene membranes were frozen, 
similar to our previous works [37–40]. All simulations were performed 
in the GROMACS-5.07 package [41]. Energy minimization and 

pre-equilibration of the system were carried out before a constant vol-
ume and temperature (NVT) MD simulation. In pre-equilibration and 
NVT MD simulation, the temperature was set to be 298 K and was 
controlled by Nos�e-Hoover thermostat. The long-range electrostatic 
interaction was calculated by particle mesh Ewald (PME) summation 

Fig. 1. (a) Side view of the initial structure of the simulation system. Two 
chambers (aqueous solution of 0.5 M NaCl on the left and pure water bath on 
the right) were separated by an MoS2 membrane. The two graphene plates were 
subjected to pressures Pleft and Pright, respectively. Top view of (b) MoS2 
membrane and (c) MoSe2 membrane. Water molecules are described using the 
line model, and Naþ, Cl� , S, Se and Mo atoms are shown in blue, cyan, yellow, 
orange and pink in the VDW model. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Details of all the systems performed in our simulations.  

Membrane Pore 
size (Å2) 

Applied 
pressure 
(MPa) 

Concentration of 
NaCl (M) 

Simulation 
time (ns) 

MoS2/ 
MoSe2 

30.00 50 0.5 10 
100 0.5 10 
150 0.5 10 
250 0.5 10 
350 0.5 10 

41.95 50 0.5 10 
100 0.5 10 
150 0.5 10 
250 0.5 10 
350 0.5 10 

66.54 50 0.5 10 
100 0.5 10 
150 0.5 10 
250 0.5 10 
350 0.5 10 

Graphene 68.00 50 0.5 10 
100 0.5 10 
150 0.5 10 
250 0.5 10 
350 0.5 10 

PMF calculation 
MoS2 66.54 0 0.5 5 � 75 
MoSe2 66.54 0 0.5 5 � 75 
Graphene 68.00 0 0.5 5 � 75  
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[42] and a cutoff of 13.0 Å was set for the separation of the direct and 
reciprocal space summation. For non-bonded van der Waals interaction, 
a switching function from 10.0 Å to 12.0 Å was used. Periodic boundary 
conditions were applied in all simulations to form a continuous 2-dimen-
sional membrane in the xy plane, as shown in Fig. 1. The time step in all 
simulations was set to be 2 fs. 

The PMF of water molecules transport through the MoS2, MoSe2 and 
graphene nanopores was calculated by the umbrella sampling method 
[43] and generated by the weighted histogram analysis method 
(WHAM) [44]. The central axis (z direction) of the membrane pore was 
set as the reaction coordinate, and water molecule was constrained in 
the reaction coordinate. The constrain was set as a harmonic force and 
the spring constant of the force is 1000 kJ mol� 1 nm� 2. The PMF 
calculation of water transport through nanopores was carried out in 75 
windows with the reaction coordinate from 0 Å to 15 Å and the incre-
ment of 0.2 Å. The PMF from � 15 Å to 0.0 Å was generated using the 
symmetry. 5 ns MD simulation was performed in each window with NVT 
ensemble. 

In order to evaluate the permeation performance of all membranes 
composed of all the 2D materials studied, the water flux and salt rejec-
tion rates were defined and measured using Eqs. (1) and (2): 

water  flux¼
Nt2 � Nt1

t2 � t1
(1)  

salt  rejection %¼
CðinitialÞ � CðpassÞ

CðinitialÞ
(2)  

CðinitialÞ¼
TNaþ

TH2O
; CðpassÞ¼

PNaþ

PH2O
(3)  

where Nt1 and Nt2 is the total number of water molecules in the left box 
at time t1 and t2, respectively. TNaþ and TH2O represent the number of 
Naþ and water molecules, respectively, in the left box; PNaþ and PH2O 
represent the number of Naþ and water molecules, respectively, that 
pass through the nanopore during the simulations. 

3. Results and discussion 

All simulations performed in this study are summarized with details 
in Table 1. The water flux through various nanopores of different sizes 
under different applied pressures was calculated. The water flux was 
defined as the number of water molecules transport through the nano-
pore per nanosecond, as described in Eq. (1). Fig. 2(a) suggests that for 
all types of nanopores, the water flux increases with the increases in both 
pore size and applied pressure. Specifically, the permeation rate of both 
MoS2 and MoSe2 nanopores sharply increases as the pore size increases 
from 30 Å2 to 66.54 Å2. Moreover, the water flux through the graphene 

nanopore with a pore size of 68.00 Å2 are 0.1, 5.8, 12.2, 20.3 and 31.2 
molecules/ns at 50, 100, 150, 250 and 350 MPa, respectively. On the 
other hand, the water flux is 17.6, 38.4, 55.4, 82.3 and 114.8 when pass 
through the MoS2 nanopore with pore sizes of 66.54 Å2 at 50, 100, 150, 
250 and 350 MPa, respectively. In contrast, the water flux passing 
through the MoSe2 nanopore with a pore size of 66.54 Å2 is 22.3, 57.7, 
95.1, 122.6 and 138.4 at 50, 100, 150, 250 and 350 MPa, respectively. 
This implies that the water flux through the MoSe2 nanopore is much 
higher than that through the graphene nanopore of similar size and 
under the same applied pressure. More importantly, the water flux 
through the MoSe2 nanopore is even higher than that through the MoS2 
nanopore of the same size (30.00, 41.95 and 66.54 Å2) and in all ranges 
of applied pressure. This result also indicates that in order to obtain the 
desired water flux, MoSe2 nanopores need smaller applied pressure 
compared to MoS2 nanopores. 

One of the most critical aspects in water desalination using mem-
brane materials is the salt rejection rate. Fig. 2(b) displays the salt 
rejection rates of different pore sizes versus the applied pressures. In 
general, the salt rejection rates for all types of nanopores decreases with 
the increase in pore size and applied pressure. This is because the higher 
pressure exerts a higher force on the ions and the rate of ion trans-
location across the nanopores increases. Fig. 2(b) implies that the pore 
size is critical in the determination of salt rejection rate for all types of 
nanopores. For both MoS2 and MoSe2 membranes with pore size of 
30.00 Å2, the salt rejection rate remains at 100% even at a very high 
applied pressure of 350 MPa. With pore size of 41.95 Å2 and at a pres-
sure of 250 MPa, the salt rejection rate in both MoS2 and MoSe2 nano-
pores remains at 100%, but the salt rejection rate of the MoSe2 nanopore 
decreases to 86% at the highest pressure of 350 MPa. The salt rejection 
rate of the MoSe2 nanopore with a size of 66.54 Å2 is 100% under a 
pressure of 150 MPa and decreases to 73% at a pressure of 250 MPa. 
However, it is still higher than the 50% salt rejection rate of graphene 
nanopore with a pore size of 68.00 Å2 at same pressure of 250 MPa. 
Therefore, the results for water flux and salt rejection rates mentioned 
above suggest that the desalination performance of MoSe2 nanopore is 
excellent compare with both MoS2 and graphene nanopores. 

For investigating the mechanism underlying the permeation of water 
molecules through nanopores composed of various 2D materials at the 
molecular level, the PMFs of water molecules transport through these 
nanopores were calculated and the results are shown in Fig. 3. The free 
energy barrier is 2.62, 1.74 and 1.45 kJ mol� 1 for water molecules 
transport through the graphene (68 Å2), MoSe2 (66.54 Å2) and MoS2 
(66.54 Å2) nanopores, respectively. Although the free energy barrier for 
water molecules transporting through the MoSe2 (66.54 Å2) nanopores 
is 0.29 kJ mol� 1 higher than that through MoS2 (66.54 Å2) nanopores, 
the free energy minima near the MoSe2 nanopore is close to that of the 
graphene nanopore and is 0.60 kJ mol� 1 deeper than that of the MoS2 

Fig. 2. (a) Water flux and (b) salt rejection rates of different pore sizes as a function of the applied pressure. Different pore areas (denoted by A) for MoS2, MoSe2 and 
graphene membranes were considered. 
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nanopore. PMF calculation indicates that translocation of water mole-
cules through the MoSe2 and MoS2 nanopores is much easier than that 
through the graphene nanopore while more water molecules prefer to 
reside in the MoSe2 nanopore. For the purpose of comparing the water 
translocation through MoSe2 and MoS2 nanopores, the number of water 
molecules in the MoS2 and MoSe2 nanopores were measured and shown 
in Fig. 4. Fig. 4 suggests that the number of water molecules inside the 
MoSe2 nanopore is higher than that inside MoS2 under the same applied 
pressure during the simulation, leading to a higher water flux through 
the MoSe2 nanopore compared to that through the MoS2 nanopore under 
wide range of applied pressure. 

The 2D density of water molecules inside MoSe2 and MoS2 nanopores 
of sizes 66.54 Å2 under 0 MPa (without external pressure) was calcu-
lated to understand the mechanism of desalination by MoSe2 and MoS2 
nanopores at the molecular level. As shown in Fig. 5, there are 6 density 
maximum of water molecule in the edge of both MoSe2 and MoS2 
nanopores, and water density in these areas are much larger than that 
near the center of MoSe2 and MoS2 nanopores. Herein, water molecule 
locates within 0.5 nm away from the center of the nanopore was used to 
calculate the water density. Moreover, the density of water in the MoSe2 
nanopore is much higher than that in MoS2 nanopore, due to the fact 
that the free energy minima in the MoSe2 nanopore is 0.60 kJ mol� 1 

deeper than that of MoS2 nanopore, as shown in Fig. 3. These results 
imply that more water molecules prefer to reside in the MoSe2 nanopore 

due to stronger interactions between water molecules and MoSe2, 
leading to a higher water flux through the MoSe2 nanopore compared to 
that through the MoS2 nanopore under a wide range of applied pressure. 

The dipole of water molecules during transportation through these 
nanopores without external pressure was calculated to investigate the 
differences between water translocation behaviors through the MoS2 
nanopore (66.54 Å2) and MoSe2 nanopore (66.54 Å2). As shown in 
Fig. 6, the dipole of water molecules near the center of MoSe2 nanopore 
(the green line, z ¼ 0 nm) is much lower than that near the center of the 
MoS2 nanopore, which indicates that the water molecules are less 
polarized when they are transported through the MoSe2 nanopore. 
However, the interaction between the Se atom and water molecule is 
stronger than that between the S atom and water molecule, and hence, 
more water molecules are adsorbed into the MoSe2 nanopore, which was 
confirmed by the 2D water density map shown in Fig. 5(b). Therefore, 
the dipole of water molecules at z ¼ � 0.5 nm in MoSe2 nanopore (0.5 nm 
away from the center of the MoSe2 nanopore) is much higher than that 
in MoS2 nanopore, which indicates that the water molecules near the 
MoSe2 nanopore are more orderly and polarized than those near the 
MoS2 nanopore. This can be attributed to higher free energy minima of 
water close to the MoSe2 nanopore. This phenomenon is probably the 
major reason why the water flux through the MoSe2 nanopore is much 
higher than that through the MoS2 nanopore under the same applied 
pressure, particularly under pressures above 100 MPa. 

In order to compare the performance of water desalination of MoSe2 
(66.54 Å2) with that of the currently used commercial reverse osmosis 
(RO) membrane and other materials, water flux and salt rejection rates 
for various materials were evaluated and the resulted are as shown in 
Fig. 7. For MoSe2, a pore size of 66.54 Å2 and an applied pressure of 
150 MPa were chosen for efficient water desalination and comparison. 
At this pressure and pore size, water filtration through the MoSe2 
membrane is optimized with a salt rejection rate of 100%. A 1-cm2 

MoSe2 membrane with the pore size of 66.54 Å2 could produce around 
10.1 L freshwater per day per MPa with a high rate of salt rejection. The 
water flux through MoSe2 (66.54 Å2) nanopore is approximately two 
orders of magnitude higher than that of the currently used commercial 
RO membrane (0.20 L) and 72% higher than that of the MoS2 membrane 
(5.8 L), as shown in Fig. 7. The salt rejection rate of MoSe2 (66.54 Å2) is 
also higher than that of the RO membrane under the same conditions. 
These results show that MoSe2 has excellent properties of water 
permeation and salt rejection and may be utilized for efficient water 
desalination. 

4. Conclusion 

In this study, the thermodynamics, dynamics and molecular level 
mechanics of water and ions permeating through the MoSe2, MoS2 and 
graphene nanopores were investigated by molecular dynamics 

Fig. 3. Potential of mean force (PMF) of a water molecule passing along the 
nanopore axis of graphene (68 Å2), MoSe2 (66.54 Å2) and MoS2 
(66.54 Å2) membranes. 

Fig. 4. Number of water molecules inside (a) MoS2 (66.54 Å2) and (b) MoSe2 (66.54 Å2) nanopores during the simulation.  
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simulations. We found that water permeation through MoSe2 and MoS2 
nanopores of various sizes is much larger than that through the graphene 
nanopore with similar nanopore area and under a wide range of applied 
pressures. Moreover, the water flux through the MoSe2 nanopore with 
size of 66.54 Å2 is 72% higher than that through the MoS2 nanopore 
with the same size and under 150 MPa, while the salt rejection rate re-
mains at 100%. The underlying mechanism of water transportation 
through both MoSe2 and MoS2 nanopores were discussed after the 
analysis of the PMF of water permeation, 2D density of water molecule 
in the nanopores, the water molecules dipole during the transportation 
etc. Our results show that both high water flux and salt rejection rates 
can be achieved by MoSe2 nanopore with a pore size of 66.54 Å2. Under 
150 MPa, a 1-cm2 MoSe2 nanopore (66.54 Å2) membrane can produce 
freshwater with a flow rate of 10.1 L per day per MPa, which is 
approximately 2 orders of magnitude higher than currently used com-
mercial reverse osmosis membrane. These results suggest that MoSe2 

can be used as promising materials for quick and efficient water 
desalination. 
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Fig. 5. (a) Sectional view of the nanopore and water molecules in the (i) MoS2 and (ii) MoSe2 systems; (b) the density of water molecule in the (i) MoS2 and (ii) 
MoSe2 nanopores with the size of 66.54 Å2 under 0 MPa of applied pressure (without external pressure). 

Fig. 6. The dipole of water molecules in the MoS2 nanopore (black line) and 
MoSe2 nanopore (red line), as a function of the z axis. The green line represents 
the location of the center of nanopore in the z axis. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Performance chart of the MoSe2 membrane versus other existing tech-
nologies. The MoSe2 membrane could reject salt ions with a water permeability 
2 orders of magnitude higher than the RO membranes. The data regarding MFI 
zeolite, RO membrane and Nanofiltration are from reference [45]. 
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Supplementary data to this article can be found online at https://doi. 
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