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a b s t r a c t

The emerging two-dimensional (2D) membranes offer a promising way to improve the water desali-
nation performance of traditional membranes. MXene/graphene oxide (GO) composite membrane are
known for their high separation performance and structural stability. In this study, molecular simula-
tions are performed to investigate the desalination performance of the 2D MXene/GO membrane. The
results reveal that the surface of the MXene nanosheet could induce the formation of ordered water
structures, thereby accelerating the water transport in the 2D membrane. The higher rejection rate
would be found in MXene/GO membrane with a larger GO oxidation degree owing to the steric-
hindrance effect induced by the functional groups on the GO surface. Overall, the MXene/GO(20)
membrane with the interlayer spacing of 0.9 nm shows the highest water permeability
(37.22 × 10− 7 L·m− 1·h− 1·bar− 1, 1 bar = 0.1 MPa) and a salt rejection of 100%. The results could provide
theoretical insights for developing 2D membranes for water desalination.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

The scarcity of freshwater resources is a pivotal challenge in the
21st century [1]. Seawater can alleviate freshwater shortages, as it
accounts for 97% of the water resources in the world [2]. Water
desalination has become the most feasible solution to increase
freshwater resources [3]. Due to the advantages of low energy
consumption, ease of operation, and eco-friendliness, membrane
separation has been broadly applied in water desalination [4,5].
However, conventional membrane materials generally face the
“trade-off” effect betweenhigh permeability and selectivity. Due to
the atomic thickness, the two-dimensional (2D) layered mem-
branes could greatly reduce the transport resistance of molecules.
With the help of Poiseuille's law, the purpose of maximizing
permeability is achieved [6]. At present, a large number of two-
dimensional (2D) materials have been studied and developed into
separation membranes and applied to the field of water desalina-
tion [7,8], such as graphene oxide (GO) [9,10], hexagonal boron

nitride (h-BN) [11,12], molybdenum disulfide (MoS2) [13—16],
graphitic carbon nitride (g-C3N4) [17,18] and MXene [19,20].

MXene, a novel 2D metal carbide/carbonitride flake, has
emerged as a promising material for water desalination due to its
hydrophilicity, high specific surface area, ease of functionalization,
and abundance of activated metal hydroxide sites [21—23]. In
2015, Ren et al. [24] firstly fabricated the Ti3C2Txmembranes using
a vacuum-assisted filtration (VAF) method, and the water flux was
up to 37.4 L·m− 1·h− 1·bar− 1 (1 bar = 0.1 MPa). Ding et al. [25] re-
ported a 2D layered MXene membrane with a favorable rejection
rate (more than 90%) and exceptional water permeance (over
1000 L·m− 2·h− 1·bar− 1) for molecules larger than 2.5 nm in size.
Subsequently, this group reported a series of MXene membranes
prepared by Al3+ ions intercalation to reduce the swelling of 2D
membranes in water. They achieved an excellent non-swelling
stability of 2D membrane in aqueous solutions over 400 h. The
water fluxes were about 1.1—8.5 L·m− 2·h− 1, along with a high
rejection of NaCl (~89.5%—99.6%) [26]. Jin et al. [27] utilized elec-
trostatic interactions and size sieving to construct surface charged
MXene membranes, which exhibited excellent water permeability
and high salt rejection during nanofiltration or forward osmosis
processes. To improve the nanofiltration and anticontamination
properties of the membranes, Luo et al. [28] reported a variety of
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amino acid-bonded Ti3C2Tx MXene membranes and found
enhanced water permeance (7.17—13.11 L·m− 2·h− 1·bar− 1). Be-
sides, the Gly-bonded membrane exhibited enhanced anti-fouling
characteristics and an 80.59% flow recovery rate in relation to
bovine serum albumin (BSA). Pandey et al. [29] reported that the
2D MXene (Ti3C2Tx) modified by Ag nanoparticles exhibited a
water permeance of ~420 L·m− 2·h− 1·bar− 1 and enhanced bacte-
ricidal properties. Although metal-intercalated MXene has been
reported to enhance salt rejection, the pure MXene membranes
still face some limitations, like stability [26].

Developing anMXene/graphene oxide (GO)membrane is a new
choice for enhancing separation performance [30—32]. Ma et al.
[30] fabricated the 2D MXene/GO membrane and achieved high
water permeability (136.68 L·m− 2·h− 1·bar− 1) with excellent
rejection (>99.99%) for various dyes. Chang et al. [33] reported that
the enhancement of water permeability was mainly caused by the
insertion of small MXene-NH2 into the gap of GO layers, which
could increase the vertical distance between GO layers and
shorten the water transport pathways. Generally, MXene/GO
membranes exhibit lower water permeability than pristine MXene
membranes [33—35]. Many reported works, they mainly attrib-
uted this trend to the expanded interlayer spacing, which could
increase the transport path [30,33,34,36]. To the best of our
knowledge, most studies focused on the separation performances
of the MXene/GO membrane. Still, the mechanism of water
transport through the MXene/GO membrane, which is crucial for
new membrane development, has seldom been reported.

Molecular dynamics (MD) simulation is an effective way to
unravel the transport mechanisms of molecules across mem-
branes [16,37,38]. Fan's group [39—41] performed a sequence of
simulation works to study the water desalination through the
MXene membrane and discussed the effects of many factors,
including terminal groups and arrangement of MXene. They
pointed out that the surface charge features and the hydrogen
bond interactions dominated the interactions of the MXene
membranewith water. A comparison between 2Dmembranes was
studied by Ang et al. [42], the results showed that the shape of the
slits, the hydrophobicity, and the inherent interaction parameters
of the membranes played the dominant roles in the desalination

determination. Meidani et al. [43] performed MD simulations to
investigate the water desalination performance through nano-
porous single-layer MXene membranes. They found that the water
flux can be well tuned by the pore chemistry. It follows from the
above that MD simulation can be used to directly reveal the
desalination mechanism of 2D membrane and predict the desali-
nation performance.

This work systematically sudies the desalination performance
of 2D MXene/GO membranes using molecular dynamics simula-
tion. Different interlayer spacings and the oxidation degrees of GO
nanosheets in the membranes are considered, and the pure GO as
well as pure MXene membranes are also studied as benchmarks.
Section 2 describes the models and simulation methods. The main
factors governing water transport in 2D membranes are discussed
in Section 3. The water permeability and salt rejection are also
predicted. Finally, the concluding remarks are summarized in
Section 4.

2. Models and Methods

The MXene and GO nanosheets were constructed with the size
of 5.5 nm × 5 nm in the x-y plane, as illustrated in Fig. 1a. The
molecular formula of the MXene nanosheet was Ti3C2O2. GO
nanosheet with different oxidation degrees were constructed by
varying the number of hydroxyl and epoxy groups on the graphene
sheet [44]. The oxidation degree here was defined as dO = nO/
nC × 100%, where nO is the number of oxygen atoms, and nC is the
number of carbon atoms [45]. Based on reported experimental
works, the oxidation degrees of GO were typically between 10%
and 44% [46—49]. Therefore, three oxidation degrees, including
10% (labeled as GO(10)), 20% (labeled as GO(20)), and 40% (labeled
as GO(40)), were considered in this work. The geometric optimi-
zationwas performed for all the GO nanosheets. Therefore, the GO
nanosheets shown in Fig. 1(a) are not flat. Interlayer spacing
(labeled as d in figures) is also one of the key factors determining
the flux and selectivity of 2D membrane materials. The interlayer
spacings of experimentally synthesized MXene/GO membranes
ranged from 0.77 nm to 1.81 nm [36,50—52]. Therefore, four
interlayer spacings were set, including 0.6, 0.9, 1.2, and 1.5 nm. It

Fig. 1. (a) The top and side views of GO and the MXene nanosheets. (b) The model of water desalination system. Na+ and Cl− ions are presented by blue and cyan spheres,
respectively.
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was worth mentioning that the interlayer spacing was defined as
the distance between the carbon layer in GO and the surface of
MXene. The nanosheets were kept fixed during the simulation to
maintain the specific interlayer spacing.

The model for predicting desalination performance is shown in
Fig. 1(b). Two nanosheets are stacked on top of each other to create
a horizontal nanochannel. Then, eachmembranewas placed in the
middle of the box and sandwiched by the feed and permeate
chambers. The dimensions of the simulation box were about
5.5 nm × 5 nm × 40 nm. To eliminate the periodic effect in the z-
axis, two vacuum boxes were added at each end of the box along
the z-axis. Although the system remains three-dimensional, this
setup effectively mimics a situation similar to that of a pseudo-2D
system by eliminating the movement of molecules through the
boundary in the z-direction. The impermeable walls were placed
at the edges of the membrane to restrict the movement of the
molecules to the regions outside the membrane. During the
simulation, the position of membrane was fixed in three di-
mensions. In addition, as pistons, two graphene plates were placed
on the left and right sides of the box, respectively. A high pressure
difference (60 MPa) was applied to the system by applying pres-
sures of 60.1 MPa and 0.1 MPa to the graphene plates on the left
and right, respectively. In the nanosecond simulations, such a high
pressure difference ensured a reduction in thermal noise and an
increase in signal-to-noise ratio [53]. The NaCl concentration of
0.35 mol·L− 1 was considered in the feed side to mimic seawater
[54,55]. In the system, the membrane and ions are described by
OPLS-AA force field [56], and water molecules are described by the
TIP3P model [57].

The water desalination process was simulated by non-
equilibrium dynamics simulation (NEMD) [58—60]. The GRO-
MACS v2018 software package [61] was used. Each system first
underwent an energy minimization process, then followed by
NEMD. In energy minimization, the maximum step size was
0.05 nm, and the force tolerance was 1000 kJ·mol− 1·m− 1. Ac-
cording to the Maxwell-Boltzmann distribution, the primary ve-
locities of the atoms were assigned at 300 K. In the MD
simulation, the temperature was maintained at 300 K. The
coupling time constant was 0.1 ps, and the v-rescale thermostat
[62] was used. The Lennard-Jones (LJ) interactions were calcu-
lated with a cutoff of 1.40 nm. The Particle Mesh Ewald (PME)
method [63,64] was employed for the electrostatic interactions. A
time step of 2 fs was used, and the trajectory was saved every 10
ps. Each snapshot was generated and rendered by Visual Molec-
ular Dynamics (VMD) software [65]. To ensure sufficient sam-
pling, each system was simulated for at least 20 ns, and the
longer simulation time was performed for specific systems based
on the linear growth of water flux. The results from the last 10 ns
of the NEMD after the system reached equilibrium were collected

for data analysis. To ensure the accuracy and reproducibility of
the simulations, each system was simulated individually at least
three times, and all the results were averaged over the three
independent runs.

3. Results and Discussion

Firstly, the water permeabilities of MXene/GO, pure GO, and
pure MXene membranesare characterized. The influence of inter-
layer spacing on permeability is discussed in detail. Additionally,
the roles of MXene and GO nanosheets in water transport are
analyzed, and salt rejection performance is predicted.

3.1. Water permeability

The net water flow (NW) through 2D MXene/GO membranes is
simulated and shown in Fig. 2. Initially, NW is negligible due to the
time required for water molecules to permeate the membrane.
After this lag phase, NW increases linearly with simulation time.
Notably, for membranes with narrow interlayer spacing (e.g.,
0.6 nm), NW remains negligible even in 20 ns simulations, neces-
sitating extended simulations (Figs. S1—S4).

The water permeability can be estimated from

Ps =
(NW=NA)·NW·l

A·Δt·Δp

where NW and NA is the molecular weight of water and the Avo-
gadro constant (6.022 × 1023), respectively. l is the membrane
thickness, A is the cross section area of the membrane, Δt is the
time duration when NW linearly increases, Δp is the pressure dif-
ference. The water permeabilities through membranes with
different compositions and interlayer spacings are shown in Fig. 3
and listed in Table S1. The water permeabilities of the MXene/GO
membrane calculated in this work are comparable to other
experimentally reported results [35,52,66]. It can be observed
from Fig. 3 that, for the same membrane composition, the water
permeability accordingly increases with the increasing interlayer
spacing. A similar trend has also been reported in previous works
[31,34,35,52]. It is clear that a wider interlayer spacing would
obviously increase the space in the 2D membrane for water mol-
ecules to transfer, thus enhancing the water permeability. Addi-
tionally, Fig. 3 shows that, under the same oxidation degree of GO
and interlayer spacing, the water permeabilities through the
membranes follow the sequence of pure MXene > MXene/
GO > pure GO, which is consistent with experimental results [66].
Moreover, with the same interlayer spacing, the water perme-
abilities decrease with the increasing oxidation degree of the GO
nanosheet. These phenomena will be discussed in detail below.

Fig. 2. Net water flows (NW) versus time t through (a) the MXene/GO(10), (b) the MXene/GO(20), and (c) the MXene/GO(40) membranes.
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3.2. Effects of MXene nanosheet on water transport

As mentioned above, the water permeability distinctly in-
creases with the insertion of the MXene nanosheet in the 2D
membrane. To illustrate this, the diffusion of water molecules in
membranes along the z-axis is analyzed using the diffusion coef-
ficient (D)

D= lim
t→∞

1
6t

(
1
N

∑N

i=1

〈|zi(t) − zi(0)|
2
〉

)

where t is the time,N is thenumberofmolecules, zi(t) is theposition
of molecule i, and < ·· > is the ensemble average. Taking mem-
branes with the GO(10) nanosheets as examples, Fig. 4 shows the
diffusion coefficient ofwater inside themembrane along the z-axis.
The values are in the same order of magnitude as the reported
works [67—70]. The incorporation ofMXene significantly enhances
water diffusion, as evidenced by the diffusion coefficient (Fig. 4)
and the mean-squared displacement (MSD) (Fig. S5). Water diffu-
sion follows the sequence pure MXene > MXene/GO > pure GO,
consistent with observed permeability trends for all interlayer
spacing. The MXene nanosheets improve water transport by
lowering interfacial resistance and promoting ordered water
structures (Figs. 5—7). It can be inferred that the diffusion of water
molecules in the membrane could be accelerated by the MXene
nanosheets. Notably, evenwith the interlayer spacing up to 1.5 nm,
among the three 2Dmembranes, theMSDz of water in pureMXene

is still the largest one, indicating that the interfacial effect of
nanosheet plays a significant role in determining water
permeability.

To illustrate the distribution of intercalated water molecules,
the density profiles of water molecules along the normal direc-
tion of the nanosheet (y-axis) in the membrane are analyzed and
shown in Fig. 5. With the interlayer spacing increasing from
0.6 nm to 1.5 nm, the distribution of water molecules in the
channels becomes wider (Fig. 5), and the density peaks near the
nanosheets are distinctly sharper than others. This implies that
the interfacial effect of nanosheets plays a pivotal role in the
structure and transport of water in confined channels, and also
manifests that the water permeability can be well-tuned by
different nanosheets. Similar results have also been reported in
previous studies [71].

In the membranes with an interlayer spacing of 0.6 nm, a
single-layer density peak can be observed between nanosheets
(Fig. 5). This is in good agreement with the experimental result
that only one layer of water molecules can be accommodated in
such a narrow channel [72]. This single-layer profile reflects the
interfacial effects of nanosheets on water structure in membranes
with a 0.6 nm interlayer spacing. Therefore, we further examine
the orientation distribution of water molecules in these mem-
branes, including pure MXene, MXene/GO, and pure GO mem-
branes (shown in Fig. 6 and S6). The orientation (cosθ) is defined as
the cosine value of the angle between the dipole moment of water
and the normal axis of the nanosheet. In the pure GO(10) mem-
brane, the water molecules are randomly oriented since the values
of cosθ range from − 1 to +1. Intriguingly, with the addition of
MXene, the orientation distribution of water molecules in the
membrane becomes more concentrated. Especially in the pure
MXene membrane, the orientations of water molecules are highly
ordered with the cosθ value of 0.99, which indicates that the angle
between the dipole moment of water molecules and the normal
axis of the nanosheet is zero.

From the 2D density profiles of water molecules in membranes
(Fig. 7), it can also be found that, in the pure GO(10) membrane,
the water molecules prefer to cluster around the hydroxyl and
epoxy groups on the GO nanosheet. In the pure MXenemembrane,
the water structures are highly ordered and form a square ice
structure. As expected, the distribution of water molecules in the
MXene/GO(10) membrane becomes more ordered than that in the
pure GO(10) membrane. As reported in previousworks, an ordered
structure of water molecules in nanochannels would result in a
faster flow [71,73]. Therefore, based on the results of orientation
distributions and 2D density profiles of water in the membranes, it
can be deduced that, compared with the pure GO membrane, the
higher water permeability through MXene/GO membrane is

Fig. 3. Water permeabilities through (a) the MXene/GO(10), (b) the MXene/GO(20), and (c) the MXene/GO(40) membranes. Water permeabilities through pure MXene and pure
GO membranes are plotted for comparison.

Fig. 4. The diffusivity coefficient of water inside the GO(10), pure MXene, and the
MXene/GO(10) membranes along the z-axis.
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mainly attributed to the ordered water structures in the 2D
membrane, which is induced by the MXene surface.

Analyzing the evolution of the potential of mean force (PMF)
along the membrane channel is an efficient way to describe the
energy barrier for water permeation. The PMF is calculated from

F(z) = − RTln[ρ(z)=ρ0 ]

where R is the gas constant, T is the temperature, ρ(z) is the density
profile of water in the membrane along the z-axis, ρ0 is the bulk
density of water. Again, taking the interlayer spacing of 0.6 nm and
oxidation degree of 10% as examples, the PMFs of water through
the membranes are evaluated and plotted in Fig. 8. Pure GO(10)
and MXene membrane are also considered as benchmarks. As
shown in Fig. 8, for pure GO(10) and MXene/GO(10) membranes,
the maximum value of PMF appears in the membrane. However,
for MXene membranes, the maximum value of PMF is observed at
the entrance. It can be inferred that the interaction betweenwater
and GO(10) surface plays the dominant role in the water transport
resistance, and the interaction between water and MXene surface

Fig. 5. Density profiles of water in the GO(10), pure MXene, and the MXene/GO(10) membranes along the y-axis (i.e., the normal direction of the nanosheet). The inner con-
figurations are the snapshots of water molecules in the membranes.

Fig. 6. Orientation distributions of water molecules in the GO(10), pure MXene, and
the MXene/GO(10) membranes. The interlayer spacing is 0.6 nm.
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does not creasemuch resistance. From theminimal to themaximal
value in the PMF curve, the overall free energy barriers through
pure GO(10), MXene/GO(10), and pure MXene membranes are
7.39, 4.69, and 2.20 kJ·mol− 1, respectively. This again evidences
that adding the MXene in the 2D membrane would drop the
transport resistance of water molecules in the membrane and thus
efficiently facilitate the water flux.

3.3. Effects of GO oxidation degree on water transport

As shown in Fig. 3, the water permeability decreases with
increasing oxidation degree of GO nanosheets. To illustrate this,

the interaction energies between water and membrane are
examined and shown in Fig. 9a. To elucidate the effect of oxidation
degree on the water molecule transfer in a more rational manner,
the systemwith a layer spacing of 0.9 nm is taken as a typical case.
Apparently, the total interaction energies between water and
membranes increase with the increasing oxidation degree of the
GO nanosheet. Based on this, it can be inferred that a higher
oxidation degree of the GO nanosheet would enhance the trans-
port resistance of water in the MXene/GO membrane, therefore
slowing down the water permeability. Similar results have also
been reported in previous works [73,74]. Moreover, electrostatic
interactions play the dominant roles for all three membranes

Fig. 7. 2D density profiles of water molecules in the x-z plane between the nanosheets in the GO(10), pure MXene, and the MXene/GO(10) membranes. The interlayer spacing is
0.6 nm.

Fig. 8. PMF of water through the GO(10), the MXene/GO(10), and pure MXene membranes along the z-axis. The dotted lines indicate the position of membrane, the interlayer
spacings of the membranes are 0.6 nm.

Fig. 9. The (a) interaction energy and (b) number of hydrogen bonds between water molecules and MXene/GO membranes with an interface spacing of 0.9 nm.
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shown in Fig. 9(a). The total number of hydrogen bonds between
water and membrane, as well as the one between water and each
nanosheet, are further analyzed and depicted in Fig. 9(b). It is
straightforward to find that the number of hydrogen bonds in-
creases with the increasing oxidation degree of GO nanosheet.
Besides, the number of hydrogen bonds betweenwater andMXene
nanosheet changes marginally, while the one between water and
GO nanosheet increases distinctly with the increasing oxidation
degree. This observation is again rooted at why the higher oxida-
tion degree of GO in the MXene/GO membrane could enhance the
electrostatic interactions between water and membranes and
decrease the water permeability.

The dynamics of hydrogen bonds in the membrane is further
examined by the autocorrelation function (ACF)

c(t) =
〈hij(t0)hij(t0 + t)〉

〈hij(t0)hij(t0)〉

where hij(t) represents a hydrogen bond between awatermolecule
and oxygen functional group at time t0.When a hydrogen bond is
not formed, the hij(t) equals to zero. The < ··· > is the ensemble
average over all pairs of hydrogen-bonded water molecules. The
ACF is calculated by an in-house code. For the ACF of hydrogen
bonds in membranes, a new box is constructed with the mem-
brane and the water molecules in the layers only. For the calcu-
lation of ACF in bulk, a box with bulk water is constructed. A 20 ps
simulation is further performed. The ACF (c(t)) can be used to
quantitatively assess the rate of hydrogen bonds relaxation and
examine the probability of a water molecules pair that maintains
hydrogen-bonded at time t = t0 and t + t0. Taking MXene/GO
membranes with the interlayer spacing of 0.9 nm as examples,
Fig. 10 shows the ACFs of hydrogen bonds in the membranes.
The ACF of water in bulk is also presented for comparison. For all
the four curves, the c(t) declines with time t increases, indicating a
smaller number of water molecules keep hydrogen-bonded. In all
the three membranes, the c(t) are higher than that in bulk. This is
mainly ascribed to the geometrical confinement as well as the
interactions between water and membrane that restrict water
diffusion, thereby slowing down the relaxation of hydrogen bonds.
Furthermore, the c(t) follows the hierarchy of MXene/GO
(40) > MXene/GO(20) > MXene/GO(10), which is in line with the
trend of water permeability. This implies that a higher oxidation
degree of GO nanosheet inMXene/GOmembrane could restrict the

relaxation of hydrogen bonds in the membrane and then decline
the water permeability.

3.4. Salt rejection

The rejection rate is defined as

R =
Cfeed − Cpermeate

Cfeed
× 100%

where Cfeed is the NaCl concentration in the feed side, and Cpermeate
is the one in the permeation side. The salt rejections byMXene/GO
membranes are shown in Fig. 11 and listed in Table S2. Generally,
the salt rejection decreases with increasing interlayer spacing.
When the interlayer spacing of the MXene/GO membrane is
0.6 nm, the salt rejections are all 100%. With increasing oxidation
degree of GO nanosheet, the salt rejection accordingly increases.
This phenomenon is most evident when the interlayer spacing of
the MXene/GO membrane is 1.5 nm. More intriguingly, a 100%
rejection is observed in the MXene/GO(40) membrane with the
interlayer spacing up to 1.2 nm. As shown in Fig. 1(a), the surface is
not that flat when the oxidation degree of the GO surface is up to
40%. Meanwhile, as mentioned in the simulation method, the
interlayer spacing is defined as the distance between the carbon in
GO and the surface of MXene. Therefore, the functional groups (e.
g., the hydroxyl and epoxy groups) occupy the channel in the
membrane, which hinders the transport of ions by the steric-
hindrance effect. The minimum distances between MXene and
GO surface in MXene/GO membranes are analyzed and listed in
Table S3. The minimum distances obviously decrease with the
increasing oxidation degree of the GO surface, which again illus-
trates the steric-hindrance effect.

It is worthmentioning that, for MXene/GO(40) membranewith
an interlayer spacing of 1.2 nm, the minimum distance between
MXene and GO is 0.80 nm (listed in Table S3), which is large
enough for the ions to pass through even taking the ionic hydra-
tion layer [75] into consideration. However, the ion molecules still
can not pass through. To illustrate this, the number densities of
ions along z-axis are calculated and plotted in Fig. 12. Two sharp
peaks can be found at the entrance and exit of MXene/GO(10) and
MXene/GO(20) membranes, i.e., z = 18.20 nm and z = 26.00 nm,

Fig. 10. Autocorrelation function (ACF) of hydrogen bonds in the MXene/GO(10), the
MXene/GO(20), and the MXene/GO(40) membranes as well as in bulk water. The
interlayer spacings of membranes are 0.9 nm.

Fig. 11. The salt rejections of MXene/GO membranes. The x-axis indicates the inter-
layer spacing, and the y-axis indicates the value of salt rejection.
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respectively. For the MXene/GO(40) membrane, only one peak can
be observed at the entrance because no ion molecule passing
through. With the increasing oxidation degree, the density peak
becomes stronger. Based on this, we could infer that the accu-
mulation of ions at the interface partially blocks the entrance of
the membrane, therefore resulting in a higher rejection, although
the interlayer spacing of themembrane is up to 1.2 nm. Overall, the
highest water permeability of 37.22× 10− 7 L·m− 1·h− 1·bar− 1 could
be observed in the MXene/GO(20) membrane with the interlayer
spacing of 0.9 nm, in which the salt rejection remains 100%.

4. Conclusions

In this work, the mechanism of desalination through MXene/
GO membranes is systematically investigated using molecular
simulation. The effects of interlayer spacing and oxidation degree
of GO nanosheets are discussed in detail. Generally, with the
increasing interlayer spacing, the water permeability through
membranes accordingly increases. The increasing oxidation de-
gree of GO nanosheets would give rise to the reduction of water
permeability. Under the same oxidation degree and the interlayer
spacing, the water permeability distinctly enhances with the
appearance of MXene nanosheets.

The higher water permeability through the MXene/GO mem-
brane is mainly attributed to the ordered orientations as well as
the lower transport resistance of water, which are induced by the
MXene nanosheet. A higher oxidation of GO nanosheet would
result in a stronger interaction with water and a slower relaxation
of hydrogen bonds in the membrane.

The salt rejection is mainly determined by the steric-
hindrance effect. The highest water permeability of
37.22× 10− 7 L·m− 1·h− 1·bar− 1, along with a salt rejection of 100%,
could be observed in the MXene/GO(20) membrane with the
interlayer spacing of 0.9 nm. Overall, the results highlight the
importance of interfacial effects on water desalination through
2D membranes and provide new insights for the design of new
membranes for separation.
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