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1. Introduction

Water transport and desalination through
double-layer graphyne membranesy

Mojdeh Akhavan, (22 Jeremy Schofield (2 ® and Seifollah Jalili (2 *@°¢

Non-equilibrium molecular dynamics simulations of water-salt solutions driven through single and
double-layer graphyne membranes by a pressure difference created by rigid pistons are carried out to
determine the relative performance of the membranes as filters in a reverse osmosis desalination
process. It is found that the flow rate of water through a graphyne-4 membrane is twice that of a
graphyne-3 membrane for both single and double-layer membranes. Although the addition of a second
layer to a single-layer membrane reduces the membrane permeability, the double-layer graphyne
membranes are still two or three orders of magnitude more permeable than commercial reverse
osmosis membranes. The minimum reduction in flow rate for double-layer membranes occurs at a layer
spacing of 0.35 nm with an AA stacking configuration, while at a spacing of 0.6 nm the flow rate is close
to zero due to a high free energy barrier for permeation. This is caused by the difference in the
environments on either side of the membrane sheets and the formation of a compact two-dimensional
layer of water molecules in the interlayer space which slows down water permeation. The distribution of
residence times of water molecules in the interlayer region suggests that at the critical layer spacing of
0.6 nm, a cross-over occurs in the mechanism of water flow from the collective movement of
hydrogen-bonded water sheets to the permeation of individual water molecules. All membranes are
demonstrated to have a high salt rejection fraction and the double-layered graphyne-4 membranes can
further increase the salt rejection by trapping ions that have passed through the first membrane from
the feed solution in the interlayer space.

efficiently blocking the passage of salts and other solutes. In this
respect, nanomaterial-based membranes with their superior

With increasing global population growth and changes in climate
caused by industrialization, the development of low-cost and
energy-efficient methods for obtaining fresh water from the saline
water of seas and oceans is among the most attractive scenarios
for combating against water scarcity." Currently, membrane-based
technologies such as reverse osmosis (RO) nanofiltration, which
uses the pressure difference across a membrane as a driving force
to filter impurities, are widely used throughout the world for water
treatment and desalination and much scientific activity has been
devoted to improve the efficiency of RO processes by designing
novel membrane materials.> Such membranes should allow water
molecules to rapidly pass through them while at the same time
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mechanical properties have many advantages over commercial
membranes made from synthetic polymers such as polyamide
thin film composite (TFC). Water molecules can flow at a high
rate through the nanoporous structure of these materials, leaving
behind solutes that permeate slowly due to the presence of high
energy barriers to pass through the filtering membranes.’
Various types of nanomaterials have been examined as possible
candidates for desalination membranes. Experiments® and
molecular dynamics (MD) simulation studies®® show that water
can pass through carbon nanotubes (CNTs) at flow rates much
higher than those obtained using current commercial membranes.
The flow rate and the radial distribution of water molecules inside
CNTs observed in MD simulations cannot be explained using
Hagen-Poiseuille and Navier-Stokes classical equations and it is
argued that the high flux of water molecules is due to the smooth
and frictionless internal surface of narrow CNTs and the weak
CNT-water interactions.®® Another study explains the high flux to
be a result of the velocity jump in a depletion region at the CNT-
water interface, where water orientations with free OH bonds
pointing to the nanotube wall weakens the hydrogen bonds.” This
high flux rate has also been observed in MD simulations of arrays
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of CNTs.® However, there are challenges associated with the usage
of carbon nanotubes for desalination on an industrial scale. One
problem is the difficulty of obtaining well-dispersed and properly
aligned CNTs for membrane fabrication.? In addition, it is hard to
prepare uniform samples of CNTs with diameters small enough
(i.e. less that ~ 1 nm) to prevent ion permeation,® which causes the
resulting membranes to have a low salt rejection at salt concentra-
tions close to the salinity of seawater. MD simulations have shown
that the addition of polar and charged functional groups at the
entrance of larger diameter CNTs may help to improve rejection of
salt at the cost of a reduction in the water flow rate due to strong
electrostatic interactions between the charged functional groups
and water molecules."®

Since water flux through CNT membranes increases with
decreasing nanotube length (or membrane thickness),” ultrathin
graphene sheets with nanopores have been suggested as convenient
alternatives for CNTs."' Nanoporous graphene (NPG) has a high
mechanical strength at large applied pressures’> and water
permeates NPG at a high rate."""*'* In addition, by tuning the
pore size and introducing functional groups, it can effectively reject
ions in a selective manner.""'*'® However, for the realization of
NPG membranes, a significant improvement in the techniques of
pore carving in graphene sheet is required in order to produce
high-density pores with a uniform size distribution."”

Graphyne compounds form another class of carbon allotropes
with sp” and sp atoms which form nanosheets with the thickness
of one atomic layer, similar to those in graphene.'® In the structure
of the y-graphyne (or graphyne-n) phase, neighboring benzene
rings are connected by n acetylenic linkages (see Fig. S1 in ESIt)
and form triangular pores. For n = 0, the structure corresponds to
graphene.' The first two members of graphyne-n compounds, i.e.
graphyne (n = 1; the most stable member) and graphdiyne (1 = 2)
have interesting properties and various potential applications.*® For
instance, graphdiyne has been found to be a promising compound
for nanoelectronics and hydrogen purification, as shown by first-
principles electronic structure*! and MD*? studies. The next two
members, graphyne-3 (or graphtriyne) and graphyne-4 have
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effective pore diameters of 3.8 and 5.4 A,?* suitable for desalina-
tion applications. MD simulations show that these structures
have high permeability for water and can effectively block salts
or other pollutants.>**” Moreover, the mechanical stability of
the graphyne family and their high strength and stiffness makes
them attractive candidates in RO nanofiltration.>*?%>%2°

In this article, the performance of bilayer graphyne membranes
in RO desalination is studied using non-equilibrium molecular
dynamics simulations. A number of graphyne substructures have
been successfully synthesized in laboratories®>> and the recent
preparation of large areas of graphdiyne sheets with 3.61 cm® on
copper substrate’® has raised hopes for achieving the higher
members of graphyne family in the near future. However, similar
to the case of graphene sheets, it is probably hard to prepare these
compounds as single layer sheets and the X-ray photoelectron
spectra®® show that the graphdiyne sheets are typically multilayer,
defect-free films. Therefore, examining the effect of adding extra
graphyne layers on water permeation and salt rejection through
graphyne membranes may provide a useful guide for the optimiza-
tion of graphyne membranes for desalination. Multilayer porous
graphene sheets have been studied before**”> but to the best of our
knowledge, this is the first work to study the effect of additional
graphyne layers and other factors such as pore size, external
pressure and layer-stacking for these fascinating structures. Our
studies suggest that double-layer graphyne membranes are
potentially useful for water desalination and that membranes
with minimum loss in water flow rate due to additional graphyne
layer(s) can be obtained by tuning parameters such as layer
spacing and stacking.

2. Methods

A typical system setup for the non-equilibrium molecular
dynamics (NEMD) simulations is shown in Fig. 1. The membrane
is composed of 4 nm x 4 nm graphyne-3 (G3) or graphyne-4 (G4)
sheets containing a single layer or two layers with AA (pore-aligned)
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Fig. 1 The system setup with ions shown as van der Waals spheres (left) and the time evolution of the number of water molecules in different regions

(right).
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or AB stacking (Fig. S1, ESIT). The bond lengths in graphyne sheets
were taken from ref. 19. The distance between two graphyne sheets
was changed in the range of 0.35 to 2 nm, similar to those used in
ref. 34 for graphene double layers. The membrane separates two
reservoirs, one at the high-pressure (or feed) side containing saline
water solution and the other at the low-pressure (or permeate) side
containing pure water. The feed side initially contains 2600 water
molecules, 28 Na" and 28 CI™~ ions to produce a salt concentration
of 35 g L™, similar to the salinity of seawater. The space between
two graphyne layers was initially hydrated with roughly 2500 water
molecules in the interlayer and permeate regions in total, with
varying numbers for different systems.

The pressure difference across the membrane was produced
by using two rigid movable graphene walls (or pistons) on
either side of the reservoirs (normal to the flow direction)
and applying external forces to the walls to produce a pressure
of 0.1 MPa (1 atm) at the permeate side and P at the feed side.
The external forces (F) were applied along the +z direction on
each carbon atom of the feed piston and along the —z direction
on each carbon atom of the permeate piston (see Fig. 1).
Pressure values in the range of 50-200 MPa were used, which
are much higher than the typical values in real commercial NF
systems (which are typically on the order of a few MPa), but
since the flux of water molecules through the membrane
depends linearly on the external pressure, the permeability
values obtained scale appropriately at low pressures. The initial
distance separating the external pistons was set to 10 nm and
the feed membrane was initially positioned at the midpoint
between the two pistons. Cartesian coordinates were defined
with the membrane and piston sheets in the xy plane and the
flow direction along the z axis. Periodic boundary conditions
(PBC) were applied in the x and y dimensions. The dimensions
of graphene pistons were 4.2 nm X 4.2 nm, equal to the
simulation box edge lengths in x and y directions.

All simulations and subsequent analyses were performed using
the Gromacs simulation package version 4.6.1.° The equations
of motion were integrated using the leapfrog algorithm with a
simulation time step of 1.0 fs. Carbon atoms in graphyne were
treated as neutral Lennard-Jones particles with interaction para-
meters ¢ = 0.3612 k] mol ' and ¢ = 0.34 nm.** The same
parameters were used for piston atoms interacting with water
molecules and ions. The SPC/E model®” was used for water
molecules and the OPLS parameters taken from ref. 23 were
applied for Na" and Cl™ ions. Lorentz-Berthelot combining
rules®® were used to obtain Lennard-Jones parameters for unlike
particles, with a short-range cutoff of 1.4 nm. Electrostatic
interactions were treated using the PME method®® with a real
space cutoff of 1.4 nm and a reciprocal grid spacing of 0.12 nm.
To apply PME on the xy-periodic system, the PBC size in z
direction was set to be three times the z dimension of the box
and the 3D-PBC potential and force corrections were used.*
During the simulations, membrane atoms were kept frozen at
their initial positions. This has been shown to have a negligible
impact on the desired properties such as water flow.""*" The
internal geometry of water molecules was constrained by using
the SETTLE algorithm.*>
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In all simulations, the total energy of the system was first
minimized and then the system was equilibrated for 200 ps
with an external pressure of 0.1 MPa on both pressure pistons
to reach the equilibrium water density (~1 g mL™'). During the
equilibration phase, a temperature of 300 K was maintained
using the velocity rescaling method*® with a time constant of
0.1 ps. To remove excess energy from the system, the fluid
particles (water and ions) and piston atoms were separately
thermostatted. Our test simulations with water molecules’
temperature uncontrolled, as suggested in ref. 35, did not show
any change in the calculated water flow rate, so the applied
thermostat does not disturb the dynamics of water molecules.
The production simulations were then performed for 40 ns at
P =50 MPa and for 20 ns at other external pressures and the
coordinates were saved every 1 ps. For some representative
cases, the simulations were performed for three independent
sets of initial conditions to verify that the starting positions of
ions have no effect on the results. The trajectories were analyzed
to obtain the properties discussed in the Results section.

3. Results and discussion

Under non-equilibrium conditions with a hydrostatic pressure
difference between the pistons, water molecules move in
+z-direction from the feed solution to the permeate side. As
Fig. 1 (right) shows, the system rapidly reaches a steady-state in
which the number of water molecules in the feed side decreases
at a constant rate and the number of water molecules in the
permeate side increases at the same rate, while the interlayer
region maintains an almost constant number of water molecules.
This trend indicates the negligible effect of the increasing salt
concentration in the feed solution on water flow rate, as observed
in the desalination simulations using NPG membranes.""**

Fig. S2(a) (ESIT) shows a typical plot of the number of water
molecules in the permeate reservoir as a function of the
simulation time. This number increases with time and attains
a plateau value at long times due to the lack of water molecules
in feed solution in our dead-end RO simulation system. The
slope of this plot in the linear regime gives the number flow
rate (F) for water molecules. In order to obtain F, a reference or
final time (¢) is required to calculate the slope from ¢ = 0 to ¢.
Using the same arguments as in ref. 34 for NPG membranes, we
take ¢ as ty5 (the time when 20% of water molecules initially in
feed solution have passed through the membrane) for
graphyne-3 and ¢;, (when 50% of feed water molecules have
permeated) for graphyne-4. Dividing F by the membrane area
(A) gives the water flux (J) per unit area across the membrane.
The flux depends linearly on the applied pressure, as shown in
Fig. S2(b) (ESIf). A linear regression fitting gives the water
permeability of the membrane as the slope of a plot of the flux
versus the difference in applied pressure. The permeabilities
of single-layer G3 and G4 membranes are found to be 0.0025
and 0.0060 m MPa ' s™' respectively, which are in agreement
with previous MD studies.”>*” For double-layer membranes,
the permeability is reduced by up to 50% depending on the
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Fig. 2 Water flow rates through AA and AB-stacked layers of graphyne-3 (a) and graphyne-4 (b) as a function of layer spacing at an applied pressure of

200 MPa.

layer spacing. Since the permeability is defined as a material
property of the homogenous membrane,*® we cannot directly
compare the permeability of a membrane composed of two distinct
layers with that of a single layer membrane. However, even
considering the possible reduction due to the additional layer,
the graphyne membranes are still two to three orders of magnitude
more permeable than the commercial RO membranes.

We now consider the effect of the layer spacing and the
structural alignment of pores on the flow rate of water through
bilayer graphyne membranes. Fig. 2 shows the changes in the
number flow rate F as a function of layer separation (D) for AA
and AB-stacked graphyne layers at 200 MPa. We note that
qualitatively similar data have been obtained at other pres-
sures. The values on the vertical axes (zero D) are for single layer
membranes. The flow rate decreases with increasing layer
separation up to separations of D = 0.6 nm after which the
flow rate begins to increase. For layer spacings larger than
~1 nm, the flow rate reaches a constant value of about half of
the flow rate for the corresponding single-layer membrane. The
flow rates for graphyne-4 are about twice the values for
graphyne-3 for all layer separations. Regarding the effect of
pore alignment, Fig. 2 shows that the difference between the
flow rates for AA and AB stacking is larger at smaller D values.
In particular, in the AA-stacked graphyne-3 bilayer with D = 0.6 nm,
the flow rate drops near zero. For D = 0.35 nm, however, it only falls
by less than 20% compared to AB stacking. For graphyne-4, AA and
AB flow rates show a greater difference at D = 0.35 nm. The results
are in qualitative agreement with those for bilayer graphene
membranes, for which the flow rate increases with the applied
pressure and it does not depend on layer separation and pore offset
at large spacings.**

To further understand the effect of layer spacing the mass
density profile p(z) and free energy profile G(z) = —kgTIn[p(z)] of
water molecules along the flow direction have been computed.
As Fig. S3 (ESIt) shows, far from the membrane the density
corresponds to its bulk value, while strong layering of water
molecules is evident near the membrane surfaces. Note that the
peaks in the density profile on the feed side are usually higher

Phys. Chem. Chem. Phys.

due to the greater hydrostatic pressure on that side. There are also
small concentration peaks right before and after the graphyne-3
surfaces indicating binding sites across the membrane stabilizing
the passage of water molecules as a singlefile chain."***** For
graphyne-4 with larger pores, these peaks turn into shoulders. This
is the only major difference between G3 and G4 membranes and so
we have omitted the density profiles for G4 bilayers for brevity. At
the smallest layer separation D, the interlayer region can only
accommodate a few water molecules (20 and 10 molecules on
average for the AA and AB stacking geometries, respectively), which
is reflected by the small peak in the density in the range of 15 to
15.35 nm. When D is increased to 0.6 nm, there is enough room for
a strong single pseudo two-dimensional layer of water molecules to
be formed which may prevent molecules from easily passing
through the membrane. For larger D’s, the density profile in the
interlayer region resembles the bulk solution density on the
feed side.

The effective (free) energy barriers for water permeation can
be estimated using the free energy profiles in Fig. 3. For the
graphyne-3 single-layer membrane, the energy barrier is about
2.9kT, which is close to the values reported by others.”***> The
barrier is mainly caused by the energetic penalty associated
with hydrogen bond breakage as water molecules pass through
the membrane pores. As the hydrogen bonding profile in
Fig. S4 (ESIt) shows, each water molecule at the feed side has
~ 3.5 hydrogen bonds, which is in agreement with the value of
3.59 obtained in equilibrium MD simulations of SPC/E water
model** but some of these hydrogen bonds should be broken
before water could pass through the membrane. For the single-
layer G4 membrane system, the energy barrier is ~1.3kgT lower
and this difference in barriers is consistently observed for all
bilayer membranes. The decreased barrier for G4 can be
justified by the smaller drop in the number of hydrogen bonds
upon passing the larger pores (see Fig. S4, ESIt). Similar to the
case for density profiles, we have only included the free energy
profiles for G3 bilayer membranes.

As seen in Fig. 2, there are two different regimes for the
interlayer distance (D) dependence of the flow rate: D > 0.6 nm

This journal is © the Owner Societies 2018
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Fig. 3 Steady state free energy profiles for water molecules permeating through single layer and double-layer graphyne membranes. The double-layer
plots are for graphyne-3 and the dashed lines indicate the positions of membrane sheets.

and D < 0.6 nm. This non-linear behavior can be explained
based on the free energy profiles shown in Fig. 3. After a water
molecule overcomes the energy barrier for passing through the
pores of the first membrane, it faces an additional energy
barrier for moving in the interlayer space.*” In other words,
in order to permeate the molecule has to overcome an
“entrance” and an ‘“‘exit” barrier, each at one of the graphyne
sheets. For the last three systems (D > 0.6 nm), the water
structure on either side of the first graphyne sheet is similar
because the large interspace volume allows the water molecules
to assume a bulk-like structure. So the entrance barrier is
similar to the single layer case (Fig. 3). A similar situation holds
for the second graphyne sheet, so there is an additional “‘exit
barrier” equal to the entrance barrier and the flow rate for these
systems are about half the value for the single-layer membrane,
which is consistent with the resistance-in-series model
observed in bilayer NPG membranes.>*

For the two smallest layer spacing values (0.35 and 0.6 nm),
the situation is quite different. These systems have higher
entrance barriers compared to the single-layer system because

This journal is © the Owner Societies 2018

the water faces a different environment when it enters the
interlayer region (Fig. 4). The difference in water structure has been
recognized as a source of higher energy barrier for water passage
through carbon nanotubes compared to a porous graphene sheet."®
For D = 0.35 nm however, since the interlayer region can accom-
modate only a few water molecules (Fig. 4), once a new water
molecule passes through the first membrane it can easily reach the
second one and permeate. In other words, this system has a lowest
exit barrier among the double-layer systems, so it shows the
minimum reduction in flow rate with respect to the system with
a single membrane layer.

The most special case occurs for the spacing of 0.6 nm,
which shows a very small flow rate. This system has a much
larger entrance barrier due to the difference in water structures
across the membrane (Fig. 4) and a nearly complete water
depletion in the region next to the membrane surface (with a
density near zero, Fig. S3, ESIt). In addition, it is very hard for a
water molecule to pass through the compact pseudo-two-
dimensional layer of water molecules which is formed in the
interlayer space. As Fig. 4 (lower row) shows, the water molecules

Phys. Chem. Chem. Phys.
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Fig. 4 Structure of water molecules on either side of the graphyne membranes for different spacing (D) values. The lower row shows the structure of
water molecules in the interlayer region in the plane normal to the direction of water flow.

form a network of hydrogen bonds in the plane normal to the
direction of water flow, so that an incoming water molecule has
to overcome a large energy barrier to pass through this layer and
enter the permeate side. Having high entrance and exit barriers,
the water molecules show the lowest flow rate for this layer
spacing value.

The properties of water molecules which permeate a bilayer
membrane have been further studied by estimating the average
residence time (t.s) of water molecules, which is calculated as
the difference in times when a given molecule enters and then
subsequently exits the interlayer region. The averaging is
performed for all water molecules which are initially in the

Average residence time (ns)

04 06 08 10 12 14 16 18 20
Layer spacing (nm)

feed solution and permeate at some time during the simula-
tion. Fig. 5a shows the results for different layer spacing values.
The residence times for bilayers membranes of graphyne-3 are
more sensitive to changes in the interlayer separation D than
those for graphyne-4. As expected, the residence time increases
as the interlayer distance increases. One exception is for
bilayers separated by 0.6 nm, in which the lowest average
residence time is observed in spite of having the slowest water
flow. The lack of correlation between residence times and flow
rates has been also reported for double layer NPG membranes
and it has been argued that the flow rate is controlled by the
energy barrier, rather than residence time.** On the same basis,
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Fig. 5 (a) Average residence times in the interlayer region as a function of layer spacing for water molecules passing through bilayer graphyne
membranes with different geometries. (b) The probability distribution of residence times for different values of layer spacing (graphyne-3, AB stacking).
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the changes in t..s with D for AA and AB stacking do not show
any correlation with the changes in flow rates; AA stacking has
always a lower ¢, than AB.

Distribution of residence times (Fig. 5b) can be used to
understand the mechanism of water flow in the interlayer
region. For all values of the layer separation, there is a peak
in the distribution of residence times corresponding to a
relatively long residence time on the order of 10 ns. At two
smallest D’s however, there is a broader distribution of ..
values, indicating that an important fraction of water molecules
pass through the interlayer region with a rate of up to two
orders of magnitude greater than that of other water molecules.
This reflects a difference in the mechanism of water flow for
these systems. When the distribution shows only one peak,
which is nearly the case for D > 0.6 nm, we can suppose that
water molecules which enter the interlayer region at a same
time will leave it together and so they can move as a single
hydrogen-bonded sheet of water molecules.”®> But when the
distribution is broad, the water molecules cannot move at a
same speed. Every single molecule has to pave its own way
through the interlayer space to reach the second membrane, so
the structure of water molecules in the interlayer region plays a
significant role and directly affects the flow rate: for D = 0.6 nm
with a compact, hydrogen-bonded plane of water molecules in
the interlayer space, it is a difficult way and the flow rate is very
low accordingly. The change in the distribution of residence
times at a critical layer spacing which can be a sign of a cross-
over in the mechanism of permeation dynamics has also been
reported for the double-layer graphene membranes.>*

Turning now to the performance of single and double-layer
graphyne membranes for the desalination of seawater, a com-
mon measure of performance is the salt rejection fraction
(usually expressed in %), defined as R = 1 — N(t;)/N,, where
N(¢) is the average number of Na" and CI™ ions in the permeate
solution at # and N, is the number of ions in feed solution at
the beginning of simulation. With graphyne-3 membranes, R is
always 1 (or 100%) at all pressures and layer spacing values. For
graphyne-4 membranes with larger pores however, as expected,
R is lower. Both layer spacing and applied pressure can impact
the value of R for G4 membranes. The effect of the increased
layer spacing, which is only visible at high applied pressures, as
we will see shortly, is to improve the salt rejection percent
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(Fig. S5a, ESIT). The higher applied pressures on the other hand
lead to a lower value of R for a single-layer graphyne-4
membrane: it is 98% at the applied pressure of 50 MPa and
reaches a value of 96% at 200 MPa (Fig. S5b, ESIT). The range of
salt rejection values and the decrease in R at higher pressures
agree with other desalination simulations using graphyne
membranes.>**>?”

The difference characteristics of single and double layer
membranes can be better observed in the ionic density profiles
shown in Fig. 6. For the single-layer graphyne-3 membrane
(Fig. 6a), the profile of the density of sodium ions has a peak at
a distance of 0.5 nm from the membrane surface in the feed
solution, corresponding to an interfacial region comprised of
ions separated from the surface by a layer of water molecules.
The profile of the chloride ions has two peaks 0.4 nm and
0.6 nm away from the membrane surface for direct and water-
separated graphyne-ion contacts, respectively.*® Note that the
density of ions in the permeate region (z > 15) is zero, indicating
that the graphyne-3 membrane is completely impermeable to
salt ions. In contrast to graphyne-3, for single-layer graphyne-4
membrane, the ions have non-zero density in the permeate
solution, as shown in Fig. 6b, but when two graphyne-4 mem-
branes are used, the ion concentration gradually decreases from
the feed to the interlayer region and reaches to near zero in the
permeate (z > 16) solution (Fig. 6¢). So the doubling in the
number of filters leads to a lower salt rejection for the double-
layer membranes.

In terms of the two well-known requirements for an efficient
desalination membrane, i.e. having high permeability and high
salt rejection, we can compare different membrane systems of
nanomaterials and conventional types.'"?” As shown in Fig. 7,
nanoporous graphene (NPG) with hydrogenated (graphene-H)
and hydroxylated (graphene-OH) pore edges are among the
effective membranes with high permeability and salt rejection.
As shown in previous MD simulations and confirmed in our
work,”>” graphyne-4 membranes have a higher permeability
than NPG membranes but at the cost of lower salt rejection.
However, if we add an additional layer to these membranes at
a carefully chosen distance, we will reach a high salt rejection
(at applied pressures lower than 50 MPa which are common in
practical applications), without losing the high permeability.
We should also note that there are other factors which are
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Fig. 6 Density profiles for Na* (black lines) and Cl™ (red lines) along the z-axis for single-layer graphyne-3 (a), single-layer graphyne-4 (b) and double-
layer (AA, D = 1 nm) graphyne-4 membrane (c). Dashed lines indicate the positions of membrane sheets.
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Fig. 7 A comparison between different desalination membranes. This is
an updated version of the plot used in ref. 11 and 27. The red star denotes
our double-layered graphyne-4 membranes.

important in determining the suitability of nanomaterial-based
membranes for using in desalination systems, such as the depen-
dence of permeability on salt concentration and the size and weight
of the membrane.”” Our double-layered graphyne membranes show
similar properties to those of double-layer graphene membranes,**
such as the best case being with small layer separation and aligned
pores and reduction in salt rejection with increasing the applied
pressure, but the pressure-dependence of salt rejection is weaker
and the permeability is higher in our systems. As for the size and
weight, based on the same arguments which are given for NPG
membranes,* we can fabricate graphyne membranes much thinner
than conventional polyamide films and still reach a same perme-
ability and salt rejection.

4. Conclusions

The results obtained from our non-equilibrium molecular dynamics
simulations can provide some useful guidelines for the future
fabrication of graphyne membranes for seawater desalination.
Firstly, the membranes composed of graphyne-4 have higher water
flow rates than graphyne-3 membranes while being equally effective
in salt rejection. Next, as for the layer spacing and configuration in
double-layer membranes, flow rate data shows that the best case is
obtained with a layer spacing of ~0.35 nm (similar to graphite),
especially with the AA stacking configuration. The flow rate for this
spacing is very close to the single-layer value and it will have a high
salt rejection at low applied pressures. However, if the synthesized
double layers at this distance are not stable, then care must be taken
to avoid the layer spacing of 0.6 nm where the flow rate is
dramatically reduced due to confinement effects. In this case, a
spacing of 1 nm or higher (which can be achieved by using spacers
or intercalants) would be a reasonable choice to gain a moderate
water flow rate and high salt rejection. Finally, in this work we have

Phys. Chem. Chem. Phys.
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focused on double-layers to explore the effect of additional layers on
the performance of graphyne membranes. Extension to more than
two layers can be the considered as the next step in predicting the
properties of multi-layer graphyne membranes.
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