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one of the typical applications of nanoflu-
idics, membrane separation, for example, 
ultrafiltration, nanofiltration, and reverse 
osmosis, is the process of fluids passing 
through the confinement of membrane 
pores (typically smaller than 100 nm) 
while components in fluids exhibit their 
own distinct transport behaviors.[12,13] The 
various nanofluidic behaviors will result in 
outcoming fluids having different compo-
sitions than the feed fluids, thus realizing 
the separation process. To figure out the 
transport mechanism of various compo-
nents of fluids inside membrane pores 
and to further control the transport rate 
of them is, therefore, crucial to upgrade 
separation performances.

Recently, a number of new materials 
have been explored as building blocks to 
fabricate advanced membranes, among 
which 2D covalent organic frameworks 
(COFs) are distinguished because of 
their well-defined nanoporosity and 
highly tunable pore-wall chemistry.[14] 2D 
COFs are highly crystalline, nanoporous 
polymer networks. Monomers are cova-
lently linked in one plane to form 2D 

periodic structures, i.e., COF monolayers. Multiple monolayers 
are then spontaneously assembled in a certain fashion driven 
by intermolecular interactions such as the π–π interaction to 
form sheet-like COF multilayers with penetrating 1D pores 
having uniform sizes. The pore-wall chemistry can be prede-
signed by choosing monomers with corresponding functional 
groups. Such uniform and tunable pores inside COFs multi-
layered assemblies provide a unique confined environment in 
which the nanofluidic behaviors are expected to notably influ-
ence the performances of the COF-based devices, but remain 
unexplored.

Moreover, the ultrasmall intrinsic pores (≈2 nm) in COFs 
enables the precise separation of small molecules, therefore, 
COF-based membranes are expected to find interesting appli-
cations mainly in nanofiltration. In most works, they were 
explored to remove dyes from water and also from organic 
solvents, in which size discrimination and sometimes Donnan 
effect took effect.[15–18] More importantly, with reduced effective 
pore sizes, COFs are able to reject hydrated ions while allowing 
passage of water molecules, thus enabling desalination. For 
instance, Kuehl et al. synthesized a new family of imine-
linked COFs which have a pore diameter of 2.8 nm and further 
reduced the pore size to 1.9 nm by grafting functional groups 

Covalent triazine frameworks (CTFs) hosting arrays of highly ordered sub-
2-nm pores are expected to exhibit unusual nanofluidic behaviors, which may 
enable important applications such as desalination. Herein, nonequilibrium 
molecular dynamics simulations are applied to investigate transport of water 
and ions inside two typical CTFs—CTF-1, and CTF-2—having intrinsic pores 
of 1.2 and 1.5 nm, respectively. Their monolayers exhibit extremely high water 
permeance but weak ion rejection. CTF multilayers are then investigated. 
Transport resistances composed of interior and interfacial contribution are 
correlated with stacking numbers of CTF monolayers to develop equations  
of predicting water permeance. It is revealed that both the stacking fashion 
and the number of CTF monolayers forming multilayers significantly influence 
permeation and ion rejection. Staggered multilayers exhibit much higher ion  
rejection than eclipsed ones. Staggered CTF-2 multilayers completely reject 
ions because the interlayer paths between two adjacent staggered monolayers 
allow only water molecules to pass through. Importantly, it is predicted from 
the equations that few-layered staggered CTF-2 multilayers, which can be 
relatively easily produced by experimental methods, exhibit 100% NaCl  
rejection and up to 100 times higher permeance than commercial reverse 
osmosis membranes, implying their great potential as building blocks to 
prepare next-generation desalination membranes.

1. Introduction

Nanofluidics studies the behavior, manipulation, and applica-
tion of fluids that are confined to spaces with nanoscale char-
acteristic dimensions.[1,2] The behavior of fluids in such tight 
confinement may qualitatively differ from that in bulk spaces 
because the parameters of surface tension, energy dissipation 
as well as the interaction of fluids with channel walls start to 
significantly influence the transport process.[3–5] Understanding 
the nanofluidic behaviors of fluids inside confined spaces will 
help to enhance the device performances and also to design 
new devices in which fluid transport plays a key role.[6–11] As  
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to the pore wall. Membranes prepared from thus-functionalized 
COFs were able to sieve the large ions like tetraalkyl cations.[19] 
Using the Langmuir–Blodgett (LB) method, Gadwal et al. 
synthesized three-layered thin films of another imine-linked 
COF on a porous polysulfone substrate to obtain a composite 
membrane. The membrane showed a rejection of 64% and 
71% to NaCl and MgSO4, respectively.[20] The above-mentioned 
experimental studies indicate the great potential of COFs in 
desalination.

It has been predicted that there are almost half million 
different COFs[21] and the most frequently used COFs can be 
generally classified into three types based on the bonds linking 
the monomers to form intramolecular cavities: boron-containing, 
triazine-based, and imine-based COFs.[22] Among them, cova-
lent triazine frameworks (CTFs), are synthesized from cheap 
nitriles,[23] which is highly desired for the sake of large-scale  
synthesis and real-world applications. Also importantly, because 
of the robust bonds by dynamic trimerization reaction, CTFs 
are distinguished for its excellent water resistance and chemical 
stability,[22] indicating their great potential for applications in 
harsh conditions.[24] Currently, most CTFs were used as absor-
bents[25–30] by taking advantages of their large surface areas, 
and their usages in membrane separation are rare. The main 
reason is that CTFs are usually synthesized as particulates and 
delaminating them into thin multilayers as building blocks for 
membranes remains a big challenge. Fortunately, molecular 
simulation is able to reliably predict the performances of COF-
based membranes with various chemical structures ahead of 
tedious and costly experimental preparations and characteriza-
tions. Specifically, nonequilibrium molecular dynamics (NEMD) 
simulations can easily observe the molecular motions and 
obtain the nanofluidic behaviors at the same time.[31] There-
fore, they are competent for observing the fluid transport inside 
CTFs. Via NEMD simulations, Lin et al. synthesized a series of 
CTF monolayers and tested their desalination performances.[32] 
They demonstrated that the membrane performance could be 
easily tuned by varying the chemical building blocks. The opti-
mized structure of CTF monolayers led to water permeability 
two orders of magnitude higher than conventional polyamide 
membranes while maintaining excellent salt rejection. Wang 
et al. proposed to use CTF monolayers for the separation of He 
and purification of H2.[33] They found that CTF-0 monolayers 
exhibited exceptionally high He and H2 selectivity over Ne, CO2, 
Ar, N2, CO, and CH4 while the permeance of He and H2 was 
much higher than that of carbon and silica membranes.

However, the previous NEMD works are all based on CTF 
monolayers. Monolayers are atomically thin and are practically 
impossible to obtain in large scale or to be used in real-world 
applications. Therefore, CTF multilayers composed of mul-
tiple monolayers is a more realistic choice to build CTF-based 
membranes. We previously demonstrated that, in the case of an 
imine-linked COF, TpPa-1, the number and fashion of stacking 
COF monolayers significantly influenced the effective pore sizes 
and consequently the permselectivity of the COF multilayers.[34] 
Such an effect is expected to take place in multilayered CTFs, 
but an in-depth, systematic investigation is required as CTFs 
are qualitatively different from imine-linked COFs in terms of 
both chemical nature and pore structure. Moreover, compared 
to TpPa-1, the CTF monolayer could stacked not only in the 

eclipsed (AA) fashion, but also in the staggered (AB) fashion, 
which makes CTF multilayers competent for various applica-
tions, e.g., ion separation, desalination, and molecular sieving. 
Hence, the stacking fashion of CTF monolayers should also be 
taken into consideration.

In this work, we systematically construct a series of CTF 
multilayers and investigate their nanofluidic behaviors 
including water permeance and ion rejection via NEMD simula-
tions. Based on the analysis of transport resistance, we develop 
an equation to predict the water permeance of CTF multilayers 
with various thicknesses. It is found that the AB stacking 
reduces the equivalent pore diameter, resulting in lower per-
meance but better ion rejection. Strikingly, the two-layered 
AB-stacked CTF multilayers exhibit two orders of magnitude 
higher water permeance than commercial reverse osmosis 
membranes while its rejection to NaCl maintains at 100%.

2. Simulation Details

2.1. Construction of Molecular Models

CTFs are formed by the trimerization of aromatic nitriles.[35] 
The number after CTF indicates the amount of benzene 
rings in the monomers, e.g., CTF-2 is synthesized from the 
monomer, 2,6-dicyanonaphthalene, which has two benzene 
rings in its molecular structure, while the monomer of CTF-1 
is 1,4-dicyanobenzene.[36] The atomistic structures as well 
as monomers of CTF-1 and CTF-2 are shown in Figure 1a,b, 
respectively. By measuring the distance between two opposite 
hydrogen atoms, the center-to-center pore diameter of CTF-1, 
is 1.2 nm and the corresponding effective pore diameter is 
≈1.0 nm after subtracting the van der Waals interaction range 
between atoms. The van der Waals interaction is determined by 
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Figure 1. Illustration of AA-stacked a) CTF-1 and b) CTF-2 multilayers and 
their monomer structures (yellow boxes and molecules on the left side). 
c) The snapshot of the simulation process of water transport through CTF 
multilayers. CTF-2: cyan; Na+: yellow; Cl−: green.
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the LJ parameters selected in this work to perform simulations, 
which will be introduced in next section. The center-to-center 
and effective pore diameters for CTF-2 are 1.8 and 1.5 nm, 
respectively. Taking CTF-2 cases as an example, the length of 
the periodic cell in the x and y direction are 3.2 and 3.6 nm, 
respectively. If the CTF monolayers are stacked in the eclipsed 
fashion (AA stacking), the formed multilayers will exhibit 
cylindrical pores that run parallel to the direction of stacking 
(Figure 1a,b).

A single-layered or multilayered CTF was then placed in the 
direction parallel to the xy plane with two water reservoirs on 
both sides (Figure 1c), similar to most NEMD studies.[37] The 
thickness of water reservoirs was set to 3.7 nm so as to contain 
enough water molecules or ions while considering the saving 
of computing cost. The dark blue area that is encompassed 
with dashed line was the region of the applying external force. 
External force was added on each water molecule to create a 
pressure drop (ΔP) across the membrane, which is given by

= ∆
f

PA

n
 (1)

where A is the area of the membrane, and n is the total number 
of water molecules in the dark blue area region. We select this 
method of creating ΔPs because it keeps the simulation under 
the steady state even in large simulation time. Therefore, the 
simulation results could be extended to reliably predict the 
experimental results. The evidence of steady state is provided in 
Figure S3 of the Supporting Information.

The applied ΔPs, up to 250 MPa, are higher than experi-
mental values because large ΔPs lead to high signal-to-noise 
ratios, so that the sampling time can be controlled in the sim-
ulation scale. For each simulation, an energy minimization 
was first carried out, followed by a 1 ns isothermal–isobaric 
ensemble (NPT) simulation to equilibrate the system at 1 atm 
and 298 K. A 20 ns canonical ensemble (NVT) simulation with 
a time step of 1 fs was conducted while the first 10 ns was used 
to stabilize the flow and the last 10 ns were used for data anal-
ysis. The water or ion flux was calculated by directly counting 
the net number of water molecules or ions passing through 
the CTF multilayers during the span of simulation time. Since 
water molecules can spontaneously wet the CTF nanopores 
under 1 atm at 298 K, the wetting condition is unchanged 
while ΔP rises. Consequently, the water flux is proportional to 
the ΔPs, so that the simulation results of higher ΔPs could be 
extended to predict experimental results.[38]

2.2. Details of Nonequilibrium Molecular Simulations

All the simulations were performed with the LAMMPS package. 
The water model of SPC/E[39] was adopted and the SHAKE 
algorithm was employed to maintain the rigidity of the water 
molecules and save simulation time. Nonbonding interactions 
were given as
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where εij and σij are the well depth and collision diameter, 
respectively, rij is the distance between atoms i and j, qi is the 
partial charge of atom i, the cutoff of the LJ and the electro-
static interaction distance is 1.0 nm. The LJ parameters were 
adopted from the DREIDING force field.[40] The electrostatic 
potential charges, which were calculated via density functional 
theory calculation based on the grid-based ChelpG algorithm, 
were used as the atomic partial charges.[40] The particle–particle 
particle–mesh method with the accuracy of 10−4 was employed 
to calculate the long-range electrostatic interactions. Periodic 
boundary conditions were applied in all the three directions. 
The pressure and temperature were modulated by the Nosé–
Hoover barostat and thermostat, respectively. Other details of 
the NEMD simulations are in consistent with our previous 
work.[34] The numbers of atoms in our simulations are varying 
due to the presence of several numbers of CTF layers. For the 
case of CTF-1 monolayers, the total number of atoms in simu-
lation is 9276 while the one for the largest case is 10182.

3. Results and Discussions

3.1. Permeance and Salt Rejection of CTF-1 and CTF-2 
Monolayers

Pure water fluxes (PWFs) of the CTF-1 and CTF-2 monolayers 
are first plotted as a function of ΔPs in Figure 2a. The PWF of 
CTF-1 monolayers rises from 1.7 × 106 to 8.6 × 106 ns−1 nm−2 
when ΔP increases from 50 to 250 MPa. The PWF of CTF-2 
monolayers exhibits the similar tendency, rising from 3.6 × 106 
to 18.9 × 106 L m−2 h−1. There is a clear proportional relation-
ship between PWF and ΔP, and such a tendency obeys the 
Darcy’s law describing the pore-flow model.[41] Consequently, 
the permeances of the CTF monolayers can be obtained as the 
slope of the fitting lines indicates the permeance, which is 2679 
and 7543 L m−2 h−1 bar−1 (LMHB) for CTF-1 and CTF-2 mon-
olayers, respectively.

Compared to TpPa-1,[34] which is an extensively studied, 
imine-linked COF, CTF monolayers exhibit lower water perme-
ance due to their smaller intrinsic pore sizes. However, smaller 
pore sizes will result in better ion rejection. From Figure 2c, 
the CTF-1 and CTF-2 monolayers show a NaCl rejection of 
72% and 27%, respectively, when the ΔP is 50 MPa. Further-
more, the NaCl rejection is declined with rising ΔP because 
higher ΔPs result in stronger dehydration of ions.[42] Hence, it 
is expected that CTF-1 will exhibit better desalination perfor-
mance under ΔPs as low as experimentally applied ΔPs such 
as 1 MPa. However, a more realistic and easy way to prepare 
desalination membranes with high ion rejection rates is to use 
CTF multilayers.

3.2. Transport Resistance of AA-Stacked CTF Multilayers

COF monolayers are typically stacked in the eclipsed fashion, 
which is called AA stacking, (shown in Figure 1) to form 
multilayers. However, CTF multilayers were discovered to 
have another stacking fashion, staggered, which is called “AB 
stacking”[36,43] (shown in Figure 5a). AB stacking is similar to 
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the stacking of graphene to form graphite, in which the corner 
of the hexagonal rings of the framework monolayer in one layer 
locates (in xy plane) at the center of hexagonal rings in the 
adjacent top and bottom layers. It is obvious that the straight 
pores disappear and much smaller and “zigzagged” pores 
are formed instead. In this section, we first investigate the 
performance of AA-stacked CTF-1 and CTF-2 multilayers.

Using transport resistance instead of flux is more helpful to 
investigate the influence of membrane thickness. Following our 
previous work, we define the total resistance of membranes as[44]

= ∆
R

P

J
 (3)

where J is PWF, m s−1, ΔP is the pressure drop across the 
membrane, Pa, and R is the total resistance, Pa s m−1. Our 
previous works[34,45] demonstrated that the total resistance 
(Rtotal) is composed of the interfacial resistance (Rinterfacial) and 
the interior resistance (Rinterior)

total interfacial interior= +R R R  (4)

where Rinterior is related to the membrane thickness while 
Rinterfacial is independent of thickness. According to Sampson’ 
equation,[46–48] the Rinterfacial can be described as

interfacial 3

µ= ∆ =R
P

J

C

r
 (5)

where r is the pore radius, µ = 0.91 × 10−3 N s m−2 is the 
dynamic viscosity for SPC/E water and C is the loss coefficient 
that is a constant related to the physical and chemical proper-
ties of CTF in this work. Moreover, the Rinterior is defined by 
Darcy’s law,[49] which can be written in the resistance form as

interior
mem

2κπ
= ∆ =R

P

J

l

r
 (6)

where lmem is the membrane thickness, which is determined by 
number of CTF monolayers in this work. κ is intrinsic perme-
ability of the membrane material, which contains the several 
intrinsic properties of CTF such as hydrophilicity, pore shape, 
porosity, etc. Therefore, the Rtotal can be described as

1
total 2 mem 3κπ

µ= ∆ = +R
P

J r
l

C

r
 (7)

By plotting ΔP/J versus the number of CTF monolayers and 
then fitting the data linearly, the slope and intercept can be 
obtained so as to calculate Rinterior and Rinterfacial.

The Rtotal versus the number of CTF monolayers is plotted 
in Figure 2b. It is obvious that Rtotal rises linearly with the 
increasing membrane thickness and there is an evident 
intercept while the thickness extends to zero. Such results obey 
the rule described in Equation (7), therefore, the resistance for 
CTF-1 and CTF-2 could be described as Equations (8) and (9), 
respectively, in which the first coefficient represents the slope 
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Figure 2. a) Pure water flux (PWF) of CTF monolayers as a function of pressure drops. b) The transport resistance of CTF-1 and CTF-2 multilayers as 
a function of the number of CTF monolayers. c) NaCl rejection of CTF-1 and CTF-2 monolayers as a function of pressure drops. d) NaCl rejection of 
CTF multilayers as a function of monolayer numbers (ΔP = 250 MPa).
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of fitting lines in Figure 2b and the second one represents the 
intercept

4.26 10 5.52 10AA stacked CTF 1
7

mem
7= × + ×− −R l  (8)

0.91 10 3.72 10AA stacked CTF 2
7

mem
7= × + ×− −R l  (9)

It is obvious that the coefficients for CTF-1 are larger than 
those for CTF-2, indicating the higher transport resistance 
of water molecules through CTF-1 multilayers. Such a larger 
transport resistance should be attributed to the smaller pore 
size of CTF-1 compared to CTF-2. Despite having smaller 
pore (1.5 nm), the Rinterior of CTF-2 is lower than the one of 
AA-stacked TpPa-1 multilayers (pore size: 1.58 nm), which is 
described as

1.22 10 1.03 10AA stacked TpPa 1
7

mem
7= × + ×− −R l  (10)

The possible reason is the lower friction for water molecules 
passing through CTF-2 pores due to the hydrophobic pore wall 
of CTF-2, where there are few strong polar atoms or groups. 
However, such hydrophobic nature increases the Rinterfacial due 
to the worse wettability.[38,45,50]

From Equations (8)–(11), the Rinterior will be dominant if 
the membranes are thick enough, e.g., lmem is larger than 
10. Hence, the Rtotal is dependent on the first coefficient in 
Equations (8)–(11), and the Rinterior consequently determines 
the permeability of CTF multilayers. It is significant to under-
stand the Rinterior from the molecular level so as to figure out 
the possible way to reduce it.

The interaction of water molecules with pore wall atoms of 
CTF multilayers certainly contributes to the Rinterior. We plot the 
xy plane average density distributions of water molecules inside 
the pores of CTF multilayers in Figure 3. There are obvious 
hexagonal rings for both CTF-1 and CTF-2 where the six  
corners represent a high density of water molecules. The six 
high-density regions locate near the nitrogen atoms at the pore 
wall when matching them with Figure 1. The high density 
indicates the stronger interactions of nitrogen atoms with water 
molecules due to their polarity.

The density distribution of water molecules inside CTF-2 is 
noticeably different from that of CTF-1. While there are only 
six components in hexagonal rings for CTF-1, 12 components 
with an extra region in the center of the ring are shown for 

CTF-2. This should be attributed to larger pores in CTF-2, 
which provide more space to accommodate water molecules. 
The large pores in CTF-2 also take effect on its porosity, which 
is calculated by dividing the whole surface area of a CTF mon-
olayer by the area where pores occupy. The porosity of CTF-1 
and CTF-2 is calculated to be 35.8% and 50.7%, respectively. It 
should be noted that the porosity of COF multilayers is one of 
the intrinsic properties of COF materials. Hence, the porosity 
contribution to transport resistance should be included in 
the parameters, κ in Equation (7). By contrast, the calculated 
porosity of TpPa-1 is 37.0%, which is evidently lower than that 
of CTF-2. Such a lower porosity also contributes to the higher 
Rinterior and consequently lower permeability for TpPa-1 multi-
layers as compared to CTF-2 multilayers.

In addition to the contribution of pore size and porosity, 
there is another component of Rinterior, which is originated 
from the stacking structure of COFs. It was discovered in 
our previous work[34] that the layer-by-layer stacking structure 
resulted in additional Rinterior due to the “rough” pore walls 
consisted of layered positions and interlayer gaps. The CTF 
multilayers have the similar stacking structure as well, there-
fore, the water density profile along the axis of pores shows a 
regularly jagged curve corresponding to the positions of CTF 
monolayers (Figure 4). The change in water density causes 
the breaking and forming of hydrogen bonds. Such frequent 
breaking and forming of hydrogen bonds will certainly result in 
additional Rinterior. By comparison of the curves of density and 
average hydrogen-bond numbers (NHB) for CTF-1 (Figure 4a) 
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Figure 3. The xy plane average density distribution of water molecules 
inside the CTF multilayers. The density values are shown in colors while 
red represent 4.58 g cm−3 and blue represents 0 g cm−3. a) CTF-1 and 
b) CTF-2.

Figure 4. Average hydrogen-bond numbers of water molecules along the z-axis. a) AA-stacked CTF-1. b) AA-stacked CTF-2. The dashed lines represent 
the positions of the CTF monolayers.
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and CTF-2 (Figure 4b), the amplitudes of both density and NHB 
curves for CTF-1 are noticeably larger, indicating more intense 
change on nanofluidic behaviors of water, which results in 
higher Rinterior for CTF-1.

3.3. Transport Resistance of AB-Stacked CTF Multilayers

As shown in Figure 2d, the ion rejection performance of 
AA-stacked CTF-1 and CTF-2 is not satisfying. Fortunately, 
the CTF multilayers also have the AB stacking fashion, which 
is expected to exhibit better ion rejection performance due to 
its zigzagged pore structure. By NEMD simulations, we found 
that AB-stacked CTF-1 multilayers have no obvious water 
permeance even the ΔP as high as 1000 MPa. Hence, the 
transport resistance of AB-stacked multilayers is only available 
for CTF-2 multilayers in this section. The applied ΔP is set to 
1000 MPa so as to reach the steady state soon.

After converting the flux results into the transport resistance 
for AB-stacked CTF-2 multilayers, we plot the transport resist-
ance as a function of layer numbers as well. By fitting the data 
in Figure 5b, we obtain the transport resistance equation for 
AB-stacked CTF-2 multilayers as

4.77 10 0.11 10AB stacked CTF 2
8

mem
7= × + ×− −R l  (11)

Since the AA- or AB-stacked CTF-2 multilayers have the 
same frameworks and chemical composition, they should share 
the same value of κ. Hence, the ratio of the first coefficients in 
Equations (8) and (11) is equal to the square of the radius ratio 
of AB- and AA-stacked CTF-2 multilayers

slope
slope

AA stacked

AB stacked

AB stacked
2

AA stacked
2

=−

−

−

−

r

r
 (12)

As mentioned above, the effective pore diameter for AA-
stacked CTF-2 multilayers is 1.5 nm. The equivalent pore 
diameter of AB-stacked CTF-2 those can be calculated to be 
0.45 nm via Equation (12).

However, as shown in Figure 5a the geometric pore diam-
eter measured by the projection of AB-stacked multilayers 
is only 0.34 nm, which is quite smaller than the calculated 
equivalent pore diameter. If the van der Waals interaction range 

is subtracted from such geometric pore diameter, the effective 
pore diameter will be much smaller than the hydrodynamic 
diameter of water molecules (0.26 nm).[51] Hence, it is expected 
that water molecules are not impossible to pass through such 
small pores along the direction normal to the CTF-monolayer 
plane. Therefore, it is worth to figure out the path of water 
molecules passing through the AB-stacked multilayers.

As shown in Figure 6a, the pore locations of different 
monolayers are denoted as A and B for the odd and even num-
bers of CTF-2 monolayers, respectively. The water molecules 
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Figure 6. a) The transport path (green lines) of water molecules in 
the AB-stacked CTF-2 multilayers. The dark pink regions represent the 
locations of water molecules. b) The xy plane average density distribution 
of water molecules inside the AB-stacked CTF-2 multilayers. The density 
values are shown in colors while red represent 3.06 g cm−3 and blue 
represents 0 g cm−3.

Figure 5. a) Illustration of AB-stacking mode of CTF-2 multilayers. b) Transport resistance of water molecules passing through AB-stacked CTF-2 
multilayers as a function of CTF monolayer numbers.
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can first accumulate inside the pore of each monolayer and 
then move to another pore in the adjacent monolayer via the 
interlayer path. Such movement will repeat until the water 
molecules completely pass through the AB-stacked CTF-2 
multilayers, which are indicated as green lines in Figure 6a. 
The motion of one water molecule is recorded as gif animation 
in the Supporting Information. The molecule first stays at the 
pore of the second monolayer (B) and then moves to the third 
monolayer (A) through the interlayer path. After a short stay, it 
moves to the forth monolayer (B) and the fifth monolayer (A) 
rapidly through the interlayer path.

The interlayer path connected A and B pores in the adjacent 
monolayers is measured to be 0.47 nm in width (introduced in 
Figure S2, Supporting Information), which is quite close to the 
equivalent pore diameter (0.45 nm). Such an interlayer path is 
also confirmed by the density distribution of water molecules. 
In Figure 6b, any two adjacent hexagonal rings come from the 
different monolayers of CTF-2 and there is a high density region 
between them, which indicates the location of the interlayer 
path. Similar findings were also reported in the simulations of 
gas molecules in the AB-stacked CTF-1 multilayers,[52] in which 
CO2 molecules diffused through the interlayer path of AB-
stacked CTF-1 monolayers. To further confirm that the inter-
layer path is crucial for the water transport inside AB-stacked 
CTF-2 multilayers, we perform another NEMD simulation 
on an artificial structure, in which the interlayer spacing is 
set to zero (shown in Figure S2, Supporting Information). It 
is discovered that no water molecules can pass through this  
artificial monolayer even under ΔP as large as 500 MPa.

3.4. NaCl Rejection of Multilayered CTF Multilayers

Via the analysis of transport resistance and its derived fitting 
equations, the AB-stacked CTF-2 multilayers have the equiva-
lent pore diameter of 0.45 nm, which is smaller than the size of 
most hydrated ions. Therefore, they are expected to have good 
desalination performance. In this section, the NaCl rejection is 
investigated by performing NEMD simulations with the NaCl 
solution instead of pure water at the ΔP of 250 MPa, while the 
concentration of NaCl is set to be 0.5 mol L−1.

Due to the periodic boundary condition in this work, there 
are no clear definition of feed and permeate sides. Following 
previous studies,[53,54] the ion rejection is defined as

1 /p,i

i

p,w

w

= −R
n

n

n

n
 (13)

where np,i and np,w are the numbers of ions and water mole-
cules passing through the membrane during the sampling 
period, respectively, while ni and nw are the total numbers of 
ions and water molecules in the simulation cell, respectively.

The results of NaCl rejection for CTF multilayers are 
shown in Figure 2d. In accordance with our expectation, the 
NaCl rejection for AB-stacked CTF-2 multilayers keeps 100% 
no matter of the number of CTF monolayers. The minimum 
number for AB-stacked CTF-2 is 2 as one CTF-2 monolayer 
cannot form the AB-stacked structure. The AB-stacked two 
CTF-2 monolayers also exhibit complete rejection to NaCl, 
while their permeance of pure water remains as high as 

around 408 LMHB, which is about two orders of magnitude 
higher than current commercial reverse osmosis membranes 
(≈5 LMHB).[55] Since the AB-stacked CTF-1 multilayers have no 
obvious water permeance, their 100% rejection to ions is mean-
ingless. The AA-stacked CTF-2 multilayers with a number of 
monolayer up to 5 have no rejection to NaCl due to their large 
pore size (1.5 nm). The AA-stacked CTF-1 multilayers (pore size 
of 1.0 nm) exhibit a rising NaCl rejection while the number of 
monolayer increases. This result cannot be directly explained 
by the mechanism of sieving, by contrast, should be attributed 
to the various dehydration degree of ions inside membrane 
with different thickness.

4. Conclusions

Understanding the transport mechanism of nanofluids 
through CTF multilayers is crucial for designing high-
performance CTF membranes. Via the NEMD simulations, 
the water permeance together with NaCl rejection performance 
of CTF multilayers is investigated. CTF-1 and CTF-2, having 
the intrinsic pore of 1.2 and 1.5 nm, respectively, are selected 
because they have proper pore sizes for desalination. Com-
pared to TpPa-1 monolayers, the hydrophobic pore walls of the 
CTF-2 monolayers make them less permeable because of the 
poor wettability, which results in the higher interfacial resist-
ance. More importantly, monolayers have poor ion rejection 
and it is extremely challenging to experimentally prepare CTF 
monolayers. Hence, CTF multilayers are the more realistic and 
reasonable choice. Since the CTF multilayers were discovered 
having two stacking fashions, eclipsed (AA) and staggered (AB) 
stacking. Both of them are investigated in this work. Using 
the transport resistance instead of flux, it is easier to build up 
the equations to predict the influence of the CTF-monolayer 
numbers, in which the interfacial and interior resistance is 
well distinguished. It is found that the larger permeability for 
AA-stacked CTF-2 multilayers results from its larger porosity 
excluding the influence of hydrophobic pore wall, both of 
which contribute to the permeability of membranes composed 
by 2D multilayers. However, the eclipsed (AA-stacked) CTF 
multilayers show weak ion rejection. Fortunately, the staggered 
(AB-stacked) CTF-2 multilayers are found to completely reject 
Na and Cl ions due to their smaller pore size. Such small pores 
of AB-stacked CTF multilayers bring much higher transport 
resistance. Based on the proposed equations, the effect pore 
diameter is calculated to be 0.45 nm, which is quite close to the 
measured pore diameter (0.47 nm). The equivalent pore diam-
eter actually comes from the interlayer path of AB-stacked mul-
tilayers, only through which the water molecules can penetrate 
through the multilayers. Through our simulations, it is found 
that the two-layered AB-stacked CTF-2 monolayers can com-
pletely reject NaCl while its permeance is as high as 408 LMHB. 
From our proposed equations, the AB-stacked CTF-2 multi-
layers with <70 stacked COF monolayers, which are experi-
mentally available, also exhibit much higher permeance than 
commercial reverse osmosis membranes, indicating their great 
potential in making next-generation desalination membranes. 
Although the experimental preparation of such membranes 
is still challenging, findings in this work reveal the optimal 
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stacking fashion and number of stacking layers for fast per-
meation, which provide helpful and guidance for experimental 
preparation of CTF-based desalination membranes.
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