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ABSTRACT

Water purification using 2D nanoporous membranes has been drawing significant attention for
over a decade because of fast water transport in ultrathin membranes. We perform a
comprehensive study using molecular dynamics (MD) simulations on water desalination using
2D flexible membranes where the coupling between the fluid dynamics and mechanics of the
membrane plays an important role. We observe that a considerable deformation and fluctuation
in the 2D membrane results in an enhanced water permeability (up to 122%) along with a slight
decrease in the salt rejection rate (less than 11%). Simulations on harmonically vibrating
membranes indicate that the vibrational match at the membrane-water interface can significantly
increase the permeance. We conduct mechanical stability tests and discuss the maximum
endurable pressure of 2D porous membranes for water desalination. These findings will
contribute to advances in applications using ultra-thin membranes, such as energy harvesting and

molecular separation.



INTRODUCTION

The mechanical flexibility and thermal fluctuations of materials are ubiquitous and
fundamental to many physical phenomena. In nanoscale biophysics, thermal fluctuations are an
important mechanism for molecular transport in biological channels'-? and the catalytic activity
of enzymes®. In human-made systems, the thermal fluctuations of surfaces are known to affect
the wetting properties®, the diffusion coefficient of interfacial fluids>®, and thus the fluid
transport®’. These effects are no exception for water desalination using 2D nanoporous
membranes, which can exhibit high mechanical flexibility owing to their atomically thin
thickness and high porosity® 1°. Notably, the scale of thermal fluctuations of a 2D membrane
(e.g., 0.07 ~ 2.0 nm in graphene'’!?) is comparable to the size of the pores (~ 0.5 nm)'3 of
desalination membranes. Thus, it is important to understand how the flexibility of the membrane
influences the filtration performance.

Water desalination using 2D nanoporous membranes provides an efficient route for production
of clean water at a low energy cost with simple mechanisms'?. This process utilizes reverse
osmosis (RO), where mechanical energy is applied to the system to generate water permeation
through the membrane by filtering out unwanted molecular species. Filtering ionic species takes
advantage of the fact that the size of the water molecule (~ 0.3 nm) is smaller than that of the
hydrated ions (0.6 ~ 1.0 nm)'*. For a high rejection rate, the pore size must be kept smaller than
the effective size of the ion. On the other hand, the production of clean water increases with the
size of the pore diameter. For optimal desalination performance, it is important to ensure a
consistent pore size throughout the membrane'?.

Nanoporous graphene membrane is one of the most widely studied 2D material for water

desalination. The fabrication of graphene nanopores has, for decades, relied on top-down



methods such as drilling graphene using a focused ion beam or exposing graphene to oxygen
plasma; thus, fabricating large-scale nanoporous graphene with a consistent pore size was

challenging. Recently, Moreno et al.'

successfully fabricated a large-scale nanoporous graphene
membrane with a consistent pore size using the self-assembly of graphene nanoribbons—
namely, a graphene nanomesh (GNM). Yang et al.'> experimentally demonstrated large-scale
water purification using GNM reinforced by carbon nanotube networks. Other types of porous
membranes have also been synthesized by the bottom-up approach. The covalent-organic
framework (COF)!""!® has been widely studied for various applications such as energy storage'”
and membrane separations?’ because of its lightweight and high porosity. Water desalination
using 2D COF was computationally examined by Lin et al. in 2015.?! They showed that the
covalent triazine-based framework (CTFs), one of the 2D COFs, is an ideal candidate for water
desalination. The metal-organic framework (MOF)*?, a porous material linked by metallic-
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organic bonds, has been studied extensively for energy applications?*, chemical sensors
catalysis*>. MD simulations on hexaaminobenzene-based (HAB) 2D MOF showed that MOFs
are also good candidates for water desalination?®.

Despite the great promise of water purification using 2D porous membranes, there is currently
a lack of understanding of how membrane flexibility affects desalination performance. In this
work, we investigate how the flexibility of nanoporous membranes affects the performance of
water desalination. We first examine the physical mechanisms governing water permeability in
the flexible membrane. Subsequently, we also investigate the mechanical fracture of the 2D
nanoporous membranes when an out-of-plane hydrodynamic pressure is used for water

desalination.

RESULTS AND DISCUSSION



Water desalination performance is investigated by performing extensive all-atom MD
simulations for several promising 2D nanoporous membranes — namely, GNMs (graphene-
based), CTFs (COF-based), and Cu-HAB (MOF-based) as shown in Fig. 1b-h. We assumed the
membranes to be ideal and neglected atomic defects. All the tested membranes were
hydrogenated. During the simulations, the edges of the membranes were constrained (Fig. 1a),
and hydrodynamic pressure was applied. The desalination performance of both rigid membranes
(see Fig. 2a) and flexible membranes (see Fig. 2b) was examined. Fig. 2c shows a linear increase
of the number of filtered water molecules with time indicating steady-state filtration. Also, the
water flux increases linearly with the applied pressure in both rigid and flexible membranes and
the rejection rate is almost invariant for various RO pressures of 5 ~ 100 MPa (Supplementary
Fig. 1). This data shows that the threshold pressure®’ is negligibly small, which is in line with the
simulation data of Cohen-Tanugi et al.?® We attribute this to the single-atom thickness and
hydrophilic nature of hydrogenated pore. Thus, we used 100 MPa in most of the studies here for
computational efficiency.

All tested flexible membranes show higher water flux than the rigid counterpart. This means
that the flexible membrane allows faster water desalination compared to the previously reported
desalination performance in rigid membranes®!>?%?°, We define the enhancement of water
permeance as &p = (Pﬂex - Prigid) / Prigiq, where Pgey and Prigig are the permeance of flexible
and rigid membrane, respectively. The highest enhancement ratio is 122% in Cu-HAB, and the
lowest enhancement is 14% in GNM-2. Notably, we consistently observed this high rate of
permeance enhancement in different conditions such as various RO pressures of 5 ~ 100 MPa
(Supplementary Fig. 1), different thermodynamic ensembles, and different temperature ranges

(Supplementary Fig. 2). The rejection rates in flexible membranes are lower overall (less than
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11%) than the rigid membranes. GNM-0 and CTF-0 are found to be impermeable for both water
and ions regardless of the flexibility of the membrane under 100 MPa. Fig. 2d and Fig. 2e show,
respectively, the water flux per pore and the rejection rate as a function of the pore diameter. In
both rigid and flexible membranes, the water flux per pore follows Q o< D3, which is the scaling
of fluid flow through a thin orifice suggested by Sampson in 18913°. Overall, the flexible
membranes show higher Q /D3 values compared to that of the rigid membranes. Fig. 2e shows that
the salt rejection rate drastically decreases in the regime above the critical diameter (~ 0.57 nm),
which is close to the previously reported threshold diameter of 0.55 nm in the graphene nanoporous
memebrane!®. The desalination performances are summarized in Supplementary Table 1. Fig 2f
shows the trade-off between the rejection rate and permeance and suggests that the maximum
achievable = permeance while keeping the perfect rejection rate is about
2,000 ~ 3,000 kgm~2h~!bar~!. Notably, we observed higher enhancement of permeance in the
softer material (i.e., low elastic modulus) as shown in Fig. 2g. To gain more insights into the
physics, we performed further analysis as described below.

The flexible membranes undergo both the mechanical deformation and thermal fluctuations
during the desalination process. To reveal how these mechanisms affect the water permeability,
we considered three different scenarios: 1. flat rigid membrane with no mechanical deformation
or thermal fluctuations, 2. deformed membrane without thermal fluctuations, and 3. deformed
membrane with thermal fluctuations. In sub-nanometer pores, water exhibits single/double-file
flow, where the radial variation of axial velocity is negligible. In this case, the flux Q can be

approximated by Q/n, = Ap,u,, where n;, is the number of pores, 4 is the area of the pore, py,

is the average water density in the pore, and u,, is the average velocity of water in the pore. The

density distributions in Fig. 3a show that the deformed membranes without thermal fluctuations
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(dashed lines) allow the water molecules to occupy a larger region compared to the undeformed
counterparts (dotted lines). This enlargement effect in GNM-2 is small compared to that in CTF-
1-CHs and Cu-HAB, owing to the relatively higher mechanical stiffness of graphene-based
membranes. It should be noted that the deformation of 2D membranes involves not only the
stretching of atomic bonds but also the rotation of chemical building blocks. The atomic structures
of GNM-1 and CTF-1-CHj3 allow the rotation of some building blocks (see Fig. 2b where the black
arrow shows the rotation of building block) and result in additional occupation of water molecules
in the pore. Thus, the number of water molecules in the pore, n,,, is greater in GNM-1 and CTF-
1-CHs (Fig. 3b. left) than in other membranes where the building blocks do not undergo significant
rotation (i.e., GNM-2, GNM-3, and Cu-HAB). The effect of deformation on the water velocity in
the pore is within 20%. On the other hand, water velocity increases up to 102% in the membrane
with thermal fluctuations compared to the membrane without thermal fluctuation (Fig. 3b right).
This implies that a coupling between the fluctuating membrane and water molecules results in a
better water permeation.

Similar phenomenon has been reported in other studies. Marbach ez al.® presented a theory where
the effective diffusion of the fluid confined between the fluctuating surfaces can be enhanced or
reduced depending on the spectrum of surface fluctuation. Ma et al.> observed the coupling
between the water transport and longitudinal vibration of carbon nanotube and showed that
diffusion of confined water is considerably enhanced in the low frequency phonon mode due to
the reduced friction. In granular transport, a vibrating inlet significantly enhances the granular

transport breaking the clogged particles at the entrance®! (e.g., shaking the salt bottle).



To understand the physical mechanism governing enhanced velocity, we analyzed the
Vibrational Density of States (VDOS) of membrane and water in the pore. VDOS is obtained from

the Fourier transform of the velocity autocorrelation function, i.e.,

VDOS(w) = f_ Z<u(t0 + Oulty))e-2riotge 0
where u(t) is the velocity at time t, (---) denotes the ensemble and time average for various
reference times, t,, and w is the frequency. We computed VDOS using the out-of-plane velocity
component (the direction of water permeation) for both water molecule and membrane atoms, and
then normalized it so that its integration over frequency is equal to unity. The ReaxFF potential
utilized in this work for membrane-membrane interactions describes reasonably well the
experimental phonon-modes®?> and IR spectrum?®. Fig. 3c. shows the normalized VDOS of
membrane atoms and water molecules inside the pore. The vibration of water molecules is
dominated by the frequencies lower than 20 THz, where the translational modes of hydrogen
bonds exhibit a peak at 1.8 THz and the intermolecular stretching and bending modes occupy the
rest of the frequencies®*. We observe that there is a significant overlap between the VDOS of Cu-
HAB and that of water molecules. We hypothesize that the frequency match between the vibrating
water molecules and membrane (i.e., phonon-fluid coupling) improves the water permeability of
the membrane. To test this hypothesis, we conducted a conceptual study by artificially vibrating
the membrane with a single frequency w,, and considering many such frequencies. Fig. 3d shows
water permeation as a function of the frequency of the harmonically vibrating membrane (black
circles) and VDOS of water molecules in the pore (red line). We observe permeance enhancement
at the frequency with high VDOS of water. In other words, the frequency match between the

fluctuating membrane and vibrating water molecules results in enhanced water permeation. This



phonon-fluid coupling phenomenon also explains our observation that the permeability is greater

in the soft material (Fig. 2g) as the soft material exhibits low-frequency fluctuation (w~vE, where
E is the elastic modulus). Furthermore, the desalination performance can be enhanced by
manipulating the vibrational frequency of the membrane using doping™ or applying strain®¢. We
remark that the phonon-fluid coupling effect can be broadly applied to nanofluidic devices such as

t*7, DNA sequencing’®, etc.

energy harvesting from salinity gradien

Applying a high RO pressure is necessary for rapid water desalination. On the other hand,
applying high-pressure increases the risk of membrane failure. We tested the mechanical fracture
of the membranes. The maximum deflection of the membrane (i.e., §, shown in Fig. 1a) is recorded
as a function of pressure and is shown in Fig. 4a. The 2D membranes deform into an arc shape due
to the hydrodynamic pressure (Fig. 1a). This shape of deformation is expected when the thickness
of the membrane is much smaller than the in-plane length of the membrane, where the bending
strain energy is negligible compared to the tensile strain energy>’. In that case, the 2D in-plane
stress (o2P) is given by*

2D — mem
2sin6 )

: . : : 5.
where o2P is the 2D stress in units of N/m, Ly, is the length of the membrane, = 2 arctan LZ— is

m

the half angle of cylindrical arc and py, is the pressure exerted on the membrane. We directly
measured the pressure exerted on the membrane and found that p,, is nearly equal to the applied

RO pressure to within 1% error because of the slow process of water permeation in the sub-

2D
nanometer pore. In the linear elastic regime, the 2D elastic modulus is given by E2P = UT in units

6sin 6 . . 8o - ..
of N/m, where € = % — 1 is the strain, 6, = 2 arctanZL—0 is the initial half-angle of the
0 m



cylindrical arc, and §, is the initial deformation. This linear elastic model with the plane strain
assumption agrees with the MD simulation result. The elastic modulus of graphene-based
membrane (59.5 ~ 108.8 N/m) is higher than that of CTF-1-CH3 (40.8 N/m) and Cu-HAB (34.0
N/m), but is much smaller than that of pristine graphene (340 N/m) due to the porous structure®.
Fig. 4d-h shows the failure initiation due to the most fragile bond in the 2D membranes considered
in this work. The ultimate stress of membranes is shown in Fig. 4b. Notably, the ultimate stress of
Cu-HAB (1.0 N/m) is about an order of magnitude smaller than that of GNMs (9.4 ~ 13.3 N/m)
owing to the weak Cu-N bond compared to the C-C bond. The computed mechanical properties

and desalination performance are summarized in Supplementary Table 1. According to equation

(2), the ultimate pressure (py;) follows the scaling, py;; X %, where o,; is the ultimate stress of
m

the membrane. Hence, the desalination membrane with a smaller L, endures higher RO pressure.
Fig. 4c shows the maximum endurable pressure (Factor of safety = 1) of 2D desalination
membranes as a function of L,,. At the typical RO pressure of 5 MPa, the GNMs can be used with
L, < 400 nm without breakage, while Cu-HAB can be used for L,;, < 30 nm. This indicates that
the GNMs withstand a higher RO pressure on the same supporting structure (e.g., carbon nanotube
network on a polyethylene terephthalate substrate'®) than Cu-HAB and CTF-1-CH3.
CONCLUSION

In this work, we investigated water desalination using 2D flexible membrane considering the
coupled dynamics between the membrane and water. The flexible 2D membranes involve
significant mechanical deformation and thermal fluctuations during the desalination process. The
water permeation is enhanced up to 122% due to the flexibility of the membrane involving the
mechanical deformation and thermal fluctuations. The mechanical deformation enlarges the

accessible diameter of the pore increasing the water flux. The thermal fluctuations of the
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membrane increase the speed of water transport. To understand the mechanism of increased water
velocity arising from the membrane fluctuation, we analyzed the vibrational density of states over
various frequencies. Our studies showed that a frequency match between vibrating water
molecules and the fluctuating membrane (phonon-fluid coupling at the water-membrane interface)
substantially enhances the water permeation. The mechanical fracture tests show that the
mechanical strength of graphene-based membrane is 1,060 ~ 1,540 % stronger than Cu-HAB
(MOF) and 252 ~ 367% stronger than CTF-1-CH3 (COF). The results presented in this work will

be fundamental for membrane applications such as energy harvesting from the salinity gradient®’,

19,23

molecular separation?’, DNA detection/translocation®®, energy storage!®?, catalyst?>, and

chemical sensors2*.
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METHODS

We considered systems with the desalination membrane immersed in 0.55M NaCl solution,
which offers conditions similar to seawater. The size of the membrane ranges from 6 nm to 10 nm
in the x dimension and 1 nm to 8 nm in the y dimension, depending on the system, which is
considerably larger compared to earlier works®2!2%2° Periodic boundary condition is employed in
all the three directions. Our studies confirmed that our system exhibits an ignorable size effect on
both water desalination performance and mechanical fracture test. We used salt ions modeled by

1.*! and the flexible simple point-charge water model*>. The

LJ potentials described in Joung et a
carbon-water interatomic potential is adopted from Wu and Aluru®®. The interactions among the
membrane atoms are modeled using the ReaxFF forcefield** (Wood et al.?* for GNMs and CTFs,
and Monti et al.** for Cu-HAB). The rest of the membrane-fluid force fields are modeled using the

non-reactive LJ and Coulombic potential and the Lorentz-Berthelot mixing rule with pair potential

L 46 L 47 L 48

parameters proposed by Siu et al.”® for hydrogen, Jorgensen et al.*’ for nitrogen, and Heinz et a
for copper. The diameter of the pore was determined based on the accessible area of water using
the LJ diameter of oxygen (Supplementary Fig. 8). The temperature of the system is maintained at
298K with Nosé-Hoover thermostat. The partial charges of membrane atoms are computed by the
charge equilibration (QEq) method® at the initial stage of the MD simulation (after the energy
minimization). The equilibrated partial charges are then fixed during the simulation (summarized
in Supplementary Fig. 7). The long-range electrostatic potential is calculated by using the PPPM
method>. The cut-off distance of LJ potential is set to be 1.2 nm. The atomic trajectories are
integrated in NVT ensemble with 0.5 fs time step, which shows a good stability with ReaxFF force

t51

field during fracture test’’. For desalination of water, a hydrostatic pressure (5 MPa ~ 100 MPa)

is applied to the fluid molecules in a 1 nm thick box at the edge of the simulation domain. For the
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radial distribution of density and velocity in the pore, we considered a pore located in the center
of the membrane and 24 long cylindrical bins. For the mechanical fracture test, we applied an
increasing pressure with a rate of 2 MPa/ps. For equilibrium MD simulation, no pressure was
applied. For activated vibrating membrane, we considered Cu-HAB and the membrane is

harmonically vibrated in the out-of-plane direction. The average kinetic energy per atom of
I k .
oscillating membrane set to be the thermal energy %T, where kg is the Boltzmann constant and T

is the temperature. For fast computation of atomic trajectory, the GPU-assisted accelerated
computation®? is used. For MD simulation, the Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS)™ is used. For visualization, Open Visualization Tool (OVITO)>* is used.
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Figure 1 | Water desalination using 2D flexible porous membranes. a, Schematic of water
desalination using a 2D flexible membrane with constrained edges. b-h, Atomic structure of 2D

porous membranes considered in this work.
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Figure 2 | Desalination performance of flexible membranes. a, Rigid CTF-1-CH3 (top view and
side view). b, Flexible CTF-1-CHs. The black arrow and dashed line represent the rotation of the
building block and its pivot, respectively. ¢, Filtered water molecules over time. d, Water
permeation per pore as a function of the pore diameter. The lines represent the least-squares fitting
curve using Q « D3 scaling (dashed line: rigid membranes and solid line: flexible membranes).
The error is the standard error of several sets of fluxes obtained during 1 ns. e, Rejection rate for
various pore diameters. The gray shaded area represents the rejection rate over 90%. f, The overall
desalination performance and the trade-off between water permeance and rejection rate. g, The
enhancement of water permeance (defined in the manuscript) as a function of the elastic modulus
of the membrane. The error bar represents the error of flux in flexible membrane divided by the

flux in the rigid membrane.

20



a”“g ‘Tosaz "9 [cTRicH, Cu-HAB b w—ceform | g
= = Deform GNM-1 vz flexible
L e Flexible ——
> 3- ; . #L
0N ]l E
%‘2_ A ] i GNM-2 N
(]
s GNM-3 1
5 14 \ - “'
- . po
2 . \ IR * 3 CTF-1-CH5 . B
01 02 03 01 02 03 01 02 03
F(nm) r(nm) r(nm) Cu-HAB 1 s
—c¢ —H —N Cu  —— Waterin the pore 0 25 50 75 100 0 25 50 75 100
. &n, (%) €y, (%)
p— GNM-2
d 0.05
0.025- 15000-1‘
N\\ 4=&—
- 0.000 T T T T T T '004
3 2
= £0.03 9
£ 3
£ L0.02 T
(0] N
a &
L0.01
0.000 0 . s ; 0.00
10 20 30 40 50 60 70 0 20 40 60 80

Fregency (THz) Fregency (THz)
Figure 3 | Dynamics of membrane and water molecules inside the nanopore. a, Water
density as a function of the distance from the pore center. b, (Left) Increment ratio of average
number of water molecules in the nanopore. (Right) The percentage increase of water velocity in
the pore. ¢, VDOS of membrane atoms and water molecules in the pore. d, Enhanced water
permeation in the harmonically oscillating membrane at single frequency (black circle). VDOS
of water molecules inside the pore (red line). In the plots here, “Deform” refers to the case where

the membrane undergoes deformation, but thermal fluctuations are suppressed and “Flexible”

refers to the case where both membrane deformation and thermal fluctuations are accounted for.
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of the 2D membranes considered in this work. ¢, Ultimate RO pressure as a function of the
membrane length. The gray shaded area indicates the membrane breakdown under a typical RO
pressure of 5 MPa. d-h, Fracture samples and the direction of crack propagation (illustrated in
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