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MATERIALS SCIENCE

Surface slip on rotating graphene membrane
enables the temporal selectivity that breaks
the permeability-selectivity trade-off

Zhonggiang Zhang'?*3#, Shaofan Li'*", Baoxia Mi', Jinbao Wang®, Jianning Ding*>*

Membrane separation technology is dictated by the permeability-selectivity trade-off rule, because selectivity relies
on membrane pore size being smaller than that of hydrated ions. We discovered a previously unknown mechanism
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that breaks the permeability-selectivity trade-off in using a rotating nanoporous graphene membrane with pores
of 2 to 4 nanometers in diameter. The results show that the rotating membrane exhibits almost 100% salt rejection
even when the pore size is larger than that of hydrated ions, and the surface slip at the liquid/graphene interface
of rotating membrane enables concurrent ultra-selectivity and unprecedented high permeability. A novel concept
of “temporal selectivity” is proposed to attribute the unconventional selectivity to the time difference between the
ion’s penetration time through the pore and the bypass time required for ion’s sliding across the pore. The newly
discovered temporal selectivity overcomes the limitation imposed by pore size and provokes a novel theory in

designing high-performance membranes.

INTRODUCTION

Fresh water is one of the most precious resources for the survival of
human beings and other lives, but its availability is getting more and
more strained because of population growth, climate change, and
water pollution. Despite the abundance of seawater as an alternative
water resource, seawater desalination is usually limited by relatively
low productivity and high energy consumption. Membrane-based
desalination technologies including the state-of-the-art reverse
osmosis (RO) technology have been demonstrated to be more energy
efficient than thermal desalination approaches (I, 2). However,
conventional polymeric RO membranes still suffer deficiencies such
as low fouling resistance, poor selectivity, and low stability to resist
chemical/heat-induced degradation. Therefore, it has been an ever-
continuous endeavor to search and explore new materials for fabricating
membranes with improved permeability, selectivity, chemical stability,
and resistance to fouling simultaneously (3). Three types of novel
membranes have demonstrated great promises in addressing water
permeability and selectivity. They are ultrathin nanoporous mem-
branes, e.g., porous graphene (4-11), membranes with artificial water
channels such as carbon nanotubes (CNTs) (12-19), and layer-stacked
membranes with two-dimensional water channels, including graphene
oxide (GO) (20-24) and MoS, (25, 26).

Theoretically, a membrane with atomic thickness can lead to a
water permeance two to three orders of magnitude higher than that
of conventional membranes due to the inversely proportional relation-
ship between water flux and membrane thickness (2, 4). Thus, the
atomic thickness of nanoporous graphene (~0.34 nm) may result in
larger water permeability (6 to 66 liter/cm” per day per MPa) than
thin-film composite (TFC) membranes (~0.24 liter/cm” per day per
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MPa) (27) while achieving a complete salt rejection (100%). It has
been demonstrated by both the molecular dynamics (MD) simulations
(4) and experiments (9). In addition, graphene materials exhibit foul-
ing resistance, resistance to degradation (28), ultrahigh mechanical
strength for preventing ripping, tunable small pore size for controlla-
ble permeability, chemical stability, and scalable synthesis method
that may lead to cost-effective production. Because of these advantages,
graphene-based membranes are identified as promising candidates
for next-generation seawater desalination systems. However, the
use of nanoporous graphene is still a work in progress for seawater
desalination due to the difficulties in drilling defect-free subnano-
meter pores with uniform radius of <0.45 nm on a monolayer
graphene (29). A primary reason for this is the requirement of uni-
form subnanoscale-sized pore distribution, which determines the
selectivity of nanoporous graphene, posting a serious challenge in
fabrication of the nanoporous membranes. This is the key factor
that has been hindering the large-scale applications of porous
graphene-based membrane technology.

CNTs are another class of materials that have great potential for
RO desalination, which was first demonstrated by MD simulations
(12). A single-walled (6,6) CNT with the diameter of 0.81 nm can
reject salt completely and generate high water permeability of
14.33 liter/cm” per day per MPa attributed to its smooth and non-
polar interior. However, the salt rejection decreases sharply to 58%
when the CNT diameter increases to 1.1 nm. Subsequently, aligned
CNT-based membranes were fabricated experimentally by chemical
vapor deposition methods (14, 15). The experimental results indicate
that the water flux is three to five orders of magnitude higher than
that predicted by continuum theory. Unfortunately, however, the
fabricated CNT-based membranes with the CNT diameter ranging
from 1.6 to 7 nm and above cannot reject the sub-2-nm particles,
indicating that they are not suitable for seawater desalination at
current stage unless the uniform single-walled (6,6) CNTs can be
well dispersed and aligned in the membrane in the future.

Other types of nanomaterial membranes have been developed. For
instance, the interlayer spacing of GO membrane can be controlled
in the range of 0.64 to 0.98 nm to realize 97% rejection for NaCl
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(24). Fully hydrated MoS, membranes with free spacing of 0.9 nm
exhibit high water permeability up to 6 liter/cm? per day per MPa
and moderate-to-high ionic rejection of 90% (25). Recently, a large
area graphene-nanomesh/CNT hybrid membrane with average pore
size of 0.63 nm is fabricated experimentally to realize water perme-
ability of 2.4 liter/cm® per day per MPa with a stable salt rejection of
86% (30). The high salt rejection efficiency of 93 to 100% for a large
pore size of 1.44 nm in diameter has been demonstrated for charged
monolayer nanoporous graphene membranes, while the required
pressure drop is reduced substantially (31, 32). To break the limita-
tion of porous graphene for molecular sieving, both the ion-gated
and charged porous graphene membrane models have been proposed
to tune nonselective larger pores of 0.52 to 0.6 nm to be selective for
gas separation (33, 34).

In summary, up to date, none of the novel membrane materials
that have been explored in the literature is able to break the trade-
off rule between permeability and selectivity. Although nanoporous
monolayer graphene and CNT-based membranes are of high per-
meability because of their ultrathin thickness and fast water diffu-
sion property, the fabrication of uniform subnanometer pores on a
graphene sheet or the fabrication of uniformly dispersed small-
diameter CNTs to form an assembled membrane presents great
technical difficulties and challenges. The ultimate contradiction
of selectively permeable membrane technology is that the size of
nanopores should be smaller than the diameter of hydrated ions to
exhibit enhanced ion selectivity while hoping for high permeability,
which is a paradoxical issue or a trade-off that was thought as an
insurmountable obstacle. In this study, we report a novel concept of
desalination mechanism of temporal selectivity using slip-induced
separation that breaks the permeability-selectivity trade-off without
stringently relying on small, uniform pore sizes. The desalination is
achieved by rotating porous monolayer graphene cylinder (GC)
with large pores that are two to five times larger than the diameter
of hydrated sodium ions (Fig. 1). The boundary slip at the water-GC
interface significantly enhances the salt rejection. At the same time,
the large nanopores results in an ultrahigh water flux under centrifuge-
induced pressure. Therefore, this novel slip-induced separation
bypasses the conventional limitation of pore size and breaks the trade-
off between permeability and selectivity. Moreover, the required
permeability and selectivity can be obtained by adjusting the porosity,
the pore size, the thickness of membrane, and the rotating velocity
of porous hydrophobic membranes. The findings reported in this
work may open a new door of designing highly efficient RO desalina-
tion apparatus, triggering a boom of both theoretical and experi-
mental researches on rotating/shearing membranes, which may
further revolutionize the design of the next-generation desalination
and water purification technologies.

RESULTS

Permeability and selectivity are key indicators to assess the perform-
ances of RO membranes. Figure 2 (A and B) shows the relations
between the numbers of both the penetrated water molecules and
ions (sodium and chlorine) and time for different rotating angular
velocities of the porous GC with 12 pores (porosity of 2.163%) of
2 nm in diameter. The penetrated water molecules increase approx-
imately linearly with time despite some fluctuations caused by
dynamic effects of the centrifuge rotation and the pressure release
in penetrating process within the feed solution. Excitingly, we dis-
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Fig. 1. Schematic illustration of the large-scale MD desalination model. (A) A
nanoporous rotating GC (red) of 36 pores with a diameter of 2 nm, seawater (sodium
ions in blue, chlorine ions in yellow, and transparent water molecules in the left
half) confined in GC, pure water out of GC (transparent), and two pored graphene
sheets (blue) to confine the draw solution. The diameter of the pore on graphene
sheets is identical to that of GC. The red arrow denotes the rotating velocity of GC,
Vac. (B) Three-dimensional view of porous GC with 36 nanopores of 2 nm in diameter.
(C) Dimension and relative position of each component. The feed solution is sea-
water confined within GC, and the draw solution is pure water confined by the outer
surface of GC and two graphene sheets. The details of MD desalination model can
be found in section S1. The movie of a representative graphene centrifuge with
36 pores rotating at angular velocity of 35 rad/ns is provided in movie S1.

covered that as the rotating angular velocity of porous membrane
increases, less and less salt ions come out the porous GC, prevented
by the rotating porous membrane, while more water molecules pass
through the membrane. As shown in Fig. 2C, the salinity of feed
solution can be reduced by two orders of magnitude from 3.5 to
0.059% for porous GC with 2-nm-diameter pores at the angular
velocity of 40 rad/ns. Subsequently, we can find the freshwater flux
and salt rejection as functions of the angular velocity of rotating
porous GC, as illustrated in Fig. 2D. Here, the salt rejection is de-
fined as (1 — C,/Cy) x 100%, where C, and Cyare the salt concentra-
tions of permeated and feed solutions, respectively. It is found that
both the salt rejection (selectivity) and water flux (permeability)
concurrently increase with increasing the rotation speed of porous
membrane. The rotating porous graphene with 2-nm-diameter
nanopores exhibits a super salt rejection of 98.5% and an ultrahigh
water flux of more than 3000 liter/cm” per day. The same conclusion
can also be drawn from the MD results obtained under different
porosities of 24 to 72 pores (see figs. S2 to S4). In other words, the
trade-off between water permeability and selectivity can be com-
pletely broken by increasing the rotating angular velocity of the
porous membranes even with such large nanopores. Moreover, no
concentration polarization can be observed from the radial con-
centration distribution and radial density distributions of wa-
ter molecules and ions obtained in the MD simulations (see section
S5: fig. S5).

Nevertheless, it is noted that the pressure within the feed solu-
tion depends on the angular velocity due to the centrifugal force,
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Fig. 2. Water flux and salt rejection influenced by angular velocity of GC. (A and

r (nm) Slip velocity (m/s)

B) Amounts of penetrated ions and water molecules versus time at angular velocity

of 0, 10, 20, 30, and 40 rad/ns for the porous GC of 12 pores with 2 nm in diameter. (C) Salinity of filtered solutions for rotating GCs with different diameters of pores (2 to
4 nm) and porosities (the number of pores in range of 12 to 72 pores) at an angular velocity of 40 rad/ns. (D) Salt rejection and water flux as functions of angular velocity
(0 to 40 rad/ns) for the porous GC with 12 2-nm-diameter pores. (E) Velocity profiles of the confined seawater for different angular velocities (5 to 40 rad/ns). The gray
solid line denotes the radial position of porous GC. (F) Salt rejection as function of boundary slip velocity, i.e., velocity difference between the GC and boundary layer of

seawater.

whereas the water permeability is usually characterized by a pressure-
independent water flux in RO process. Because of the ultralow fric-
tion force between the hydrated molecules and the hydrophobic
graphene surface (35), seawater will have large boundary slip on
graphene surface (36). The feed pressure at feed seawater-membrane

interface may be calculated by Preq = %pR2 (0ge — ws)? (see sec-
tion S6), where p is the density of feed seawater, R is the radius of
porous GC, wgc is the angular velocity of GC, and s is the boundary
slip angular velocity, i.e., vs/R, where v; is the boundary slip velocity,
which can be obtained from the measured tangential velocity pro-
files (Fig. 2E). The magnitude of ion slip length found in this work
is in the range of 13 to 44 nm, which is comparable with previously
reported experimental results (36) and MD prediction (37). As ex-
pected, the slip velocity increases with increasing angular velocity
because of the increase in the strain rate (the gradient of velocity
field) (38). We also found that salt rejection increases with the
increase in slip velocity (Fig. 2F), thus motivating us to investigate
potential connections between boundary slip and ion selectivity.
To identify whether the high salt rejection is solely attributed to
the slip velocity at the water-graphene interface, we construct an-
other shearing membrane model using a flat monolayer graphene
without centrifugal force to separate the effect of boundary slip from
centrifugal force. As shown in Fig. 3A, a 7.1 nm-by-7.2 nm mono-
layer graphene of a single pore with 2 nm in diameter (porosity of
6.14%) is located at 7 nm in z direction, and the shearing motion is
prescribed in —x direction as the velocity varies in the range of 0 to
350 m/s (see movie S2 for the graphene velocity of 25 m/s). The MD
simulation details can be found in section S7. Intriguingly, the slip
velocity across the graphene surface effectively improves the salt
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Fig. 3. Ultrahigh salt rejection induced by slip velocity in the model of shear-
ing pored graphene. (A) Schematic illustration of shearing pored graphene model.
Seawater including sodium ions (blue), chloride ions (yellow), and transparent
water molecules is confined in the left region, and pure water is confined in the
right region. The monolayer graphene, with a 2-nm-diameter pore located at the
middle of the system, is moving at a constant velocity Vg (0 to 350 m/s) in —x direc-
tion. The pored graphene is located at 7.0 nm in z direction, and the nanopore is
located at (0,0) in x-y plane initially. (B) Salt rejection as a function of the slip veloc-
ity at feed seawater-graphene interface for different shearing velocity.

rejection (Fig. 3B), while the water permeability remains as high as
101.43 + 8 liter/cm” per day per MPa. From Fig. 3B, another excep-
tional finding is that the varying trend of the salt rejection versus
slip velocity is consistent with that in Fig. 2F for the rotating porous
GC of 12 pores. Therefore, we conclude that the interfacial slip be-
tween water and the porous graphene membrane results in an ultra-
high salt rejection even with large pores that are much bigger than
the hydrated ions.

To reveal the underlying mechanism of slip-induced salt rejec-
tion, we plot the schematic illustration and trajectories of a blocked
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sodium jon and a penetrated water molecule in Fig. 4. Figure 4A
schematically shows a hydrated ion bounced off the pore edge (also
see movie S3), while a water molecule was able to pass through the
pore. With a shear velocity of 350 m/s (see movie S4), a single pore
passes through the simulation domain periodically in x direc-
tion 25 times during the total simulation time of 0.5 ns, i.e., each
ion/molecule that is close to the membrane and in the pore region
(the green regions in Fig. 4, B and C) has 25 chances to pass
through the pore. However, both hydrated sodium and chloride
ions around the pore bounce off the pore edge repeatedly. As shown
in Fig. 4B, there are four trajectory peaks for a blocked sodium ion
extremely close to the graphene membrane at the pore region
during 0.05 to 0.16 ns. In comparison, water molecules are able
to pass through the pore without any bouncing-off events (see
Fig. 4C). We also observe that a chloride ion was bounced back
multiple times before it lastly seized an opportunity to permeate
through the pore to the other side of GC (0.06 to 0.34 ns; see
fig. S6). These results indicate that the large ratio of the tangential
slip velocity across the graphene surface to the normal penetrating
velocity can enable a high selectivity.

For the particles in the boundary layer near GC with negligible
radial velocities, the only way they can exit from GC is when they
come close to the opening of nanopores. Theoretically, each hydrat-
ed ion around the pore at the boundary of feed solution experiences
a force of F; = P¢A; approximately, where P is the internal pressure

2
within the feed solution and A; = 1% (d; is the diameter of a hy-
drated ion) is the effective section area of a hydrated ion. Neverthe-
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Fig. 4. Trajectory analysis of slip-induced salt rejection. (A) Schematic illustra-
tion of trajectories for both a hydrated ion and a penetrated water molecule to
explain the mechanism of the slip-induced selectivity. The red dashed line is the
trajectory of a block hydrated ion blocked by the pore edge. The green solid line is
the trajectory of a water molecule passing through the pore, and the green dashed
circles denote the hydration shell around the ion. (B) and (C) plot the trajectories in
y (blue) and z (red) directions for a blocked sodium and a penetrated water mole-
cule, respectively. The dark gray lines denote the pored graphene locating at 7 nm
in zdirection, and the transparent green region corresponds to the pored region in
y direction. The section confined two dashed blue lines in subfigure (B) means that
the sodium ion close to the pore is bounced back four times during this period. In
subfigure (C), the section between two red dashed lines means that the water mol-
ecule is locating at the pore region, and the dashed blue lines denote that the
water molecule passes through the pore at t=0.19 ns.

Zhang et al., Sci. Adv. 2020; 6 : eaba9471 19 August 2020

less, if the hydrated ions are not perfectly aligned with the pore
opening when they first arrive at the graphene surface from radial
direction, it requires a finite screen time for them to pass through
the pore when they move to the pore opening from the circumfer-
ence or longitudinal directions on the GC surface. This screen time

can be calculated as follows: First, we can calculate the radial
2
acceleration of the ion by Newton’s second law, a; = %" = pz:j ,
where m; is the mass of a hydrated ion. Hence, the penetration dis-
tance of a particle can be found from the equation of motion: §, =
1a; £}, where J, is the effective thickness of the graphene membrane
in radial direction, and t,, is the penetration time, which is the time
needed for a hydrated ion to permeate through the pore. One can
see that the larger mass of hydrated ion m; leads to a smaller accel-
eration and hence longer penetration time. Another key parameter is .,
the time needed for a hydrated ion tangentially moving across the
pore on GC surface in tangential direction without penetrating the
pore, t. = d/vs, where d is the pore diameter and v is the surface slip
velocity. Therefore, if t. is less than ¢, (t. < t;), then a hydrated ion
will not be able to pass through the porous graphene membrane
even for the relative size of the hydrated ion and the pore 0. = d/d; > 1.
It thus provides a novel separation mechanism based on time di-
mension. Similarly, when £ < t, for water molecules, the water flux
can be reduced if the slip velocity vs increases above a threshold for
GC rotating at an ultrahigh angular velocity, which can be demon-
strated by the results of Fig. 2D (also in figs. S2C, S3C, and S4C).
Then, a constraint condition for pore diameter d can be obtained as

83, m 2 85, m; .
Vs \—pr <d” <ows-\—p— (Wherem, is the mass of a water mol-

ecule) to achieve an almost perfect desalination (see section S8). By
carefully choosing parameters v, m, and 8y, one can design a po-
rous membrane with super large pore size, as long as Pr exceeds the
osmosis pressure, and o > 1.

Because the slip-induced salt rejection is intrinsically relying on
the penetration time difference caused by mass difference in the time
dimension, we thus propose a novel separation mechanism coined
as the “temporal selectivity” or the fourth dimensional selectivity.
Obviously, the pore size for the temporal selectivity explicitly depends
on the slip velocity at the boundary of feed solution, the thickness
of membrane, and the mass of solute particles for the same driving
pressure.

To sum up, we have discovered that the nanoporous membrane
with super large pore size can still realize high-efficiency desalination
if ions have large boundary slip at the interface between feed solu-
tion and membrane. By increasing the relatively thicker membrane
and larger mass of ions, one may attain the temporal selectivity for
the membranes with even larger pore (>4 nm). Currently, the
desalination principle of all the static porous RO membranes gener-
ally relies on the spatial three-dimensional selectivity based on the
size difference between solute and solvent particles in the spatial
dimension. The selectivity in time dimension can effectively bypass
the limitation of the pore size to obtain an ultrahigh water permea-
bility and will further reduce the requirements in fabricating uni-
formly sized small nanopores on RO membranes.

In porous membrane desalination devices, water flux is approx-
imately proportional to the product of surface porosity € by the
squared pore radius 7, (2, 29). To study the influences of porosity
and pore size on the performances of rotating porous membranes, we
plot both the water flux and salt rejection as functions of the poros-
ity of a rotating GCs of 12 to 72 pores in Fig. 5A. The water flux
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increases, but salt rejection decreases with the increase in porosity.
Then, we consider the effect of porosity on the boundary slip veloc-
ity at the feed-membrane interface in the proposed temporal selec-
tivity model, as shown in Fig. 5B. The related velocity profiles and
the results of slip versus porosity for different rotating angular ve-
locities can be found in section S9 (fig. S7, A and B). Obviously, the
increase in porosity significantly reduces the slip velocity due to the
increase in the feed-membrane interfacial friction (39). Inherently,
the increase in the number of pores, which is equivalent of more
defects on the membranes, enhances the roughness of the porous
graphene. Subsequently, the salt rejection versus the slip velocity for
different porosities is plotted in Fig. 5C. It can be observed that the
salt rejection is almost independent of porosity, which is consistent
with the conventional RO membranes. In particular, if we further
enlarge the pore size to 3 or 4 nm in diameter while keeping the
porosity constant, the salt rejection can also be improved significant-
ly if a large enough slip velocity is provided at the feed-membrane
interface (see Fig. 5D). Moreover, the salt rejection decreases with
enlarged pore size, and meanwhile, the water flux is also reduced at
a high angular velocity because more penetrating ions occupy the
porous channels (see section S9: fig. S7, C and D). Thus, as for the
slip-induced salt rejection, the pore size is also a key optimization
parameter to determine the upper bound of permeability-selectivity
trade-off.

DISCUSSION

In Fig. 6, we compared the permeability and selectivity of the rotat-
ing porous GC with those of the reported representative membranes
including commercial TFC RO membranes (29), nanoporous
graphene membranes (4, 9, 11), GO frameworks (40), graphene-CNT
(GCNT) hybrid membrane (30), MoS; membranes (25), CNTs with
various sizes (13), and covalent triazine frameworks (CTFs) (41).
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Fig. 5. Influences of porosity and pore size on permeability and selectivity.
(A) Porosity dependence on both salt rejection and water flux. (B) Slip velocity as a
function of porosity for the angular velocity of 20 rad/ns. The porosity of the rotating
GC changes from 2.163% (12 pores) to 12.979% (72 pores). (C) Salt rejection versus
slip velocity for different porosities. (D) Salt rejection versus slip velocity for differ-
ent pore diameters in the range of 2 to 4 nm, while the porosity is kept as a con-
stant of 12.979%.
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The membranes with enhanced ion selectivity have been realized in
many previous experimental and modeling studies (4, 9, 11, 40)
even including commercial RO membranes (29). At present, re-
searches on developing novel membranes have mostly focused on
improving water permeability rather than on ion selectivity (24).
Figure 6 displays some optimum data of salt rejection versus permea-
bility for different angular velocities, porosities of GCs with 2-nm
pores, which were obtained in this work. It can be seen that the wa-
ter permeability of the rotating porous graphene increases up to 101
to 176 liter/cm” per day per MPa for the salt rejection above 95%,
which is 350 to 1000 times larger than the reported best commercial
membranes (29) and several times larger than the reported largest
water permeability of 66 liter/cm® per day per MPa for porous graphene
membranes (4) and 64.2 liter/cm® per day per MPa for CTFs (41).
Compared with the most recent experimental results, e.g., (30), the
water permeability in this work can be more than three times larger
than that of GCNT hybrid membrane for the same salt rejection of
86% (see section S10: fig. S8). In particular, both the required water
permeability and salt rejection can be obtained easily by adjusting
the angular velocity for different porosities and pore sizes. Although the
proposed rotating porous GC model will face challenges for scaling
up to practical membrane sizes on the meter scale (42), excitingly,
nanometer-sized pores have been created experimentally in a mono-
layer graphene using an oxygen plasma etching process (9), which
provides the possibility to scale up the porous graphene-based cen-
trifuge for water purification and desalination. The feasibility anal-
ysis and design of a scale-up porous graphene centrifuge can be
found in section S11.

To further prove the concept of the proposed temporal selectivity,
we investigate the influences of divalent ions and salt concentration
in feed solution on desalination performances, which is discussed in
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100 —<O———B—)—@— I
Commercial G2017 G2015 G201,
= & =2
@ Mos, CTFs ! This work
- 80 GCNT CNT(7,7) :
NI 1
: I 1
S 60 !
- 1
3 | CNT(8,8)
.a 1
S 40 1
5 ©2.163%, 2 nm |
n || ®4.326%,2nm |
20 | 46.489%,2nm X
L X 8.652%, 2 nm 1
1
0 Ll Ll all
0.1 1 10 100 1000

Permeability (liter/cm? per day per MPa)

Fig. 6. Comparison of permeability and salt rejection with other state-of-the-
art RO membranes. Detailed comparisons of permeability and salt rejection of the
rotating porous graphene membrane with other membranes, including commercial
TFC RO membranes, nanoporous graphene membranes (G2012, G2015, and G2017),
graphene oxide frameworks (GOF), graphene-CNT (GCNT) hybrid membrane,
MoS; membranes, various sized CNTs, covalent triazine frameworks (CTFs) and some
optimum results (salt rejection larger than 95%) of GCs with 2 nm pores in this work
(in red circle). The optimum data in this work are illustrated in label list for different
angular velocities (30 to 40 rad/ns) and porosities (2.163% to 8.652%). The data in
other works are labeled individually in brief.
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section S12. As expected, the divalent Ca** ions with higher mass
and larger hydrated radius can hardly pass through the rotating po-
rous GC, whereas the amount of chloride ions in CaCl, feed solu-
tion that can pass through GC is almost equal to that in NaCl feed
solution (fig. S10, A and B). This is because the higher mass of Ca**
results in lower acceleration in penetrating direction, thereby leads
to a longer penetrated time ¢, for the same membrane thickness,
making it more difficult for them to penetrate the porous GC (fig.
S10, C and D). In addition, a decrease in salt concentration increases
the slip velocity at the boundary of feed solution (fig. S10, E to H)
and decreases the time needed for a hydrated ion tangentially mov-
ing across the pore (t.), thus resulting in an increase in salt rejection.
All these results can be clearly explained by temporal selectivity.

Moreover, the typical pore edges of graphene membrane are
usually decorated by hydrogen or hydroxyl groups (4). As for the
shearing-induced desalination based on the single pored graphene
model (see section S13), the results indicate that the chemical groups
added on the pore edge decreases the slip velocity at the feed solution-
graphene interface, because the charged chemical groups increase the
coupling strength at the solid-liquid interface and further increase
the interfacial friction. According to the proposed temporal selec-
tivity, the reduced slip velocity may decrease the salt rejection and
increase the water permeability for the same pore size. However, this
effect needs to be further investigated in the future work.

It should be noted that as mentioned above, in some cases, we may
achieve almost 100% salt rejection but never a complete 100% salt
rejection. This is because that there will be small percentage hydrated
ions that are arriving at the boundary of the porous membrane per-
fectly aligned with the pore opening location with significant radial
velocities, and thus, they can follow their initial trajectories easily
exiting the porous membrane without delay. This is the reason why we
cannot achieve a complete 100% salt rejection. Moreover, as the po-
rosity increases, the chance that a particle having a direct hit with
the opening of a pore will increase. Because the proposed temporal
selection principle does not apply to the hydrated ions with the di-
rect hit with pores, the salt rejection must decline as the porosity of
GC increases.

Hydrophobic nature of graphene membrane will significantly
reduce the boundary friction between feed solution and GC, result-
ing in super large surface sliding velocities for hydrated sodium and
chloride ions (12). Because of such large surface sliding velocities of the
hydrated ions, in this work, we found that the rotating nanoporous
monolayer GC with large pores (2 to 4 nm) is still able to achieve
ultrahigh water permeability and salt rejection simultaneously,
breaking the permeability-selectivity paradox or trade-off in the
membrane separation-based RO process. The unprecedented water
permeability may make the rotating membranes highly attractive
for RO energy-efficient desalination and water purification. An in-
triguing mechanism of the salt rejection caused by the large surface
slip velocity at the feed solution-GC interface is discovered and
revealed, and meanwhile, the large nanopores collaborating with
the centrifugal pressure provide an ultrahigh water permeability.
This discovery promotes a new concept of the temporal selec-
tivity or the fourth dimensional selectivity, because the slip-
induced salt rejection is relying on the penetration time difference
between hydrated ions and water molecules caused by mass differ-
ence in temporal dimension. The salt rejection can also be improved
significantly even if the pore size is enlarged to 3 to 4 nm in diameter.
Moreover, the desired water permeability and selectivity can be conve-
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niently obtained by adjusting the rotating angular velocity, the thick-
ness of the membrane shell, and porosity and pore size of the membrane.
Although the fabrication of a scale-up of the rotating membranes
with large surface slip is still a work in progress, the exciting discovery
on the novel membrane desalination mechanism and the rigorous
results of MD simulation provide a solid chemical physics foundation
and profound engineering inspirations for the design of large nanopore

membranes with surface slip-induced ultrahigh selectivity and permeability.

MATERIALS AND METHODS

Molecular simulation method has been demonstrated to be a very
effective tool to study the permeation processes of the graphene-
based membranes involving the molecular transport in the confined
space at nanoscale (43). In this study, a large-scale MD bench model
consisting of a porous GC with 41.4 nm in diameter and 13.45 nm
in length, 1,015,420 water molecules, 16,358 salt ions (8179 Na* and
8179 CI', respectively), and two pored graphene sheets to confine
draw solution is constructed to study the related seawater desalina-
tion processes, which is schematically shown in Fig. 1. The size of
the simulation box in x-y-z dimensions is 45.5 nm by 45.5 nm by
15.8 nm with the axis of porous GC locating at the center of x-y
plane. The nanopores of 2 to 4 nm in diameter are created by directly
removing the corresponding carbon atoms on GC without passivat-
ing the pore edges with functional groups, because the edge effect of
nanopores can be ignored when the pore size is two to five times
larger in diameter than hydrated sodium ions. The initial salinity of
the seawater confined in GC is ~3.5%, which is the mean salinity of
the world’s oceans. The initial pressure within feed solution for the
membrane without rotation is 6 MPa, which is larger than the os-
motic pressure of 2.78 MPa approximately derived from thermo-
dynamics (44). The rotating angular velocity of GC is in the range
of 0 to 40 rad/ns. Periodic boundary conditions are used in all three
dimensions of simulation box. The details of MD simulation and
corresponding parameters can be found in section S1. The movie of
a representative graphene centrifuge with 36 pores rotating at an
angular velocity of 35 rad/ns is provided in movie S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eaba9471/DC1
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