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Controlling active transport of water through membrane channels is essential for advanced nanofluidic
devices. Despite advancements in water nanopump design using techniques like short-range invasion and
subnanometer-level control, challenges remain facilely and remotely realizing massive waters active
transport. Herein, using molecular dynamic simulations, we propose an ultrahigh-flux nanopump, powered
by frequency-specific terahertz stimulation, capable of unidirectionally transporting massive water through
asymmetric-wettability membrane channels at room temperature without any external pressure. The key
physics behind this terahertz-powered water nanopump is revealed to be the energy flow resulting from the

asymmetric optical absorption of water.
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Introduction.—In modern nanofluidics, a primary objec-
tive is to replicate biological functionalities, such as water
and ion channels, ion co- and countertransporters, and
proton pumps, into synthetic nanodevices [1]. Learning
from nature, mimicking the active transport mechanism of
organisms, is of great enlightenment to design ratchetlike
mechanical molecule pumps [2-5], with diverse applica-
tions in electro-osmotic flow rectification [6,7], transmem-
brane transportation [8], nanofiltration [9], seawater
desalination [10], oil-water separation [11], signal trans-
mission [12], and drug delivery [13]. Over the past decade,
substantial progress in one-dimensional active water
pumps, primarily focused on nanochannels and molecular
dynamics simulations, has been achieved through various
approaches, including temperature gradients [14—16], oscil-
lating charges [17,18], asymmetric charges [19], rotating
charges [20], and alternating wettability [21-23], as well as
vibration [24] and distortion [25] of carbon nanotubes.
These novel blueprints provide valuable theoretical guid-
ance for us to artificially manipulate active transport of
water at the nanoscale. Nevertheless, these proposed
approaches involve a range of short-range invasion and
subnanometer-level control, potentially posing challenges
for unified implementation in large-scale industrial
applications.

Excitedly, two-dimensional membranes, including gra-
phene and graphene oxide, have attracted considerable
attention due to their facile fabrication, robust mechanical
properties, and capacity for industrial-scale production,
enabling unimpeded water permeation [3,26-33]. Recent
advancements have demonstrated the remarkable efficacy
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of utilizing light irradiation to induce ion and proton active
transport across two-dimensional membrane channels, even
against concentration gradients, owing to the emergence
of a light-induced electric potential difference [34-38].
However, the electric potential difference that originated
from the photon-electron-ion coupling cannot be repro-
duced in pure water systems due to the electrical neutrality
of water molecules. Consequently, there are few reports
regarding a facile and feasible design for actively trans-
porting water through two-dimensional membrane chan-
nels, mainly due to the absence of an appropriate energy
supply at the nanoscale. Fortunately, recent investigations
have revealed that terahertz electromagnetic stimulation
can serve as a promising method for modulating the
structural and dynamic properties of water, ions, and
biological proteins via resonance mechanisms [8,39—46].
Moreover, molecular dynamic simulations have proven
suitable for exploring the impact of light with wavelengths
beyond 140 nm on molecular structure and dynamics, as
long as the light remains below the single photon ionization
threshold [47]. Inspired by these findings, we are intrigued
by the possibility that terahertz stimulation (TS) can
potentially induce a unidirectional transport of massive
water flow through two-dimensional membrane channels.

In this Letter, we designed a series of asymmetric-
wettability membrane channels (AWMCs) with narrow
spacing by imitating real-world inhomogeneous mem-
branes [10,26,38]. Using molecular dynamic simulations,
we proposed that a uniform TS at a special frequency
(~27.0 THz) can induce the unidirectional transport of
confined water through the AWMCs at room temperature,
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FIG. 1. Frequency-specific TS induces ultrahigh flux of con-

fined water through AWMC:s. The error rate relative to each flux
value is less than 4%, making the error bars less evident in the
figures. (a) Schematic representation of the simulated system.
The self-assembled membrane nanosheets (yellow and green) are
filled with confined water (red and white), forming a sandwich-
like structure. Along the z direction, two solution reservoirs are
positioned on both sides of the AWMCs. The dimensions of the
simulation box, centered at the coordinate origin, are L, = 4.175,
L, =7.132, and L, = 14.0 nm. The TS is uniformly applied to
the AWMCs with the electric field E(z) [Supplemental Material
[51], Eq. (S1)] along the y direction. The yellow (—z region,
—-3.55nm <z <0) and green (+z region, 0 <z < 3.55 nm)
walls in AWMCs are set up with different Lennard-Jones
potential. Inset: the potential well parameter ratio of the green
solid atom (varied egg) to yellow atom (fixed ecc) is defined as
R,,. (b) Water fluxes are observed concerning the R,, under the
TS with frequencies around 27.0 and 40.0 THz, while maintain-
ing a consistent strength of 2.0 V/nm. A positive flux means that
water molecules permeate through the AWMC from right to left
reservoir (along —z direction). (c) As a typical ratio R, = 10, the
flux is depicted in relation to the strength E of the 27.0 THz TS.

without requiring any external pressure gradients. This
impressive phenomenon is attributed to the different
terahertz absorbability of confined water under asymmetric
wetting conditions on opposite sides of the channel.
Results and discussions.—To explore the effect of TS on
water permeation through the AWMCs, we constructed a
graphene-based reverse-osmosis membrane channel with
an interlayer spacing of 0.7 nm [Fig. 1(a)], which only
allows the passage of monolayer water (MW) while
rejecting the spontaneous filling of ions [48-50]. More
details and discussions on simulation methods, model
settings, water model, and code examples are shown in
Supplemental Material, Notes 1-4 [51]. In the experiment,
the AWMCs can be manufactured by the part functional-
ization of two-dimensional materials using chemical mod-
ifications, including oxidation, fluorination, and amidation
[29,35,82—-84], and the R,, can be examined via measuring
the contact angle of interfacial water [73] or the solid-water
interactions [85] (more validation experiment schemes in

Supplemental Material, Note 5 [51]). For each simulated
system, a preliminary NPT equilibration is conducted,
followed by a production run in the NVT ensemble [56],
allowing water to spontaneously fill the AWMCs without
any external stimulus. Nonequilibrium simulations are then
performed to investigate the transport properties of the MW
through the AWMCs with different R, under two typical
frequency TSs with electric field polarization along the y
direction. Intriguingly, when 27.0 or 27.5 THz is uniformly
irradiated into the AWMCSs, we can observe a net water flow
(flux) from the high wettability area (4z region) to the low
wettability area (—z region) without any externally applied
pressure gradients, as visually depicted in a typical video in
Supplemental Material, Note 6 [51]. Here, the flux is defined
as the mole’s number difference of water molecules passing
through the AWMCs per second per unit cross section area
of the channels [39,86]. Figure 1(b) shows that the variation
of the ~27.0 THz TS-induced flux reveals a peak as a
function of the R,,. That is, as R, increases, the flux initially
experiences a rise within the range of 0 < R, <200,
followed by a subsequent decline within the range of
200 < R, < 800. The maximum flux is up to 242 +
4 kmolm=2s~! (1.568 +0.03 x 10’ Lm~2h~") around
R,, =200, which is an over 10000-fold enhancement
compared to the results (30-1550 L m~2h~!) obtained from
experimental measurements of currently advanced reverse-
osmosis membranes [8§7-89]. In sharp contrast, under 40.0
or 45.0 THz TS, the fluxes are trivial under various R,,
[Fig. 1(b)], indicating that the flux sensitively depends on the
frequency of TS. Meanwhile, additional calculations reveal
that the terahertz-powered pumping phenomenon can occur
effectively around the frequency of 27.0 THz, while it does
not function, similar to the case at 40.0 THz, under TS with a
mediocre frequency (e.g., 0.1, 1.0, 45.0, or 60.0 THz). More
details regarding the flux variation across different frequen-
cies are provided in Supplemental Material, Note 7 [51].
Furthermore, statistics indicate that the system temperature
can be sustained around 300 K by Langevin thermostat for
various R,, under 27.0 THz TS (Supplemental Material,
Note 8 [51]). These results suggest that active water trans-
port through the AWMC:s can be nonthermally generated by
the TS with a specific frequency, and the flux magnitude can
be fine modulated by the wettability ratio R,,, which does not
depend on the coupling values of ecc and egg within a
reasonable range (Supplemental Material, Note 9 [51]).
Next, we explored the dependence of pumping
water effect on the TS strength. Figure 1(c) shows that
the fluxes exhibit a linear increase with E{, increasing from
0.25 to 3.5 V/nm and then maintain a peak value
(~190 kmol m~2 s~!) almost unchanged, whereas the flux
is trivial below 0.25 V/nm. As we have learned, the TS
exerted on a water molecule can induce a nonzero torque,
potentially causing the water molecule to librational vibra-
tions. The reason for the existence of two thresholds is that
the TS with low strength (below 0.25 V/nm) cannot
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produce enough torque to trigger the resonance response
of confined water, thereby failing to break the hydrogen
bonds (H bonds). Conversely, for E, > 3.5 V/nm, water
molecules will obey the TS-induced large torque to rotate
significantly, resulting in maximum disruption of the
H-bond connections, similar to a saturated energy absorp-
tion state (Supplemental Material, Note 10 [51]). As noted
by Saitta ef al., when E; < 3.5 V/nm, it will not cause the
ionization of water [90]. Therefore, similar to Refs. [41,91],
in this study the moderate value of 2.0 V/nm is employed
to investigate the transport properties of water to better
bridge future experimental design.

To reveal the mechanism underlying the relationship
between the flux and the TS frequency, we evaluated the
infrared absorption spectrum of MW confined in the —z
region (R, = 1) and bulk water (BW), focusing on the
collective vibration spectrum band (below ~40.0 THz),
which can map the frequencies of intermolecular coupling
vibration modes (calculation method in Supplemental
Material, Note 11 [51]). As shown in Fig. 2(a), the calculated
collective vibration spectrum profile of BW is in good
agreement with the experimental result, providing direct
evidence that water molecules can be simplified as a rigid
model in many studies [19,92,93]. In sharp contrast, the
collective vibration spectrum band of the —z region MW
shows a double-peaked profile, featuring a predominant
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FIG. 2. Spatially asymmetric terahertz absorption of confined
water within AWMCs. (a) Comparison of the calculated infrared
spectra for BW and confined MW in an AWMC at R, =1, as
well as the experimental measurement spectrum of BW. (b) The y
direction components of collective vibration spectrum of the
water confined in the +z region [Fig. 1(a)] with various R\,.
(c) Comparing the average kinetic energy, H-bond number, and
number density (relative to the reservoir) of water confined in the
—z region with and without (w/o) 27.0 THz TS. (d) Typical
snapshots of the distribution of water confined in the AWMC
with and without 27.0 THz TS at R,, = 10, where H bonds are
indicated by dashed lines, red and white triangles represent water
molecules, and orange and green spheres represent atoms of the
AWMCSs in the background.

fingerprint peak centered around 27.0 THz, with a full width
at half maximum of ~3 THz, which is a resonant window
beyond the resonant frequency ranges of BW [Fig. 2(a)]. It
implies that the terahertz absorbability of BW is very limited
for the ~27.0 THz TS, which can effectively penetrate BW
while avoiding thermal effects. Further, to study the influ-
ence of wall wettability on intermolecular vibration of the
MW, we also calculated the collective vibration spectrum of
the MW under the different R, . For clarity, only the intensity
component of the y direction spectrum is shown in Fig. 2(b),
where the center frequency of the fingerprint peak under-
goes gradual blueshift as R, increases. Understandably, the
fingerprint peak with highlight spectral intensity is attri-
buted to the low-cost out-of-plane vibration of the MW
planar network along the normal direction, which is a
coupled result of the wag vibration of water molecules
(Supplemental Material, Note 12 [51]). Note that there are
different degrees of overlap in the absorption spectrum of
confined waters in —z and +z regions [Fig. 2(b)], indicating
that the flux magnitude depends on the asymmetric TS
absorption by water on both sides inside the AWMC:s, rather
than simply mapping the fingerprint spectral profiles of
water in the —z region (more discussion in Supplemental
Material, Note 7 [51]). Also note that, although this peak
shows directional dependence, the mentioned pumping
effect persists whenever the TS has a polarized electric field
component in the y direction (Supplemental Material,
Note 13 [51]). According to these results, we also tested
the terahertz absorbability of the water confined in the —z
region (R, =1) and the +z region (R, = 10) under
27.0 THz TS. Figure 2(c) displays the comparative histo-
grams of the average kinetic energy, H-bond number, and
relative number density of water in the —z region with
and without the TS. It is clear that under the TS, the ave-
rage kinetic energy of the water increases significantly,
accordingly breaking the H-bond linkage, and then reducing
the average number density of water in the —z region.
Figure 2(d) depicts two representative snapshots of the
confined water in the AWMC with R, = 10 in the presence
and absence of the TS. By comparison, we can find that the
TS-induced reductions in the H bonds and number density of
water in the —z region are more remarkable than those in the
+z region, thus concluding that the 27.0 THz TS absorb-
ability of MW confined in the higher wettability side will
gradually decrease as the Ry, increases from 1 to 800.

To investigate the flux dependence on the R,,, we eva-
luated the relative number density distribution p(z)/p, of
water molecules with respect to the z coordinate under the
27.0 THz TS [Fig. 3(a)]. A density oscillation is observed
near the left-right ends of the channel, which is owing to
the water-wall interactions [21]. As expected, when the
AWMC with R, > 1, the p(z)/p, in the 4z region is higher
than that in the —z region, forming a remarkable density
gradient along the —z direction [Fig. 3(a)]. Notably, when
R,, > 1 without TS, there is also a water density difference
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FIG. 3. The dependence mechanism of the direction and

magnitude of the flux on the characteristics of the AWMCs.
(a) The distributions of relative water number density p(z)/po
with regard to z coordinate for various R,, under 27.0 THz TS,
where p,, represents the number density of water in the reservoirs.
The two gray dashed lines denote the ends of the channels.
(b) The first-order derivative [dp(z)/dz] of the density function
p(z) in Fig. 3(a), taken with respect to z. (c) The vdW-potential
profiles U(z) of a water molecule at z interacting with all solid
atoms in the system, considering various R,, under 27.0 THz TS.
(d) The evolution of the average density p and the average vdW
potential U with respect to the square root of R,,. The estimations
for p and U are based on the plateaus values of p(z)/p, and U(z)
in the +z region from (a) and (c), respectively. The maximum
error rates relative to p and U are below 4% and 2%, respectively,
making the error bars less evident in the figure.

between the +z and —z regions because the strong wall-
water interactions will result in a high number density of
water in the +z region (Supplemental Material, Note 14
[51]). However, the strong attractive interactions, in turn,
have also strong obstacles to the diffusion of the water,
resulting in a no-flux equilibrium being established.
Interestingly, under the TS with the center frequency
(~27.0 THz) of fingerprint peak at R,, = 1, the collective
vibration spectrum profiles in Fig. 2(b) reveals that the MW
in the —z region can strongly absorb the energy of the TS by
resonance energy transfer [39,41,58]. In contrast, when R,
increases from 1 to 800, the central frequencies of MW
confined in the +z region gradually deviate from 27.0 THz,
resulting in weaker absorption capacity for 27.0 THz TS.
Understandably, strong terahertz absorption of water
molecules can dramatically enhance their kinetic energy,
leading to the breakdown of the H-bond network and a
greater reduction in number density of water in the —z
region than that in the +z region [Fig. 2(d) and
Supplemental Material, Note 14 [51]]. A new density
gradient [Fig. 3(a)] under the 27.0 THz TS is thus
established to break the no-flux equilibrium established
without TS, triggering directional water transport from the
right to left reservoir (more discussion in Supplemental
Material, Note 15 [51]). Essentially, this pumping effect is

that water stimulated by TS converts light energy into
mechanical energy through resonance mechanism (con-
version efficiency evaluation in Supplemental Material,
Note 16 [51]), maintaining the active water transport
process.

Typically, a concentration difference can cause sponta-
neous directional diffusion of liquids or gases. The con-
centration gradient to the flux of water through channels
can be described by Fick’s first law [94] (more discussions
on its applicability in Supplemental Material, Notes 17 and
18 [51]),

(1)

where J is the number of particles passing through a given
region per unit area per unit time, and D represents the
diffusion coefficient. Here, to understand why the preferred
transportation from the 4z to —z region occurs under TS
[Fig. 1(b)], the slopes dp(z)/dz are calculated from the
p(z) curves in Fig. 3(a). Overall, as shown in Fig. 3(b), all
the slopes dp(z)/dz under R, > 1 are positive around
the junction (z = 0) of the asymmetric-wettability walls
[Fig. 1(a)] and J is negative according to Eq. (1), which
is consistent with the water flux direction observed in
Fig. 1(b). This result provides direct evidence that water
can actively pass through the AWMC along the density
gradient established by TS, which acts as a motive force for
diffusion of water from the area of high wettability toward
that of low wettability.

Shown in Fig. 3(a) are the density gradients increasing
with the increase of Ry, from 1 to 800. Conventionally,
the flux should increase as R, increases, whereas the
observed enhancement is a significant reversal at R,, ~ 200
[Fig. 1(b)]. This is because the wettability of the +z region
also gradually increases with increasing R, that is, the Van
der Waals (vdW) attraction to water correspondingly
increases, thus reducing the flowability of water. To
examine this idea, we calculated the vdW potential U(z)
of a water molecule with all solid atoms in the system along
the z direction [Fig. 3(c)]. We can clearly find that the U(z)
profiles present quasisquare potential well profiles in the
+z region for R, > 1, and the potential wells gradually
deepen with the increase of R, from 1 to 800. This implies
that it becomes more and more difficult for water molecules
to diffuse from the +z into the —z region with increasing
the wettability of the +z region. Arguably, the flux magni-
tude should be reconciled by the competition between the
vdW-potential gradient and the density gradient undergone
by water molecules in the AWMCs. To further reveal this
principle, Fig. 3(d) shows that the comparison of the
average density p and the average vdW potential U with
respect to the square root of /R, due to the square
relationship between the water and wall potential well
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parameters following the Lorentz-Berthelot mixing rules
[95]. It can be observed that the p sharply increases with the
increase of \/R_W from 1 to ~15, and then increases slowly
until stagnation as \/R,, increase continuously. That is, the
p increases quasilogarithmically with increasing the /R,,.
Nevertheless, we can find the U increases quasilinearly
with increasing \/R,, up to ~30, which is in good accord
with the Lorentz-Berthelot mixing rules. Understandably,
although the vdW-potential gradient and density gradient
have opposite effects on the increase of flux, when the
increasing magnitude of the density gradient exceeds that
of the vdW-potential gradient as R,, increases from 1 to
200, the flux will increase, and vice versa, as R,, increases
from 200 to 800. These analyses well explain why the
increase in flux will present a reversal around R,, = 200 in
Fig. 1(b).

Conclusions.—In conclusion, we present numerical evi-
dence illustrating the pumping effects of TS on the confined
water inside AWMCs at room temperature without any
external pressure. Theoretically, this terahertz-powered
water pump shows the potential to outperform existing
advanced reverse-osmotic membranes by up to 10000
times in flux performance. Simulations demonstrated that
the ultrahigh water flux is driven by the water density
gradient established on opposing sides of the AWMC under
an appropriate TS, which can effectively penetrate into a
bulk water system while avoiding thermal effects. The
generation of the density gradient is because the water
confined on both sides with dissimilar collective vibration
modes has different absorbability for the frequency-specific
TS, and strong terahertz absorbability of water molecules
can dramatically enhance their kinetic energy, resulting in
the breakdown of the H-bond network and then a decrease
in number density. Furthermore, the water flux can be fine-
tuned by the wettability ratio of the AWMC. Benefiting
from the long-range controllability, strong penetration,
nondestructive excitation, and biocompatibility of TS,
the present findings offer promising applications in regu-
lating biological activities and designing microfluidic lab-
on-a-chip devices with controllable photoresponsiveness.
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