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Mass transport through the nanoporous medium is ubiquitous in nature and industry. Unlike the macroscale transport phenomena
which have been well understood by the theory of continuum mechanics, the relevant physics and mechanics on the nanoscale
transport still remain mysterious. Recent developments in fabrication of slit-like nanocapillaries with precise dimensions and
atomically smooth surfaces have promoted the fundamental research on the molecular transport under extreme confinement. In
this review, we summarized the contemporary progress in the study of confined molecular transport of water, ions and gases,
based on both experiments and molecular dynamics simulations. The liquid exhibits a pronounced layered structure that extends
over several intermolecular distances from the solid surface, which has a substantial influence on static properties and transport
behaviors under confinement. Latest studies have also shown that those molecular details could provide some new understanding
on the century-old classical theory in this field.
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1 Introduction

Human’s interest in the transport of water has tremendous
effects on the development of civilization [1,2]. The famous
Roman aqueduct was built more than 2300 years ago, but its
history may date back to the 7th century BC, when the As-
syrians built an 80 km long limestone aqueduct to carry
water to their capital city, Nineveh [3]. From the perspective
of scientific research, the pioneers of hydrodynamics, whose
preeminent names include but not limited to Euler, Bernoulli,
Navier, Stokes, and Reynolds, established the fundamental
theory of fluid motion [4]. Thereafter, the blooming ex-
ploration on the liquid flow and related transport brings great
vitality to this field. With the emergence of micro-electro-
mechanical systems and microfluidic-based lab-on-the-chip,

which began in the late 1980s, the characteristic dimension
of research concerns is continuously decreasing, even down
to nanometer scales [5]. In most recent years, there are sig-
nificant achievements which promote the remarkable pro-
gress of nanofluidics [6,7]. Here we would like to quote the
title of a Comment published in Nature Materials by Lydéric
Bocquet—“Nanofluidics coming of age” [8].
With the reduction in channel size, the opposite solid-li-

quid interfaces start to overlap, imposing an essential influ-
ence on the structure, interactions and properties of the liquid
[9]. The terminology of confined liquids has been used for
more than 30 years, when surface force apparatus made
substantial contributions on this topic [10,11]. Under ex-
treme confinement, the liquid can no longer be considered as
a structureless continuum, which leads to an oscillating
structural force when two solid walls approach [12].
Prior to the discussion on its dynamic transport, here it
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should be first emphasized that water under extreme con-
finement exhibits abnormal structural features compared
with its bulk counterpart. A single-file water chain can be
found in a carbon nanotube (CNT) with a diameter of sub-
nanometer [13,14]. While in the two-dimensional (2D) ca-
pillaries, the confined water exhibits a pronounced layered
structure that extends over several intermolecular distances
from the surface [15]. The water density peaks gradually
decay and eventually converge to the bulk value, as shown in
Figure 1(a). In addition, shown in Figure 1(b), the hydration
shells formed around dissolved ions present a somewhat
analogous structure [16], if the ion is treated as the smallest
solid element. On the other hand, the confinement effect
would cause the rearrangement of hydrogen bond network of
2D water along the direction parallel to slit walls. A quad-
rilateral structure can be found within the confined space
which only accommodates the monolayer water [17]. Al-
though there are some controversies, especially on the ex-
periments [18], a large amount of computer simulations have
confirmed this quadrilateral structure [19-21]. Moreover,
such a special structure would result in unexpected low in-
terfacial friction [21], as shown in Figure 1(c).
Structure determines properties. It has been widely re-

ported that some transport properties of confined liquids
demonstrate significant deviations from the bulk values [6-
9], including diffusion coefficient, shear viscosity and ther-
mal conductivity. Besides, anomalously low dielectric con-
stant of confined water has been demonstrated in
experiments and it exhibits a strong size dependence on the
channel size [22]. These properties act as basic parameters in
the governing equations. Consequently, it is inappropriate to
employ the classical continuum theory, together with the
macroscopic parameters, to describe the transport behaviors
under extreme confinement [7]. There is therefore an urgent
need for novel insights into the mechanisms of molecular
transport at the nanoscale, a fresh understanding of these
basic parameters, and the necessary corrections to the fun-
damental equations which are supposed to be valid only on
the macroscale.
Categorized by different substances, the molecular trans-

port of water, ions, gas and oil has attracted broad research
interest from the academic communities. All of them have
well-defined and substantial application prospects. For ex-
ample, well-controlled nanometric-size containers for water
and other solvents provide the environment and precondi-
tions for “nanoconfined chemistry” [23]. Permeation and
sieving of hydrated ions through nanochannels act as a re-
search prototype in membrane science, which may disclose
various fascinating aspects, like separation, distillation, os-
mosis, and desalination [24,25]. The transport of oil and gas
through a nanoporous medium has also received plenty of
attention, because of the important application background in
the unconventional oil and gas development [26,27]. Even

though the gas in confined space may not exhibit a distinct
layered structure as the liquid does, the interfacial effect still
plays an important role in gas transport [28], as shown in
Figure 1(d). In particular, shale oil, as the name implies, is an
unconventional oil produced from oil shale rock fragments
by pyrolysis, hydrogenation, or thermal dissolution. Gen-
erally, the classical Darcy’s law is not capable of accurately
describing the transport behavior of oil and gas in shale re-
servoirs with abundant nanopores, exhibiting very low per-
meability [26,27]. On August 25, 2021, the discovery of a
major shale oilfield in Daqing was announced, and added
1.268 billion tonnes worth of geological reserves from the
Gulong formation. The mechanism of solid-liquid-gas in-
teractions and enhanced oil recovery has been proposed as
one of the six key scientific problems in the production of
Gulong shale oil in the Songliao Basin [29]. The thorough
investigation and in-depth understanding on the oil and gas

Figure 1 (Color online) Illustrations of structure, transport and applica-
tion of molecular transport under confinement. (a) Layered structure of
confined water extends over several intermolecular distances from the solid
surfaces and these opposite structures start to overlap under extreme con-
finement. (b) Schematics of hydrated K+ and Cl− ions in bulk solutions and
inside a channel of 6.8 Å in height. The first and second hydration shells
are represented with pink and green shadows, respectively. Reprinted with
permission from ref. [16]. Copyright©2019 American Chemical Society.
(c) Potential energy surface of confined monolayer water with a quad-
rilateral structure (inset), which indicates an anomalously low friction. (d)
Gas transport through nanochannels with diffuse (top) and specular (bot-
tom) scattering. (e) Schematic diagram of the shale oil development as a
multiscale problem.

264601-2F. C. Wang, et al. Sci. China-Phys. Mech. Astron. June (2022) Vol. 65 No. 6



transport in nanopores will play a pivotal role in the suc-
cessful development of Gulong shale oil [29], as illustrated
in Figure 1(e).
In this review, we put the spotlight on very recent insights

into the molecular transport through nanochannels. Due to
the limited space of the present paper, we mainly focus on the
transport behaviors of water, ions and gases inside slit-like
nanocapillaries. For a comprehensive knowledge of this
flourishing field, we recommend readers refer to other re-
views [6-9,24,25,30,31].

2 State of the art in experimental investigation

With the urgent demand for the understanding of molecular
transport on such a small scale, experimental observations
have been conducted on various platforms, such as CNTs
[13], laminar graphene oxide (GO) membranes [32-34], na-
nopores in natural porous materials such as metal-organic
frameworks (MOFs) and covalent organic frameworks
(COFs) [35], or artificial nanochannel devices [31]. Despite
many impressive achievements, there are two main types of
disadvantages inherent in these nanopores for the study of
confined mass transport. First, accurate control on the size of
nanochannels is still challenging. It is expected that the
measured flow rate through nanochannels can be compared
and analyzed with predictions of theoretical models, which
requires precise dimensions and geometries to implement the
calculation. Second, the conventional materials and fabri-
cation techniques limit the improvement to control the sur-
face roughness and surface charge. The boundary conditions
become increasingly crucial for the nanoscale flow. In some
cases, the surface roughness is on the same order of the
channel size.
More recently, a novel design of nanocapillaries to solve

the two aforementioned issues has become feasible at the
University of Manchester, which was referred to as van der
Waals (vdW) assembly [36-39]. Here is the brief procedure
of the fabrication, which was also sketched in Figure 2. First,
a crystal of layered material, which is referred to as the
bottom layer and specifically could be either graphite, hex-
agonal boron nitride (hBN), molybdenum disulphide (MoS2)
or mica, was transferred onto a silicon nitride (SiN) mem-
brane with a rectangular hole, as shown in Figure 2(a). This
hole in the SiN membrane was prepared in advance and can
be used as a mask of the dry etching to the bottom layer.
Then, a spacer with a certain height (different layers of 2D
materials) was exfoliated onto an oxidized Si wafer and
patterned using electron beam lithography and dry etching.
The spacer array was subsequently transferred onto the
bottom layer, aligning the stripes perpendicular to the long-
axis of the rectangular hole, shown in Figure 2(b). The re-
sulting stack was again dry etched from the backside to re-

move the spacer stripes from inside the hole. Then, another
thin crystal (referred to as the top layer) was transferred on
top of the stack, providing the enclosure of slits, as shown in
Figure 2(c). This procedure can also be analogous to building
with Lego, but on the atomic scale [40], as illustrated in
Figure 2(d)-(f). The schematic of the experimental device is
given in Figure 2(g) and the resulting nanocapillaries are
shown in Figure 2(h) and (i). This approach generates na-
nochannels with precisely defined geometry. Here, the height
of such nanocapillaries is determined by the thickness of the
spacer. For instance, a monolayer graphene as the spacer
leads to the extreme height of 3.4 Å [39] while the bilayer
graphene determines the height to be about 6.7 Å [37]. The
width of each channel is on the order of 100 nm. The channel
length can be controlled by dry etching on a gold strip placed
on the top crystal, usually several microns [37].
Such confined space for molecular transport can be viewed

as one or several layers of 2D materials extracted from the
bulk crystal. As we all have known, the monolayer graphene
was isolated in a similar way, leading to the Nobel Prize in
Physics in 2010. The left cavity is referred to as 2D empty
space [41], or 2D nothing, which is the focus of the present
review. Intriguingly, the contemplation on graphene and 2D
empty space reminds us of a very famous saying in tradi-
tional Chinese philosophy “Being and non-being interdepend
in growth”, which comes from Lao-Tzu’s Tao Te Ching. The
graphene acts as a high-performance carrier for electronic
transport and it displays remarkable electron mobility at
room temperature, with reported values in excess of
150000 cm2 V−1 s−1 [41]. Electrons in encapsulated graphene

Figure 2 (Color online) (a)-(c) Illustrations of the microfabrication pro-
cess of vdW assembled nanocapillaries; (d)-(f) analogy to atomic-scale
Lego resembles; (g) schematic of the devices; (h) scanning electron mi-
croscopy (SEM) image of a trilayer device (top view); (i) high-angle an-
nular dark field (HAADF) image of the edge of a nanocapillary with bilayer
graphene as the spacer; (h), (i) adapted with permission from ref. [36].
Copyright©2016 Springer Nature.
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exhibit exotic hydrodynamic effects, which can be described
by the Navier-Stokes equations [42]. On the other side of the
coin, 2D empty space brings us new insights for confined
mass transport, in which the velocity of water can reach up to
1 m/s [36] and the helium gas flow is of orders of magnitude
faster than the expected value from the Knudsen theory [38].

3 Molecular transport under confinement

With those designed nanocapillaries with precise dimensions
and atomically smooth surfaces, one can investigate the
transport behavior of various substances, including water,
ions, and gas, which will be discussed sequentially in the
following subsections. The determined geometry of nano-
capillaries allows us to compare the transport flux measured
in experiments with the prediction from a classical theory, to
evaluate whether the theory is valid on the nanoscale. In
addition, recent experiments have reported various un-
expected results under extreme confinement, which expands
our knowledge and improves our understanding on the mo-
lecular transport.

3.1 Water transport

Under extreme confinement, water transport usually exhibits
extraordinary behaviors. Exceptionally fast water permea-
tion through a network of nanocapillaries formed within GO
membranes was reported by Nair et al. [32] in 2012.
Meanwhile, the diffusion of many other small-molecule
gases, including helium whose molecular size is even
smaller, is prevented in these GO laminates [32]. The un-
impeded water transport was interpreted by the combined
role of the capillary-like pressure due to the surface eva-
poration and the near-frictionless motion of monolayer water
with a quadrilateral structure [32]. Experiments on the
pressure-driven water flow rate through individual CNTs
show distinct radius-dependent features. The estimated slip
length can be 300 nm for CNTs with a radius of 15 nm. In
contrast, no slippage in boron nitride nanotubes was ob-
served, probably due to the different electronic properties
[43].
Unexpectedly fast water flow was also observed in slit-like

2D nanochannels [36], while the large slip length of water
over graphene surfaces (about 60 nm) is just one of the ex-
planations. There is a non-monotonic relationship between
the water flux Q and the capillary height h, as shown in
Figure 3(a). Only when h > 2 nm, Q approximately increases
linearly with h, as expected from the solution of a planar
Poiseuille flow, if we simply considered the pressure due to a
curved meniscus, P = 2γcosθ/h. For h < 2 nm,Qmanifests an
unanticipated deviation from the linear dependence on h,
which is attributed to the contribution of disjoining pressure

to the capillary pressure. The disjoining pressure originates
from water-surface interactions. It might reach up to 1000 bar
(1 bar=105 Pa) and becomes dominant at the nanoscale, but

Figure 3 (Color online) Size effect on molecular transport under con-
finement. (a) Dependence of water flux through slit-like 2D nanochannels
on capillary height. Inset, results found in molecular dynamics simulations.
Reproduced with permission from ref. [36]. Copyright©2016 Springer
Nature. (b) Ion mobility under the confinement as a function of the hy-
drated diameter [37]. Reprinted with permission from AAAS. (c) The
observed enhancement of gas flux through nanocapillaries with respect to
Knudsen theory for different channel heights and wall materials. Adapted
with permission from ref. [38]. Copyright©2018 Springer Nature.
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rapidly decreases with increasing h [36].

3.2 Ion transport

Once ions are dissolved in aqueous solutions, they attract and
hold some water molecules, forming several concentric hy-
dration shells. The diameter of hydrated ions ranges from a
few angstroms to more than 1 nm, dependent on the attrac-
tive forces between the anion or cation and the surrounding
water molecules. When those hydrated ions pass through the
vdW assembled nanocapillaries, the size effect of transport
behaviors or even the steric exclusion can be anticipated
[37,39]. The hydration shells are flexible, allowing exchange
of water molecules between the hydration shells and the
surroundings, which brings more mystery.
Experiments reported that ions with hydrated diameters

larger than the 2D slit’s height (about 6.7 Å) can still
permeate through, indicating an extrusion, deformation or
even dehydration of the hydration shell [37]. The ion mo-
bility, which is defined as the ratio of the drift velocity to the
magnitude of the electric field, exhibits a clear reduction
because of the confinement, as shown in Figure 3(b). There
is also a notable asymmetry between anions and cations. The
measured ion mobility of Cl– decreases to nearly 1/3 of its
bulk value, and it varies little for different salts under con-
finement. On the contrary, the ion mobility of cations de-
creases significantly with the increasing hydration diameters.
In particular, the ion mobility of K+ remains almost un-
changed by the confinement, despite K+ and Cl– disclosing
quite close hydration diameters and similar mobilities in bulk
solutions [37].
From an intuitive perspective, the entire process of ion

transport through these 2D angstrom-scale slits can be con-
sidered as three successive stages: entering the channel from
the bulk phase, travelling inside the slits, and leaving the
channel from the exit. The energy barriers required to ac-
complish the ion permeation are strongly dependent on the
competitive relationship between the hydration diameter and
the slit size [44]. As the slit size approaches the ultimate
scale, dehydration at the entry impedes the ion transport
remarkably, and even induces a complete ion rejection.
When the height of nanocapillaries is reduced to 3.4 Å using
the monolayer graphene as the spacer between top and bot-
tom crystals, only water and proton can be permeated [39].
Experiments have reported that the diffusion constant of
protons within the monolayer water is much lower than that
through single-file water chain and that in the bulk water.
This is not surprising since proton transport between water
molecules should be understood from the Grotthuss me-
chanism. The ordered hydrogen bonding in 2D water should
suppress rotation of water molecules with respect to 3D
water, while the 1D hydrogen bonding in water chain can
enhance proton diffusion [39].

3.3 Gas transport

The vdW assembled nanocapillaries were also implemented
in the investigations on gas transport [38]. Unlike the si-
tuations discussed earlier, in which the structure of confined
water and hydrated ions has an important impact on the
transport dynamics, here more attention should be paid to the
interface effect for gas transport [28]. In the regime of free
molecular flow, the interactions among gas molecules are
negligible and the gas-wall collisions are dominant.
Both experiments and simulations have shown that the

helium gas flow rate through graphene or hBN nanochannels
manifests an anomalous enhancement in comparison to the
classical theory, while the gas flux through the atomically
flat MoS2 nanochannel can be generally described by the
Knudsen equation [28,38]. The underlying mechanism was
revealed as the surface morphological effect on the gas
collision with solid walls. Even a subtle distinction of surface
roughness results in specular scattering on graphene surfaces
but diffuse scattering on MoS2 surfaces [28]. At room tem-
perature, the kinetic diameter and de Broglie wavelength of
helium are approximately 2.6 and 0.5 Å, respectively. The
equipotential surface of MoS2 exhibits stronger corrugations
than that of graphene and hBN. Thus helium can feel a
smoother surface of graphene and hBN, resulting in more
specular reflection [38].
More intriguingly, experiments on hydrogen and deuter-

ium permeation have indicated the quantum effect on the gas
transport. Hydrogen and deuterium have the same kinetic
diameter and the same interaction with the walls but different
de Broglie wavelength. However, the flow rate of deuterium
through a graphene nanochannel is 30% ± 10% smaller than
that of hydrogen, which is inconsistent with the prediction
from the Knudsen equation, suggesting that the heavier
deuterium with a shorter de Broglie wavelength sees an
atomic landscape that is rougher than that seen by hydrogen
[38].

4 Molecular dynamics simulations

Molecular dynamics (MD) simulations have played an im-
portant role in studying the transport process for the past
several decades [5,7,23,24]. At the beginning, MD simula-
tions only focus on the channels with characteristic dimen-
sions of a few nanometers, because of the limits of
computing power. Thus there is a size gap between simula-
tions and experiments at that time. As supercomputer cap-
abilities continue to grow and experimental techniques are
constantly improving, now it becomes realistic for MD si-
mulations to model the nanochannels having the same size as
that employed in experiments [36,44], especially for the
aforementioned vdW assembled capillaries, which may lead
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to direct comparisons between simulations and experiments.
Currently, classical MD simulations are capable of dealing
with models tens of nanometers in height and one hundred
nanometers in width. In general, channel lengths can also be
in the tens of nanometers, hundreds of nanometers and even
in the micron range for gas transport [28]. In some special
cases, if periodic boundary conditions are used, the limita-
tion on the length of the channel can be disregarded.

4.1 New insight from MD simulations

When a dynamic process is scrutinized, it is inevitable to
discuss different kinds of driving forces in the first place. For
ions in the aqueous solution, applied electric field or con-
centration gradient can be implemented to generate the ion
migration, no matter how small the pore is [37]. However,
the traditional pressure drop is not practical to drive the li-
quid flow through nanochannels because it is laborious to
integrate supplemental pumping components with nanoca-
pillaries. In recent years, evaporation has been used to drive
water transport under extreme confinement [45]. The eva-
poration results in a low density region at the channel outlet,
which further applies a drag on the liquid inside the na-
nochannels. Thus the liquid flow flux through nanochannels
is identical to the evaporation flux. Then the drag action can
be estimated as the effective pressure gradient applied on the
liquid flow, which builds a connection between the two
stages. Investigations based on MD simulations were carried
out to evaluate the liquid flow through nanochannels driven
by evaporation at the outlet [45]. MD results have shown that
the pressure gradient is not constant at a given temperature
and relative humidity, but exhibits a clear dependence on the
channel length. This is because the total energy dissipation of
liquid flow through nanochannels during evaporation is
length-dependent. MD simulations found that lyophilic
channels show higher evaporation fluxes than lyophobic
channels. Moreover, the local evaporation flux from the so-
lid-liquid interface is higher than that from the liquid-vapor
interface at the middle region of the channel, which could
explain why experimentally observed evaporation flux
through nanochannels could exceed the limits predicted by
the classical Hertz-Knudsen equation. These findings also
help to understand the permeance of engineered COF-based
membranes used for membrane distillation [35].
Evaporation-driven water transport through 2D slits shows

a striking enhancement in flow rate as h < 2 nm. This was
elucidated by introducing the concept of the disjoining
pressure [36]. MD simulations confirmed that when the
channel height is less than 2 nm, the pressure applied on the
confined water increases particularly faster than the classical
estimation considering the curved meniscus [36,46]. The
disjoining pressure consists of several contributions, in-
cluding the vdW interactions, the electrostatic component

and the entropic term due to the liquid structuring under
confinement. The slip length of water flow on graphene is
not sufficient to interpret the notable enhancement of water
flow rate observed in experiments. With the simulated
pressure, the experimental findings can be qualitatively re-
produced [36]. Based on these understandings, we think the
enhancement of water flow rate widely reported in ref. [36]
can be well described if the appropriate driving force and slip
length are taken into account when applying theoretical
formulas. MD simulations have made some progress on this
topic, but there are still many questions that deserve further
research.
MD simulations also provided new insights into the mo-

lecular-scale details regarding structures and dynamic pro-
cesses of ion transport [16,24,44,47]. One of the basic
principles involved is size exclusion, in which the ion
transport is modulated by the competition between diameters
of hydrated ions and channel sizes. The hydration layers
formed around dissolved ions are analogous to ordered
structures of water in the vicinity of a solid surface. There is a
balance of configurational competition between the bilayer
water under confinement in a channel with height of 6.7 Å
and the concentric hydration shell [24]. Cl− ions would rather
to locate in either one of these two water layers, closer to the
graphene walls, while K+ ions have a concentrated dis-
tribution between two layers. Opposite charge leads to dis-
similar water dipolar orientations around ions, mediating the
distance and tribological interactions between hydrated ions
and walls. Consequently, hydrated Cl− ions encounter a re-
markably larger friction force inside the channel and thus
manifest a smaller mobility compared with K+ ions, which is
consistent with the charge asymmetry effect on ion mobi-
lities reported in experiments [37].
The extraordinary layered structure of water at the solid-

liquid interfaces is not considered in the framework of con-
tinuum theory. It can, however, have a non-negligible impact
on the macroscopic thermodynamic properties. Here is an
example about the solid-liquid interface energy [15]. Let us
image two rigid solid walls immersed in a water box which is
large enough to allow water molecules confined between two
solid walls to exchange easily with outside molecules. If the
initial spacing is large enough, it can be anticipated that the
opposite walls would not “feel” each other, and the layered
water structures near surfaces remain undisturbed in re-
ference to the case of infinite spacing. Then the two solid
walls are brought progressively closer at a slow speed. Once
the walls are in a sufficiently short distance, the layered
structures overlap, and extra work is required to rearrange
water molecules into the intensely layered structures. MD
simulations demonstrate that the potential energy of the en-
tire system exhibits pronounced oscillations. Such variation
can be attributed to the deviations in the solid-liquid surface
energy from the bulk value, since there are no other sig-
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nificant changes to the system. As a consequence, when
applying the macroscopic Kelvin equation to characterize the
condensation transition under atomic-scale confinement, the
size effect of solid-liquid interface energy should be con-
sidered [15]. In addition, if the two confining walls are not
completely rigid, which is more realistic under practical
circumstances, the contribution from elastic adjustments of
solid walls to the variation of solid-liquid interface energy
should be taken into account.
The gas flow through nanochannels can be quantitatively

described by the Knudsen theory, which assumes the com-
pletely diffuse reflection of gas molecules on the confining
walls. Experiments have revealed the possibility of specular
reflection on some atomically smooth surfaces, eventuating
in an abnormal enhancement of gas flux [37]. The surface
morphological effect was proposed by MD simulations. A
delicate difference in surface roughness leads to the diffuse
scattering on MoS2 surfaces while specular scattering on
graphene surfaces. It was also found that the curvature
effect could decrease the surface roughness of potential
surfaces, leading to an extra enhancement on the gas flow
rate [28].

4.2 Limitations of MD simulations

AlthoughMD simulations have demonstrated a strong ability
to provide atomic-scale detail in this field, modeling and
simulations can never substitute for real-world experi-
mentation. One should keep in mind that MD simulations
still have some intrinsic limitations and that extra care should
be taken when analyzing the simulation results.
The accuracy and adaptability of empirical potential

functions and parameters employed in classical MD simu-
lations have been a long-standing criticism. For example,
there are dozens of water models that have been widely used
in MD simulations [48]. All these popular water models were
developed to reproduce the bulk properties of water, such as
density, diffusion coefficient, surface tension, and heat ca-
pacity. When our focus turns to water under confinement, it
can be expected that those non-polarizable models may not
be able to accurately describe the static and dynamic beha-
viors of the confined water. Recently, researchers start to
develop more accurate water models based on the artificial
intelligence/machine learning (AI/ML) algorithms [49-51],
which could probably offer us a solution to this issue. In
addition, similar limitations also exist in the potential models
for ions, gases and solid walls. We anticipate that the future
force field can take into account of the influence of fluid-
solid coupling and solvent effect on the dissolutive flow
[52,53].
For water, it is still difficult to simulate its phase change

process under ambient conditions in MD simulations, be-
cause a prohibitively large simulation box is required due to

the low density of water vapor [36]. In most MD simulations,
only a simplified model of water flow in a nanochannel is
considered, while the evaporation or condensation as an
additional entrance effect is usually disregarded. This con-
cession sacrifices some key elements in the big picture of
molecular transport. Additionally, even though some prop-
erties can be calculated from MD simulations based on the
statistical-mechanical theory, such as viscosity and pressure,
their significance at the nanoscale deserves further specula-
tion. For example, viscosity is a continuum quantity, without
considering the liquid structure from a nanoscale perspec-
tive. Thus it would lose its fundamental meaning and might
bring in notable error in the estimation on the water flux
under confinement.

5 Theory: Solid-liquid interface mechanics

There is already a consensus that molecular transport under
extreme confinement can not be precisely described by the
classical mechanical theories derived on the basis of the
continuum assumption. Unfortunately, the academic com-
munity has not reached a consistent conclusion that what
kind of theoretical model can be relied on. The main source
comes from the understanding of the complexity of inter-
facial and size effects, which also includes several other
factors, like wall flexibility, surface roughness, boundary
conditions, evaporation and condensation, etc., as illustrated
in Figure 4. In a recent review [7], it was pointed out that
“Overall, fluids in molecular-scale confinement are largely
an uncharted territory for theory”.

5.1 Capillarity and wetting

As discussed earlier, an appropriate assessment of the driving
force is essential to recognizing the molecular transport un-
der confinement. For the water flow through 2D slits, an
extended meniscus is supposed to locate at the capillary
openings. Under this circumstance, the disjoining pressure is
introduced to interpret the deviations of water flux from the
expectations of the continuum transport [36]. Before taking
the liquid flow through nanochannels as the research object
without the entrance effect, we would check whether the
evaporation or condensation is the limiting process in the
entire system [45].
We can also image that the contact line exists at the mouth

of nanocapillaries. From this point of view, although liquid
flow in channels and droplet on substrates are two distinct
kinds of solid-liquid systems, they are inextricably linked.
The competition between several capillary forces determines
the motion of the contact line, pinning or depinning. The
underlying mechanism of capillary force balance at the
contact line was investigated [54,55]. As the interface ten-
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sion was decomposed into different terms, a novel approach
to describe and quantify the capillary force on the liquid in
coexistence with its vapor phase was proposed. On lyophilic
surfaces with strong solid-liquid interactions, the contact
angle of a nanodroplet can be smaller than 30°. The liquid-
vapor and solid-liquid interfaces start to overlap and the
evaluation on capillary forces in this case should be cautious
[54]. For even more lyophilic surfaces, the effect of pre-
cursor film should be taken into account [56,57]. The in-
fluence of topological features on confined mass transport
and wetting phenomenon also plays an important role
[58,59].

5.2 Slip flow and boundary conditions

Slip boundary conditions have been a long-standing and
historic controversy, especially for the nanoscale flow
[60,61]. No one disputes the existence of slip, but it is still a
great challenge how to describe it precisely [62]. Boundary
conditions are essential for solving the governing equations.
The reported values on the slip length are rather scattered in
ref. [63]. There are so many influencing factors, such as
solid-liquid interactions, surface roughness, the curvature
effect or even the driving force [64].
For atomically smooth surfaces, like graphene, the slip

length of water is generally considered to be in the range of
10-200 nm, probably much larger than the channel height
[36,60]. From another aspect, there are distinctly different

slip behaviors for water flow in CNTs and BN nanotubes,
albeit with their similar geometries and atomically smooth
interiors. The discrepancy was attributed to the different
electronic properties [43]. OH− groups resulting from the
self-ionization of water molecules exhibit different adsorp-
tion behaviors on graphene and BN surfaces [65]. MD si-
mulations have shown that even a small portion of chemical
functionalization on graphene would lead to a remarkable
reduction in the slip length [66].

5.3 Beyond continuum mechanics

The breakdown of continuum mechanics under extreme
confinement has become a common recognition. Accord-
ingly, there is also an urgent demand to develop new theories.
For the pressure-driven water flow through channels of
several nanometers in height, MD results can reproduce the
parabolic velocity profiles, which agrees with the prediction
from Navier-Stokes equation. Whereas, a continuum limit of
1 nm has been proposed and widely accepted [7,9]. The ty-
pical size of a water molecule can be considered to be about
2.8 Å. A channel with size below this continuum limit can
only accommodate no more than 3 layers of water. In these
cases, it is unrealistic to anticipate the parabolic velocity
profiles from 2 or 3 water layers, not to mention the mono-
layer water. Kinetic models for discrete particles may prob-
ably provide an approach to solve the problem, although
there is still a long way to go.

Figure 4 (Color online) Various influencing factors in confined molecular/mass transport. Two insets on the upper right corner are reprinted with
permission from ref. [16]. Copyright©2019 American Chemical Society.
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6 Concluding remarks and prospects

In this review, we summarized the latest research progresses
of molecular transport under extreme confinement, mainly
based on the elaborately designed nanochannels which were
recently proposed. We first briefly described the fabrication
procedure of the vdW assembly. Then we discussed experi-
mental investigations andMD simulations on the transport of
water, ions and gases through these slit-like nanocapillaries.
Special attention was paid to the new insight from MD si-
mulations and suggested that this issue should be considered
from a wider perspective, including the contact line dy-
namics and boundary conditions.
Despite this, significant challenges still remain to solve

this problem completely. There are several future open
questions. (1) It is a great advance that the slit-like nanoca-
pillaries can disentangle some complex factors. Yet, we are
still struggling with the wall flexibility and phase change
phenomena at the capillary entrance. (2) The popular water
models widely employed in literature were parameterized to
reproduce bulk properties. Researchers may look forward to
a more powerful model which takes account of the polar-
ization effect of water molecules and even the possible
chemical interactions with the solid wall. (3) We should be
cautious when dealing with some common basic concepts,
such as viscosity and pressure. Below the continuum limit,
they might have an unexpected impact on the establishment
of theory for molecular transport under confinement.
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