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ABSTRACT: Recent studies on the structure and transport behaviors of water
confined within lamellar graphene have attracted intense interest in filtration
technology, but the mechanism of water transport in complex membrane
nanostructures remains an open question. For example, similar systems but at
much larger scales have indicated that the instabilities of an elastic structure, such
as snap-through, play an essential role in controlling the fluid flow. Graphene
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efficiency or whether such an effect can be exploited in devices. In this work, we

explore the flow-induced snap-through in graphene nanochannels by combining molecular simulations with the theoretical analysis.
We further demonstrate its applications to passive control of fluid flow and to ion/molecule selection. By introducing a flexible arch
embedded within a graphene nanochannel, we observe the “snap” of the arched graphene wall from one stable state to another by
varying the fluid flux (i.e., velocity); the critical velocity of this snap transition is found to depend nonmonotonically on the
geometric size of the channel and the arch. We also demonstrate reversible snap-through by fixing the end parts of the flexible arch.
These results suggest the potential of flow-induced snap-through in graphene-based nanochannels for ion/molecule selection
applications in, for example, the design of a foul-resistant, easy-to-clean, reusable filter membrane.

KEYWORDS: graphene nanochannel, flexible wrinkles, snap-through, fluidic control, molecule selection

B INTRODUCTION

Controlled transport and selection of molecules and ions
through membranes are important in applications as diverse as
water purification and ion separation.”” Extending the low-
dimensional fluidic technologies to the nanoscale led to
unexpected water- and ion-structures and transport phenom-
ena.” In recent studies, laminates of graphene (or graphene
oxide, GO) were highly promising for excellent separation
membrane of gas and liquid molecules due to their high
permeability, tunable selectivity, and ultralow thickness.”~"" In
the separation process, it is generally believed that the
molecules and ions penetrate the membrane through nano-
pores and/or nanochannels in the graphene laminate. For the
dry membrane, the channel gap is too narrow to permit even
the passage of helium.'” However, due to the presence of
oxidation groups on the graphene layer, the laminate can swell
in aqueous surroundings, allowing for the transport of water
and small ions/molecules.">'* Limited by the channel size,
large ions are normally blocked. The size of the blocked ions
can be selected by tuning the interlayer spacing of the
laminates."” Benefiting from these advantages, graphene
laminates are widely pursued for cost-effective water treatment
technologies, such as purification, filtration, and desalination.

Water permeation and ion separation through graphene
nanochannels, carbon nanotubes (CNTs), and CNT porins
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were reported recently, with observed permeability higher than
the prediction from the no-slip viscous flow.'”>~"" This
enhancement was attributed to the slippery nature of water
flow through pristine graphene and the capillary pressure
acting as an additional driving force for the flow.'>'*""*
Moreover, the separation capability usually originates from the
size effect of nanochannels. Despite the technological interest
in graphene laminates, a clear understanding of the factors that
dictate water transport within the layers has not yet emerged
because of the complex microstructure involved, such as
modified functional groups, pores, ripples, wrinkles, folds, and
noncompact stacking.'*° To elucidate the underlying
mechanism of the high permeability of water within complex
and circuitous pathways through laminates,'”*" it has been
surmised that interconnected, graphene-based nanochannels
within GO and ordered water structure exist in the
laminates.”” > The pinholes, wrinkles, and imperfect sheet
packing are also considered to play important roles in the
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Figure 1. (a) Electron micrograph of the graphene film’s cross section. Reproduced with permission from ref 12. Copyright 2012 American
Association for the Advancement of Science. (b) Schematic view for a possible water permeation path in graphene laminates with nanochannels.
(c) Molecular structures of MD simulation consisting of a graphene nanochannel connected to a reservoir (of width and length a = 10.1 nm and ¢ =
8.0 nm, respectively); the length and width of the graphene nanochannel are I = 14.8 nm and d = 1.65 nm (d, = 1.31 nm), respectively, while the
depth in the z direction is e = 2.1 nm; w = w, = 4.57 nm is the span of the arch and hy = 0.33—0.94 nm is the amplitude of the arch corresponding
to the initial undeformed configuration. (d) Dynamic snapshots of the configuration evolution of the flexible arch during the snapping process.

molecular transport and separation depending on the sheet size
and assembly process.”®'"*"*

The filtration effects of parallel stacked nanochannels,
nanoslits, and nanopores have been widely explored. However,
in most of the previous studies, nanochannels in graphene
laminates are modeled as nondeformable walls regardless of
their flexibility and fluid—solid coupling effect in the
flux.>'>'**7% Due to the extremely low out-of-plane stiffness
of graphene sheets, uneven structures, such as ripples, wrinkles,
and crumples, are plentiful in the stacked graphene
membrane.'”?’ Besides, the wrinkled wall can be deformed
under pressure during the liquid flow process, and in turn, the
deformation of the wall affects the liquid flow process, as well
as the function of the membrane (i.e., molecule selection).
Therefore, the influences of membrane flexibility and wrinkled
structures on liquid transport and filtration efficiency, as well as
the regulating effect of fluid flow on flexible wrinkled
structures, need further investigation. This constitutes the
main motivation of this work; we focus on the influence of
flexible wrinkled structures on membrane transport and
filtration efficiency.

From a macroscopic point of view, recent studies have
indicated that a flexible material can be adopted to control the
fluid (including both gas and liquid) flow in fluidic
devices.>*™** In this kind of flexible fluidic device, the fluid
flow and the wall deformation are coupled to each other.
Comparing with the rigid fluidic device, the flexible wall plays
an important role in solid—fluid coupling behaviors, which
might further be harnessed for the control of the fluid flow
process. More interestingly, the snap-through instability, which
has been adopted in biology and engineering to generate fast
motions between two states, has shown potential for the
passive control of viscous flow.”" By embedding an elastic arch
into a flow channel, the arch can snap between constricting and
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unconstricting states thereby changing the fluid flux. Benefiting
from the solid—fluid coupling feature, the flow process can also
be self-regulated when the state of the arch is snapped. This
novel device showed a good demonstration for the design of
passive fluidic devices. In the meantime, this macroscopic
design principle also inspires us to harness the snap-through
instability to control the micro/nanoscale fluid flow.

In this work, we explore the flow of water and its induced
snap-through behavior in graphene membranes with wrinkles
by performing molecular dynamics (MD) simulations, in
which the wrinkled graphene membrane is modeled as a
nanochannel with a flexible arch. We observe the snap-through
transition of the arched structure when water flows through the
nanochannel with a flow rate greater than a critical value.
Nonmonotonic dependence of this critical snap-through
velocity on the arch size is obtained, which can be predicted
by a theoretical model that combines the beam model and the
lubrication theory. We further calculate the evolution of the
structure of the arched graphene and the hydrodynamic
pressure during the flow process. We also design a graphene
nanochannel with reversible snap-through feature controlled
by flow, which offers a guide for the design of recyclable, clog-
proof nanofiltration membranes with both high permeability
and selectivity. As a demonstration, we finally discuss the
feasibility and efficiency of ion/molecule selection using this
snap-through-based graphene nanochannel.

B RESULTS

Molecular Structures and Water Flow-Induced Snap-
through in Graphene Nanochannels. To model the flow
of water through lamellar graphene with multiple wrinkles of
different sizes as shown in Figure lab, we simplify the
structure as a graphene nanochannel with two parallel rigid
graphene sheets (see Figure 1c). The sheet on the top is fully
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Figure 2. (a) Dependence of the critical velocity of snap-through, Vgnap Calculated from simulation on the channel blocking parameter, Hy = hy/d,,
where h is the amplitude of the arch and d; and w are the effective width of the channel and the span of the arch, respectively (here, we fix d, =
1.31 nm). The data for different cases with different arch spans (w € {0.9, 1.0, 1.2, 1.5}-w,, with w, = 4.57 nm) are shown by different symbols with
different colors, and error bars represent the uncertainty corresponding to the upper and lower bounds of the critical velocity measured in
simulation. (b) Schematic diagram of the bistable nanochannel involving an arch arranged next to a lubrication-type flow. (c) Dimensionless flux
Quap (rescaled according to eq 6) versus the channel blocking parameter H,, for the cases with finite v,,,, (i.e, w = 0.9wy, 1.0wy, 1.2w,); the data
collapse onto the prediction of our theoretical model (solid black curve).

rigid, and the bottom one is composed of two rigid parts on
both sides and a flexible arch (of span w and amplitude h)
embedded in the middle. The flexible arch can deform when
the fluid flows in the channel. It is noted that the amplitude h,
corresponds to the initial undeformed configuration of the
arch. The graphene nanochannel (length /, width d, and depth
e) and the connected reservoir (length ¢, width a, and depth ¢)
are filled with water molecules (the depth is perpendicular to
the xOy plane and is not displayed in this figure). Here, it
should be noted that d is measured as the distance between
two carbon planes and the effective width of the channel
should be considered to be d, = d — d’, which we refer to as
the effective interlayer spacing,2 where d’ = 0.34 nm is the van
der Waals interaction radius of graphene sheets.”* To make
water molecules flow in the channel, they are accelerated
through the action of a uniformly accelerating piston at the end
of the water reservoir; the velocity v,, of this piston is converted
to an entrance velocity v in the channel through the
incompressibility of the liquid according to v = (a/d,)-,
(Figure 1c). To avoid the deformation of the arch structure
during flow acceleration, the arch is first constrained inward by
fixing a bunch of carbon atoms at the middle of the arch until a
uniform velocity is reached in the channel (as shown in Figure
S1, the number of water molecules flowing out of the outlet
reaches the expected linear dependence on time after about 0.3
ns). We then release the constraint on the middle part of the
arch so that it restores to the completely flexible state and,
therefore, to allow for the flexible arch to deform in the stable
flow. Snap-through of the arch occurs when the flow velocity
exceeds a critical value; snapshots of the arch configuration are
shown in Figure 1d and Movie S1. As the flow velocity
increases, the shape of the flexible arch changes slightly at first
(Figure 1d-i), similar to the initial shape, and then develops to
an asymmetric “s” shape (Figure 1d-ii,iii

snapping to the opposite side (Figure 1d-iv).

According to the simulation, snap-through of the arch occurs
when the flow velocity exceeds a critical value. To quantify this
critical velocity of snap-through, v,,,,, we perform a series of
simulations with different arch amplitudes, hy, and spans, w
(fixing dy = 1.31 nm; see Figure 1c). For each arch of specified
amplitude h; and span w, the critical velocities are determined
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from a series of constant flow simulations with different
velocities; determining the minimum velocity at which snap-
through occurs and the maximum velocity at which snap-
through does not occur allows for an interval for vg,,,. Here, it
should be noted that the low friction between graphene and
water causes flow slippage in the nanochannel, thereby
enhancing the flow.”” Given the nonuniform velocity profile
across the y-direction within the channel, we calculate the
average value to identify the critical velocity. For the arch with
span w = w, = 4.57 nm, the dependence of the critical velocity
Vgnap ON the channel blocking parameter H,, where H, = hy/d,
is the ratio of the arch amplitude h, and the effective channel
width dy, which characterizes the extent of the blocking of the
channel by the arch, is shown in Figure 2a by red circles. The
error bars indicate the measurement uncertainty in the critical
velocity (the upper and lower bounds of the critical velocity
measured in simulations). It is interesting to find that the value
of vy, is @ nonmonotonic function (first increases and then
decreases) of the blocking parameter H,. If H; is small enough
(i.e, Hy < 0.25), snap-through can occur even at a near-zero
flow velocity, which means that the flexible arch is unstable to
thermal fluctuations because of its low deformation energy.
When H, is large enough (i.e., Hy > 0.75, which corresponds
to hy > 1.0 nm), the narrowest channel size d, — h, = 0.31 nm
is equivalent to the finite size of a water monolayer (~0.31
nm), and so the channel can be considered to be nearly
blocked. In this condition, snap-through of the arch occurs at a
very low flow velocity because of the large pressure generated
by the fluid flow in the nearly blocked channel.

To investigate the effect of the span, w, on snap-through of
the arch, except for the case of w = wy = 4.57 nm, we perform a
series of simulations with different spans, w € {0.9, 1.2, 1.5}
wo. It is found that the critical velocity is very sensitive to the
value of w. For the flattest arch (i.e, w = 1.5w,), simulations
show that the arch always deforms outward spontaneously for
different H,, values even with zero flow velocities (pink upper
triangles in Figure 2a). This indicates that when the size of the
arch is large enough, its bending stiffness is not enough to
resist thermal fluctuations due to the flexible nature of
graphene and there is no snap-through transition. For w
1.2wy, since the bending stiffness is a bit larger than the flattest
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Figure 3. (a) Evolution of the hydrodynamic pressure at the entrance (filled symbols) and exit (empty symbols) of the channel with flow velocities
of v = 15.5 m/s (squares) and v = 20.9 m/s (circles) during the snap-through process in the channel with geometric sizes w = 4.57 nm and H, =
0.63. (b) Evolution of the effective hydraulic conductivity K with flow velocities of v = 15.5 m/s (black squares) and v = 20.9 m/s (red circles). (c)
Pressure difference between the entrance and the exit, AP, and (d) hydraulic conductivity, K, at the steady state (corresponding to the final state in
Figure 3a,b) is plotted as a function of flow velocity, v, in the channels with unconstrained (black squares) and constrained arched structures (red

circles).

case, the nonmonotonic dependence of v,,, over H, can be
found in a narrow range of Hy, say 0.4 < H,, < 0.6, as shown by
green circles in Figure 2a. With w = 0.9w,, corresponding to a
sharper arch (compared with the case of w = wy), for each
specific Hy, the arch is more stable and the critical velocity is
higher than the corresponding case of w = w, (see blue circles
in Figure 2a). Particularly, the nonmonotonic relation between
Vnap and H still holds, even in a broader range (02 < Hy <
0.75). Based on the above results, we see that snap-through
occurs within a certain geometric size range, and this
quantitative information is helpful for the design of nanofluidic
devices.

The nonmonotonic relation between v,,,, and H, can be
attributed to the nonlinear coupling between the fluid flow in
the channel and the elastic deformation of the flexible arch.
The basic mechanism of snap-through of the arch is the flow-
generated pressure applied to the arch to push the midpoint
away from its original position, and snap-through occurs as
soon as the midpoint is pushed downward (by an amount of
pressure) comparable to its initial amplitude h, (the pressure
just exceeds the threshold at this point), which can be
analogous to point indentation.” Since we controlled the flow
velocity (or flux) in the channel entrance, the pressure scales as
p < v/(dy — hy)*(oxv/(1 — Hy)?) according to Poiseuille’s law.
Pressure-induced deformation is expected to linearly increase
with pressure p. As we mentioned above, the threshold
condition of snap-through is that the deformation induced by
the critical pressure pg,,, is comparable to the channel
amplitude. We can expect that for a small channel blocking
parameter, Hy < 1, the critical snap-through velocity vy,

linearly increases as hy (i.e,, Hy) increases. However, when the
arch amplitude h, becomes comparable to the channel width d,
(i.e., the blocking parameter is relatively large, namely, H, ~
1), the increase of critical pressure Ponap 38 Hy increases is
dominated by the term 1/(1 — H,)®, and Vgap decreases
accordingly. It is clearly seen that these scaling arguments
agree with the nonmonotonic trend of Venap t0 Hy in Figure 2a
qualitatively.

To quantitatively model the coupling of the fluid flow and
the arch’s deformation involved in the flow-induced snap-
through of the graphene nanochannel, we simplify the
simulation system (i.e, Figure 1c) as a two-dimensional
(2D) physical model, as shown in Figure 2b, in which the
flexible arch can snap from the original state (the upper yellow
curve) to the inverted state (the lower blue curve) under the
pressure load during the fluid flow process. This coupling
system can be described by adopting the linear beam model
and the lubrication theory (see the Models and Methods
section for details). According to the analysis, the critical
velocities, vy, for different cases with different arch spans, w,
can be rescaled to the critical nondimensional flux Q.
through eq 6. It can be seen that all of the simulation data
(the dependence of Qy,,, on Hy) for three cases (w = 0.9w,,
1.0w,, 1.2w,) mainly collapse onto a master curve (see Figure
2c). The main trend of the collapsed simulation data, i.e., the
nonmonotonic dependence of Q,, on H, with the maximum
value of Q,,, appearing at Hy, ~ 0.5, can be quantitatively
predicted by the theoretical model, eqs 1—6, as shown by the
solid black curve. However, the value of Qy,, is overestimated
for both small and large H, values, an effect that may be
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attributed to the inaccuracy of the linear elastic beam theory
for describing the deformation of the graphene arch. For
example, here we used a constant bending stiffness of the
graphene layer while the stiffness is known to increase slightly
with increasing the applied curvature.® At the same time,
thermal fluctuations, which are inevitable at such small length
scales, could cause significant enhancement of the bending
stiffness of the sheet.”” Another factor is that we neglected the
slip effect of the water flow in the lubrication theory. It is
known that the slip flow induces significant flow rate
enhancement'® and changes the pressure distribution accord-
ingly. To quantify the complex slip effect in nonuniform
nanochannels is quite challenging. Here, we only simply
introduced the constant enhancement factor (¢, see eq 6 in the
Theoretical Model Analysis section for details) to modify the
theoretical model, which introduces inaccuracy in the obtained
results. In addition, considering that the channel size is
sufficiently small, especially for the case with a large blocking
parameter H, (which corresponds to small channel size d, —
hy), the flow of water molecules may behave as a
subcontinuum transport.’® This subcontinuum transport
cannot be precisely described by the lubrication theory that
we adopted, which is on the basis of continuous flow, and may
mainly result in the deviation of our prediction for large H,
(the right bound in Figure 2c).

To characterize the snap-through behavior of the flexible
arch, we also measure the pressure at the entrance (upstream)
and exit (downstream) of the channel in the simulations
during the snapping process. The results of two cases with
velocities of v = 20.9 and 15.5 m/s (w = 4.57 nm and H, =
0.63) are shown in Figure 3a by squares and circles,
respectively, in which the filled symbols represent the pressure
at the entrance and the empty symbols refer to the pressure at
the exit. The pressure is reported as the isotropic part of the
stress tensor, i.e., (P, + P,, + P.,)/3. It should also be noted
that the values of the flow velocities and pressures obtained
through our simulation are quite larger than the values
measured in experiments (the fastest flow velocity reported
experimentally in graphene nanochannels is about 1 m/s).’
These high velocities obtained in MD simulation could be
attributed to several factors. One of the main issues is the
computational limitation and, more specifically, in the
nonequilibrium MD simulations, we normally have to apply
a high pressure gradient to obtain the statistically significant
and credible velocity field excluding the thermal fluctuation.™
From this perspective, such large flow velocities and pressure
gradients are standard for nonequilibrium MD simula-
tion.”'®” Another possible reason is that the simulation
system is entirely ideal, in which the surfaces of graphene layers
are completely smooth at the atomic scale and the slip effect is
much larger than that in the real experimental system. The
synthesized graphene layers in experiments usually contain
some additional functional groups and defects, as well as
impurities, on their surface, which may weaken the slip effect
and therefore significantly reduce the flow velocity under the
same pressure gradient.zg’40

The results of the full simulation process can generally be
divided into three stages (see Figure 3a). In stage I (i.e., t < 0.2
ns), the flexible arch is constrained inward; in this stage, the
pressure at the entrance remains almost constant even with
different flow velocities. In stage II (0.2 ns < t < 0.52 ns), the
constraint on the arch is removed and the arch begins to
deform slightly but remains deflected inward. An obvious drop
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of the entrance pressure can be found compared to stage I
because the deformation of the arch in the flow changes the
effective width of the channel and promotes the flow. One
point that should be mentioned is that from stage I to stage II,
an unstable process of the flow is experienced due to
deformation of the arch coupling with the fluid flow. The
evolution of entrance pressure is slightly different for two cases
with different velocities. For the case of v = 15.5 m/s, the
entrance pressure tends to be a constant except for the large
reduction at the beginning, which can be attributed to the large
deformation of the arch induced by the inertia effect of the
flow, while the entrance pressure for the case of v = 20.9 m/s
tends to increase after the initial drop, since the higher pressure
generated by the higher velocity (comparing to the case of v =
15.5 m/s) leads to greater deformation of the arch, and snap-
through is excited by the higher pressure found at the end of
stage II. Finally, stage I (¢ > 0.52 ns) occurs for the case of v
=20.9 m/s, in which the arch snaps outward accompanied by a
sharp drop of the entrance pressure. (Stage III is not observed
for the case of v = 15.5 m/s since the arch remains deflected
inward with essentially constant entrance pressure after stage
L) It is clearly seen that the change of the entrance pressure is
highly relevant to the evolution of the arch shape. Comparing
with the entrance pressure, the pressure at the exit is stable
during the full process, both before and after snap-through
(i.e., in all three stages).

Additionally, the hydraulic conductivities (with the
definition of K = g/AP, where q is the flow rate, ie., the
fluid volume passing through the channel section per unit time,
and AP is the pressure difference between the entrance and the
exit) are calculated and plotted in Figure 3b. The hydraulic
conductivity K measures the ability of the channel to transmit
fluid in the presence of an applied pressure gradient, and it is
inverse to the flow resistance, R = AP/q. It is shown that the
value of K remains constant at stage I and is roughly the same
for both the cases (v = 15.5 and 20.9 m/s). During the
transition from stage I to II, since the constraint at the middle
of the arch is suddenly removed, the arch is deformed by the
fluid pressure, and then a slight increase of K (which indicates
the promotion of flow due to the increase in the narrowest
channel width) is found at the beginning of stage II. For the
lower-velocity case (v = 15.5 m/s, without snap-through), K
remains approximately constant throughout stage II but
increases sharply when snap-through occurs at stage III in
the higher-velocity case (v = 20.9 m/s). It is worthwhile to
note that, as we fixed the middle of the arch in the channel at
stage I, it can be regarded as a rigid nanochannel since the
deformation of the arch is restricted. After entering stage II, the
constraint at the middle of the arch is removed and the channel
becomes deformable. These significant changes in the flow
field (both AP and K) between stages I and II indicate that
compared to the rigid nanochannel, the nanochannel with a
deformable arch can accelerate the fluid flow.

Furthermore, we calculate the pressure difference AP
between the entrance and the exit at the steady state with
different velocities, which corresponds to the final state in
Figure 3a,b, in channels with constrained or unconstrained
arches. The result of AP is plotted as a function of the flow
velocity, v, in Figure 3c. As expected, at a low Reynolds
number, a linear dependence of AP on v is found in the
constrained arched channel (black squares) because the
constrained arch in the channel is not allowed to deform
during the fluid flow and the channel geometry is independent
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Figure 4. (a) Snapshots of snap-through and the recovery of an arched nanochannel with partially fixed edges for the cases with w = 4.57 nm, H, =
0.667, and b = 0.7 nm (top) and 0.9 nm (bottom). (b) Schematic diagram of the energy landscape of the partially fixed arch structures. (c) Pressure
difference AP and (d) hydraulic conductivity K vary with flow velocity, v, during the speeding up and slowing down processes in the monostable
graphene nanochannel with a partially fixed arch (fixed length b = 0.9 nm).

of the flow velocity. For the case of the unconstrained arched
channel (red circles), the pressure difference AP increases
almost linearly with the flow velocity v when the velocity is
below the critical snapping value, vy,,, (left-hand side of the
vertical dashed line). Above Vgnapr We find a sudden drop in the
pressure (right-hand side of the vertical dashed line). In the
linear (unsnapped) regime, the unconstrained arch remains
inward while being deformed slightly, which is also reflected in
the slope of AP with v being smaller than the constrained
arched case. The sudden drop of AP at a high flow velocity
indicates that snap-through occurs, and the flow resistance is
significantly reduced. The hydraulic conductivity K = q/AP at
different velocities is also plotted in Figure 3d, in which we find
that K remains almost constant unless snap-through of the
unconstrained arch has occurred (at a high velocity). In this
case, snap-through causes the K of the channel to rise sharply
(by a factor of about 4).

Reversible Snap-through of Graphene Nanochan-
nels. The systems we have presented so far are irreversible: the
flexible arch does not return to its original state spontaneously
after snap-through. This feature may limit its application, e.g,,
for the ion separation discussed later. To overcome this
limitation, we design a reversible snap-through structure by
clamping both ends of the flexible arch at a prescribed angle to
the horizontal direction, as shown in Figure 4a. More
specifically, here, we partially fix both edges of the flexible
arch with a finite horizontal projection length b, and the
partially fixed arch can be turned from bistable to monostable
by changing the fixed length (Figure 4b). In the graphene
laminates, a similar boundary constraint may be derived from
the irregular assembly and the limit of neighboring graphene
sheets. It can be seen from Figure 4a that snap-through of the
flexible part of the arch occurs when the flow velocity is higher
than a critical value. With decreasing velocity, the snapped part
recovers spontaneously for the arch with a larger fixed length
(ie., b = 0.9 nm, as shown in the bottom of Figure 4a), and
arch with a smaller fixed length (b = 0.7 nm, the top of Figure
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4a) remains in the snapped state. These features can be
classified as bistability and monostability for the cases of b =
0.7 and 0.9 nm, respectively, and are also illustrated by the
energy landscape of the partially fixed arched structures, as
shown in Figure 4b.

In Figure 4b, we presented a schematic diagram of the
energy landscape, with x-axis as the middle point displacement
and y-axis as the strain energy, for partially fixed arch
structures. For arch that is fully flexible or with a minor fixed
length, e.g, b = 0, there two potential wells (ie., local
minimum energy states) corresponding to the two stable states
(the original one and the inverted one); see the red curve in
Figure 4b. In this case, because of the existence of a large
energy barrier, the flexible arch cannot return to its original
state spontaneously once it snaps to the inverted state, as we
have discussed in Figures 1 and 3. On increasing the fixed
length of the edge, e.g, b = 0.7 nm, the second potential well
that corresponds to the inverted state increases accordingly
(which implies that the energy barrier decreases; see the blue
curve in Figure 4b). In this case, as shown in the top of Figure
4a, the snapped flexible part of the arch cannot return to its
original state spontaneously yet. When the fixed length of the
edge is larger than a critical value (which is related to
geometrical parameters of both the channel and the arch), e.g,,
b = 0.9 nm, the inverted state-associated potential well
disappears (the pink curve in Figure 4b). In this case, the
snapped configuration is not stable; it spontaneously snaps
back to the original state as the flow velocity decreases (see the
bottom of Figure 4a). We can therefore refer to this as
reversible snap-through. This type of arched channel that can
perform reversible snap-through provides a design strategy for
filters with capabilities of adjustable selectivity and serviceable
range, and it makes the channel highly promising for the design
of flow sensors and nonblocking and reusable nanofiltration
structures. It is worth mentioning that although it might be
possible to find some channel-like structures in the
experimental synthetic multilayer graphene film with similar
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Figure 5. (a) Snapshots of the blockage and passage of ions (Na*, the top panel, and Ca®, the bottom two panels) through the arched
nanochannel, with characteristic dimensions of w = 4.57 nm, Hy = 0.667, b = 0.9 nm (for the arch) and d = 1.65 nm (d, = 1.31 nm), d; = 0.43 nm,
d, = 0.96 nm (for the channel) before and after snap-through and (b) phase diagram of the selectivity of ions/molecules in the partially fixed arched
graphene nanochannels with reversible snap-through in the parameter space (channel width, d, and characteristic size of ions/molecules); the
whole space is divided into four phases by the characteristic sizes of the arched channels, d;, d,, and d,. The shaded regions of d, and d, represent
the disturbance of the channel sizes in the flow field. The size of hydrated ions and molecules are taken from ref 43.

characteristics as our model system, it is still challenging to
quantitatively fabricate such a device, owing to the limitation of
the current experimental techniques. One possible construc-
tion strategy that we can expect is to directly synthesize
graphene films on carefully designed substrates.

For the purpose of characterization of snap-through
behavior of the monostable graphene nanochannel (ie., b =
0.9 nm), we calculate the pressure difference between the
entrance and the exit, AP, and the hydraulic conductivity, K =
q/AP, during the speeding up and slowing down processes, as
shown in Figure 4c¢,d, respectively. The pressure at both the
entrance and the exit is measured when the flexible part of the
arch stabilized in a steady flow. It can be seen from Figure 4c
that the pressure difference AP increases as the flow speeds up
and then drops suddenly when snap-through occurs (which
corresponds to the critical velocity of v ~ 88.8 m/s). Then, as
the flow slows down (i.e., v decreases), AP decreases until the
structure spontaneously snaps back to its initial state at v & 6.3
m/s. Figure 4d shows that the hydraulic conductivity K slightly
increases first and then remains constant with further increase
in the flow velocity during the speeding-up process. This sharp
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change in the size of the channel causes a sudden rise of K (by
a factor of 3) when snap-through occurs. During the slowing
down process, K remains constant first and then gradually
decreases. This decrease corresponds to the recovery of the
snapped flexible part of the arch as the flow velocity decreases.

It can also be seen from Figure 4c,d that the critical velocity
of snap-through for the partially fixed arch is greatly increased
compared to that of the fully flexible arched structure. For the
case of b = 0.9 nm, the critical velocity (~88.8 m/s) is about 5
times higher than that of the case of the fully flexible arch (b =
0, as discussed in Figure 3). This indicates that the stability of
the flexible arch under the fluid flow is enhanced by the
introduction of the partially fixed edges. Furthermore, the
effects of the fixed length b on the stability of the partially fixed
arch structure are also investigated. It is found that the critical
velocity of snap-through increases with b and snap-through is
not reversible even as the flow velocity decreases to zero for
the case of b < 0.9 nm while it is spontaneously reversible for
the case of b > 0.9 nm. For comparison, the arched channel of
the same size without water filling is also studied, and snap-
through is found to not be reversible for b < 0.7 nm and
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reversible for b > 0.7 nm. The larger critical value of b for the
water-filled channel compared to that of the empty channel
may be attributed to the damping from the surrounding water
as the arch deforms.

B DISCUSSION

Selectivity of lons in Graphene Nanochannels with
Reversible Snap-through. Recently, ultrafast mass transport
of liquid and the selection of ions through the GO laminar
membrane have been widely reported.l’z’1 442 However, the
potential of wrinkle structures in laminar membranes for
controllable fluid transport and ion selection needs further
study.”® The analysis in this paper has shown that reversible
snap-through of an arched channel makes velocity-controlled
ion filtration possible. In this section, we report MD
simulations to demonstrate the selection of ions/molecules
in the partially fixed arched graphene nanochannel with
reversible snap-through. As shown in Figure Sa, Na* or Ca**
ions, which are chosen as simple examples, are added into the
arched channel with fluid flow, where the size of the channel is
related to the selectivity and is characterized by the channel
width, d, more directly, the effective channel width, d;, and the
effective narrowest spacing at the arch before and after snap-
through, d; and d,, respectively. Here, we consider the channel
with d = 1.65 nm (d, = 1.31 nm) and arch with w = 4.57 nm,
H, = 0.667, b = 0.9 nm, accordingly to obtain d; = 0.43 nm and
d, = 0.96 nm. It should be pointed out that the flexible part of
the arch deforms during the flow, and the effective narrowest
spacings d, and d, are changed accordingly. As we know that
the size of Na* is about 0.43 nm," which is roughly equal to
dy, it could pass the arched channel in either the snapped or
slightly deformed configurations under flow (see Movie S2).
Ca*" ions, with a typical size of 0.54 nm,"” which is larger than
d, but smaller than d,, are blocked by the unsnapped arch as
the flow velocity v = 12.6 m/s is smaller than the critical
snapping velocity (see Movie S3) but pass through the
snapped arch by increasing the flow velocity to above the
critical velocity, i.e., v = 88.8 m/s (see Movie S4). According to
this fundamental example, we can expect that this type of
partially fixed arched graphene nanochannel with reversible
snap-through could be employed for the selection of ions with
a wide range of sizes by combining the control of the flow
velocity.

We also present a phase diagram to demonstrate the
selectivity of the arched graphene nanochannels with reversible
snap-through for different molecules and ions in Figure 5b: we
list 11 ions and molecules with different sizes (all the data are
taken from the literature®’) in the parameter space of the
channel width, d, and ion/molecule size. Here, the dimensions
of the arch are fixed as w = 4.57 nm, H, = 0.667, and b = 0.9
nm. It is clearly seen that the whole space is divided into four
phases by the characteristic sizes of the arched channel, d,, d,,
and dy,. As we mentioned before, the effective narrowest
spacing d; and d, can be changed as the flow in the channel
deforms the flexible part of the arch. This increases the
uncertainty of phase boundaries (see the shadow areas in
Figure 5b). For a channel with a given width d, the ions/
molecules with the size in phase (i) can always pass through
the channel in the flow with any velocity because their size is
smaller than d;. However, if the size of the ions/molecules
locates in phase (ii), they can only pass the channel when the
flexible part of the arch is snapped since their sizes fall in
between d; and d,; otherwise, they are blocked by the
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unsnapped arch. The ions/molecules with the size in the phase
(iii) are blocked in any case because their size is always larger
than d,. Here, we also mark out the inaccessible phase (iv),
where the size is larger than d, and the ions/molecules cannot
enter the channel.

The phase diagram in Figure Sb clearly shows the function
and scope of applications of the arched channel in ion/
molecule selection. For given ions/molecules, as we know their
size distributions, we can choose an appropriate flow velocity
in the channel to control the state of the flexible part of the
arch to be snapped or unsnapped and therefore to determine
whether specific ions/molecules can pass through. Further-
more, it should be noted that the boundaries between these
four phases can be tuned by changing the dimensions of the
arch (including span w, amplitude H, and fixed length b).
Another main advantage of this kind of device is its reusability.
The nanochannel with the unsnapped arch performs the
selection function (i.e., passing through the small molecules/
ions but blocking the large ones), and in the process of
selection, large molecules/ions might be concentrated near the
arch and block the entire channel eventually. At this point, we
can increase the flow rate to activate snap-through of the arch,
and therefore allow the blocked molecules/ions to flow out.
Then, on slowing down the flow, the arch snaps back and the
selection function of the channel is restored accordingly.
Reversible snap-through of the partially fixed arch plays a key
role in the reusability of this device. In addition, from the
perspective of device design, the size of the filtration
nanochannel could also be tailored according to the specific
ions/molecules to be selected or separated. It is also worth
mentioning that the selective transport of ions through
nanochannels is a complex process and can be affected by
several factors in addition to the size effect.****™*® For
example, dehydration of hydrated ions plays an important role
in the selection mechanism, owing to the ion-dependent free-
energy barriers.*>*® For the sub-nanometer nanochannel, the
dehydration effect is enhanced for hydrated ions with
increasing flow velocity. Though the free-energy barriers are
typically large and related to the size of the hydration ions, the
dehydration level coupling with the channel size and flow
velocity needs further study.

B CONCLUSIONS

To summarize, we explore the fluid flow in a laminated
graphene membrane with wrinkles by simplifying it as a
nanochannel embedded with a flexible arch structure. MD
simulations were performed, showing that the arched graphene
wall can snap from one stable state to another when the fluid
flows through the channel reaching a critical velocity, which
nonlinearly depends on the geometric sizes of both the channel
and the arch and can be predicted by a theoretical model. The
flow-induced snap-through of the arch is found to be able to
change the channel size and therefore to control the flow
behavior, e.g., fluid pressure and hydraulic conductivity within
the channel. We further modify the graphene nanochannel by
partially fixing the edges of the arch to achieve reversible snap-
through. Finally, we demonstrate the potential application of
this reversible arched channel for ion/molecule selection.
These understandings not only lay the groundwork for
understanding the fluid flow in nonflat laminated graphene
membranes and other membranes with similar layered
microstructures but can also be instructive for the future
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design of high-performance and reusable nanofluidic devices
for filtration and separation applications.

B MODELS AND METHODS

Molecular Structures. The graphene nanochannel connected
with a water reservoir on the left side is constructed aligning in the y-
direction, as shown in Figure lc. The nanochannel is made of two
parallel graphene sheets with a size of 2.1 X 14.3 nm?, one of which is
compressed at both ends to form an inward flexible arch structure
embedded in the middle of two rigid bounds, and the other one is
fixed to be fully rigid. Interlayer spacing of the nanochannel measured
by the distance between two carbon planes is d = 1.65 nm, which falls
within the typical range of the interlayer distance of the graphene
oxide membrane measured in water vapor or solution.”'**” The water
reservoir size is 8.0, 10.1, and 2.1 nm in the x, y, and z-directions,
respectively. The different spans of arch w € {0.9, 1.0, 1.2, 1.5}-w, (w,
= 4.57 nm) are considered, and the amplitude of arch h, varies from
0.26 to 0.97 nm. The graphene nanochannel and the water reservoir
are filled with water with a molecular number Ny, = 7430. An open
boundary is used in the x-direction, and periodic boundary conditions
(PBCs) are applied in the in-plane y and z-directions.

Molecule Dynamics Simulations. MD simulations are per-
formed by employing the large-scale atomic/molecular massively
parallel simulator (LAMMPS).*® The all-atom optimized potentials
for liquid simulations (OPLS-AA)*" are used for §raphene sheets. The
extended simple point charge (SPC/E) model®” of water is used in
our study, which is widely adopted for MD simulations of water
transport as it predicts reasonable density, diffusivity, and viscosity
compared to other models.”*~>* Long-range Coulomb interactions
are computed using the particle—particle particle—mesh (PPPM)
algorithm.>® The interaction between carbon atoms in graphene and
oxygen atoms in water is modeled by parameters ec_o = 4.063 meV
and 6¢_g = 0.319 nm, which predict a water contact angle (WCA) of
0 = 98.4° for ;g,raphene, in consistency with the value measured
experimentally.**>” The time step to integrate the equation of motion
is 1 fs, with the SHAKE algorithm applied for the stretching terms
between oxygen and hydrogen atoms of water to avoid the very short
integration time step needed for hydrogen-atom-related high-
frequency vibrations. Product simulations are carried out after about
1 ns equilibration at 300 K using the Berendsen thermostat with a
damping time constant of 100 fs. Key parameters used in our model
are listed in Tables S1—S4.>"%% It worth noting that the van der
Waals interaction between graphene layers (i.e., the flexible arch and
the channel wall on the other side), as well as the interfacial
interaction between water and the arch/wall, could be intrinsically
captured by the atomic interaction potential in the MD simulation.
However, both the mechanical interaction (C—C) and the interfacial
interaction (C—O) in the real system are complex, e.g., the existence
of water molecules between the graphene layers may affect the
effective range of the van der Waals interaction.”” Therefore, both the
mechanical and interfacial interactions are simplified in the
simulation, owing to the limitation of the potential function.

Theoretical Model Analysis. It is clearly seen from the MD
simulation that the evolution of the shape of the arch and the fluid
pressure are coupled during the flow process in the bistable graphene
nanochannel. To model the flow—deformation coupling behavior, we
simplify the simulation system (i.e, Figure 1c) as a 2D physical
model, as shown in Figure 2b, in which the flexible arch can snap from
the original state (the upper yellow curve) to the inverted state (the
lower blue curve) under the pressure load during the fluid flow
process. For the convenience of the analysis, we introduce the flux g;,
as the characteristic parameter of the channel flow, which can be
converted into flow velocity by considering the geometric dimensions
of the channel.

Following the previous study proposed by Gomez et al,’' the
shape of the arch can be described by the linear beam theory, i.e., the
transverse displacement, h(x), of the arch satisfies the following one-
dimensional beam equation
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&h

de4 - de2 (1)
where B = E£/12 (with Young’s modulus, E, and beam thickness, t) is
the bending stiffness, T is the unknown compressive force applied to
the ends of the arch, and p(x) is the hydrodynamic pressure.

Here, we only consider arch shapes that are well past the Euler-
buckling threshold. By neglecting the extensibility, the constraint
induced by the imposed end-shortening Al is

w 2
A (%) dx = 2AI
o \dw (2)
The clamped boundaries of the arch at both ends can be expressed as
h(0) = h'(0) = h(w) = h'(w) = 0; here ()’ denotes differentiation with
respect to x.

To make the beam eq 1 solvable, we need to determine the
pressure within the liquid, p(x). Assuming that the reduced Reynolds
number (which measures the ratio of inertia to viscosity in the
channel with slender geometry) is small and neglecting both the slip
effect and the subcontinuum behavior of water flow in the graphene
channel, we can employ the lubrication theory®® to model the thin-
film flow in the channel.

According to the lubrication approximation, the pressure gradient,
dp/dx, is related to the flux, g, following Poiseuille’s law. Note that
here we consider the flow in a 2D channel (since we consider the
periodic boundary condition along depth in the z direction) with
effective width, dy, i.e., g;, = q/e is the 2D flux with a unit of m*/s, and,
therefore, the horizontal velocity in the channel next to the arch can
be calculated as v = g;,/d,. Across the length of the arch, the width of
the channel varies with position (0 < x < w) as [dy — h(x)], and we
can have the following relation

_ldy = h(x)I dp
12 dx

+p(x)=0,0<x<w

=q,0<x<w

()
where 7 is the viscosity coefficient of water. Further downstream, the
channel is uniform (with width d;), and then we have

dy dp

=qg ,x>WwW
2 dx

(4)
Assuming that the exit end of the channel (i.e, x = w + w,, see Figure
2b) remains at ambient pressure, the fluid pressure p(x) can be
obtained by integrating eqs 3 and 4 as

w

plx) = p(w) + 12nq, df,0<x<w

1
[dy = h(OT (5)
where p(w) = 12n7g,,wa/d,’ is the pressure at the downstream end of
the arch (relative to the ambient pressure).

The above egs 1, 2, and S provide a closed system to describe the
coupling behavior between the arch deformation and the fluid flow.
To simplify the calculation, we introduce the dimensionless variables
X = x/w, Hy = hy/dy, and P = p/p*, where p* = Bdy/w* is the natural
pressure scale introduced by the beam eq 1. With this non-
dimensionalization, we can therefore obtain two key governing
parameters: the dimensionless fluid flux Q = (yw*/Bd,')-q;, and the
dimensionless channel blocking parameter H, = hy/d,.

The analysis by Gomez et al.’' has shown that snap-through
transition is a saddle-node bifurcation, i.e., a constricting state ceases
to exist at a critical value Q = Q,p,, Without first becoming unstable.
Therefore, we can numerically calculate the Q;,,, as a function of H,
by solving the dimensionless versions of egs 1, 2, and 5. Furthermore,
the critical nondimensional flux at snap-through transition Qy,,, can
be related to the critical velocity v, through the following relation

Yy = € (Bdo/mw’)- Q. (6)

where ¢ is the enhancement factor induced by the slip effect, which
can be obtained through the simulation, and here we find its value
with the order of about 20. According to eq 6, the critical velocities
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Vgngp for different cases with different w values can be scaled into the
dimensionless critical flux Qj,,,. Taking the case of w = wy = 4.57 nm
as an example, by introducing the related parameters in eq 6, B = 1.25
eV, n = 0.8 mPa-s, and d, = 1.31 nm, the prefactor @ = Bd,’/nqw® can
be calculated as o = 0.2834. The critical velocity can be obtained as
Qinap = Vsnap/ (eea) = 0.1764v,,,. It should also be noted that,
according to the previous study,”” the enhancement factor with
respect to the case of the no-slip boundary condition for a uniform
channel can be estimated by € = 1 + 6L,/d,, where L, and d, are the
slip length and the channel size, respectively. Specific to our analysis
here, considering L, & S0 nm according to the previously reported
data,”* the predicted enhancement factor of the whole channel is
about 230, which is much larger than the calculated value from the
simulation of the arched channel. This indicated that the enhance-
ment effect in this kind of flexible nonuniform channel is more
complex and cannot be predicted by the simple reported correlation.
We leave a detailed analysis of the relation between the enhancement
factor and the geometric parameters of the flexible nonuniform
channel for a future study.
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