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Structure and dynamics of water confined in a
graphene nanochannel under gigapascal high
pressure: dependence of friction on pressure
and confinement
Lei Yang,

a
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Recently, water flow confined in nanochannels has become an interesting topic due to its unique
properties and potential applications in nanofluidic devices. The trapped water is predicted to experience
high pressure in the gigapascal regime. Theoretical and experimental studies have reported various novel
structures of the confined water under high pressure. However, the role of this high pressure on the
dynamic properties of water has not been elucidated to date. In the present study, the structure evolution
and interfacial friction behavior of water constrained in a graphene nanochannel were investigated via
molecular dynamics simulations. Transitions of the confined water to diﬀerent ice phases at room
temperature were observed in the presence of lateral pressure at the gigapascal level. The friction
coeﬃcient at the water/graphene interface was found to be dependent on the lateral pressure and
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nanochannel height. Further theoretical analyses indicate that the pressure dependence of friction is
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results from the variation in the water/graphene interaction energy barrier. These findings provide a

related to the pressure-induced change in the structure of water and the confinement dependence
basic understanding of the dynamics of the nanoconfined water, which is crucial in both fundamental

rsc.li/pccp

and applied science.

1. Introduction
The recent development of nanotechnology has potentiated
the fabrication of nanofluidic devices.1–3 Application of these
devices requires an understanding of the fluid flows in nanoscopic spaces and interfaces. Water flow confined in nanopores
or nanochannels has been an interesting topic over the last few
years due to its unique properties in materials science, biology,
tribology, and nanoscience. When water is confined in spaces
of several nanometers, especially near the hydrophobic surfaces, the solid/liquid interfaces can induce unconventional
behaviors of the water flow.4–8 Owing to its ultrathin and
hydrophobic nature, graphene has emerged as one of the most
promising materials for the construction of nanochannels for
water flow. A number of studies have been reported on the
exceptional structure and dynamics of water constrained in a
graphene-derived nanochannel.9–14 However, water molecules
were predicted to experience a pressure in the gigapascal
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regime under this hydrophobic confinement. Nair et al. estimated
the capillary pressure applied on the constrained water to be as
high as 1 GPa.15 In the latest study of Vasu et al., the van der
Waals pressure on the trapped interlayer molecules was found to
be 1.2  0.3 GPa, measured via Raman spectroscopy.16 This high
pressure would have substantial effects on the physical, chemical,
and structural properties of interfacial water, which should be
taken into account for the development of nanofluidic devices.
To date, a number of theoretical studies have been carried
out to explore the structure evolution of the nanoconfined
water in the presence of high pressure. These studies have
predicted a number of novel structures for the confined
water.17–19 From an experimental perspective, a recent transmission electron microscopy study of the water layers trapped
between hydrophobic graphene walls has reported a phase
transition of water from the liquid state to square ice at room
temperature, and the pressure for confining water was estimated to
be about 1 GPa.20 Although extensive studies have been carried out
on the structure change of water, the dynamics of water under these
high pressures in the gigapascal regime have not been comprehensively explored. Friction is one of the most important dynamic
properties that influence the flow behavior at the nanoscale.21,22
Basic understanding of the interfacial friction in a nanochannel
is important both in fundamental and applied science.
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Previous studies have revealed that interfacial friction of water
was affected by the surface curvature,23 atomic structure,24
and mechanical strain25 of the confining wall. As for the
pressure effect, Falk et al. mentioned in their study that the
friction coefficient of water between planar graphene sheets
was independent of pressure below 500 atm (50 MPa).23
However, the situation might be different when the pressure
increases to gigapascal levels. Therefore, further understanding of the interfacial friction of water inside the nanochannel
under gigapascal pressures is indispensable.
In this study, equilibrium molecular dynamics (MD) simulations of water constrained in a graphene-based nanochannel
were performed. The pressure-induced structure evolution of
the confined water at diﬀerent nanochannel heights was investigated. The dependence of the interfacial friction coeﬃcient
on the lateral pressure and nanochannel height was explored.
Further analyses were conducted to understand the physical
origin of the dependence of friction on the lateral pressure and
confinement.

2. Computational methods
A schematic of the model used in our simulation is illustrated
in Fig. 1. The simulation system includes two parts: two water
reservoirs at the two ends and the nanochannel built with a pair
of trilayer graphene sheets. Each graphene layer was 50 Å  50 Å in
size, containing 1008 carbon atoms. The height h of the nanochannel ranged from 6 to 10 Å. Herein, two water reservoirs containing
600 molecules each were connected by the graphene nanochannel.
The extended four-point charge model (TIP4P/2005) was used to
construct the water molecules, including a long-range Coulomb
potential and a short-range Lennard–Jones (LJ) potential.26 The
cut-off distance for the Coulomb interaction was 8.5 Å and that
for LJ interaction was 12.0 Å. The interaction parameters of O–O,
O–H, and H–H were determined to be sO–O = 3.1589 Å, eO–O =
0.1852 kcal mol1, sO–H = 0, eO–H = 0, sH–H = 0, and eH–H = 0,27
where s is related to the equilibrium atom distance and e is the
well depth of the potential. The water–graphene interaction was

Fig. 1 Atomic configuration of the simulation model: water molecules
confined in a graphene nanochannel with the height of h. The lateral
pressure P was applied along the x-axis.
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described by the LJ potential between the oxygen atoms of water
and the carbon atoms of graphene. The interaction parameters
were found to be sC–O = 3.19 Å and eC–O = 0.09369 kcal mol1,
reported by Werder et al.28 The Werder parameters were originally
defined using the SPC/E water model. However, researchers also
used these parameters for TIP4P,29 TIP4P/2005,30 and TIP5P31
to reproduce the water contact angle on the graphene surface.
In addition, according to ref. 20, the results of SPC/E and
TIP4P/2005 water constrained between graphene sheets were
the same, obtained using the Werder parameters.
Equilibrium molecular dynamics simulations were performed
using the large-scale atomic/molecular massively parallel simulator (LAMMPS) package.32 The Velocity-Verlet algorithm was used
for integration with a time step of 1 fs. The long-range interactions
were computed using the particle–particle particle–mesh (PPPM)
algorithm. The SHAKE algorithm was used to constrain the angle
and bond length of TIP4P/2005 water. The graphene wall was kept
rigid during the simulation by fixing the positions of the carbon
atoms. Periodic boundary conditions were applied along all three
directions of the simulation box. All the simulations performed
were based on the constant pressure and temperature (NPT)
ensemble, where pressure and temperature were controlled by
the Nosé–Hoover thermostat and barostat. Initially, the system
was equilibrated for 5 ns at a temperature of 300 K and lateral
pressure P (along the x-axis) of 0.1 GPa. After equilibration, P was
increased by 0.2 GPa per 1 ns, whereas the temperature was kept
at 300 K. For h = 6, 6.5, and 7 Å, the maximum lateral pressure
was 3.1 GPa and the corresponding pressurization time was
15 ns. For h = 8, 9, and 10 Å, the maximum lateral pressure was
4.1 GPa and the corresponding pressurization time was 20 ns.
After the pressurization process, water molecules were still left
in the water reservoirs. The number of remaining water molecules depended on h and P. These remaining water molecules
could enter the nanochannel via further increasing the confinement height or the lateral pressure. In all the simulations,
the pressure along y and z axes was not controlled, and the box
dimensions along these axes were kept fixed.
To evaluate the dynamics of the nanoconfined water, we
calculated the friction coeﬃcient l at the water/graphene interface under the given P and h conditions. l was defined as the
ratio between the friction force parallel to the graphene wall per
unit area and the slip velocity. It was obtained using the Green–
Kubo (GK) relationship, which calculates the integration of the
frictional force autocorrelation function in the equilibrium
molecular dynamics simulations.33
ð1
1
l¼
dthFðtÞFð0Þiequ
(1)
AkB T 0
where A is the surface area of the graphene wall, kB is the
Boltzmann constant, T is the temperature, and F(t) is the total
tangential force acting along the x-axis at the liquid/solid
interface. In our simulations, the force autocorrelation function
was calculated every 2 fs for a duration of 0.5 ns. Herein, note
that the cut-off time of the autocorrelation function integration
was significant for the accuracy of the friction coefficient value.
In this study, the cut-off time was chosen as the first zero of the
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force autocorrelation function according to the work of Espanol
et al.34

3. Results and discussion
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3.1

Structure evolution of the confined water

Fig. 2(a)–(c) show the area density of the confined water as a
function of the lateral pressure P at h = 6 Å, 6.5 Å, and 7 Å. The
area density is defined as the total number of water molecules
per unit area. The inset figures show the typical images of the
water structures under different pressures. As shown in the
figure, the area density gradually increases with P. At h = 6 Å
and 6.5 Å, the monolayer water transforms into a flat monolayer
square-like ice (fMSI) when the lateral pressure is beyond 1.8 GPa
with a critical area density around 13.0 nm2 (Fig. 2(a) and (b)),
which is consistent with the value reported in the work of Zhao
et al.35 For this fMSI, all the oxygen atoms are located in the same
plane, arranged in square-like rings. In comparison, at h = 7 Å,
a puckered monolayer square-like ice (pMSI) was formed when
P increases to 2.4 GPa at the critical area density of around
15.2 nm2 (Fig. 2(c)). In the pMSI structure, the oxygen atoms
are also arranged in square-like rings. However, unlike fMSI,
the oxygen atoms of pMSI are located at different heights along
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the z-axis and the separation is not large enough to form two
layers. Similar monolayer ice phases have been reported in
previous works.18–20,35 To further determine the difference
between fMSI and pMSI, the oxygen atom distribution profiles
along the z-axis of fMSI and pMSI are presented in Fig. 2(d).
It can be clearly observed that the profile of fMSI has only one
peak, whereas that of pMSI shows two peaks, corresponding to
different structures of these two types of monolayer ices.
Fig. 3(a)–(c) show the area density of confined water as a
function of P at h = 8 Å, 9 Å, and 10 Å and the typical images
of the water structures under different pressures. It can be
observed that the initial structures of the confined water are
bilayer liquid at these three confinement heights. At h = 8 Å,
the area density increases with the lateral pressure until a
transition from bilayer water to AB-stacked bilayer ice occurs.
The critical pressure for this transition is 3.2 GPa, with an area
density of 26.3 nm2 (Fig. 3(a)). In the AB-stacked bilayer ice,
water molecules are clearly located in two layers. Each layer has a
rhombic lattice for the oxygen atoms, and there is a mismatching
between oxygen atoms in the adjacent layers. However, the
situation is different at h = 9 Å. In this case, AA-stacked bilayer
ice is formed when P increases up to 1.8 GPa, with an area density
of 26.4 nm2 (Fig. 3(b)), almost equal to that of the AB-stacked
structure. The in-plane oxygen atoms of the AA-stacked ice are

Fig. 2 (a–c) The pressure-induced area density variations and the corresponding structures of the water molecules constrained in nanochannels of
height h = 6 Å, 6.5 Å, and 7 Å, respectively. The red and blue oxygen atoms denote different heights along the z-axis. (d) The oxygen atom distribution
profiles along the z-axis of flat monolayer square-like ice (fMSI) and puckered monolayer square-like ice (pMSI).
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Fig. 3 (a–c) The pressure-induced area density variations and the corresponding phase transitions of water molecules constrained in nanochannels of
height h = 8 Å, 9 Å, and 10 Å, respectively. The red and blue oxygen atoms denote different heights along the z-axis. (d) The oxygen atom distribution
profiles along the z-axis of AB-stacked bilayer ice, AA-stacked bilayer ice, and ABA-stacked trilayer ice.

also arranged in rhombic rings, and the oxygen atoms in the
adjacent layers are superimposed on top of one another, which
is different from the AB-stacked structure. At h = 10 Å, two
transitions occurred with the increasing P (Fig. 3(c)). The first
transition from bilayer water to trilayer water appears at
P = 1.9 GPa, leading to a sharp increase in the area density.
Further increase of P to 4 GPa results in the second transition
of the trilayer water to ABA-stacked trilayer ice, with an area
density of 38.3 nm2. The abovementioned bilayer and trilayer
ice structures are consistent with the previously reported
structures.17,18 Fig. 3(d) depicts the oxygen atom distribution
profiles along the z-axes of the two bilayer ices and the trilayer
ice. The number of peaks in each profile is consistent with the
layer number of the corresponding ice structure.

coeﬃcient when the confined water was still in the liquid
phase. Fig. 4 summarizes the results for the friction coeﬃcient
of the monolayer water as a function of the lateral pressure at
h = 6 Å, 6.5 Å, and 7 Å. It is apparent that the friction coeﬃcient
gradually increased with the increasing P. For bilayer water at
h = 8 Å, 9 Å, and 10 Å, l exhibits a similar trend with the

3.2 Pressure and nanochannel height-dependent friction
coeﬃcient
To explore the dynamics of the confined water under gigapascal
pressure, the friction coeﬃcients at the water/graphene interface under diﬀerent P and h conditions were calculated. l can
be obtained from eqn (1), as mentioned in Section 2. Herein,
note that eqn (1) is only suitable when the confined water is in
liquid phase. Therefore, according to the abovementioned
results, P was B1 GPa for the calculation of the friction

This journal is © the Owner Societies 2017

Fig. 4 Friction coeﬃcient of the monolayer water at the water/graphene
interface as a function of the lateral pressure at h = 6 Å, 6.5 Å, and 7 Å. The
error bars are not shown since they are smaller than the symbol size.

Phys. Chem. Chem. Phys., 2017, 19, 14048--14054 | 14051

View Article Online

Published on 05 May 2017. Downloaded by Shenzhen University on 08/06/2017 09:46:17.

PCCP

increasing lateral pressure. This pressure-dependent friction of
the confined water was quite interesting since the friction
coeﬃcient of the confined water inside the graphene nanochannel was found to be independent of pressure below
500 atm (50 MPa), as reported by Falk et al.23 According to
the work of Falk et al., the interfacial friction coeﬃcient was
around 1.2  104 N s m3 when h Z 6.8 Å and P r 50 MPa.
Herein, we also calculated the friction coeﬃcient of the confined
water under this low pressure regime using our model. For h = 7 Å,
the interfacial friction coeﬃcients under the pressures of 0.1 MPa,
1 MPa, and 10 MPa were 1.711  104 N s m3, 1.707  104 N s m3,
and 1.735  104 N s m3, respectively. Apparently, the friction
coeﬃcient is independent of pressure in this regime, consistent
with the work of Falk et al. The diﬀerent friction coeﬃcient
values obtained in these two studies under the low pressure
regime could be caused by diﬀerent water models and diﬀerent
C–O interaction parameters.
Another interesting point shown in Fig. 4 is that the friction
coeﬃcient declines as the height of the nanochannel increases
under a constant pressure, indicating that the frictional behavior of the confined water also depends on the confinement
height. To clarify this confinement eﬀect on friction, the
interfacial friction coeﬃcients at diﬀerent confinement heights
were calculated under a fixed pressure. Fig. 5 illustrates the
friction coeﬃcient variation with h under P = 0.4 GPa. Apparently,
the friction coeﬃcient is strongly dependent on the nanochannel
height. When h is below 7 Å, under which the confined water is a
monolayer liquid, the friction coeﬃcient decays with the nanochannel height. The abrupt increase of l at 8 Å is related to the
formation of the bilayer water. For the bilayer water, the friction
coeﬃcient also shows a decreasing tendency with h. The reason
for this dependence of l on the lateral pressure and nanochannel
height has been discussed in the following section.

3.3

Paper

According to this theory, the interfacial friction coeﬃcient is
directly correlated with static rms force hF2i, which can be given
as follows:23,25
 2


F
1 
ﬃ r1 S1 ðqþ Þ þ S1 ðq Þ q0 DE 2
(2)
2
A
where r1 is the area density of the water molecules in the first
layer near to the graphene wall, S1 is the structure factor of the
first water layer, DE is the interfacial interaction energy barrier
at the position of the first water layer, and q is the reciprocal
 pﬃﬃﬃ

lattice vector of the graphene wall. q ¼ q0 1= 3; 1 with
pﬃﬃﬃ

q0 ¼ 2p= 3aCC , where aCC is the carbon–carbon bond length.
In this study, the value of |q| is about 29.5 nm1.
According to eqn (2), there are mainly two terms aﬀecting
the friction coeﬃcient: one is the water structural parameter
r1S1 and the other is the interfacial interaction energy barrier
DE. Herein, the contributions of these two terms to the friction
coeﬃcient were evaluated. Fig. 6a presents the structure factors
of the confined water under diﬀerent pressures at h = 7 Å. The
structure factor was calculated by the equation used in ref. 23
and 36. As shown in the figure, the structure factor of the
confined water is apparently aﬀected by the lateral pressure. The
maximum value of the structure factor Smax increases with P.
Moreover, note that the values of Smax are smaller than 2.85,37

Origin of the dependence of friction

To interpret the origin of the dependence of the interfacial
friction coeﬃcient on the lateral pressure and nanochannel
height, an analytical theory proposed by Falk et al. was used.23

Fig. 5 Friction coeﬃcient of the confined water at the water/graphene
interface as a function of the nanochannel height h under P = 0.4 GPa.

14052 | Phys. Chem. Chem. Phys., 2017, 19, 14048--14054

Fig. 6 (a) Structure factors, S(q), of the water layer confined in the graphene
nanochannel under diﬀerent lateral pressures at h = 7 Å. (b) The structural
parameter r1S1 as a function of the lateral pressure at h = 7 Å.
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indicating that the confined water is in the liquid phase when P
is below 1 GPa. Fig. 6b illustrates the values of the structural
parameter r1S1 under diﬀerent lateral pressures. The increasing
trend of the structural parameter matches very well with the
friction coeﬃcient variation at h = 7 Å (see Fig. 4), suggesting
that this pressure-induced structure change of the trapped
water is responsible for the pressure-dependent friction of the
confined water.
Fig. 7(a) reveals the variation of the interfacial interaction
energy barrier DE with respect to the distance from a single
water molecule to the graphene surface (dw–g). The inset plot
provides the two-dimensional interaction energy map between
a single water molecule and the graphene surface at dw–g = 3 Å.
The interaction energy map was computed by scanning a single
water molecule at different positions (x, y) in the plane (z = dw–g)
on top of the graphene surface (z = 0). DE is defined as the
difference between the maximum and minimum interaction
energy in the map. It can be observed that DE is strongly
related to the water–graphene distance. In our model, when
the nanochannel height changes, the distance from the water
layer to the graphene wall would consequently change, leading
to the large variation of DE. Moreover, according to eqn (2),
DE has a quadratic relation with the rms force. Therefore, it was

PCCP

inferred that the dependence of friction on h was mainly caused
by the variation of DE. To prove this, we calculated the average
water–graphene distance d% w–g from the water molecules in the
first water layer to the graphene wall at different confinement
heights. The upper plot in Fig. 7(b) presents the calculated d% w–g
as a function of the nanochannel height. d% w–g shows an obvious
variation as the h increases. Then, using d% w–g, we calculated the
corresponding energy barrier DE acting upon a single water
molecule, as shown in the lower plot in Fig. 7(b). We found that
the trend of DE variation was almost the same as that of the
friction coefficient (Fig. 5) at different nanochannel heights under
P = 0.4 GPa, supporting the abovementioned proposed mechanism.
Based on the abovementioned analyses, the physical origin
of the dependence of the interfacial friction coeﬃcient on the
lateral pressure and nanochannel height was proposed. For the
pressure dependence, the increase of the friction coeﬃcient
with P is mainly caused by the pressure-induced structure change
of water inside the nanochannel. For the nanochannel height
dependence, the variation of the friction coeﬃcient with h is
induced by variation of the interaction energy barrier.

4. Conclusions
In summary, molecular dynamics simulations of the pressuredriven water flow confined in a graphene nanochannel were
performed to investigate the structure evolution and dynamics
of the constrained water. Depending on the lateral pressure
(P r 4.1 GPa) and nanochannel height (6 Å r h r 10 Å), the
confined water at room temperature was found to exhibit phase
transitions from liquid to ice of diﬀerent structure, including
flat monolayer square-like ice, puckered monolayer square-like
ice, AB-stacked bilayer ice, AA-stacked bilayer ice, and ABA-stacked
trilayer ice. Then, the friction coeﬃcient at the water/graphene
interface was calculated. We found that the interfacial friction
coeﬃcient gradually increases with the lateral pressure in the
range of 1 GPa, under which the confined water is still in the
liquid state. In addition, the interfacial friction coeﬃcient also
shows a dependence on the nanochannel height. To clarify the
physical mechanism of this dependence of friction, theoretical
analyses were conducted based on the Green–Kubo relation.
We found that the pressure-dependent friction coefficient was
mainly caused by the pressure-induced water structure change
and the confinement-dependent friction results from the variations in the interfacial interaction energy barrier at different
nanochannel heights. Overall, this study extends our understanding of the dynamics of the nanoconfined water in the
presence of pressure at the gigapascal level. The dependence of
friction found in this study may have a crucial effect on the
transport behavior of the nanoconfined water and should be
carefully considered while designing nanofluidic devices.

Fig. 7 (a) Interfacial interaction energy barrier DE as a function of the water–
graphene distance dw–g. The inset shows the interaction energy landscape
felt by a single water molecule at a water–graphene distance of 3 Å. (b) The
average water–graphene distance d% w–g and the corresponding energy barrier
DE as a function of the nanochannel height h under P = 0.4 GPa.
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