
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 1
0:

56
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
How pressure aff
aState Key Laboratory of Separation Membra

Chemistry and Chemical Engineering, Tianji

China. E-mail: zhangqingyin@tjpu.edu.cn
bState Key Laboratory of Chemical Engineeri

Tsinghua University, Beijing, 100084, China

† Electronic supplementary informa
10.1039/c9ra02870f

Cite this: RSC Adv., 2019, 9, 19086

Received 16th April 2019
Accepted 5th June 2019

DOI: 10.1039/c9ra02870f

rsc.li/rsc-advances

19086 | RSC Adv., 2019, 9, 19086–190
ects confine water inside different
nanoslits†

Qingyin Zhang, *a Xin Wang,a Jipeng Li,b Sumin Lua and Diannan Lu *b

Nanoslits composed of different layered nanomaterials attract great attention in the theoretical and

experimental investigations of nanofluidic devices due to their geometric simplicity and unique surface

properties. Although many efforts have witnessed simulations of water molecules inside slit-like

nanochannels formed by graphenes, the thermodynamic properties and transport behavior of water

inside nanoslits formed by different two-dimensional materials are seldom investigated. In this paper, we

choose nanoslits formed by graphene, boron nitride (hBN), and molybdenum disulfide (MoS2) as models,

and study the water properties inside these nanoslits using traditional molecular dynamics simulations at

different pressures. It is shown that water molecules can form a planar square at high pressure (10 kbar)

in all three types of nanoslit. The nanoslits affect diffusion coefficient, orientation of water molecules,

number of hydrogen bonds and life-time of hydrogen bonding significantly. The self-diffusion

coefficients of water molecules in different nanoslits are all lower than that of bulk water. The diffusion

coefficients are significantly affected by the special ordered structure of water, which is caused by the

unique surface structure of the nanoslit. The results of the present work will be helpful to understand the

unique behavior of confined water in nanoslits composed of different nanomaterials and provide

theoretical guidance for many applications, such as desalination and nano-energy conversion.
Introduction

Recent years have witnessed rapid developments in two-
dimensional (2D) materials and their applications in biochemical
analysis,1 desalination2 and energy conversion.3 Thanks to a steady
improvement in nano-manufacturing capacity, it is now possible to
fabricate sophisticated nano-devices with precise control of the
surface properties of nanoslits formed by 2D materials.4 The
spacing between two layers of nanoslits is less than 100 nm, while
the length andwidth aremuch larger than their spacing.5Thus, the
understanding of water structure inside these nanoslits formed by
2D materials and their inuence on diffusion behavior are of
fundamental importance in the eld of nanouidics.

Different from the water in bulk, the structure and transfer
behavior of water molecules in nanoslits have some unique prop-
erties. In nanoslit with 0.7 nm in depth, water molecules present
a mono-layer distribution.6 The layered structure formed by
conned water disappears when the depth of spacing is higher
than 10 nm. Algara-Siller's group7 and Nair's group have found that
water molecules can form ‘square ice’ structure in a nanoslit
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formed by graphene. Joshi's group8,9 and Huang's group10–13 have
demonstrated that self-diffusion coefficients of conned water in
a nanoslit are less than that in bulk. The unique properties of
conned water in a nanoslit is attributed to size and surface
properties of the nanoslit. That is, the interaction between the
water molecule and the nanoslit with higher specic area hinders
the diffusion of connedwater, as well as affects the phase diagram
of water.14 Molecular simulations are an effective method to study
properties of conned waters.15 Previous efforts mainly focus on
water phase diagram and diffusion behavior in the nanoslit formed
by graphene.8,9,15–17 It is shown that both properties of surface and
the width of slit signicantly affect the orientation and self-
diffusion dynamics properties of conned water molecules.

However, how the pressure and the surface property of nano-
slits affect the structure and dynamic properties of conned water
in different nanoslits are seldom investigated. In this paper, the
self-diffusion behaviors of water molecules in different nanoslits
were studied using traditional molecular dynamics simulations.
The inuence of pressure on the structure and dynamics of
conned water molecules were systematically studied.
Models and methods
Models

In this work, three types of nanoslits, which were composed of
graphene, boron nitride (hBN), and molybdenum disulde
(MoS2), were chosen as models (Fig. 1). Graphene and hBN
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Models of different nanoslits.
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model were generated using VMD18 and MoS2 model was from
ref. 19. The spacing distance between two plates was xed as
0.7 nm. The length of the nanoslits were about 6 nm. The
nanoslit was located in the center of simulation box. Water
molecules were lled into the simulation box with the density of
about 1.0 g mL�1. Solvation process also can be done using
VMD.

A simple point charge-extended (SPC/E) model was used for
water molecules, due to its excellent description for bulky water
at room temperature. Table 1 gives the number of atoms and
geometric parameters of different nanoslits.
Simulation methods

MD simulations were performed using the NAMD 2.9 simula-
tion package,20 VMD was used to visualize the system.

Each simulation box contained one nanoslit as shown in
Fig. 1. The 12-6 Lennard-Jones parameters and charges for the
Table 1 The number of atoms and geometric parameters of different n

Nanoslit
Plate size (y–z),
y nm � z nm

Graphene 4.1 � 6.0
hBN 4.2 � 5.9
MoS2 4.0 � 6.4

This journal is © The Royal Society of Chemistry 2019
carbon, nitrogen, boron, molybdenum and sulfur atoms were
listed in Table 2. All other parameters were adopted from
CHARMM27 force-eld. Particle mesh Ewald (PME) calcula-
tion21 was used for the treatment of the electrostatic interaction.
The cutoffs for LJ and electrostatic interactions were both
1.2 nm. 20 ns NVT simulations were conducted to equilibrium
systems, and additional 30 ns NPT simulations were conducted
to collect data for analysis. The integration time was 1 fs and
data were collected for every 0.5 ps. For NVT simulation, Lan-
gevin thermostat was incorporated to ensure a constant
temperature (300 K). For NPT simulation, Langevin thermostat
and Langevin pressure control were adopted to keep tempera-
ture and pressure constant, respectively.
Analytical method

The density distribution of water molecules in nanoslit was
calculated according to eqn (1).
anoslits

Number of atoms
Simulation box size (at
1 bar), x nm � y nm � z nm

C: 2000 4.2 � 7.3 � 11.4
B: 960; N: 960 4.2 � 7.3 � 11.3
Mo: 624; S: 1248 4.7 � 7.1 � 10.9

RSC Adv., 2019, 9, 19086–19094 | 19087
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Table 2 The LJ parameters and charges of atoms

Molecule Atom Charge (e) s (Å) 3 (kcal mol�1)

Water O �0.8476 3.166 0.15525
H 0.4238 0.000 0.00000

Graphene22 C 0.0000 3.550 0.07000
hBN17 N �0.9300 3.365 0.14477

B 0.9300 3.453 0.09487
MoS2 (ref. 19) Mo 0.6000 4.200 0.01350

S �0.3000 3.130 0.46120

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 1
0:

56
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
rðxÞ ¼ 1

AyzDx

* X
xi˛½x;xþDxÞ

Ni;H2O

+
(1)

where r(x) is the average density of water molecules in the range
of x + Dx. Ni,H2O is the number of the ith water molecules. Ayz is
the cross area of nanoslit. Dx ¼ 0.01 nm is the step length to
calculate local water density. h/i indicates ensemble average
from at least 20 ns simulation.

The 2-dimensional diffusion coefficients (Dyz) of water
molecules in nanoslits were calculated through the mean
square displacements (MSDyz(t)) according to eqn (2) and (3).
Fig. 2 Pressure effect on density distribution of water inside different n

19088 | RSC Adv., 2019, 9, 19086–19094
MSDyzðtÞ ¼ 1

N

*XN
i¼1

h
½yiðtÞ � yiðt0Þ�2 þ ½ziðtÞ � ziðt0Þ�2

i+
(2)

Dys ¼ 1

4
lim
t/N

d

dt
MSDyzðtÞ (3)

where [yi(t) � yi(t0)]
2 + [zi(t) � zi(t0)]

2 is the mean square
displacement along the yz-plane of the nanoslit and N is the
number of atoms.

Hydrogen bonds were determined with cut-offs for the
acceptor–donor-hydrogen angle, which is less than 30�, and the
donor–acceptor distance, which is less than 0.35 nm.23,24

The stability of hydrogen bonds among conned water
molecules was calculated through the intermittent time corre-
lation function CHB(t).

CHBðtÞ ¼
*XN

i¼1

qiðt0ÞqiðtÞ
+,*XN

i¼1

qiðt0Þqiðt0Þ
+

(4)

where qi(t0) ¼ 1 when the hydrogen bond i was found in the
nanoslit at t ¼ 0. qi(t) ¼ 1, if this hydrogen bond remains at t,
and qi(t) ¼ 0 otherwise.
anoslits.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Structural properties of conned water molecules

The effect of pressure on the density distribution of water
molecules in nanoslits. Fig. 2(a–c) shows the density distribu-
tion of water along x-axis in different nanochannels. x ¼ 0 is the
center of the nanoslit. Fig. 2(d) gives the relative density
changes with pressure.

It is shown in Fig. 2(a–c) that all density distributions of the
conned water in the nanoslits exhibit symmetry with respect
to the center of the nanoslits. At low pressure (1 bar to 10 kbar
Fig. 3 The snapshots of water inside different nanoslits at 1 bar and 10

This journal is © The Royal Society of Chemistry 2019
for graphene and hBN, 1 bar to 1 kbar for MoS2), water
molecules form single layer with maximum density in the
center of nanoslits, which is consistent with the simulation
results of the conned water in the graphene and hBN nano-
slits in previous work.17,25 However, at extremely high pressure,
such as 100 kbar for graphene and hBN or 10 and 100 kbar for
MoS2, double-layer water forms, indicating more complex
water network at high pressure. Under high system pressure,
the distribution of water molecules becomes narrower with
high peak value, indicating that the more uniform structure of
water forms sequentially.26,27
kbar.

RSC Adv., 2019, 9, 19086–19094 | 19089
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Fig. 4 The orientation distribution of water molecules in different nanoslits.
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Fig. 2(d) gives the change of relative density of water inside
different nanoslits with pressure. It shown that densities of
both conned water and bulk water are not sensitive to pressure
until pressure is higher than 1 kbar. At extremely high pressure
(100 kbar), the relative water density inside nanoslit composed
of MoS2 is higher than those in bulk and other nanoslits. This is
19090 | RSC Adv., 2019, 9, 19086–19094
due to the unique surface properties of MoS2, which will be
further discussed later.

Fig. 3 gives the snapshots of water molecules inside different
nanoslits at 1 bar and 100 kbar respectively.

It is shown in Fig. 3 that at low pressure (1 bar) both ve-ring
and four-ring water networks can be found in all nanoslits
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The average hydrogen bond numbers formed in different nanoslits.

Fig. 6 Self-diffusion coefficients of water confined inside different
nanoslits.
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(highlighted in black dash line). At high pressure, however, only
four-ring water networks exist in all nanoslits (highlighted in
black dash line). It is very interesting that, although the surface
properties of graphene, hBN and MoS2 are different, the four-
ring water networks are well maintained inside nanoslits,
indicating the structure of water layer inside nanoslit is mainly
affected by the geometry of nanoslit but not by the properties of
it.

Water orientation inside nanoslits. Further we studied the
orientation of water molecules inside different nanoslits, which
are shown in Fig. 4. Here two angles are chosen to represent the
orientation of water molecules. One is 4, which the angle
between x-axis and OH bond of water. Another is j, which is the
angle between x-axis and dipole of water molecule.

It is shown in Fig. 4 that at low pressure (1 bar to 1 kbar),
both 4 and j have one maximum population at 90�, indicating
orientations of OH bond and dipole of molecules are parallel to
the wall of nanoslit. This results in the formation of ve-ring
and four-ring water network as shown in Fig. 3. Due to only
one layer of water molecules, only intra-layer hydrogen bonds
among water molecules form, which is consistent with previous
work.6,28,29 It is also shown that the increase of pressure results
in the increase of peak width. For graphene and hBN, when the
pressure is higher than 100 kbar, there are two maximum for 4,
which are 70� and 110�, respectively, indicating the formation
two layers of water molecules inside nanoslits as shown in
Fig. 2(a) and (b). However, the maximum of j maintains at 90�,
although the extension of peak width as shown in Fig. 3(a) and
(b). For MoS2, the changes of 4 and j is rather complex. At high
pressure (100 kbar), both 4 and j are widely distributed, indi-
cating the orientation of water molecules becomes random and
more complex structures formed inside MoS2 nanoslit.

In order to interpret the orientation of water molecules
inside different nanoslits, we analyzed the number of hydrogen
bonding (N) among water molecules and that between water
and nanoslit wall, as shown in Fig. 5.

Fig. 5(a) shows the average hydrogen bond number of both
conned water and bulk water formed among the water mole-
cules. It is shown in Fig. 5(a) that the hydrogen bond number of
This journal is © The Royal Society of Chemistry 2019
bulk water maintains 3.0 even when pressure is 10 kbar. The
further increase of pressure results in the increase of hydrogen
bond number. For water conned in nanoslit, however, the
effect of pressure on hydrogen bond number is rather compli-
cated. When pressure is lower than 100 bar, although the
hydrogen number of water conned inside graphene and MoS2
is lower than that inside hBN, the pressure has little effect on
hydrogen bond number, which is similar to that of bulk water.
When pressure is higher than 100 bar, the hydrogen bond
formed between water molecules inside all nanoslits increases
signicantly with pressure and reaches maximum when pres-
sure is 10 kbar. Further increase of pressure results in the sharp
decrease of hydrogen bond number. In previous work, it is
shown that the strengthen of hydrogen bond network leads to
the decrease of self-diffusion of water molecules.30,31 Therefore,
we can predict that the diffusion behavior of water inside
nanoslits is more sensitive to pressure than that in bulk.

Fig. 5(b) shows the average hydrogen bond number of
conned waters formed between water and wall of nanoslits at
different pressures. Due to the lack of donor and acceptor of
graphene, there is no hydrogen bond formed between water and
RSC Adv., 2019, 9, 19086–19094 | 19091

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02870f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 1
0:

56
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
graphene. The N atom of hBN and S atom of MoS2 can provide
electrons as the donor, which result in the formation of
hydrogen bond at low pressure. Similar to Fig. 5(a), when
pressure is lower than 100 bar, there is little effect on hydrogen
bond number. The numbers of hydrogen bonds formed
between water and nanoslits decrease and reach minimum at
10 kbar. Further increase of pressure results in the increase of
hydrogen bond number.

It is interesting that although both hBN and MoS2 can form
hydrogen bond with water molecules inside nanoslits, the
average number of hydrogen bond formed among water mole-
cules inside hBN is higher than that inside MoS2. This is caused
by the more uniform structure formed inside hBN at low
pressure.
Transport properties of conned water molecules in different
nanoslits

The effect of pressure on the self-diffusion coefficient.
Transport properties are very important for the nanouid. We
rst studied how the pressure affects the self-diffusion coeffi-
cients of water molecules conned inside different nanoslits as
Fig. 7 Intermittent time correlation function CHB(t) of main phase water

19092 | RSC Adv., 2019, 9, 19086–19094
shown in Fig. 6. All diffusion coefficients were calculated
according to the slope of MSD with time as shown in Fig. S2.†

It is shown that for bulk water, the self-diffusion coefficient
at 1 bar is 3.237 � 10�9/m2 s�1, which is consistent with
previous work.32 The self-diffusion coefficient maintains
constant when pressure increases from 1 bar to 1 kbar. Further
increase of pressure leads to the decrease of self-diffusion
coefficients signifyingly. The diffusion coefficients of conned
water inside different nanoslits are lower than that in bulk. It is
interesting that although the interaction between water and
MoS2 is higher than graphene, the diffusion coefficient of water
inside MoS2 nanoslit is higher than those in both graphene and
hBN nanoslits. This is caused by the smaller number of
hydrogen bonds formed between conned water molecules as
shown in Fig. 5(a), and the less orderly orientation distribution
of conned water molecule in Fig. 3.

The self-diffusion coefficients of conned water in nanoslits
become decrease when the pressure is higher than 100 bar,
which is signicantly lower than that in bulk water (1 kbar).
This indicates that the self-diffusion coefficient of conned
water is more sensitive to pressure, which is relevant to the
water structure in conned environment (Fig. 5(a)).
molecules and confined water molecules in slit nanochannels.

This journal is © The Royal Society of Chemistry 2019
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The effect of system pressure on life time of hydrogen
bonding of conned water. Here we use intermittent time
correlation function of hydrogen bond CHB(t), dened as eqn
(4), to reect the structural relaxation dynamic property of
hydrogen bond. Fig. 7(a–d) shows CHB(t) of the conned water
in different nanoslits and in bulk.

It can be seen from the gure that the CHB(t) curves of
conned water molecules inside slit nanochannels decay slower
than the main phase water molecules CHB(t). Three kinds of
conned water molecules CHB(t) all slowed down with the
increase of system pressure, mainly because under high system
pressure, the fourth ring structure formed between the water
molecules inside the slit nanochannels made the hydrogen
bond very stable, which was also consistent with the result that
the self-diffusion coefficient of the conned water molecules
was small at this time. This indicates that the CHB(t) decay
depends largely on the system pressure. The CHB(t) decay
slower, more stable the hydrogen bonds, and disadvantage the
movement of water molecules inside slit nanochannels. The
system pressure has little effect on the stability and life time of
main phase water hydrogen bond.
Conclusions

In this work, the conned water properties inside different
nanoslits were studied by using molecular dynamics simula-
tions. It is shown that water molecules can form a planar square
at high pressure (10 kbar) in all three kinds of nanoslit. The
nanoslits affect diffusion coefficient, orientation of water
molecules, number of hydrogen bonding and life time of
hydrogen bonding signicantly. The diffusion coefficients of
water molecules in different nanoslits are all lower than that of
bulky water. The diffusion coefficients are signicantly affected
by special ordered structure of water, which is caused by unique
surface structure of nanoslit. The results of present work will
help us further understand the relationship between the
diversity of structure properties and dynamic behavior of the
water molecules in the different nanoslits. In addition, this
work will also help to design and fabricate different two-
dimensional nanoslits for many practical applications, such
as desalination and nano-energy conversion.
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