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Abstract

As the solid-state nanochannels are hourglass-shaped as opposed to having a straight 
structure, little effort has been made on the transport phenomena across aquaporin-mim-
icking ultra-fine pores. Moreover, to the best of the authors’ knowledge, the existing studies 
on the water transportation through hourglass-shaped pore structures are limited to the 
symmetric geometries. In order to benefit from the advantage of combining the properties 
of nanoporous graphene and the unique structure of the aquaporin water channels, this 
chapter aims to study designing a highly effective permeable membrane for water trans-
portation through nanopores with hourglass shape in multilayer structure using molecular 
dynamics (MD) simulation. Keeping the layer separation constant at 6 Å, we intend to 
examine the geometry effect on the pressure-induced transport of water molecules through 
hourglass-shaped nanopores. Three models of hourglass-shaped nanopores are selected: a 
symmetric structure α = 0 and asymmetric structure of α = 1/3 and α = −1/3. Our MD find-
ings indicate that the permeability of water molecules highly increases across hourglass-
shaped pores with an asymmetric structure of α = 1/3 because of the increased number of 
hydrogen bonds resulting from the length effect. Thus, we can conclude that an hourglass-
shaped pore with a proper design can remarkably improve the rate of water transportation.

Keywords: water transport, aquaporin water channel, hourglass-shaped pore, molecular 
dynamics simulation

1. Introduction

The growing demand for water in everyday human activities makes producing fresh water 
a great challenge. Using membrane separation technology in the areas of water treatment is 
widely implemented. Producing portable water from existing resources such as surface water,  
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seawater, brackish water, or groundwater can be done by using membrane processes. The mem-

brane acts as a barrier with which two phases are separated, and transport of different chemi-
cal species are restricted selectively. It is basically referred to as a thin layer which  separates 
 materials depending on their chemical/physical properties when an external force (e.g., gra-

dient pressure, electrical force, etc.) is applied across the membrane. Nanoporous graphene 
has gained great attention as promising membrane material for RO desalination because of its 
exceptional properties such as being mechanically strong, chemically robust, and extremely thin. 
Furthermore, using graphene—with such an extremely thin thickness—in desalination plants 
can remarkably yield higher water fluxes with significant reduction in the operating costs, for 
example, cost in terms of energy and cost in terms of capital and infrastructure requirements [1].  
Considering the graphene-based membrane as highly selective and permeable, the generation 
of pore with various pore shape and size can be achieved in graphene by using electron beam 
irradiation [2]. Recent studies in both theory and experiment revealed that graphene [3–8] and 

graphene oxide [9, 10] were highly selective and permeable and could be used as filtration mem-

branes. Though single-layer graphene has demonstrated to be a promising candidate as a reverse 
osmosis membrane, synthesizing multilayer graphene is economically affordable [11–14].  
Considering parameters including pore size and chemistry, a wide range of studies have con-

sidered transport phenomena through single-layer graphene. However, less effort has been 
made on transport properties through nanoporous multilayer graphene. Experimentally, the 
studies on graphene oxide have revealed that constructing carbon-based material in molec-

ular-scale porous structure could be achieved with tuned pore sizes and interlayer spacing 
[15–18]. A better selectivity and higher permeability for artificial membranes could be achieved 
mimicking bio-inspired membranes such as aquaporins. Aquaporins are pore-forming pro-

teins and ubiquitous in living cells, which provide fast water transportation in a selective man-

ner resulting from their unique structure of hourglass shape [19]. Recent study [20] showed 
that the desalination performance could be significantly improved incorporating the proper-

ties of aquaporin water channel into desalination membranes. Revealing an hourglass-shaped 
structure for the solid-state pores [21], transport phenomena pores in hourglass-shaped struc-

ture is not fully understood. Although the existing studies on water transportation proper-

ties across hourglass-shaped pore systems are limited to the symmetrical structures, to the 
best of our knowledge [22–24], further molecular-level studies on the transport phenomena 
across asymmetrical geometries are still needed [25–27]. The water transportation phenom-

ena in confined environments (e.g., nanochannels), where the critical dimension can be a 
few molecular diameters, differ from macroscopic scales which explains the transport phe-

nomena based on continuum theories (e.g., Navier-Stokes equations). Accordingly, a much-
needed molecular-level understanding of the water transportation phenomena at the nanoscale 
is necessary. Molecular dynamics (MD) has become a powerful tool for investigating the 
effects of confinement on fluid properties and calculating phenomenological transport coef-
ficients for use in multi-scale fluid flow models. A significant effort has been devoted, often 
with the help of MD simulation, to understand the water transportation properties in carbon 
nanotubes (CNTs) and graphene [28–31]. Several researchers have shown a freezing state for 
water confined in CNTs at low temperature and the appearance of ice phases stabilizing by 
confinement [32, 33]. Using MD simulations, Koga and colleagues [32] showed that water 
molecules inside CNTs with diameters varying from 11 to 14 Å indicate phase  transitions 
with applied pressure of 50–550 MPa. Experimentally, Kolesnikov and  colleagues [33]  
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observed a combination of water-chain and ice-shell structure for water molecules confined in 
CNTs having a liquid phase state even at low temperature. The appearance of single-layer and 
bi-layer ice structures were also disclosed for water molecules confining in between graphene 
slits under applied pressure [34, 35]. Another study revealed that water confined in graphene 
slits freezes at ambient temperature while no pressure is applied [36]. Chakraborty and col-
leagues [37] have shown a diversity of results on the structure, dynamics, and thermodynamics 
of confined water molecules in CNTs and graphene oxide sheets. They found the appearance of 
the single-file ordered structure for water molecules confined in narrow CNTs and the appear-

ance of the n-gonal ice structure in larger CNTs. Their findings also revealed the appearance 
of two-dimensional ordered structures for water molecules confined in slit-pore geometries. 
Considering the graphene properties combining with aquaporin water channel structure, this 
study aims to design an optimal and effective permeable membrane for water transportation 
across hourglass-shaped pores in multilayer nanoporous graphene using MD technique.

2. Simulation setup

Molecular dynamics (MD) is used to investigate the transport of water molecules across hour-

glass-shaped nanopores in nanoporous multilayer graphene. The schematic of the simulation 
models are given in Figure 1. Three pore models of hourglass shape of asymmetric (α = 1/3 
and α = −1/3) and symmetric (α = 0) are chosen. Seven layers of graphene (31.9 × 34.3 Å2) 
with a constant interlayer separation of d = 6 Å with total length of 36 Å is represented as 
the multilayer structure. Considering the single-file water arrangement across the narrow-

est part and a bulk structure of water molecules in the largest segments, we considered being 
the narrowest (a) and the largest diameters (D) of hourglass-shaped structure in 4 and 7 Å, 
respectively, embedding in a periodic box of over 2000 SPC/E water molecules. To generate 
the pore in graphene layers, we removed adjacent carbon atoms in the center and considered 
the pores with no sharp edges (for more information, see Ref. [12]). To generate water flow  
in the models, we applied the pressure difference along –z direction across α = 1/3, α = −1/3, and 
α = 0 systems. A pressure-induced flow, ΔP = nf/A (denoting n and A as the number of water 
molecules and the membrane surface area, respectively), is achieved by applying a constant 
force, f, on water molecules inside the reservoir [38]. All the simulations are performed using 
large-scale atomic/molecular massively parallel simulator (LAMMPS) simulation package [39], 

implementing the constant number (N), volume (V), and energy (E) (NVE) ensemble with dissi-
pative particle dynamic (DPD) thermostat [40] aiming at maintaining the temperature constant 
at 300 K. We have chosen a time step of 0.5 fs in order for ensuring that water molecules between 
the bulk region and layers are accurately simulated. Considering a periodic boundary condi-
tion in three directions, a cutoff radius of 10 Å is selected for the Lennard-Jones (LJ) potentials. 
To reduce the computational cost, we have considered the carbon atoms of the graphene to 
be frozen. We have modeled only the interaction between water molecules (oxygen) and the 
graphene (C) by using the Lennard-Jones parameters as σO─O = 3.169 Å, ƐO─O = 0.1515 kcal/mol, 
σO─

C
 = 3.190 Å, and ƐO─

C
 = 0.0956 kcal/mol. Using the Ewald summation method [41] for the 

coulomb interactions, the SHAKE algorithm is applied to hold the water molecules rigid [42]. 
Conducting more than 15 ns, MD runs for every three cases (α = 1/3, α = −1/3, and α = 0), the last 
12 ns trajectory was considered for data analysis.
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3. Results and discussion

In our simulations, we applied the pressure difference, ΔP, ranging from 365 to 635 MPa across 
the multilayer nanopore systems. Three pore models of α = 1/3, α = −1/3, and α = 0 with the 
long, short, and equal entrance lengths are considered. Figure 2a shows the average number of 
water occupancy with the applied pressures inside each of the three models. The water occu-
pancy is calculated by counting the number of water molecules, which could diffuse through 
the 36-Å-long multilayer systems during the simulations. It has been found that the average 
water occupancy in the case of α = 1/3 is higher than that of α = −1/3, and α = 0 systems. Since the 
pore volume increases, at α = 1/3, for example, the influx of water molecules could be encour-
aged stemming from an increased cone length. Though a significant variation of the number 
of water occupancy in relevance to applied pressure is found in α = −1/3 model, generally, the 

Figure 1. Schematic diagram of the asymmetric (α = 1/3 and α = −1/3) and symmetric (α = 0) hourglass-shaped nanopore 
in multilayer structure with a constant interlayer spacing of d = 6 Å. The hourglass-shaped pores with a total length of 
36 Å, the largest diameter D = 7 Å, and the narrowest diameter a = 4 Å are considered as the pore models. A pressure 
difference is applied along −z direction to drive water flow.
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value of water occupancy inside the pores is more affected by the pore structure compared to 
the  applied pressure (e.g., α = 1/3 > α = 0 > α = −1/3). The number of water flux is calculated by 
counting the number of water molecules that cross the pore thoroughly, as shown in Figure 2b.  
Qualitatively, the results indicate that the water flux increases linearly with applied pressure, 
which is consistent with the recent study [4]. Moreover, the MD results show that the num-

ber of water flux is higher in the case of α = 1/3 compared to α = 0 and α = −1/3 systems. 
Interestingly, the symmetric hourglass-shaped pore (α = 0) shows a lower flux of water mole-

cule compared to the asymmetric pore structure (e.g., α = 1/3), which attributes to the entrance 
effects. Therefore, it is understood that the entrance effects have a significant contribution to 
flux variation inside pores with the structure of hourglass shapes. The permeability of water 
molecules through pores in hourglass shape is significantly restricted due to the energy barri-
ers at the entrances. In case of α = 1/3 for example, a large amount of water molecules entering 
the long cone can contribute to reduce the energy barriers caused by the narrowest section 
of pore (of which accommodates water molecules only in single-file configuration), resulting 
from the increase in the number of hydrogen bonds. It is also inferred that the decrease in the 
cone angle would enhance the permeability of water molecules across hourglass-shaped pores 
in a multilayer structure (indeed, this implication very recently discussed for the permeability 
of water molecules in solid-state nanochannels of hourglass shape [22]). To assess the transport 
capacity of a membrane, one could calculate an important parameter named osmotic perme-

ability. By drawing a best-fit slope through flux versus applied pressures, the osmotic perme-

ability of a membrane can be achieved as shown in Figure 2b. In agreement with the results 
reported for flux, the corresponding magnitudes are (4 ± 1) × 10−14, (7.52 ± 9.76) × 10−15, and (2.3
37 ± 4.33) × 10−15 cm3 Pa−1 s−1 for the pore systems of α = 1/3, α = 0, and α = −1/3, respectively. It is 
also inferred that achieving high permeability of water molecules across the pore of hourglass 
shape would strongly depend on the structure of the pore. Therefore, a design of hourglass-
shaped pore with which adsorbs bulk water molecules can be a promising  geometry aimed 

Figure 2. (a) Average water occupancy inside the pore systems and (b) value of water flux through the pore models 
shown as a function of the pressure difference.
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at obtaining high permeability. Within this context, the water molecules in bulk-like manner 
contribute to remarkably reduce the energy barriers inside the pores because of the size effects. 
Next, we investigate the viscosity dissipation inside asymmetric pore systems at the smallest 
section of the pores. Very recently, a numerical study [22] has shown that the entrance effects 
(defined as viscous dissipation) would dramatically restrict the water permeability inside 
solid-state pores of hourglass shape. Basically, the molecules of water confined in graphene 
nanopores show different viscosity compared to the carbon nanotubes (CNTs). Considering 
a similar characteristic of pore size, a recent study has shown that the molecules of water 
confining in a graphene pore pose higher viscosity compared to the water molecules confin-

ing in CNTs. Increasing the pore diameter leads to the increase in the viscosity of confined 
water molecules in CNTs approaching the bulk viscosity [29, 43]. In graphene nanopores, the 
viscosity of water molecules increases, while decreasing the pore diameter in accordance with 
the structure of water molecules [38]. The structure of water molecules along the flow direc-

tion inside graphene nanopores shows different behavior compared to CNTs’ nanochannels. 
Recent MD study [44] has shown that the viscosity of water molecules across graphene nano-

pore is linearly increased in accordance to the layering effect. In fact, the viscosity of water 
molecules through graphene nanopores is in relation to the layering effect of water molecules. 
Through the density distribution, one can obtain the water layering effect along the flow direc-

tion in the graphene system. Here, we measured the water layering factor as (ρmax − ρmin)/ρbulk, 

to quantify the water layering effect inside only the asymmetric pore structures, noting that 
ρmax and ρmin are the maximum and minimum density numbers in the vicinity of the layer 
with the narrowest pore diameter, respectively, as shown in Figure 3. The ρbulk is estimated to 
be in the range of bulk fluid densities reported, 0.8σO─O

−3 ≤ ρbulk ≤ 1.1σO─O
−3 [45]. When α = −1/3, 

the density profile near the layer with the smallest pore diameter shows greater distribution 
compared to α = 1/3, suggesting a significant effect of water layering inside α = −1/3. Within 

Figure 3. Density of water molecules along the axial direction of the layer with the narrowest diameter of the pore inside 
α = 1/3 and α = −1/3. The inset shows the layer with the narrowest pore (dashed line).
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this context, the water layering effect increases the viscosity of water molecules while crossing 
the smallest diameter in single-file arrangement. Accordingly, a significant reduction in the 
local permeability inside α = −1/3 is expected.

Furthermore, in case of α = 1/3, large amount of water molecules (bulk-like) approaching the 
narrowest diameter of the pore should contribute to diminish highly the water viscosity of 
single-file configuration because of the increase in hydrogen bonds. Although the dipole ori-
entation of water molecules inside CNTs maintains oversimulation time, in graphene nano-

pores, the dipole orientation of water molecules is frequently flipped [46]. Here, we intend to 
show how dipole orientation of water molecules may behave across pores in multilayer sys-

tem. Taking into account all the water molecules inside pores, the averaged dipole orientation 
was estimated by computing the angle between water dipole and the axial direction (perpen-

dicular to the surface of the multilayer). Figure 4a and b shows the profiles of the averaged 
dipole orientation of water molecules inside asymmetric pores α = 1/3 and α = −1/3, respec-

tively. Over 4000 calculated values are used to plot the average dipole orientation of water 
molecules inside asymmetric structures (α = 1/3 and α = −1/3). In case of α = 1/3, the average 

Figure 4. Probability distribution of dipole orientation of water molecules inside the (a) α = 1/3 and (b) α = −1/3 systems, 
and (c) dipole orientation of water molecules in relation to time inside these two pore systems.
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dipole orientation fell into two range groups of 149–153° and 158–162°, while in the case of 
α = −1/3, the value of average dipole orientation fell only in the range of 44–47°. This implies 
a degree of water molecule ordering inside the pore in the case of α = 1/3, which enhances 
the formation of hydrogen bonds between water molecules. Moreover, the variation of the 
dipole orientation tends to strengthen the water-water interaction resulting in higher hydro-

gen bonds. This is responsible for fast transport of water molecules in monolayer graphene 
[13]. We believe that this implication could be also valid in multilayer graphene systems.

Although, the average dipole orientation inside α = 1/3 and α = −1/3 systems is only flipped 
during the course of few picoseconds, it maintains for whole the simulation time showing 
a higher magnitude of dipole inside α = 1/3, as given in Figure 4c. At constant layer spacing 
(d = 6 Å), the obtained results show that the dipole orientation of water molecules inside the 
multilayer graphene membrane is different from that across single-layer graphene, in which 
the dipole orientation has frequently flipped. This implies that every single layer in multilayer 
system provides the energy barrier which allows the water molecules to freely flip. It would 
be expected that by increasing the layer spacing up to several angstroms, this phenomenon 
changes. The fluctuation of free energy occupancy in relation to the number of water molecules 
across asymmetric pores is given in Figure 5a and b. We computed the free energy using the 
equation, G(N) = −Ln[P(N)]/b, where P(N) is the probability of finding the exact N molecules 
of water in the system, b = (kBT)−1, KB and T stand for the Boltzmann constant and temperature, 
respectively. Ranging from 896 to 926 water molecules, the most probable of water molecules 
is being with 904 molecules inside α = 1/3. However, considering 722–756 water molecules 
inside α = −1/3, the 728 is the most probable. In comparison to α = −1/3, the water molecules are 
increasingly accommodated inside α = 1/3 because of the strong interplay between molecules, 
which results in forming the stabilized chain of water molecules. In comparison to α = −1/3, 
a wider distribution of probability with higher number of water molecules are found inside 
α = 1/3. As a result, a high rate of water conductivity can be found inside fully filled asymmetric 
model of α = 1/3. In addition, the probability of existence of higher numbers of water molecules 
is scarcely observed inside α = −1/3 due to the strong water-wall interplay.

The free energy of occupancy in relation to the hydrogen bonds number is given in Figure 5c. 
The hydrogen bond was calculated in accordance to the method reported in Ref. [47]. As the 
figure shows, the average number of hydrogen bonds varies from 1.48 to 1.61 inside α = −1/3, 
whereas it ranges from 1.56 to 1.73 for the case of α = 1/3. Then, a wider distribution for prob-

ability of formation of higher numbers of hydrogen bonds inside α = 1/3 suggests an enhance-

ment in the water density distribution. In other word, the establishment of the stable chains of 
water molecules inside α = 1/3 can support formation of the long-lasting network of hydrogen 
bonds which is significantly contributed to achieving higher flux. Radial distribution function 
(RDF) is an important parameter to analyze the structure of molecules in confined environ-

ments. Figure 6a depicts the profile of the RDFs between the water molecules (oxygen atoms) 
inside asymmetric pore models. A rapid decay for the RDFs can be seen inside both pore mod-

els of α = 1/3 and α = −1/3. According to the high magnitudes of the RDFs at low interatomic 
distances, the formation of solid clustering between water molecules inside α = 1/3 is predicted, 
which triggers potential reduction in the energy barrier caused by the vacant spaces between 
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molecules, as shown in Figure 6b. Furthermore, these results of the RDF are in agreement with 
the results of the free energy fluctuations. The transport mechanism of molecules in confined 
spaces could be monitored by using the potential mean force (PMF). Using the RDF which 
illustrates how density varies as a function of distance from a reference particle, one can calcu-

late the PMF since the density would be a key index to explain probability [48]. Figure 6b 

illustrates the profiles of the potential mean forces (PMFs) for water molecules inside α = 1/3 
and α = −1/3 pore systems. Because there is a weak interaction between the molecules of water 
inside α = −1/3 pore model, a large energy barrier caused by vacant spaces between the mole-

cules of water is understood. We believe that the large energy barrier could be attributed to the 
increased viscosity caused by the pore size at the smallest section, which dramatically reduces 
the passage of molecules of water. Encouraging the water molecules in bulk structure to get 
through the pore of α = 1/3, they can significantly contribute overcoming the energy barrier. 
Therefore, water molecules with a tight hydrogen bonding network can pass the smallest sec-

tion of the pore, which contributes strongly improving the entire passage of molecules of water 
across the pore. To further understand the mechanism of water transportation in confined 

Figure 5. Free energy of occupancy as a function of the number of water molecules inside the (a) α = 1/3 and (b) α = −1/3 
systems, and (c) free energy of occupancy as a function of the number of hydrogen bonds inside these two pore models.
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Figure 7. (a) Axial diffusion coefficient of water molecules inside symmetric (α = 0) and asymmetric (α = 1/3 and α = −1/3) 
pore systems and (b) average residence time for water molecules inside α = 1/3, as a function of the pressure difference.

geometries, an important parameter known as diffusion coefficient can be used. We computed 
the axial diffusion coefficient by calculating the mean square displacement (MSD), as given in 
Ref. [49]. The diffusion rate is dependent on density because it stems from the collision between 
molecules and the interplay between molecules and the pore surface [50]. The axial diffusion 
coefficient of water molecules in the −z coordinate of the symmetric and asymmetric pore sys-
tems is given in Figure 7a. The figure shows that the axial diffusion coefficient decreases with 
applied pressure inside α = 1/3; however, it is increased inside α = −1/3 and α = 0 pore systems 
indicating a larger slope for diffusion inside α = −1/3. It can be found that the increase in the 
density with applied pressure could be the responsible for the increase in the diffusion coeffi-

cient of water molecules inside α = −1/3 and α = 0 pore models. Looking at the low density states 
(in relation to low applied pressures), we believe that the water layering would be extremely 

Figure 6. (a) Profiles of RDF between the oxygen of water molecules inside whole systems of α = 1/3 and α = −1/3 pore 
models and (b) profiles of the potential mean force (PMF) for water molecules across the whole systems of α = 1/3 and 
α = −1/3.
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small and the water molecules confined in between the layers would provide very limited 
spaces for molecules to move due to the strong interaction between water layer surfaces. 
Considering states with higher densities, the large number of hydrogen bonds would contrib-

ute to form the larger clusters yielding larger movement. In case of α = 1/3 pore, by increasing 
the applied pressure, the diffusion coefficient decreases. We believe that the water density does 
not have a significant effect on the mechanism of diffusion across α = 1/3 pore, as can be realized 
through the result reported for the water occupancy (see Figure 2a). The decreased diffusion 
coefficient with applied pressure could be ascribed to the formation of stabilized hydrogen 
bonding networks resulting from weak interaction between water layer surfaces. In compari-
son with α = 0 and α = 1/3 pore systems, a sharp slope for diffusion coefficient is observed inside 
α = −1/3 which suggests a density-dependent effect. Since the applied pressure increases, a col-
lective diffusion mechanism can be understood inside α = 1/3 because of the formation of the 
stabilized hydrogen bonding networks. A discreet mechanism for filling behavior of water 
molecules with applied pressure can be realized across α = −1/3 and α = 0 systems due to exis-

tence of the large energy barrier. At the overlap pressure (444 MPa), the similar magnitudes for 
the diffusion coefficient of water molecules inside each of the three pore systems are obtained. 
The average residence time of water molecules inside α = 1/3 system as a function of the pres-

sure difference is given in Figure 7b. Considering a molecule entering from one side and leav-

ing the pore from the other side, one can calculate the residence time t
res

 = t
out

 − t
in

. In Figure 7b, 

we can see that the residence time inside α = 1/3 shows a negligible variation when the applied 
pressure increases from 365 to 444 MPa, whereas it highly decreases while the applied pressure 
increases from 444 to 635 MPa which suggests the complete passage of a molecule across the 
pore in a short course of simulation time. Accordingly, it is inferred that the time residence is 
dependent on the applied pressure. Since the applied pressure increases, water molecules in 
bulk structure are encouraged to the cone and exit the pore in a fast behavior. This suggests that 
the structure of the pore has less contribution to the movement of water molecules. The profiles 
of the axial and total velocities of water molecules inside pores are shown in Figure 8a and b as 

the function of applied pressure. By increasing the applied pressure, the axial velocity of water 
molecules is strongly increased inside α = 1/3, whereas a slight increase is found for the axial 
velocity inside α = 0 system. In case of α = −1/3, the increase in the applied pressure results in 
the reduction in the axial velocity inside the pore. It can be found that by increasing the applied 
pressure, the occupancy number of water molecules inside α = −1/3 is increased. Due to the 
strong interaction between water layer surfaces it should be difficult for the large displacement 
of water molecules across the pore model of α = −1/3, which results in producing low axial 
velocity. In addition, the figure describes high speed of transport of water molecules with 
applied pressure across α = 1/3 and α = 0 systems because of the weak interaction of water layer 
surfaces and the strong water–water interaction. Accordingly, the formation of tight hydrogen 
bonding networks is being expected inside α = 1/3 and α = 0 pores. It is realized that the pore 
structure plays a dramatic role on the transport phenomena across pores in hourglass structure. 
Figure 8b indicates the profile of the total velocities of water molecules in relation to applied 
pressure inside each of the three pore models. Generally, the total velocity (Vx + Vy + Vz) is 
higher inside α = −1/3 compared to α = 1/3 and α = 0 systems. At applied pressure of 365 MPa, 
our simulation results show the same value for the total velocity inside symmetric and asym-

metric pore systems. It is understood that at given applied pressure, the velocity in the x and y 
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directions has a significant impact on total velocity inside α = −1/3 model compared to α = 1/3 
and α = 0 structures. The results reported in Figure 8a and b together suggest that the contribu-

tion of velocity in the z direction (Vz) should indicate the permeation ability in our simulation 
models, though a negligible effect of the velocities in x and y directions on the transport mecha-

nism could be understood.

4. Concluding remarks

Graphene with one-atom thickness of sp2 carbon atoms organizing a honeycomb structure possess 
an excellent mechanical strength, supreme electrical and thermal conductivity, and other amazing 
properties. Lately, the application of nanoporous graphene in desalination and water purification 
processes has been greatly increased. Using experimental techniques [51–54], one can generate 

nano-/micro-scale pores of various diameters and shapes on graphene sheets. Considering the 
properties of nanoporous graphene and taking advantage of aquaporin water channel structure, 
this computer simulation study aims to design an optimal and effective permeable membrane for 
water transportation across hourglass-shaped pores in multilayer nanoporous graphene.

In this study, by conducting MD simulations, we investigated the mechanism of water transpor-

tation across hourglass-shaped nanopores in symmetric and asymmetric structures constructed 
by multilayer nanoporous graphene. Considering a constant interlayer spacing of 6 Å, we par-

ticularly focused on the applied pressure effects on the transport properties through symmetric 
(α = 0) and asymmetric (α = 1/3 and α = −1/3) pores with hourglass shape in multilayer graphene. 
The results show a higher occupancy of water molecules in relation to applied pressure inside 
α = 1/3 compared to α = −0 and α = −1/3. In case of α = 1/3, because of the increase in the volume 
of the pore (the increase in the cone length), the flow of molecules of water is fostered. Then, 
the occupancy of water molecules inside the pore with hourglass shape is geometry dependent 
compared to pressure effect. The number of flux of water increases linearly as a function of 
applied pressure inside the pores, suggesting higher flux inside α = 1/3 pore. In comparison 

Figure 8. (a) Axial velocity and (b) total velocity of water molecules across α = 1/3, α = 0, and α = −1/3 systems.
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with α = −1/3, the water molecules crossing the smallest pore diameter inside α = −1/3 system 
have shown a larger layering effect which strongly reduce the water transport rate. The findings 
revealed that the asymmetric model of α = 1/3 is able to transfer a larger number of fluxes in 
comparison to the symmetric pore of hourglass shape (α = 0). This could be ascribed to the small 
viscosity in relation to small water layering which comes from the length effects. It is also under-

stood a proportionality between the permeability and the pore structure with a higher value 
for the case of α = 1/3. In comparison with α = −1/3, the MD trajectory indicated that the dipole 
orientation is widely distributed inside α = 1/3, falling in the ranges of 149–153° and 158–162°. 
Basically, a large distribution of dipole orientation triggers the fast flow of water inside the pore. 
It can be seen that the diffusion coefficient decreases with the pressure difference inside α = 1/3 
pore because of the strong clustering of water molecules. A collective and discreet diffusion 
mode is being inferred for transport mechanisms inside α = 1/3 and α = −1/3 systems, respec-

tively. Finally, our MD results described that the contribution of the velocity perpendicular to 
the layers (z-axis) exposes the influx ability of molecules of water inside the pores.

Acknowledgements

This work was supported by the National Research Foundation of Korea (NRF) Grant funded 
by the Korean government (MEST) (no. NRF-2014R1A2A2A01003618) and the Pioneer 
Research Center Program (Grant no. NRF-2012-0009578).

Author details

Daejoong Kim* and Majid Shahbabaei

*Address all correspondence to: daejoong@sogang.ac.kr

Department of Mechanical Engineering, Sogang University, Seoul, Republic of Korea

References

[1] Cohen-Tanugi D, McGovern RK, Dave SH, Lienhard JH, Grossman JC. Quantifying the 
potential of ultra-permeable membranes for water desalination. Energy & Environmental 
Science. 2014;7:1134-1141

[2] Fischbein MD, Drndi M. Electron beam nanosculpting of suspended graphene sheets. 
Applied Physics Letters. 2008;93:113107

[3] Nair RR, Wu HA, Jayaram PN, Grigorieva IV, Geim AK. Unimpeded permeation of 
water through helium-leak-tight graphene-based membranes. Science. 2012;335:442-444

[4] Cohen-Tanugi D, Grossman JC. Water desalination across nanoporous graphene. Nano 
Letters. 2012;12:3602-3608

Molecular Simulation Study of Water Transport through Aquaporin-Inspired Pore Geometry
http://dx.doi.org/10.5772/intechopen.77394

17



[5] Konatham D, Yu J, Ho TA, Striolo A. Simulation insights for graphene based water 
desalination membranes. Langmuir. 2013;29:11884-11897

[6] Sun C, Boutilier MS, Au H, Poesio P, Bai B, Karnik R, Hadjiconstantinou NG. Mechanisms 
of molecular permeation through nanoporous graphene membranes. Langmuir. 
2014;30:675-682

[7] Wang EN, Karnik R. Water desalination graphene cleans up water. Nature Nano-
technology. 2012;7:552-554

[8] Koenig SP, Wang L, Pellegrino J, Bunch JS. Selective molecular sieving through porous 
graphene. Nature Nanotechnology. 2012;7:728-732

[9] Kim HW, Yoon HW, Yoon S-M, Yoo BM, Ahn BK, Cho YH, Shin HJ, Yang H, Paik U, 
Kwon S, et al. Selective gas transport through few-layered graphene and graphene oxide 
membranes. Science. 2013;342:91-95

[10] Li H, Song Z, Zhang X, Huang Y, Li S, Mao Y, Ploehn HJ, Bao Y, Yu M. Ultrathin, molec-
ular-sieving graphene oxide membranes for selective hydrogen separation. Science. 
2013;342:95-98

[11] Cohen-Tanugi D, Lin L-C, Grossman J. Multilayer nanoporous graphene membranes for 
water desalination. Nano Letters. 2016;16:1027-1033

[12] Shahbabaei M, Kim D. Molecular dynamics simulation of water transport mechanisms 
through nanoporous boron nitride and graphene multilayers. The Journal of Physical 
Chemistry B. 2017;121:4137-4144

[13] Shahbabaei M, Tang D, Kim D. Simulation insight into water transport mechanisms 
through multilayer graphene-based membrane. Computational Materials Science. 
2017;128:87-97

[14] Yoshida H, Bocquet L. Labyrinthine water flow across multilayer graphene-based mem-

branes: Molecular dynamics versus continuum predictions. The Journal of Chemical 
Physics. 2016;144:234701

[15] Dikin DA, Stankovich S, Zimney EJ, Piner RD, Dommett GHB, Evmenenko G, Nguyen 
ST, Ruoff RS. Preparation and characterization of graphene oxide paper. Nature. 
2007;448:457-460

[16] Novoselov KS, Falko VI, Colombo L, Gellert PR, Schwab MG, Kim K. A roadmap for 
graphene. Nature. 2012;490:192-200

[17] Joshi RK, Alwarappan S, Yoshimura M, Sahajwalla V, Nishina Y. Graphene oxide: The 
new membrane material. Applied Materials Today. 2015;1:1-12

[18] Yoon HW, Cho YH, Park HB. Graphene-based membranes: Status and prospects. 
Philosophical Transactions of the Royal Society of London, Series A. 2016;374:20150024

[19] Agre P. Aquaporin water channels (noble lecture). Angewandte Chemie International 
Edition. 2004;43:4278-4290

Nanostructures in Energy Generation, Transmission and Storage18



[20] Kumar M, Grzelakowski M, Zilles J, Clark M, Meier W. Highly permeable poly-
meric membranes based on the incorporation of the functional water channel protein 
Aquaporin Z. Proceedings of the National Academy of Sciences of the United States of 
America. 2007;104:20719-20724

[21] Kim MJ, McNally B, Murata K, Meller A. Characteristics of solid-state nanometer pores 
fabricated using a transmission electron microscope. Nanotechnology. 2007;18:205302

[22] Gravelle S, Joly L, Detcheverry F, Ybert C, Cottin-Bizonne C, Bocquet L. Optimizing 
water permeability through the hourglass shape of aquaporins. Proceedings of the 
National Academy of Sciences. 2013;110:16367-16372

[23] Gravelle S, Joly L, Detcheverry F, Ybert C, Bocquet L. Large permeabilities of hour-
glass nanopores: From hydrodynamics to single file transport. The Journal of Chemical 
Physics. 2014;141:18C526

[24] Shahbabaei M, Kim D. Effect of hourglass-shaped nanopore length on osmotic water 
transport. Chemical Physics. 2016;477:24-31

[25] Su J, Yang K, Guo H. Asymmetric transport of water molecules through a hydrophobic 
conical channel. RSC Advances. 2014;4:40193-40198

[26] Li W, Yan Y, Wang M, Kral P, Dai C, Zhang J. Correlated rectification transport in ultra-
narrow charged nanocones. Journal of Physical Chemistry Letters. 2017;8:435-439

[27] Chinappi M, De Angelis E, Melchionna S, Casciola CM, Succi S, Piva R. Molecular 
dynamics simulation of ratchet motion in an asymmetric nanochannel. Physical Review 
Letters. 2006;97:144509

[28] Joseph S, Aluru NR. Why are carbon nanotubes fast transporters of water? Nano Letters. 
2008;8:452-458

[29] Thomas JA, McGaughey AJH. Reassessing fast water transport through carbon nano-
tubes. Nano Letters. 2008;8:2788-2793

[30] Sokhan VP, Nicholson D, Quirke N. Fluid flow in nanopores: Accurate boundary condi-
tions for carbon nanotubes. The Journal of Chemical Physics. 2001;115:3878-3887

[31] Cicero G, Grossman JC, Schwegler E, Gygi F, Galli G. Water confined in nanotubes and 
between graphene sheets: A first principle study. Journal of the American Chemical 
Society. 2008;130:1871-1878

[32] Koga K, Gao GT, Tanaka H, Zeng XC. How does water freeze inside carbon nanotubes. 
Physica A. 2002;314:462

[33] Kolesnikov AI, Zanotti JM, Loong CK, Thiyagarajan P, Moravsky AP, Loutfy RO, Burham 
CJ. Anomalously soft dynamics of water in a nanotube: A revelation of nanoscale con-
finement. Physical Review Letters. 2004;93:035503

[34] Zangi R, Mark AE. Monolayer ice. Physical Review Letters. 2003;91:025502

Molecular Simulation Study of Water Transport through Aquaporin-Inspired Pore Geometry
http://dx.doi.org/10.5772/intechopen.77394

19



[35] Zangi R, Mark AE. Bilayer ice and alternate liquid phases of confined water. The Journal 
of Chemical Physics. 2003;119:1694

[36] Hirunsit P, Balbuena PB. Effects of confinement on water structure and dynamics: A 
molecular simulation study. Journal of Physical Chemistry C. 2007;111:1709

[37] Chakraborty S, Kumar H, Dasgupta C, Maiti PK. Confined water: Structure, dynamics, 
and thermodynamics. Accounts of Chemical Research. 2017;50:2139-2146

[38] Zhu FQ, Tajkhorshid E, Schulten K. Theory and simulation of water permeation in 
Aquaporin-1. Biophysical Journal. 2004;86:50-57

[39] Plimpton S. Fast parallel algorithms for short-range molecular dynamics. Journal of 
Computational Physics. 1995;117:1-19

[40] Groot RD, Warren PB. Dissipative particle dynamics: Bridging the gap between atom-

istic and mesoscopic simulation. The Journal of Chemical Physics. 1997;107:4423-4435

[41] Haile JM. Molecular Dynamics Simulation: Elementary Methods. New York: John Wiley 
& Sons Inc.; 1997

[42] Ryckaert JP, Ciccotti G, Berendsen HJC. Numerical integration of the cartesian equations 
of motion of a system with constraints: Molecular dynamics of n-alkanes. Journal of 
Computational Physics. 1977;23:327-341

[43] Babu JS, Sathian SP. The role of activation energy and reduced viscosity on the enhancement 
of water flow through carbon nanotubes. The Journal of Chemical Physics. 2011;134:194509

[44] Suk ME, Aluru NR. Molecular and continuum hydrodynamics in graphene nanopores. 
RCS Advances. 2013;3:9365

[45] Wang GJ, Hadjiconstantinou NG. Why are fluid densities so low in carbon nanotubes? 
Physics of Fluids. 2015;27:052006

[46] Suk ME, Aluru NR. Water transport through ultrathin graphene. Journal of Physical 
Chemistry Letters. 2010;1:1590-1594

[47] Ohba T, Kaneko K, Endo M, Hata K, Kanoh H. Rapid water transportation through nar-
row one-dimensional channels by restricted hydrogen bonds. Langmuir. 2013;29:1077

[48] Yoshida H, Mizuno H, Kinjo T, Washizu H, Barrat J-L. Molecular dynamics simulation 
of electrokinetic flow of an aqueous electrolyte solution in nanochannels. The Journal of 
Chemical Physics. 2014;140:214701

[49] Barati Farimani A, Aluru NR. Spatial diffusion of water in carbon nanotubes: From fick-
ian to ballistic motion. The Journal of Physical Chemistry B. 2011;115:12145-12149

[50] Liu Y, Wang Q. Transport behavior of water confined in carbon nanotubes. Physical 
Review B. 2005;72:085420

[51] Bai J, Xing Z, Shan J, Yu H, Duan X. Graphene nanomesh. Nature Nanotechnology. 
2010;5:190-194

Nanostructures in Energy Generation, Transmission and Storage20



[52] Akhavan O, Ghaderi E. Toxicity of graphene and graphene oxide nanowalls against bac-
teria. ACS Nano. 2010;4:5731-5736

[53] Ning G, Fan Z, Wang G, Gao J, Qian W, Wei F. Gram-scale synthesis of nanomesh gra-
phene with high surface area and its application in supercapacitor electrodes. Chemical 
Communications. 2011;47:5976-5978

[54] Lin Y, Watson KA, Kim JW, Baggett DW, Working DC, Connell JW. Bulk preparation of 
holey graphene via controlled catalytic oxidation. Nanoscale. 2013;5:7814-7824

Molecular Simulation Study of Water Transport through Aquaporin-Inspired Pore Geometry
http://dx.doi.org/10.5772/intechopen.77394

21




