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a b s t r a c t

Inspired by the highly efficient water transport presented in hourglass-shaped aquaporin channels,
molecular dynamics simulations were conducted to study water desalination in carbon nanocones
(CNCs). Their desalination performance (salt rejection, water flow) depends on the cone size, angle, and
flow direction (nonequilibrium). Free energy calculations reveal that ultrasmall CNCs with apex angles of
19.2� provide the best desalination performance, since they contain relatively ordered water structures,
providing high water flows, but have a high ion rejection rate. The desalination performance observed in
these CNCs is better than in nanoporous graphene and MoS2 monolayers.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Freshwater shortage is becoming a worldwide problem due to a
global climate change, growing population, and increasing indus-
trial and agricultural consumptions [1,2]. Seawater covers 70% of
earth surface [3] and could provide a plentiful resource of fresh-
water, if efficient desalination methods are developed. However,
due to a large energy consumption and trade-off between water
permeability and salt rejection rate [4], the desalination efficiency is
unsatisfactory in currently used reverse osmosis (RO) methods [5].

In carbon nanotubes (CNT) [6,7], water can flow almost without
friction, since its flow rate is 4e5 orders of magnitude larger than
predicted by a classical fluid-flow theory [8]. Efficient desalination
membranes have been constructed using aligned ultranarrow CNTs
[9e11]. Efforts were also made to prepare highly permeable and
selective ultrathin membranes based on nanoporous graphene
[12e19], graphyne [20,21], molybdenum disulfide (MoS2) [22,23],
and other 2D materials [24e26]. Many of these nanoporous
materials have a large potential in water desalination, since they
have a high water permeability and salt rejection rates.

Nature provides great inspiration by its design principles and
solutions. For example, biological channels in cell membranes are
highly selective, permeable, and environmentally sensitive
[27e30], which is difficult to achieve simultaneously in synthetic
nanochannels [31e35]. Due to a high water permeability and
selectivity, aquaporins (AQPs) play a crucial role in the passage of
water across cell membranes [36]. AQPs have an hourglass-shaped
channel structure [37,38], in which the narrow neck is responsible
for a high water selectivity, and the conical entrance for a high
water permeability (reduced hydrodynamic entrance resistance).
In principle, similar conical structures could enhance fluidic flow in
synthetic nanochannels [38e43]. Inspired by the nearly frictionless
water flow in CNTs and the highly permeable and selective water
flow in conical AQPs, we assume that a high desalination perfor-
mance can be achieved in carbon nanocones (CNCs). Here, we
perform molecular dynamics (MD) simulations to examine this
possibility.

2. Models

Fig. 1 shows the studied model system. A fixed CNC of a 2 nm
length is held between two fixed graphene sheets with pores
matching the CNC channel. Two more (rigid) graphene slabs were
used to maintain constant pressures at the left and right regions of
the system. When the desalination took part from the base (tip) to
the tip (base) sides, salt water (0.5mol/L NaCl) was left at the left
(right) of the CNC channel (high pressure region), and pure water
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was put at the right (left) of the CNC channel (low pressure region -
0.1MPa). Periodic boundary conditions were applied in the X and Y
directions.

The atomistic MD simulations were performed using LAMMPS
[44] and a modified CHARMM force field. Water was described by a
TIP3Pmodel [45], where the SHAKE algorithmwas used to keep the
rigidity of water molecules. The ion-ion Lennard-Jones (LJ) pa-
rameters were obtained from literature [46], the carbon-carbon
(sp2 carbons) LJ parameters were scc¼ 0.33997 nm and
εcc¼ 0.0859 kcal/mol. Other LJ parameters were obtained using the
Lorentz-Berthelot combining rules [47], as summarized in Table S1.
The van der Waals (vdW) coupling was calculated with a cutoff of
12 Å and the particle-Particle-Particle-Mesh (PPPM) method was
used for the calculation of long-range electrostatic interactions. The
MD simulations were conducted in NVT ensemble at 298 K, with a
time step of 1 fs, and the data were collected every 1 ps. The total
simulation time of each system was 10 ns.

3. Results and discussion

Depending on the number of pentagons at the CNC apex [48],
five symmetric CNCs exist with apex angles of 112.9�, 83.6�, 60.0�,
38.9� and 19.2�. Here, the CNCs tips were cut (Fig. 1) and their
accessible pore areas are shown in Fig. S1 and described in Table S1.
The tip pore areas in cut CNCs with apex angles of 19.2�, 38.9� and
60�, ranging from 19.30 to 19.37Å

2, are similar to 19.29Å
2 for (6, 6)

CNT and 19.38Å
2 for a nanoporous graphene (GN), which could

both be used for desalination [49]. All the studied models are
shown in Fig. S2.

First, we studied desalination under different hydrostatic pres-
sures in a cut CNC with an apex angle of 19.2� (CNC-19.2�) and a tip
pore area of 19.30Å

2, as shown in Fig. S3. An approximately linear
relationship between the pressure and water flux, but a full ion
rejection, were observed. Therefore, in order to get enough statis-
tics in a limited simulation time, a relatively large hydrostatic
pressure of 100MPa was adopted in the following simulations.
Using these conditions, we examine the desalination performance
(water flux and ion rejection) of systems shown in Fig. S2.

Water flux. Fig. S4 shows a time-dependent flow of filtered
water at hydrostatic pressure of 100MPa from the base (tip) to tip
(base) sides for systems shown in Fig. S2. The calculated water
fluxes (slopes of the curves in Fig. S4) are shown in Fig. 2, and the
error bar was given based on three separated simulations. In the
(6,6) CNT, a water flux of ~15 #/ns passes under 100MPa pressure,
in agreement with previous studies [49]. Three observations also
could be done from these simulations: (1) the CNC systems have
higher water flux than the CNT and GN systems, (2) the flow rate
depends on the CNC orientation (higher water flux emerges from
the base to tip side) and (3) the water flux increases with the

decreasing CNC apex angles and reaches a maximum at 19.2�.
To understand the (1) point, the potential of mean forces (PMFs)

of water was calculated in these channels to estimate the energy
barriers for water transport (see SI for the detailed PMF calcula-
tion). Fig. 3a shows that in CNCs with larger angles the energy
barrier decreases at the base side (cone diameter increases) but
slightly increases at the tip side (cone diameter stays the same),
where it eventually approaches the barrier presented in GN with
the same diameter as the CNCs tips. This could explain why the
smallest water flux is present in GN. Similarly, in the chosen CNT,
the energy barrier is on average larger than in all the other systems,
which gives the weakest water flux. To further understand the
larger water flux in CNC channels quantitatively, we calculated the
average axial velocity of water molecules passing through the CNT,
GN and the tip side of the CNC channels (Table S2). We can see
water molecules in CNC channels have larger velocities, which also
indicate their larger water flux than that of CNT or GN systems.

When water flows in CNCs from the base to the tip sides, the
gently increasing energy barriers permits a lot of water to enter,
which contributes to their higher water flux. Similarly, whenwater
flows in the opposite way, it can easily diffuse out of the channels,
which also gives relatively larger flows. The larger base side pores
in CNCs and the corresponding higher likelihood of collecting water
from the solution under pressure (Fig. 3b) are responsible for
higher water fluxes from the base to the tip sides, which explains
the (2) point. However, this feature disappears at small pressures,
since close to equilibrium both passage rates should be the same,

Fig. 1. The constructed system used in this work. Water was shown as transparent cyan. (A colour version of this figure can be viewed online.)

Fig. 2. Water flux from the base (tip) to tip (base) sides of CNCs with different apex
angles. (A colour version of this figure can be viewed online.)
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otherwise a spontaneous flow would be observed. There is still a
higher flow in CNCs under such conditions, since either the mole-
cules are better collected or better released than in the CNT or GN
channels. Perhaps, systems that are conical both at their entrances
and exits would have the largest flows.

To explain the (3) point, we can examine the nature of water
flow inside CNCs by comparing it to the water flow in CNTs. In CNTs
with nm-scale diameters, water becomes well arranged (like in
crystals) and flows almost without friction [6,50], partly because
the CNTs walls are non-polar and very flat (Fig. 3b) [51,52]. A small
water permeability in CNTs is caused by their high entrance energy
barriers (Fig. 3a). In nm-scale CNC-19.2�, water is still relatively
ordered (Fig. 3b), but the average energy barrier is reduced
compared to CNTs of the same entrance pore sizes (Fig. 3a).
Consequently, water flows in such CNCs are larger. When the apex
angle in CNCs is further increased, water molecules in the channels
become less ordered, like in bulk water (CNC-60� system in Fig. 3b),
which causes a reduction of their flow.

The ordering of water within these channels could be estimated
from the probability distribution of water dipole orientation, P(q)
(Fig. 3c), where q is an angle spanned by a water dipole vector and
the Z-axis of the channel. In very thin CNTs, water is mostly ori-
ented along the channel [53], which means that P(q) has maxima
around at 0� or 180�, while in CNC-19.2� the maxima are at 30� or
150�. A high probability around 90� indicates that water tends to
flip and reorient frequently, the H-bond network also undergoes

breaking and rebuilding, and water flows slower [53e55], as
observed at CNCs with apex angles of 38.9� and 60� (Fig. 3c).

It should be noticed that in our simulations all the carbon atoms
at the CNC channels are electroneutral. However, in a real system,
the carbon atoms at the edge of the CNC channels are prone to be
oxidized and develop small net charges. The net charges could
polarize the passing water molecules and make the water mole-
cules reorient themselves. Therefore, according to our above anal-
ysis, we think that the small net charges and the corresponding
ordered water structure could further enhance the water flux
[56,57].

Salt rejection. The percentage of ion rejection of the CNCs is
calculated by the equation [58]: R (%)¼(1- Cp/Cf)� 100, where, Cp

denotes the ratio of passed ion number with respect to passed
water number, Cf denotes the initial salt concentration in feed box.
From our results, all the systems in Fig. 2 could fully reject the
passage of Naþ and Cl� ions with hydrated radius of 3.58 Å and
3.32 Å, respectively [59]. Since the smaller radius in all these pores
is about the same, roughly 2.52 Å, the hydrated ions are rejected
due to size exclusion. The ions should be dehydrated prior to
passing through the channels, which is very difficult unless suitable
charged groups and electronic polarization are considered to be
present at the pore rim [12]. In Fig. 3d, the PMFs of Naþ and Cl� ions
were also calculated to estimate the free energy barriers for ion
transport in CNC-19.2� channel (see SI for the PMF calculation)
[60,61]. Since ions would need to overcome a large energy barrier

Fig. 3. (a) The potential of mean forces (PMFs) for water transport through the studied systems. (b) Cartoon representation of the water structure in the CNT, GN and CNCs with
apex angles of 19.2� and 60� . (c) The probability distribution of water dipole orientation in CNC channels. (d) The PMFs for Naþ and Cl� passing through the CNC channel with apex
angle of 19.2� . (A colour version of this figure can be viewed online.)
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(over than 20 kcal/mol), their entry in the channel is practically
fully rejected. Moreover, the smaller Naþ ion, with more strongly
bound hydration waters, has a larger energy barrier. Note that our
simulations are done in gradually changing conditions, since the
ions concentration is increasing on the entry side. However, this
effect has a negligible influence on the water flow over the simu-
lation timescale (Fig. S4) [17,23,62].

CNCs with an optimal desalination performance. From these
simulations, we can see that CNC-19.2� should have the best
desalination performance. We can optimize the cone further by
checking its tip within the range of 19.30Å

2 to 50.64Å
2 (Table S1 in

SI), in order to gain a higher water flux, while keeping a desirable
salt rejection rate. When the saline water goes through the channel
from the base to tip (Fig. 4a), the water flux increases in larger tip
pores, while the ion rejection rate decreases. When the flow is
opposite, the water flux still increases, while the ion rejection rate
is 100%, until the tip pore area reaches 50.64Å

2. We can understand
this as follows. For a flow from the base to tip side induced by
pressure (Movie S1), multiple ions could enter the confined channel
because of the large base side pore size. Then, the mutual pushing
effects of the ions in the channel allows the first ion easier to
dehydrate and pass through the channel (Fig. 4bed), resulting in
the low ion rejection rate. Meanwhile, the hydrated ions inside the
channel could exert steric hindrance and slow down thewater flow.
This ion transport mode is similar to the Coulomb knock-on ion
transport observed in biological ion channels [63], but here the
driving force is external pressure. Therefore, this phenomenon
could be called a pressure knock-on ion transport. This transport
cannot work from the tip to base side (Movie S2), because of the
absence of confined space to accommodate multiple ions. The
entering ion could easily jump back to the solution once it en-
counters the energy barriers near the tip pore. Therefore, the
blockage effect of the ion for water flow is negligible (Fig. S5). This
also explains that why water flux from base to tip is higher than the

flux from tip to base whereas it is opposite when pore area exceeds
35 Å2 (see SI for detailed explanation). Consequently, a high ion
rejection rate and high water flux could be achieved in a tip to base
flow (Fig. 4). However, all these differences are only present due to
relatively large pressures.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2017.12.039.

Comparison with other desalination membranes. CNC-19.2�

with a tip pore area of 44.74Å
2 gives the optimal desalination

performance. Further comparison with commercial and other
state-of-the-art atomic membranes was conducted and depicted in
Fig. 5. It shows that the chosen CNC has exceptional high water

Fig. 4. (a) The water flux and percentage of ion rejection when ionic solution flows from the base (tip) to tip (base) of the 19.2� CNC channel under different accessible tip pore
areas. (bed) Pressure induced knock-on ion transport from the base to tip side. The orange and purple balls show the water molecules in the hydrated shell of Naþ and Cl�,
respectively. (A colour version of this figure can be viewed online.)

Fig. 5. The ion rejection and water permeation rate for various membranes (MFI-type
zeolite [64], seawater RO [65], brackish RO [65], nanofiltration [65], high-flux RO [65],
and Mo only MoS2 [22]). (A colour version of this figure can be viewed online.)
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permeability (17.43 L cm�2 day�1MPa�1), which is more than two
orders of magnitude higher than in commercial RO membranes
(0.03e0.4 L cm�2 day�1MPa�1). It is also ~60% higher than the
recently developed ultrathin nanoporous MoS2 membrane
(10.97 L cm�2 day�1MPa�1) whose water permeability is ~70%
higher than that of nanoporous graphene [22].

4. Conclusion

In this work, molecular dynamics simulations were conducted
to investigate the desalination performance of CNCs. The results
show that the CNCs could optimize water permeability compared
with CNT and nanoporous graphene. In addition, CNC with apex
angle of 19.2� provides largest water flow, due to a low entrance
energy barrier and an ordered water structure present in the
channel. Under pressure, CNCs also exhibit better desalination
performance when the saline water goes from the tip to base side.
Now, uniform CNC arrays have been synthetized by plasma-
assisted self-organized growth [66] and through sharpening of
CNC tips during plasma-assisted growth, including CNCs with
different tip sizes [67]. Therefore, fabricating CNC membranes with
uniform configuration and accurate pore sizes for desalination will
come true in the near future. This work provides great promise for
the next generation of desalination devices.
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