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Abstract 

Seawater desalination is vital to our modern civilization. Here, we report that the 

carbon honeycomb (CHC) has an outstanding water permeability and salt rejection in 

the seawater desalination, as revealed by molecular dynamics simulations. More than 

92% of ions are rejected by CHC at applied pressures ranging from 50 to 250 MPa. CHC 

has a perfect salt rejection at pressures below 150Mpa.On increasing the applied pressure 

up to 150 MPa, the salt rejection reduces only to 92%. Pressure, temperature and 

temperature gradient are noted to play a significant role in modulating the water flux. 

The water flux increases with pressure and temperature. With the introduction of a 

temperature gradient of 3.5 K/nm, the seawater permeability increases by 33% as 

compared to room temperature. The water permeability of the carbon honeycomb is 

greater than other carbon materials and osmosis membranes including graphene (8.7 

times) and graphyne (2.1 times). It indicates the significant potential of the carbon 

honeycomb for commercial application in water purification. 

Keywords: Carbon honeycomb; Desalination; Molecular dynamics simulation; 

Temperature gradient 
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1. Introduction 

The production of fresh water is a significant challenge for the increasing population 

in the society [1]. Seawater desalination is vital to sustain the modern civilization of 

human beings as one of the most important sources for obtaining fresh water from the 

oceans and brackish reservoirs [2]. The reverse osmosis technology, which uses the 

pressure difference as a driving force to filter impurities, accounts for nearly half of the 

extent of water obtained from desalination [3], where the osmosis membranes play a 

crucial part, however, still suffer from instability and low efficiency. 

The reverse osmosis membranes play an essential role in osmosis desalination and 

need to exhibit optimal stability, high water permeability and salt rejection for large-scale 

applications. Currently, commercial reverse osmosis membranes are widely used for salt 

rejection, however, the low water permeability (about 1 L/(m2·h·Bar)) and high capital 

costs have limited the development of such commercial membranes for water treatment 

[4]. Moreover, the conventional reverse osmosis membranes degrade in the presence of 

chlorine and are easily fouled by the organic matter [5]. In this respect, many research 

efforts have been made to develop new nanoporous membrane materials with much 

higher stability and effective water desalination performance. 

Carbon is known to be a flexible element with high stability. It can take form of 

various allotropes, such as carbon nanotubes (CNT), graphene and graphyne, with a 

varying arrangement of atoms. Recently, CNT [6-8], graphyne [9] and graphene [10, 11] 

have been extensively studied for water desalination using both experiments and 

simulations. In particular, the experimental  studies have shown that the porous CNT 

membranes have a water permeability and salt rejection much higher than the currently 

used commercial membranes [6], and the water flux increases with decreasing the 

membrane thickness [8]. Similarly, graphyne membranes have been widely investigated 
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as porous carbon nanomaterial for desalination, and the results show that water can 

permeate swiftly through graphyne with high salt rejection [9]. Recently, nanopores have 

been introduced into graphene’s structure. Graphene can also be introduced into a variety 

of chemically functionalized nanopores (for example, MoS2 functionalized, hydroxylated 

and hydrogenated pores) and has been demonstrated to exhibit several orders of 

magnitude higher water permeability [10-13]. With high water permeability and salt 

rejection, porous carbon nanomaterials have a high potential of commercial applications. 

Pressure gradient is commonly used to generate controlled water flow in the 

nanoscale desalination membranes [2]. In addition, the introduction of temperature 

gradient has been proved to induce water flow in the nanoscale porous nanomaterials. 

Harvey et al. [14] studied the translation motion of the water nanodroplets driven by the 

temperature gradient in CNT. It was reported that the water flow imposed by the 

temperature gradient could be controlled [15]. The thermo-diffusion caused by the 

temperature gradient is known as the Soret effect or thermophoresis [16, 17].  

Carbon honeycomb (CHC), a new kind of nanoporous carbon nanomaterials, has 

been proposed by Park et al.[18]. The special honeycomb-like structure of CHC has 

attracted a significant research attention since then. The sp2-sp3 hybridized CHC was 

reported to have an outstanding stability with relatively small density and high specific 

surface per unit volume [19]. Krainyukova et al. [20] experimentally developed stable 

CHC for the first time. Since then, the structure and properties of CHC have been widely 

explored [21]. CHC has excellent performance in liquid storage [20], along with 

enhancement of thermal conductivity [22], electrical conductivity [23] and mechanical 

properties [24-26]. For example, it was reported that the thermal conductivity of CHC in 

the cell axis direction was up to 100 W/mK with a density as low as 0.4 g/cm3, and the 

specific strength was higher than the other carbon materials [24].  
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The aforementioned unique properties might be attributed to the distinctive structure: 

CHC essentially constitutes the rows of honeycomb holes. Rationally, it motivates the 

research community to further explore its properties and applications in desalination. 

Herein, a CHC with sp2 bonding in the wall and sp3 bonding in the junction has been 

constructed, and the water desalination performance as a function of applied hydrostatic 

pressure and length have been investigated using the non-equilibrium molecular 

dynamics (NEMD) simulations. The effect of temperature and temperature gradient has 

also been investigated.  

2. Models and Methods 

Tilted view of CHC is shown in Figure 1(a). As a kind of asymmetrical armchair 

sp2–sp3 bonded carbon honeycomb [27], it consists of graphene nanoribbons. The cross-

section is a honeycomb-like structure based on a regular hexagon with side length of 5.8 

Å. Each CHC unit consists of four pores (Figure 1(b)) with periodic boundary conditions 

in both x and y directions. The junction consists of an 8-carbon and two 5-carbon atom 

rings (as shown in Figure 1(c)). 

The water desalination system is composed of two graphene sheets as rigid piston at 

the two ends of the simulation system along the z-axis, a CHC, salt water in the feed side 

and fresh water in the permeate side (Figure 1 (d)). According to Robert S. Weatherup 

[28], water will not escape from graphene and penetrate into the vacuum. The saltwater 

in the feed side consists of 12 Na ions, 12 Cl ions and 1200 water molecules (20×17×104 

Å.). This, thus, produces a salt water area with salinity of 32 g · 𝐿−1, which is close to the 

salinity of seawater. Fresh water contains 300 water molecules with a size of 20×17×26 

Å. Besides, period boundary conditions are used in all directions, along with two 35 Å 

vacuum layers placed at the two ends of the graphene piston so that no interaction occurs 
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between the left and right pistons. Therefore, with the length of CHC as 5.8 nm, the size 

of the simulation box is about 20×17×258 Å. As the size of the simulation box becomes 

larger, it has a little effect on the obtained results. We studied the water flux by 

periodically replicating both x and y directions three times at 50 MPa. This way, the 

simulation box was enlarged by nine times. The difference in the water flux between the 

enlarged structure and pristine one is within 5%, implying that the result with such a 

simulation box is converged and independent of system size. In order to express the 

system structure more clearly, the simulation system with only 5.8 nm CHC has been 

shown in Figure 1d. The different lengths of CHC are shown in Supplementary Figure 

S1. 

 

Figure 1.  Simulation box and water desalination performance: (a) Angled and (b) vertical view 

of CHC; (c) Atom structure of the wall and junction of CHC; (d) Schematic of the simulation box 

consisting of a CHC, water, ions (Na+ and Cl-) and two graphene sheets.  

 

NEMD simulations are employed to test the performance of CHC as water 

desalination membranes using the LAMMPS package [29, 30]. The post-processing 

including water flux, salt rejection and water molecules distribution is studied with 
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OVITO [31, 32]. We have used our resources to run three times for every case, and for 

each case, three MD simulations were performed by changing the initial conditions to 

achieve meaningful insights. 

The interactions between the water molecules are described by the TIP4P model, 

and the salt ions are described by the non-polarizable model. The AIREBO potential [33] 

is utilized to describe the interactions between the carbon atoms. For other kinds of atoms, 

the Lennard Jones (LJ) and Coulombic terms are utilized [34-36]. The interaction energy 

( )ijU r  is given as [37]: 

 ( ) ( )
12 6

( ) 4 / /
i j

ij ij ij ij ij ij

ij

q q
U r r r

r
  


 = − +
  

 (1) 

where 
ij  and 

ij  are the energy and length parameters, 
ijr  is the distance between the 

atoms i and j, 
iq and 

jq are the charges on the two atoms and   is the dielectric constant. 

The LJ parameters between the different elements are estimated by using the Lorentz 

Berthelot mixing rules. The LJ parameters are summarized in Supplementary Table S1. 

The canonical (NVT) ensemble is used for the simulations with a Nose Hoover thermostat 

of 50 fs at T=300 K. The periodic boundary conditions are employed in all three directions 

of the simulated box, with a time step of 0.5 fs. Five different external pressures (ranging 

from 50 to 250 MPa) are applied on the graphene piston to achieve the water desalination 

process, and the pressure on the graphene piston on the fresh water side is keept at 0.1 

MPa (1 atm). The simulation time is related to the applied pressure. The greater is the 

pressure, the shorter is the time taken by water to pass. 10,000,000 time steps are taken 

for each NEMD simulation. 

It has been reported that the salt rejection is more important than water 

permeability for water desalination, which is calculated by [7]: 
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Perment Ions Ions

Perment Water Water

/
Salt  rejection (1 ) 100%

/

n n

n n
= −   (2) 

where Perment Ionsn  and Perment Watern  represent the number of ions and water molecules which 

have passed through CHC when half of the water has flowed to the permeate side, 

whereas Ionsn  and Watern  represent the number of ions and water molecules in the feed 

side at the beginning of the simulations. 

3. Results and Discussion 

3.1 Effect of pressure 

Applied pressure has a significant influence on the performance of the water 

desalination performance of the membrane. Varying external pressures were applied to 

the two rigid graphene pistons in the cell axis direction so that the system is in a non-

equilibrium condition with a hydrostatic pressure difference across the CHC. The number 

of water molecules filtered through the CHC (length L = 5.8 nm) pores as a function of 

time for different pressure values is presented in Figure 2(a). Each curve in Figure 2(a) 

starts in the linear state with a near constant water flow rate. This suggests that the impact 

of the gradually increased salinity in the feed side could be negligible in this region. The 

water flow rate is estimated by the slope of each curve in Figure 2(a). With time, the water 

molecules pass through CHC to the permeate side with increasing salinity in the feed side, 

following the osmotic gradient enhancement. Therefore, the driving force that causes the 

water molecules to flow is reduced, and the slope of the water molecules number vs. time 

curves decreases. At an externally applied pressure of 50 MPa, the water density and 

distribution of the oxygen atoms along the radial direction in a single pore are exhibited 

in Supplementary Figure S2 and S3, respectively. The results show that the water 
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molecules are mainly distributed in the range of 1.6 to 2.4 Å from the center of the CHC 

pore. 

 

Figure 2.  (a) The number of the water molecules filtered through the CHC pores as a 

function of simulation time at different pressures and (b)Water flux and salt rejection as 

a function of the applied pressure for CHC. 

 

The water flux is calculated when the half of the water molecules have entered 

the permeate region, using the slopes from Figure 2(a). The effective water flux values 

achieved in each simulation are illustrated in Figure 2(b). The results indicate that the 

water flux is nearly linear with the applied pressure, which is consistent with the previous 

studies [11].  

Moreover, it has been reported that the salt rejection is more important than the 

water permeability for the desalination membranes [7]. The dashed line in Figure 2(b) 

shows the salt rejection as a function of the applied pressure. The result shows that at low 

pressures, CHC has a perfect salt rejection with no salt ions passing before half of the 

water has flowed through CHC. On increasing the applied pressure up to 150 MPa, the 

salt rejection reduces only to 92%. This can be explained by considering the free energy 

profile of an ion and water molecule passing through the CHC membrane. As expected, 

the higher pressure provides enough energy to the salt ions to pass through the nanoporous 
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membrane, however, at a very low extent. These results show that CHC could be an 

effective water desalination membrane alternative. 

A few previous MD studies have shown that the water flux through CNT is 

affected by the length [8, 38]. In this study, the considered CHC lengths are 5.8, 11.6 and 

58 nm respectively. The water flux of CHC with varying lengths as a function of applied 

pressure is shown in Figure 3(a). The decay of the water flux with increasing CHC length 

shows similar behaviour for different pressure values. As the length increases, the water 

flux is obviously noted to decrease. For CHC with a length of 58 nm, the water flux is 

noted to reduce by 17% as compared to CHC with a length of 5.8 nm at a pressure of 50 

MPa. The reduction is observed to be higher on increasing the applied pressure. The 

maximum reduction of water flux is noted to be about 39% at 250 MPa. It has been 

reported that the use of the Nose-Hoover thermostats may overestimate the reduction in 

the water flux of the nanoporous carbon materials on increasing the length [8]. Therefore, 

the effective water permeability of CHC might be larger, if the similar effect occurs with 

CHCs. 
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Figure 3. Length and temperature dependence: Water flux (a) and salt rejection (b) as a 

function of the applied pressure for CHCs with different lengths at different temperature 

conditions; (c) Water permeability of CHC at different conditions. 

 

At 300 K, the water permeability of CHCs with different lengths is described in 

Figure 3(c). As the CHC length increases, the water permeability decreases, exhibiting 

the same trend as reported for CNT for water transportation by Su [38]. Remarkably, the 

water permeability of CHC with a length of 58 nm is 48% lower than that of 5.8 nm. It 

shows the water flow through CHC is frictional [39]. 

The salt rejection as a function of the applied pressure is depicted in Figure 3(b). 

Meanwhile, the membranes with CHC lengths of 11.6 nm and 58 nm length exhibit a 

perfect salt rejection, while the salt rejection of the CHC with 5.8 nm length is about 92% 

at 150 MPa. Similar salt rejection under other applied pressures is observed, indicating 

that the salt rejection is less affected by the CHC length. 

3.2 Effect of temperature gradient 
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Increasing temperature enhances the diffusion process of both water and salt ions. 

It has been reported [15] that an axial temperature gradient can induce a fast and 

continuous water flow through CNT. Here, the effect of the temperature gradient on the 

performance of CHC for water desalination has been investigated. Simulations under the 

temperatures of 300 K and 320 K are taken as two reference groups. In order to discuss 

the effect of the temperature gradient, a different thermostat for each region is considered. 

The atoms in the feed and permeate sides are heated to 320 K and 300 K, respectively. 

The atoms in the middle region are controlled by the microcanonical (NVE) ensemble. 

This process is noted to induce the temperature gradient of 3.5 K/nm in the water 

desalination system. 

Water flux values at different temperature conditions are depicted in Figure 3 (a). 

The results show that the larger water flux values are noted at 320 K than 300 K. The 

kinetic energy of the water molecules increases with temperature, which makes it easy 

for the water molecules to pass through. Thus, a higher water flux is noted at higher 

temperatures. The large pressure gradients can induce flow in CHC, so does the 

temperature gradient in this study. In order to optimally reflect the effect of temperature 

gradient on the water flux, we have further considered two temperature gradients (310-

300 K and 330-300 K) at 50 MPa. The results show that the water flux increases on 

increasing the temperature gradient, as shown in Supplementary Figure S4. 

In Figure 3(c), the water permeability of CHC has been plotted. The results show 

that the water permeability of CHC at 320 K is 13% higher than 300 K. The introduction 

of the temperature gradient improved the water permeability of CHC by 33%, indicating 

that the temperature gradient can promote the water permeability more effectively than 

simply raising the temperature. 
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Previous study [40] has shown that the gases in CNT flow by applying traveling 

waves. Qiu et al. [41] found that the key to the water flow is the amplitude at the free end 

of CNT, which is induced by applying periodic force. The higher the amplitude, the 

greater is the water flux. Elton et al. [15] noted that the water flow in the temperature 

gradient direction within CNT can be caused by the difference in the amplitude of the 

oscillation between the high and low temperature zones. As the applied temperature 

gradient increases, the amplitude of the oscillations also increases, thus, causing the 

higher water flow rates. Here, the thermal Brownian ratchet concept [42] is also suitable 

for the use of CHC for water desalination. By the induced temperature gradient, the water 

permeability also increases obviously. The introduction of the temperature gradient, thus, 

promotes the flow of water in CHC. 

The Soret coefficient is calculated to quantify the effect of the temperature 

gradient on the water flux of CHC. The Soret coefficient is defined as [16]:  

 /tS D D=  (3) 

where Dt and D are the thermal and isothermal diffusion coefficients respectively. The 

isothermal diffusion coefficient D is obtained from the classical mean square 

displacement:  

 
2

1

1
lim ( ) (0)

6

N

j j
t

j

D r t r
Nt→

=

= −  (4) 

where ( )r t  is the displacement of the atom j at time t and N is the number of atoms. The 

coefficient of thermal diffusion is calculated from the equation:  

 tD TV=   (5) 
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where V is the water flow rate determined by the water flux during the simulation. The 

isothermal diffusion coefficient is 2.8 nm2/ns, which is consistent with the previous 

reports for water under nanoscale confinement (0.9-8.8 nm2/ns) [14, 43]. The water flux 

induced by the temperature gradient under zero driving pressure is about 50 molecules/ns, 

corresponding to the water flow rate of 1.16 nm/s. Thus, the extracted thermal diffusion 

coefficient is 0.33 nm2/(ns K), which corresponds to a Soret coefficient of 0.12 K-1. The 

observed value is one order of magnitude lower than the simulated coefficient for the 

confined water inside CNT [14], however, it is closer to the value for the binary Lennard-

Jones liquids [44] and the experimental results for the water-methanol mixtures [16]. 

The salt rejection as a function of both temperature and applied pressure is plotted 

in Figure 3(b). It is found to be 100 % for the applied pressure below 100 MPa. It is owing 

to the fact that the smaller values of pressure induce smaller forces on the salt ions to pass 

through CHC. The salt rejection makes a little difference at 150 MPa, where the 

temperature gradient shows a 100% salt rejection, which is higher than observed for 300 

K and 320 K.  

3.3 Porosity and water permeability  

The water permeability is another important factor for the water desalination 

performance. Figure 4 shows the water permeability for various nanoporous carbon 

materials (hydroxylated and hydrogenated graphene [10], MoS2, graphene [11], CNT [7] 

and graphyne [9]) including CHC with L = 5.8 nm calculated in this study. CHC shows a 

better water permeability performance than the 2D membranes of graphene, MoS2, 

graphene with hydroxylated or hydrogenated pores and graphyne-5, with similar pore 

area. For 2D nanoporous materials, the pores tend to weaken the material by reducing its 

structural strength. It was reported that both strength and Young’s modulus of the 

nanoporous graphene reduce on increasing the pore radius [3]. It is important for a 
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material to be strong in order to maintain its mechanical structure under high hydraulic 

pressure inherent to the reverse osmosis desalination process. Thus, the porosity of such 

materials is generally small. This, thus, greatly limits water permeability of these 

materials. For instance, the water permeability of graphene with a 10% porosity is about 

1000 L/(m2·h·Bar) [10].  

 

Figure4. The performance of various membranes with similar single area for water 

desalination at 300 K. The single pore area of CHC is 78 Å2 with L = 5.8 nm. The pore 

area of the hydroxylated and hydrogenated graphene [10], MoS2 and graphene [11] is 62, 

50, 56 and 60 Å2 respectively, and the corresponding permeability is calculated assuming 

a 10% porosity. The pore area of CNT (12,12) [7] and Graphyne-5 [45] is 62 and 77 Å2.  

However, it is generally less critical to focus on the strength of CHC due to its 

unique nanoporous structure. The stress-strain curves along different directions show that 

CHC has outstanding structural strength (as shown in Supplementary Figure S5). In this 

study, CHC has a nanopore density of 1.15×1014 cm-2, while it is 1.7×1013 cm-2 for 

graphene [3], 7.9×1013 cm-2 for graphyne-5 [9] and only 2.5×1011 cm-2 for CNT [7] with 

similar pore area. For simplicity, the porosity is expressed by the ratio of the hole area 

and total cross-sectional area, where the hole area is calculated by the area of the inscribed 

circle of the hole. The calculated porosity of CHC is noted to be about 64%, whereas it is 

43% for graphyne-5, 10% for graphene and only 0.5% for CNT.  

Benefitting from the specific structure, the CHC membrane has a relatively high 

porosity, while maintaining a high stiffness. Therefore, CHC is noted to have a higher 
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water permeability as compared to other materials. It has been reported that with a 

thickness of 3 nm and a diameter of 1.6 nm, CNT has a water permeability about 160 

L/(m2·h·bar) [7], which is more than one order of magnitude lower than CHC with similar 

pore area.  

4. Conclusions 

A promising performance of CHC for water desalination has been predicted by 

means of molecular dynamics simulations. Benefitting from the specific structure of an 

array of honeycomb holes, the CHC membrane is noted to possess a relatively high 

porosity with high stiffness. To the authors’ best knowledge, the water permeability of 

CHC is greater than other carbon materials and reverse osmosis membranes. The water 

transport through CHC is pressure dependent. Besides, the water permeability of CHC 

increased by inducing the temperature gradient, thus, providing a promising approach to 

improve the water flux. CHC shows high salt rejection for the applied pressure of less 

than 150 MPa. Overall, the newly developed CHC based water desalination membrane 

exhibits strong potential for seawater desalination and water transportation, along with 

application to the nanofluidic devices. 
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