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Fig. 1. (a) Molecular dynamics model for pressure-driven water passing through CNT hybrid structure (the green component

is the graphene-CNT hybrid structure, the red and white spheres in a block region are red hydrogen atoms and white oxygen

atoms composing water molecules, the cyan plate is a single layered graphene sheet used to change the water pressure);

(b) local view of the charged CNT model in the graphene-CNT hybrid structure with the equal positive and negative charges

on carbon atoms (the blue and black spheres represent the carbon atoms with positive and negative charges, respectively,

the purple carbon atoms are electrically neutral).
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Fig. 2. Three typical composite structures composed of graphene sheets and CNT. Case 1: the two rigid

ends of the CNT are assembled to the graphene pores directly without the chemical bonds; Case 2: the

bottom end of the CNT is connected to the graphene pore with the chemical bond while the top rigid

end is assembled to the top graphene pore without the chemical bonds; Case 3: the graphene-CNT hybrid

structure, i.e., both ends of the CNT are connected to the graphene pores with the chemical bonds.
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Fig. 3. (a) Number of water molecules passing through the structured model as a function of time at 200 MPa

for three different graphene-CNT models; (b) permeability versus water pressure.
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Fig. 4. (a) MD model for calculating potential of mean force along the axial z direction of CNT; (b) graphene-CNT

assembled structure; (c) graphene-CNT hybrid structure.
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Fig. 5. (a) Density distribution of the water molecules along the axial direction of CNT (z axis) and (b) PMF
along the axial direction of CNT for two different graphene-CNT models. GNAS is the graphene-CNT assembled
structure; GNHS is the graphene-CNT hybrid structure.
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Fig. 6. (a) Variation in permeability of water with temperature at a pressure of 200 MPa; (b) Variation in perme-

ability of water with the amount of charge carried by charged atoms of a carbon tube in a hybrid structure at a

pressure of 200 MPa.
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Fig. 7. (a) Density of water molecules at various positions in the z axis at a pressure of 200 MPa; (b) PMF along

the z axis of CNT at a pressure of 200 MPa.
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F1 RN 200 MPa B K785 2 300519 (B9 1 2.3—2.8 nm) 383 AS [l 100 5 XU 2 A 45 (1 g
Table 1. PMF along z axis (2.3-2.8 nm in Fig.9) for the double-CNT hybrid structure with different axis

spacings when the pressure is 200 MPa.

PMF /kJ-mol~!

Axial position/nm

d =0.98 nm d=1.7nm d=24nm d=3.4nm d=4.1nm
2.3 1.35 1.21 1.38 1.56 1.38
2.4 4.58 5.35 5.74 6.11 6.51
2.5 6.46 6.74 7.13 7.61 7.86
2.6 8.03 8.38 8.84 9.18 9.74
2.7 9.78 10.0 10.4 11.0 11.1
2.8 2.55 2.64 3.04 2.92 3.03
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Abstract

In this paper, the classical molecular dynamics method is used to investigate the permeability of pressure-driven
water fluid in the hybrid structure of graphene-carbon nanotube (CNT). The results indicate that the permeability of
water molecules for the hybrid structure of graphene-CNT is obviously higher than that for the assembled structure of
graphene-CNT. The combination between the graphene sheet and CNT in the hybrid structure is found to be a key point
to improve the permeability of water molecules. Subsequently, the potential of mean force (PMF) is calculated in order
to explain the influences of the combined structure on the permeabilities for the water fluid passing through both the
hybrid and assembled graphene-CNT structures. The result shows that the PMF for the water molecules penetrating
through the assembled structure is larger than that for the hybrid structure appreciably. It implies that the structure
of the combined chemical bonds in the hybrid structure can efficiently improve the permeability of water molecules. As
for the water penetrating through the hybrid structured graphene-CNT, the permeability of water increases with water
pressure rising, and decreases with the electric field intensity increasing. The water molecules cannot pass through the
proposed hybrid structure below a pressure threshold of 100 MPa. The permeability of water in the hybrid structure
decreases with the increasing charge quantity on CNT below a threshold of 0.8e. The PMF for water penetrating
through the hybrid structure decreases with charge quantity decreasing. The results suggest that the water permeability
can be controlled by regulating the water pressure and the electric field intensity. Furthermore, the influences of the
temperature and the axis spacing of two CNTs in the hybrid structure on the water permeability are considered. The
permeability of water in the hybrid structure increases with the increasing temperature above a threshold of 200 K. The
PMF for water penetrating through the hybrid structure increases with the decreasing temperature. Interestingly, the
water permeability decreases with the increasing axis spacing. As the axial spacing increases, the water permeability
decreases gradually and even approaches to two times of the permeability in the case of the hybrid structure with a
single CNT channel. The findings can provide a theoretical basis for designing nanopumps or osmotic membranes based

on the graphene-CNT hybrid structures.
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