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        Abstract 

Ultra-efficient transport of water and ions at nanoscale is studied through molecular dynamics 

simulations. Carbon nanotubes (CNTs) are used here as nanofluidic devices owing to their 

smooth inner structure and the compromise of a very simple composition for a tremendous 

variety of properties. Transport of solvated ions moving inside the carbon nanotube under the 

application of an external potential difference allowed the measurement of the ionic current 

established through the internal area of the tube. To be as exhaustive as possible, three popular 

water models were tested to investigate ionic transport inside this artificial nanochannel. The 

key geometric parameters of the carbon structure were also varied revealing a peculiar 

dependence of the ionic conductance on each studied parameter in accordance with the 

theoretical model presented in this paper. 
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I. INTRODUCTION 

 

The development of nanofluidics over the past decade has led to the acquisition of relevant data 

and the discovery of novel physical phenomena governing ion transport in confined spaces at 

nanoscale dimensions [1]. 

Such ion transport-based systems have opened up large opportunities for advanced nanofluidic 

devices in selective ion transport for engineering applications like desalination [2], water 

filtration [3], energy conversion [4, 5] and harvesting [6, 7], biosensors [8], biomimetic ion 

channels [9]. Furthermore, in the last few years, significant research advances have been made 

concerning the manufacture and development of nanoscale fluidic systems, both at the 

experimental and theoretical levels. A current challenge nowadays is to actively control and 

detect the motion of ions inside artificial nano-channels and to understand the mechanism 

governing this transport. It has also become essential to identify the influence of geometric 

parameters of the confining structure on fluid transport in narrow nano-channels. 

Special attention has been paid to single walled carbon nanotubes (SWCNTs) as ideal conduct 

channels for fundamental nanofluidics studies, especially those related to water and ions 

transport. This is due to the simple composition of SWCNTs and their unique combination of 
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properties: smooth walls, provided by their sp2 carbon atoms hybridization, allowing fast 

motion of liquid and solvated ions with low fluid friction in addition to their remarkable 

chemical, mechanical, optical, and electronic properties. Moreover, their length can be 

controlled on the sub-micrometer to millimeter scale. Furthermore, depending on their crystal 

structure, the surface charge of carbon nanotubes can be actively controlled by an external 

electrical circuit [9]. In addition, the selectivity of CNTs towards transfering species (ions, for 

example) can be obtained by the targeting of well-defined sites at their entrance without 

affecting the interior walls of the structure [10, 11]. CNTs can also mimic biological 

nanochannels as they share with them several structural motifs such as a narrow hydrophobic 

inner surface and local selective gates. 

Activity around nanofluidics in ultra-confined environments has strongly risen through 

continuous progress in developing experimental tools. Many works have focused on the 

behavior of water and ions in carbon-based nanochannels. Lee et al. developed a novel method 

to produce high-quality CNT fibers by controlling the length of the water injection tube based 

on the feedstock decomposition temperatures [12].  

Hassan et al. employed 2D 1H NMR to perform experimental measurements of water diffusion 

inside single and double walled CNTs. The measurements revealed a stratified fast diffusion 

for CNTs [13]. Moreover, previous experiments have demonstrated the possibility for a 

spontaneous filling of narrow CNTs with a diameter of the order of 2.7 Å [14]. Marcotte et al. 

highlighted a mechanically activated ionic transport inside 2-nm-radius multiwalled carbon 

nanotubes under the combination of mechanical and electrical forcing [15]. This study is in 

agreement with previous studies involving a mechanically activated excitatory ion current 

under mechanical pressure or stretching [16]. Several research groups are interested in the 

transport of water and ions inside carbon nanotubes and report in most situations linear I-V 

curves which are characteristic of an ohmic behavior. The conductivity values in these different 
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studies could exceed the bulk conductivity by more than two orders of magnitude. Secchi et al. 

noted a conductance – concentration (G-C) variation that suggests a of the conductance G with 

the salt concentration in the reservoirs C following a power law behavior with exponent α = 1/3 

at low salt concentrations in individual CNTs of diameters in the tens nanometers range. They 

attributed this tendency to a HO− adsorption charge regulation mechanism at the surface of the 

carbon nanotube [17]. Yazda et al. have also confirmed this tendency for ionic current 

measurements through nanofluidic devices containing one or several SWCNTs of diameters 

ranging from 1.2 to 2 nm [18]. 

Several aspects implicated in fluid transport CNTs have been rigorously explored basically by 

experiments such as electric field and pressure driven flows [19-21]. Despite the considerable 

advances in experimental studies [22], in particular during the last decade,  the control of the 

water and ions flow inside carbon nanotubes has not yet been established in the literature [23].  

We therefore deemed it necessary to investigate further the novel properties of water in CNTs. 

Theoretical and numerical approaches have now become of great interest in exploring the 

behavior of water inside carbon nanotubes. In particular, Molecular Dynamics (MD) allows 

achieving remarkable results with regard to the control and the description of water in a 

confined environment. Many studies discussed water permeability and ion selectivity in sub-

nanometer carbon nanotubes revealing a peculiar water arrangement in strong confinement 

conditions related to the hydrogen bond network modification compared to the bulk water 

situation [24].  Different possible water arrangements were highlighted, ranging from single 

ordered chains in narrow CNTs to different ice tubes in wider CNTs [25-27]. Many other studies 

focused on the correlation between the geometrical characteristics of CNTs and the water flow. 

Besides, several studies have concluded that water flow inside single walled CNTs is metallicity 

and diameter dependent.[28, 29]  Thomas et al. [30] have conducted MD simulations for water 

motion in relatively narrow pores of diameters less than (or equal to) 1.6 nm, which may be 
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suitable for desalination using reverse osmosis. They established that larger tube diameters lead 

to larger permeabilities of water inside the hydrophobic structure. Pascal et al. reported from 

MD simulations the entropy, enthalpy, and free energy of water confined in CNTs of diameters 

between 0.8 and 2.7 nm and highlighted a bulk-like liquid phase behavior for armchair tubes 

larger than 1.4 nm [31]. In addition, several works were interested in the effect of grafting 

chemical functions on the dangling carbon atoms of the single walled SWCNTs. These 

chemical groups highly improves the performances of water desalination [30, 32, 33].  

In the present work, we designed a nanofluidic system combining single walled carbon 

nanotube with graphene sheets and studied the effect of geometry (tube diameter and length) of 

this hydrophobic pore on the ionic conductance of the system. We have simultaneously 

investigated three water models in order to generalize our approach and to select the most 

relevant one for the description of water and ion transport at the nanoscale.  

 

II. SYSTEM MODELING AND SIMULATION METHODOLOGY: 

The simulated nanopore is a single-walled carbon nanotube defined by Hamada (n,m) indices. 

The total nanofluidic device will be made of this CNT, with varying diameter, and length 

combined with two graphene sheets placed at its ends connecting two reservoirs of water and 

ions. In the current study we were not interested on the mechanical deformations of the CNT. 

The latter, as well as the graphitic edges of the reservoirs are taken as rigid structures. Each 

rectangular reservoir has the following dimensions (4.9,4.9,4.0) nm3 and two openings are 

appropriately perforated in the two sheets to allow the solvent motion through the device and 

join the two symmetric regions of the simulation cell. In the first part of the current study we 

considered three armchair uncapped and uncharged CNTs with increasing diameters: (11,11), 

(13,13) and (15,15) CNTs of respectively 1.49, 1.76 and 2.03 nm.  The electrolyte contains Na+ 
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and Cl- ions at a concentration of 1 M in the reservoirs. All the simulations were performed 

using the NAMD 2.12 code [34]. MD simulations were conducted in the NPT ensemble with 

the pressure being maintained constant during the thermalization of the system. When an 

external electric field was applied the NVT ensemble was implemented, maintaining a constant   

volume throughout the simulation. The temperature was set to 300 K using Langevin dynamics. 

The particle mesh Ewald summation method (PME) [35] was used to calculate the full-system 

periodic electrostatic contributions. The integration time was equal to 1 femtosecond and the 

standard Charmm36 force field was used to describe force field and Lennard-Jones parameters 

for CNTs [36]. The water/CNT interaction was modeled using a Lennard-Jones 12-6 potential 

for all carbon atoms rather than the 9-3 Lennard-Jones “featureless walls” potential. (a 

“featureless wall” approach  is expected to break down for inter-wall separations below 1.6 nm 

[37]). 

A set of three site rigid and non-polarizable water models were selected in order to evaluate the 

role of the water model on the ionic conductance of SWCNTs: TIP3P[38], SPC/E [39] and 

TIP4/2005 [40]. 

Different voltages (from 0.05 to 2 V) were applied to study the ionic current. For each 

simulation, 32000 steps of minimization were first launched before running 5 ns of equilibration 

of the full system, the production runs were then performed for 30 ns at each voltage.  
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Figure 1. Snapshot of the simulation system employed in the present study: (13,13) carbon 

nanotube combined with two graphene sheets is embedded in a periodic water box of 16950 

molecules. An external electric field is applied in the +z direction along the CNT axis. 

 

The TIP3P water model exhibits partial atomic charges centered on the hydrogen and oxygen 

atoms. It has a rigid geometry, which is consistent with water in the liquid phase. Moreover, 

TIP3P reasonably predicts the density and enthalpy of vaporization of water under ambient 

conditions.[41]  The Charmm36 force fields were originally developed to study  protein folding 

with the TIP3P water model [42]. A shortcoming of this model is that overestimates the 

diffusion constant of water [43]. The SPC/E water model has also a rigid 3 site structure with 

different partial charges. This model does not reproduce the experimental geometry of a water 

molecule in gas phase. It uses only two values for bond length and bond angle (see Table 1). It 

was established in the literature that SPC/E accurately predicts the diffusion of water at ambient 

conditions and reproduces well the dielectric properties of water at 298K. The last water model 

tested in the current study is the TIP4P/2005. This model is a 4 site rigid water model which 

shifts the negative partial charge from the oxygen atom towards a virtual site located along the 
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bisector of the HOH angle. This model is interesting as it provides a good description of many 

water properties. In particular, it leads to a good agreement between theoretical and 

experimental diffusion coefficient values in the low temperature range, including room 

temperature (300 K) for which it was designed [43]. 

The three water models are considered as non-polarizable and the geometry of each water model 

is given in Fig. 2. The pair potential between the water molecules has the following form: 

υ = 4ε  (
𝜎

𝑟𝑜𝑜
)12 − (

𝜎

𝑟𝑜𝑜
)6  +  

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑖,𝑗∈𝑤            (1) 

where σ and ε are the Lennard-Jones (LJ) parameters between oxygen atoms and qi the charge 

on ith site of water. The values of these parameters are given in Table 1. rij is the distance 

between the sites i and j in the different water molecules. 

 

   

a) TIP3 water model b) SPC/E water model c) TIP4/2005 water model 

 

Figure 2. Representation of TIP3P, SPC/E and TIP4P/2005 geometries. Oxygen atoms are 

shown in red, hydrogen atoms in white and the TIP4P/2005 virtual site is in purple.  

 

a) 

Molecular Model TIP3P SPC/E  TIP4P/2005 SWCNT 
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σ (Å) 3.1506 3.1660 3.1589 3.3997 

ɛ (kJ/mol) 0.6364 0.6500 0.7749 0.3598 

 

 

b) 

Parameter TIP3P SPC/E TIP4P/2005 Exp 

D self-diffusion Coefficient (×10-9 

m².s-1) 

5.65 2.5 2.08/2.39 2.3 

ΔHvap (kcal/mol) 10.5 11.79 11.99 10.52 

ɛ(298K) 94-100 71.8 59-63 78.6 

ρ298k (g/cm3)  0.98 0.994 0.993 0.997 

gOO1,2 2.77, 4.50 2.75, 4.50 2.43, 4.38 2.88, 4.50 

gOH 1.83 1.77 - 1.85 

Table 1. a) The force field parameters of SPC/E, TIP4P, and TIP4P/2005. b) Experimental and 

simulation data of different water models. Thermodynamic conditions as reported in each entry. 

 

III. RESULTS AND DISCUSSION 

1. Role of the CNT diameter on the ionic conductance 

MD simulations were first conducted on CNTs with different diameters for all water models 

in order to understand the role of this geometric parameter on the conductance values. 

Theoretical I = f (V) curves for the three diameters and for each water model are plotted in 

Fig. 3. Five voltages were used, ranging from 0.5 to 2 volts. As can see in Fig. 3, the diameter 
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increase did not modify the curve shape but only its slope, whatever the water model used in 

the simulations. The linear curve fit allowed us to estimate the conductance values of these 

CNTs in all situations. The results are summarized in Table 2. 

a) 

 

b) 

 

c) 
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Figure 3. Theoretical curves I=f(U) for the 3 water models used in our simulations. Blue, 

green and pink curves represent the (11,11), (13,13) and (15,15) CNTs, respectively. Results 

obtained for a) TIP3P, b) SPC/E and c) TIP4P/2005 models, respectively. 

 

Water model Hamada indices 

(n,m) 

Diameter d(nm) Conductance G(nS) 

TIP3P (11,11) 1.485 0.11 ± 0.06 

 (13,13) 1.755 0.46 ± 0.06 

 (15,15) 2.025 0.79 ± 0.03 

SPC/E (11,11) 1.485 0.070 ± 0.005 

 (13,13) 1.755 0.21 ± 0.08 

 (15,15) 2.025 0.49 ± 0.04 

TIP4P/2005 (11,11) 1.485 0.11 ± 0.03 

 (13,13) 1.755 0.18 ± 0.03 
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 (15,15) 2.025 0.46 ± 0.04 

 

Table 2. Conductance values for different tube diameters and different water models 

 

The conductance values keep, whatever the model, the same variation trend. In fact, for 

increasing diameters and for the same chirality, the conductance of the system increases as the 

diameter of the tube increases. The obtained values of conductance fall within the range of the 

experimental data with corresponding diameters [44, 45]. Indeed, in these studies, the 

conductance varies with pH and ionic concentration with values ranging from 0.4 to 1.5 nS. 

This increase of conductance is in agreement with theoretical modeling of conductance in 

nanopores. For small neutral pores, the electrical resistance is the sum of the constant access 

resistance and the pore one. Hence the full nanopore conductance as a function of the pore 

radius 𝑅 and the pore length 𝐿 is for a neutral pore [46] 

𝐺(𝑅, 𝐿) =
𝜋(𝑅−𝑅𝑣𝑑𝑤)2

𝐿

𝑒2(𝜇++𝜇−)𝑐𝑝𝑜𝑟𝑒

1+
𝜋

2

𝑅−𝑅𝑣𝑑𝑤
𝐿

  (1) 

where 𝑅𝑣𝑑𝑤 is the van der Waals radius associated with the hydrophobicity of the CNT, 𝑒 is 

the electron charge, 𝜇± are the ionic mobilities, and 𝑐𝑝𝑜𝑟𝑒 the ionic concentration in the pore. 

The corrective factor  
1

1+
𝜋

2

𝑅−𝑅𝑣𝑑𝑤
𝐿

 to the nanopore conductance comes from the presence of the 

access resistance due to the small length of the CNTs studied. [47] By fitting the data for the 

conductance as a function of the pore diameter for 𝐿 = 10 nm, and taking  𝑅𝑣𝑑𝑤 = 0.3 nm as 

extracted from the water radial density distribution shown in Fig. 5, one obtains a reasonable 

fit shown in Fig. 4 with 𝑐
𝑝𝑜𝑟𝑒

≈ 0.49 M for 𝜇
+

= 3.9 × 10
11

s/kg for Na+ and 𝜇
−

=
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5.4 × 10
11

s/kg for Cl- [48] (and 𝑐
𝑝𝑜𝑟𝑒

≈ 0.37 M for 𝜇
+

= 5.6 × 10
11

s/kg for Na+ and 

𝜇
−

= 7.1 × 10
11

s/kg for Cl- [49]). Note that we fitted the 2 last points corresponding to the 

larger radii. By fitting the 4 points we obtain slightly smaller values for the concentration 

(orange curves).  

Interestingly, this fitted pore concentration is smaller than the reservoir concentration of 𝑐𝑏 =

1M, which is the signature of a transfer free-energy penalty (or Potential of Mean Force, PMF) 

on the order of 𝑊 = −𝑘𝐵𝑇𝑙𝑛  
𝑐𝑝𝑜𝑟𝑒

𝑐𝑏
 ≈ 0.8 𝑘𝐵𝑇. This free-energy penalty might be due to 

dielectric exclusion [50], Born exclusion [51] and solvation deficit.[52] 

 

Figure 4. Fit of the conductance simulation data (red dots) for CNTs of length L=10 nm and 

various radii with the TIP3P water model. The blue (respectively orange) curve corresponds 

to a fit of the two last (reps. four) points. The dashed curves correspond to the case without 

access resistance. 
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The hydrodynamic fluid (of viscosity 𝜂) velocity profile in the nanopore 𝑣(𝑟) (where 𝑟 is the 

radial distance) including fluid slippage at the surface, with a slip length 𝑏, is given by the 

modified Helmholtz-Smoluchowski equation 

𝑣(𝑟) =
𝜖0𝜖

𝜂
[𝜙(𝑅) − 𝜙(𝑟)]𝐸 − 1/4𝜂𝜕𝑧𝑝(𝑅2 − 𝑟2) −

𝑏

𝜂
 𝜎𝐸 +

𝑅

2
𝜕𝑧𝑝 

where 𝐸 and 𝜕𝑧𝑝 are the applied electric field and pressure gradient (𝜙(𝑟) is the electrostatic 

potential and 𝜎 the surface charge density) (see Appendix of [45]). The last term corresponds 

to the slip velocity. Its contribution to the ionic current is 𝐼 = 2𝜋∫
0

𝑅
𝜌𝑐(𝑟)𝑣(𝑟)𝑟𝑑𝑟  where 𝜌𝑐(𝑟)

is the ionic charge density. For neutral pores, fluid slippage would therefore only appear if the 

pressure gradient and the ionic charge density in the pore were non-zero. Hence in the present 

case of neutral pores, we expect that it does not play any role in the conductance.  For charged 

pores with surface charge density 𝜎, however, it has been shown that fluid slippage increases 

the conductance with an additional contribution equal to 𝐺𝑠𝑙𝑖𝑝 = 2𝜋
𝑅𝑏

𝜂𝐿
𝜎2. [45]

In addition, we notice that the three models do not behave in the same way with respect to the 

conductance values. Indeed, the conductance values for the SPC/E and TIP4P/2005 are reduced 

compared to the TIP3P water model. In order to understand the differences between the water 

models, it is important to observe the structure of the water inside the carbon cage. We show in 

Fig. 5 snapshots of water arrangement viewed on top of the system made of the (13,13) CNT 

for the three water models. It is very difficult to demonstrate using these different snapshots the 

role played by the models in the calculated conductance values. In Fig. 6 we therefore plot the 

radial density distribution of water oxygen atoms towards carbon atoms of the tube within the 

(13,13) armchair CNT.  
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a) TIP3P b) SPC/E c) TIP4P/2005 

 

Figure 5. Top views of the water confined in the (13,13) armchair carbon nanotube for : a) 

TIP3P b) SPC/E and c) TIP4P/2005 water models. 

 

Figure 6. Radial density distribution of water oxygen atoms towards carbon atoms within 

(13,13) CNT (cyan dotted points, yellow and red dotted curves represent TIP3P, SPC/E and 

TIP4P/2005 water models). 

It should be noted that in the three situations (differing only by the water model) we observed 

a particular arrangement of water molecules in the confined state. Two specific average 
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positions are occupied by the oxygen atom at 4Å and 7Å of the pore wall, respectively. These 

peaks appear because the water molecules adopt a circular ring structure when they are 

encapsulated inside cylindrical structures such as CNTs. This structure is strongly relayed in 

the literature [53] and is due to the hydrophobic properties of the carbon wall. Several numerical 

and experimental studies have shown  that confined water in thin pores is highly structured and 

tends to arrange itself into a tubular structure composed of wet layers made of water channel 

molecules with a single file of water molecules located near the pore center [54-58]. Moreover, 

we observe a cylindrical volume of width 0.3 nm which is free of water molecules for the three 

models. It corresponds to a vacuum zone that arises due to the hydrophobicity of the carbon 

wall.  

The three water models seem, however, to exhibit the same behavior towards the carbon cage. 

The water behavior toward the inner pore surface of the tube could thus not explain the different 

conductance value obtained for TIP3P water. The radial density distributions of water oxygen 

atoms towards the carbon structure (Fig. 6) present the same position for all the peaks. Note 

also that this behavior is also preserved for the two other pore diameters considered in this study 

(plots are provided in the supplementary information section S2). The only differences come 

from the heights of the peaks. TIP4P/2005 model is the only one that presents a clearly different 

radial density distribution behavior, even though it presents the same conductance values as the 

SPC/E one. We cannot therefore explain the different conductance values by the behavior of 

the water molecules near the carbon cage. 

 

Model Average in bulk Average in CNT 

TIP3P 1.00 (0.015) 1.00 (0.035) 
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SPC/E 1.27 (0.015) 1.27 (0.035) 

TIP4P/2005 1.04 (0.02) 1.05 (0.03) 

 

Table 3. Average number of hydrogen bonds per water molecule for water in bulk and within 

the (13,13) CNT. 

To investigate water molecule structures inside CNT and attempt to explain the conductance 

values, we calculated the average number of hydrogen bonds per water molecule for water in 

the bulk and confined in the CNT (Table 3). Additionally, the radial distribution functions 

between oxygen atoms in the confined situation were also plotted in Fig. 7. 

 

 

 

Figure 7. Radial density distribution of water oxygen atoms within (13,13) CNT (green, blue 

and red dotted curves represent SPC/E, TIP4P/2005 and TIP3P water models, respectively).  
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Hydrogen bond number gives information about water arrangement within the tube for each 

model. As shown in Table 3, the modifications of this H-bond number are not significant in 

CNT (13,13) even though the conductance values can increase by a factor of two between 

TIP3P model and the other two water models (see Table 1). Moreover, the radial density 

distributions shown in Fig. 7, clearly indicates a slight shift of the first distribution peak, related 

to the water models adopted here. This confirms that water molecules arrangement depends on 

the model, although the three models presented a similar behavior with respect to the carbon 

cage. 

Based on these data, we conclude that SPC/E and TIP4P/2005 water models are more structured 

in a confined medium than the TIP3P model. This will probably impact the ion pore entry rates 

and thus the conductance values obtained for our different simulated systems under the same 

conditions. This is in accordance with previous theoretical studies made by Liu et al. [59-61].  

Several studies have also found different behaviors for these 3 water models based on MD 

simulations and transport properties such as self-diffusion coefficients D, shear viscosities η 

and thermal conductivities λ. Among them, Hi et al. have employed the Green-Kubo relations 

to calculate the transport properties of SPC/E and TIP4P/2005 water over the range of 

temperatures from 243 to 550K. They obtained the best agreement with the experimental value 

of D for TIP4P/2005 water model at low temperatures (including 300K). Also the shear 

viscosity for TIP4P/2005 water model shows less deviation from the experimental data [62]. 

Celebi et al. compared, among other properties, the slip length of water on rigid graphene 

nanochannels. This quantity is strongly sensitive to the choice of the water model (specifically 

its shear viscosity). They concluded that TIP4P/2005 gives the best prediction of viscosity, 

within 1.7% of the experimental value. SPC/E model is also moderately accurate, while TIP3P 

model shows poorer performance in reproducing the experimental viscosity at specified 

thermodynamic conditions [63]. Losey et al. [64] evaluated, by force driven flow, the 
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performance of different water models through water flow calculations within CNTs of 

increasing diameter in separating dual reservoirs. They observed in all simulations the highest 

pore water flow for TIP3P water model compared to TIP4P/2005 and SPC/E ones, which 

behave similarly. They correlated their results to the shear viscosity of each model, in 

accordance with those of other research groups [43, 65, 66].  

Therefore, our results show a stronger organization of water molecules in the SPC/E and 

TIP4P/2005 models. This modification impact necessarily the physical observables measured 

in nanofluidic simulations. As a consequence, we can give the same conclusion for the TIP3P 

model since the conductance of the CNT is already impacted when using this model. The higher 

water flow in TIP3P model compared to the SPC/E and TIP4P/2005 ones due to its larger bulk 

diffusion constant, is thus an overestimation for CNTs. Therefore, we conclude that the SPC/E 

and TIP4P/2005 models should be the most appropriate models for nanofluidic studies [60, 61, 

67].  

Ionic organization inside nanopore:  

a) 

 

b) 
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c) 

 

 

Figure 8. Water and ions distribution inside (13,13) CNT (Cl- ions are in green dotted lines; 

Na+ in pink and water in black dashed lines). Results obtained for a) TIP3P, b) SPC/E and c) 

TIP4P/2005 models, respectively. 

Ionic distribution inside CNT is an interesting indicator that can be used to account for the 

differences between the three water models tested in our simulations. Fig. 8 shows the 

distribution of sodium and chloride ions as well as water molecules inside the (13,13) tube of 

intermediate diameter. Two important conclusions can be reached. Whatever the model, the 
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ionic distribution is always located at the same position with respect to the water molecules 

distribution. The different peaks are almost situated at the same abscisses. Water molecules are 

organized appreciably identically with respect to the tube internal surface.  

It should also be noted that the ions generally have a preferential circulation region inside the 

carbon nanotube. In accordance with the peaks related to each ion, sodium ions move in two 

specific regions located at the center of the tube (in majority), as well as at the limit of the 

second water tube created inside the carbon cage. Chloride ions move only in the zone of the 

CNT located between the cation localizations to maintain the overall electro-neutrality of the 

system. Their trajectory remains offset from the center of the tube which is the region of a 

continuous movement of the sodium ions. The higher number of cation peaks reflects better 

organization of the water with respect to these ions and therefore better stability of the latter 

within the host structure. Indeed, the first peak of cations is well defined between the two water 

peaks. Sodium ions are therefore clearly better solvated than the anions (Cl-). 

Effect of pore length on the CNT conductance  

a) 
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b) 

 

c) 

 

 

Figure 9. CNT conductance as a function of the uncharged (13,13) CNT pore length. Results 

obtained for a) TIP3P, b) SPC/E and c) TIP4P/2005 models, respectively. 
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We have investigated the role of the pore length increase on the ionic conductance. In these 

simulations four lengths were tested for uncapped and uncharged (13,13) CNT. All simulations 

were performed for a constant potential of 1V. 

We plotted in Fig. 9, the CNT conductance variation as a function of the tube length. As 

observed for the other parameters, the conductance presents the same qualitative behavior for 

the three water models, but with a different amplitude. Indeed, when the tube length increases, 

the conductance shows a marked decrease for the TIP3P model and a smaller one for the SPC/E 

model. 

Note that we have widened the range of lengths up to 80 nm for the smallest tube ((10,10) with 

d = 1.34 nm). This was possible due to the size of the system which remained reasonable in this 

specific case. The conductance shows a small increase at small lengths before a strong decrease 

until the maximal length used in the simulations for which we reached the value of 0.017 nS 

(see S5 in supplementary Information’s section). To complete this analysis, we computed the 

ionic concentration values inside each studied CNT as a function of the water model. 

 (11,11) (13,13) (15,15) 

TIP3P 0,22 ± 0.06 0,3 ± 0.1 0,7 ± 0.1 

SPC/E 0,31 ± 0.08 0,55 ± 0.07 0,74 ± 0.07 

TIP4P/2005 1,01 ± 0.07 1,1 ± 0.1 1,1 ± 0.1 

Table 4: Ionic concentration in mol/L calculated inside the different CNTs for each water 

model. The accessible volume used to estimate these concentrations is computed with a water 

occupation diameter d* inside the CNT, i.e. d* = dCNT – 0.6 (in nm). For the smallest tube radius 

tested in this article ((10,10) CNT) with the TIP3P water model, the inner ion concentration 

was equal to 0.35M. 
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As shown in Table 4, in the major part of the simulations, the ionic concentration inside the 

CNTs (even for the highest tube diameter) did not reach the concentration in the reservoir bulk 

(𝑐𝑏𝑢𝑙𝑘 = 1 M). Furthermore, fitting the data for TIP3P a shown in Fig. 10 with Eq. (1) leads to 

𝑐𝑝𝑜𝑟𝑒 ≈ 0.25 M for the (10,10) and 𝑐𝑝𝑜𝑟𝑒 ≈ 0.29 for the (13,13) CNT, in agreement with the 

measured concentration in the pore of 0.3 M. 

 

Figure 10. Fit of the conductance simulation data (red dots) for the (10,10) (left) and (13,13) 

(right) CNTs vs. their length L with the TIP3P water model. Blue solid curves correspond to a 

fit with Eq. (1), dashed ones corresponds to the case without access resistance. 

It thus confirms the validity of Eq. (1) and a PMF of  𝑊 = −𝑘𝐵𝑇𝑙𝑛(𝑐𝑝𝑜𝑟𝑒/𝑐𝑏) ≈ 1.2𝑘𝐵𝑇  for 

the (13,13) CNT with the TIP3P water model. 

 

The decrease of the conductance with the length L is semi-quantitatively described by Eq. (1), 

with a constant access resistance in series with a pore resistance which increases linearly with 

L. The slight increase of the conductance observed for L < 20 nm in the (10,10) case is however 

not captured by Eq. (1) and might be due to specific hydration effects for small CNT radii. The 

role of the graphene sheets located at the extremities of the CNT can also explain this behavior 

by reinforcing the access resistance. Hence, for small tube length values, there subsists a strong 
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competition between the 2 resistance contributions while one takes the advantage over the other 

as soon as the tube length increases. 

 

 

  

IV. CONCLUSIONS: 

In this work, we have studied through MD simulations the electric field-driven electrolyte 

transport through CNTs. We focused on the effect of the geometrical parameters of single-

walled carbon nanotube, such as diameter, length and helicity, on the ionic conductance of the 

system. Three popular water models were investigated, namely TIP3P, SPC/E and TIP4P/2005. 

Several key results were reported:  i) The increase in the CNT diameter tends to increase the 

value of the conductance. ii) The increase of the tube length involves a decrease of the 

conductance values (more or less strong depending on the water model). These results have 

been nicely interpreted by our theoretical model where the access resistance and the pore one 

act in series. In particular, we show that the ionic partition coefficient 
𝑐𝑝𝑜𝑟𝑒

𝑐𝑏
 is less than one for 

neutral CNTs, which we interpret resulting  of dielectric exclusion and possibly a hydration 

deficit of ions in the CNT. 

An important part of this work was dedicated to the study of different water models in order to 

find the most adequate ones for a physically appropriate description of water and ion transport 

at the nanoscale. Our numerical simulations allowed us to conclude that: i) The water model 

has no effect on conductance trend with the increase of tube diameter, it only impacts the 

conductance values. ii) Hydrogen bonds analysis gives information on water arrangement 

within the pore and SPC/E and TIP4P/2005 models behave in the same way. They are much 
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more structured than the TIP3P model which explains the different values obtained for the 

conductances. iii) Computational cost of the three models for the (13,13) tube, shows that, the 

four-center model TIP4P/2005 requires a computational time 30% greater than the two other 

three-center models. In addition, the TIP3P model overestimates the water diffusion coefficient 

resulting in conductance values twice those obtained for the two other models. The good 

compromise between the different results obtained in this work as well as the computational 

cost suggest that the SPC/E and TIP4P/2005 water models should be best suited for the study 

of water inside carbon nanotubes. 
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