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Abstract

Deionized water flow through positively charged graphene nano-channels is investigated using molecular dynamics simu-
lations as a function of the surface charge density. Due to the net electric charge, Ewald summation algorithm cannot be 
used for modeling long-range Coulomb interactions. Instead, the cutoff distance used for Coulomb forces is systematically 
increased until the density distribution and orientation of water atoms converged to a unified profile. Liquid density near the 
walls increases with increased surface charge density, and the water molecules reorient their dipoles with oxygen atoms facing 
the positively charged surfaces. This effect weakens away from the charged surfaces. Force-driven water flows in graphene 
nano-channels exhibit slip lengths over 60 nm, which result in plug-like velocity profiles in sufficiently small nano-channels. 
With increased surface charge density, the slip length decreases and the apparent viscosity of water increases, leading to 
parabolic velocity profiles and decreased flow rates. Results of this study are relevant for water desalination applications, 
where optimization of the surface charge for ion removal with maximum flow rate is desired.

Keywords Surface charge density · Slip length · Viscosity · MD simulation of electrically charged systems

1 Introduction

Nano-fluidic systems can provide significant advantages 
in addressing our industrial, agricultural and drinking 
water needs. For example, “tunable nano-membranes” can 
be developed to provide cost-effective water deionization 
and desalination techniques where the membrane surface 
charge can be modified to remove specific ionic species from 
pressure-driven water flows, either by chemical alteration 
of the surface functional groups or using gated electrodes 
(Cohen-Tanugi and Grossman 2012; Mahmoud et al. 2015). 
However, the surface charges may significantly alter water 
flow inside the nano-confinements. Proper assessment of the 
“tunable nano-membrane” technology requires enhanced 
understanding of water transport as a function of the sur-
face charge.

Molecular surface force-fields and confinement affect 
liquid transport in nanoscale systems (Karniadakis et al. 
2005). The major mechanism induced by surface forces is 
density layering of liquids near the walls that extends several 
molecular diameters in the near-surface region (Koplik and 
Banavar 1995). Liquid molecules undergo solid-like order-
ing near the walls which ultimately determines the liquid/
solid momentum exchange at the interface (Li et al. 2010). 
Depending on the liquid/solid interaction strength, liquid 
may exhibit velocity slip, no-slip or adsorption (Koklu et al. 
2017). Also the channel-averaged fluid density and appar-
ent viscosity deviate from their thermodynamic bulk values 
(Ghorbanian and Beskok 2016; Karniadakis et al. 2005). The 
fluid density and flow exhibit continuum behavior only suf-
ficiently away from the surfaces (Lyklema 2005). As a result, 
predictions of the continuum transport models become inac-
curate with reduced channel size, and ultimately discrete 
transport of liquid molecules under the influence of wall 
force field dominates the transport (Joseph and Aluru 2008).

The influences of velocity slip and apparent viscosity 
on nanoscale water transport have been studied exten-
sively (Kumar Kannam et al. 2012; Nagayama and Cheng 
2004; Vo et al. 2015). Water flow through graphene nano-
channels and tubes exhibit ultra-fast transport due to the 
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large slip lengths and increased structural order of water in 
nano-confinements (Falk et al. 2010; Nicholls et al. 2012; 
Radha et al. 2016). These behaviors promoted use of gra-
phene-based materials for nano-membrane applications 
(Chen et al. 2017a; Wei et al. 2014b; Xu et al. 2017). How-
ever, a breakdown of flow rate enhancement was observed 
in the cases of chemical functionalization or oxidation of 
the surfaces (Chen et al. 2017b; Montessori et al. 2017; 
Wei et al. 2014a). Many desalination applications use Cou-
lomb forces to repel ions by adjusting the surface charges 
inside or at the entrance of the nano-membranes (Chan 
and Ren 2016). Unfortunately, the surface charges required 
for selective ion passage decrease the flow rate of purified 
water and increase the pressure drop required to maintain 
the desired flow rate (Xiao et al. 2016).

The effects of surface charge on liquid/surface interac-
tions were investigated in terms of surface wetting. Vari-
ation of both static wettability and wetting kinetics was 
observed as a function of surface charge density (Puah 
et al. 2010). Molecular dynamics (MD) studies of nano-
droplets on charged surfaces showed enhancement of 
surface wettability with increased charge density, where 
the wetting angle decreased and the surface became more 
hydrophilic, corresponding to stronger liquid–solid inter-
actions (Giovambattista et al. 2007). Polarizable water 
molecules reorient themselves on a charged surface. 
Increasing the surface charge magnitude aligns the dipole 
moments of water molecules and restricts their degree of 
freedom (Daub et al. 2007; Ho and Striolo 2013). This 
effect can be crucial in nanoscale confinements and signifi-
cantly alter the momentum exchange of liquid molecules.

Recently, we investigated deionized water flow through 
graphene nano-channels subjected to opposing surface 
charges and have shown that the resulting electric field-
induced asymmetric density distribution and velocity pro-
files in the channels (Celebi et al. 2017). With increased 
electric fields, slip length decreased and the apparent 
viscosity increased, while electro-freezing of water was 
observed above a certain threshold value. Results indi-
cated the possibility of using oppositely charged graphene 
nano-channels for flow control applications (Celebi et al. 
2017). Current study distinguishes itself due to use of 
graphene nano-channels subjected to identical positive 
electric charges. For such a case, charged graphene sur-
faces act as gated electrodes, which might significantly 
alter the flow. Although lack of dissolved salts and  H+ 
and  OH− ions avoids electric double-layer formation, the 
number of free ions in nano-channels is often very small, 
and their presence does not greatly affect force-driven 
flows. Therefore, the current study closely mimics water 
desalination or deionization processes using graphene 
nano-channel surfaces as gated electrodes, while avoiding 
additional complexities of modeling ionized fluids.

To the best of our knowledge, the effects of surface elec-
tric charge on the structure and dynamics of water have not 
been previously reported in the literature. Thus, we carried 
out non-equilibrium molecular dynamics (NEMD) simula-
tions for force-driven water flow through identically charged 
planar graphene surfaces. The primary objective of the pre-
sent study is to investigate the effect of surface charge den-
sity on the structural and transport properties of water in 
graphene nano-confinements at a length scale, where the 
continuum behavior is still valid. We principally focus on 
the density distributions, molecular orientations, velocity 
profiles, viscosities, slip lengths and flow rates after ensur-
ing a fixed thermodynamic state. A unique computational 
aspect of this work is the use of large cutoff distances to 
model Coulomb interactions between charged molecules, 
since Ewald summation algorithm is inapplicable for simula-
tion systems with a net electric charge.

2  Theoretical background

We consider force-driven water flow in charged graphene 
nano-channels as illustrated in Fig. 1 and investigate vari-
ations in the slip length and viscosity of water using con-
tinuum transport theory. For steady, incompressible, fully 
developed and force-driven Newtonian fluid flows, the 
Navier–Stokes equation is reduced to

where u(z), f and μ are the velocity field, driving force and 
the fluid viscosity, respectively. We consider a Navier-type 
slip boundary condition at the liquid–solid interface as 
follows

(1)
d

2u

dz2
= −

f

�

Fig. 1  Schematic representation of simulation domain
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where β is the slip length, us is the slip velocity and uw is 
the wall velocity. Using a constant slip length on both sur-
faces (z = 0 and z = h), velocity distribution in the channel 
is given by

We apply a polynomial fit approach using the velocity 
profiles obtained from MD simulations in order to find the 
slip length and water viscosity (Backer et al. 2005; Ghor-
banian et al. 2016). Initially, a second-order polynomial 
equation in the form of u(z) = Az2 + Bz + C is fitted to the 
averaged MD velocity profile. Then, the coefficients (A, B 
and C) of this fit are compared with the analytical solution 
given in Eq. 3. Fluid viscosity is found by

These two viscosity values are equal to each other when 
the velocity distribution is symmetric. Furthermore, the slip 
length is calculated using the coefficient C by

This curve-fitting method yields good estimate of viscos-
ity and slip length for parabolic velocity profiles. However, 
the approach becomes inadequate for plug-like velocity pro-
files, where polynomial fitting induces large statistical errors 
(Kumar Kannam et al. 2012). For such cases, one can relate 
the wall shear (τw) to the total body force exerted on water 
molecules using conservation of linear momentum in the 
flow direction as �w =

fh

2
 . Combining this equation with 

Navier-type slip equation given in Eq. 2 and the constitutive 
law for Newtonian fluids ( �

w
= �

du

dy
 ), we obtain the slip 

length as follows

where us is the slip velocity and ū is the channel average 
velocity. For plug-like velocity profile, the slip velocity is 
practically equal to the average velocity (Falk et al. 2010).

3  Molecular dynamics simulation

The three-dimensional model consists of liquid water mol-
ecules confined between two solid graphitic walls as shown 
in Fig. 1. Each wall is made of three graphene layers which 
were placed 3.4 Å apart from each other. Graphene sheets 
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were oriented on the XY plane with a Bernal (ABA) stack-
ing arrangement (Yacoby 2011). Dimensions of the simu-
lation domain were set as 3.69 × 3.81 × 5.44 nm in the 
lateral (x) and longitudinal (y) and vertical (z) directions, 
respectively. In this study, we specifically picked a channel 
height of h = 4.08 nm, which is large enough to exhibit a 
substantial bulk region around the channel center and den-
sity layering near the walls due to wall force field effects. In 
much narrower channels, description of the thermodynamic 
state breaks down and water molecules experience discrete 
molecular transport. Hence, derivation of continuum prop-
erties such as density, velocity and viscosity becomes irrel-
evant (Travis et al. 1997). Our previous studies have shown 
that the continuum flow theory can be used to predict the 
properties of bulk water at a known thermodynamic state 
for channel heights as small as 2–3 nm (Ghorbanian and 
Beskok 2016; Ghorbanian et al. 2016). Qiao and Aluru also 
presented that continuum predictions can still hold up to the 
channel heights of 2.2 nm (Qiao and Aluru 2003).

Intermolecular interactions between all atomic pairs were 
modeled using Lennard-Jones (LJ) and Coulomb potentials 
given by,

where � is the well-depth, σ is the van der Waals distance, �
0
 

is the vacuum permittivity, qi are the partial charges, rij are 
the distance between charged species. Potential parameters 
between all atomic species are summarized in Table 1.

Water molecules were modeled using a rigid four-site 
TIP4P/2005 model (Abascal and Vega 2005). Bond lengths 
and angle of water molecules were kept rigid using SHAKE 
algorithm (Miyamoto and Kollman 1992). We only consid-
ered the LJ interactions of oxygen atom in a water molecule, 
assuming hydrogen’s contribution is negligible due to its 
much smaller mass and size. Interactions between carbon 
and oxygen atoms were calculated based on the parameters 
obtained by experimental study of Werder et al. (Werder 
et al. 2003). We excluded the interaction between carbon 
atoms to attain a rigid (cold) wall behavior, which provides 
substantial enhancement in the computational efficiency 
(Thomas et al. 2010). Only the carbon atoms at the inner-
most layers of graphene channels were modeled as charged 
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Table 1  Potential parameters for atomic pairs

Atom pair σ (nm) � (kj/mol) q (e)

H–H 0 0 0.5564

O–O 0.31589 0.7749 − 1.1128 (dummy)

C–O 0.3190 0.3921 Varies
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particles, while the remaining carbon atoms were neutral. 
We used a cutoff distance of 1 nm for all LJ calculations 
( r

C−LJ
 = 1 nm).

One of the main challenges we faced during this study 
was the calculation of long-range Coulomb intermolecular 
forces. Our system consists of water molecules carrying 
equal amounts of positive and negative charges, and carbon 
molecules having positive charges only. This results in a 
system with a positive net charge. Ewald summation algo-
rithm is frequently used to calculate the long-range part of 
Coulomb forces beyond the cutoff distance ( r

C−Coul
 ; Ewald 

1921). However, this algorithm was developed with the 
assumption that the net charge of the system is zero. For 
systems with a net electric charge, the Ewald summation 
algorithms, such as Particle-Particle-Particle-Mesh (PPPM) 
(Hockney and Eastwood 1988), add additional phantom-
charges to make the system neutral in order to bring the sim-
ulation to a state at which algorithm is applicable (Plimpton 
et al. 1997). This creates an artificial force on simulated mol-
ecules and develops unphysical behaviors (Ballenegger et al. 
2009; Bogusz et al. 1998; Hub et al. 2014). In order to simu-
late a system with a net electric charge, we systematically 
increased the cutoff distance employed at different surface 
charge density cases and examined the resulting water den-
sity profiles, as shown in Fig. 2a. Systematically increasing 
the cutoff distance, density distribution of water converged 
to a unified profile when the cutoff distance became equal 
to or higher than the simulated channel height of 4.08 nm. 
Results obtained using PPPM with 1-nm cutoff distance are 
also shown in the figure and exhibit wrong density profile 
due to electro-neutrality induced by the Ewald summation 
algorithm. As the cutoff length reached the domain size, 
force interactions of any molecule with every other mol-
ecule in the domain and its own image on the periodic sur-
faces could be calculated properly. In order to validate the 

results obtained using r
C−Coul

 = 4 nm, we performed further 
simulations, where the net system charge was neutralized 
by adding ions with opposite charges to the imposed surface 
charge. For such cases, the well-known PPPM algorithm 
with r

C−Coul
 = 1 nm was appropriately employed for calcu-

lating the Coulomb forces. Since the number of ions added 
for neutralization of low-surface-charge cases was small and 
had negligible effects, water densities for low-surface-charge 
cases showed good agreement between r

C−Coul
 = 4 nm with-

out PPPM and r
C−Coul

 = 1 nm using PPPM (Fig. 2b). How-
ever, high surface charges required addition of large number 
of ions, which started affecting the water density profiles, 
and comparisons with the density profiles of water with no 
ions became unreasonable. Overall, we validated the results 
of r

C−Coul
 = 4 nm using a cutoff distance dependence study 

and an agreement is obtained with the results of PPPM at 
low-surface-charge systems neutralized by addition of ions. 
Therefore, Coulomb interactions between all charged par-
ticles were calculated properly using 4-nm cutoff distance.

This study uses Large-Scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) (Plimpton 1995). 
Periodic boundary conditions were applied in x and y 
directions. Initially, each system achieved thermal equi-
librium in a Canonical (NVT) ensemble before being 
subjected to any driving forces. For this purpose, initial 
velocities of each water molecule were randomly assigned 
by imposing a Gaussian distribution based on the specified 
temperature. Then, the MD system was run for 1 ns using 
1-fs time steps to reach an equilibrium state in absence 
of external forces. The thermodynamic state was fixed 
by maintaining the temperature of water at 300 K using 
Nose–Hoover thermostat and keeping the bulk density of 
water at 997 kg/m3. Temperature was computed from the 
total kinetic energy, and the equilibrium state was verified.

Fig. 2  a Density distribution in a charged channel calculated using 
PPPM with r

C−Coul
 = 1 nm, compared to distributions of r

C−Coul
 = 2, 

3, 4 and 5 nm cases without PPPM. b Density distributions at differ-

ent surface charges obtained by r
C−Coul

 = 4 nm and using PPPM with 
r

C−Coul
 = 1 nm and ion addition
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Next, force-driven water flow simulations were performed 
starting from the equilibrium conditions. Flow simulations 
employ Nose–Hoover thermostat on the degrees of free-
doms perpendicular to the flow direction. The flow was 
driven by an external force in y-direction imposed on each 
atom of the water molecule based on their mass. In order to 
avoid the nonlinear effects, the magnitude of the body force 
for each surface charge density case was selected to limit 
the maximum water velocities under 60 m/s (Binder et al. 
2004; Sofos et al. 2009). We determined this linear response 
regime by systematically investigating the average channel 
velocity as a function of the driving force (not shown for 
brevity). Time scale for momentum diffusion was estimated 
using td ≈ h2/v, where h and v are the channel height and 
kinematic viscosity, respectively (Ghorbanian et al. 2016). 
Steady flow was ensured by initially running the system for 
1 ns, which corresponds to 6td. Subsequently, an additional 
6 ns was performed for data collection and statistical averag-
ing, which creates 800 independent time-averaged data sets. 
In order to obtain better resolution at the graphene–water 
interface, we divided the simulation box into 1200 bins in 
the direction of the channel height.

4  Results

We first investigate the density distributions of water 
between positively charged graphene nano-channels. To gen-
erate uniform surface charge density (σ), we assigned single 
point charges to each carbon atom in the innermost layer of 
each graphitic wall. In the current study, we used surface 
charge densities of 0, 6.56, 13.12, 19.68 and 26.24 μC/cm2 
based on the values reported in similar MD studies (Kal-
luri et al. 2011; Xia and Berkowitz 1995). Such surface 
charge densities are relatively high, but not totally imprac-
tical (Israelachvili 2015; Qiao and Aluru 2004). Figure 3 
shows water density profiles obtained under five different 
surface charges. A constant density region is observed in 
the middle of channel with three apparent density layering 
near each wall due to the wall–liquid attraction and volume 
exclusion effects (Koplik and Banavar 1995). The thermo-
dynamic state for all five cases is identical since the water 
reaches a constant density of 997 kg/m3 in the bulk region, 
and the system is kept at T = 300 K. Results show increased 
water density in the near-wall region with increased surface 
charge, indicating enhanced surface wetting. Density profiles 
show an empty region between the first water density peak 
and the wall center. This region is about LO ≈ 0.3 nm thick, 
which is not negligible compared to the channel height of 
h = 4.08 nm. Since water molecules concentrate at the first 
density peak, LO also defines the slip plane for flow studies. 
In (Ghorbanian et al. 2016), we define an effective channel 

height as he = h − 2LO and base all continuum calculations 
on the effective channel height.

To elucidate the interfacial density behavior, we examine 
the density profiles within 1-nm distance from the wall in 
Fig. 4. We only present the results near one wall because the 
density distributions near both walls are the same. Magni-
tude of the first density peak increases with increased sur-
face charge. This is a result of higher interfacial energy and 
stronger wall–fluid interactions that increase the number of 
molecules at the first hydration layer. On the other hand, 
the second density peaks are reduced as the surface charge 
increases, while the third density peaks do not show any var-
iation as a function of the surface charge. Furthermore, sur-
face charge also alters the location of the density peaks. At 
σ = 26.24 μC/cm2, the first density peak is formed approxi-
mately at LO = 2.94 Å, while the peak was at LO = 3.16 Å for 
the uncharged case. Current findings agree with the results 
reported earlier (Ho and Striolo 2013). Figure 4b shows 
oxygen and hydrogen densities normalized by their average 
values. Due to the Coulomb forces from the positive surface 
charges, oxygen molecules are located closer to the surface 
within the first two density peaks.

Oxygen and hydrogen density distributions suggest that 
applied surface charges have substantial effect on the ori-
entation of water molecules. We calculated the probability 
distribution of water molecules using a prescribed angle 
approximation in order to quantify these molecular orienta-
tions. We defined angle θ between dipole vector of a water 
molecule and the surface normal vector as shown in Fig. 5 
(Cipcigan et al. 2015). The angle becomes 0° when the 
molecular dipole vector points away from the wall, while 
it becomes 180° when the molecular dipole vector points 
toward the surface. Therefore, the probability distribu-
tion varies between + 1 and − 1 depending on the angle. 
In Fig. 5, we present the probability distribution and angle 

Fig. 3  Water density profiles obtained for different surface charge 
densities
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cosines of interfacial water molecules at different surface 
charge densities. Similar to the earlier studies in the litera-
ture (Ho and Striolo 2014; Lee et al. 1984), we only consid-
ered water molecules within the first hydration layer, which 

is 0.5-nm distance from the wall. The probability of water 
molecules on a neutral surface shows almost a symmetric 
distribution where no specific orientations are observed. 
However, molecular orientations are altered with the sur-
face charge. Positive wall attracts negative oxygen atoms 
and repels positive hydrogen atoms due to Coulomb forces. 
Therefore, water molecules at the interface rotate their 
dipole vectors away from the positively charged surfaces 
with increased electrical charge. As a result, the cos(θ) = 1 
probability increases, corresponding to negatively charged 
oxygen orienting toward the surface and positively charged 
hydrogen orienting away from the surface.

Probability distribution of water molecules at different 
z-locations in the channel is shown in Fig. 6. Water orienta-
tions were measured inside every 0.3-nm-thick slabs start-
ing from interfacial water hydration layer of each surface 
toward the channel center. Results are for the surface charge 
of 19.68 μC/cm2. The water dipole moments become more 
equally distributed by moving away from the surface. Dipole 
distribution near the channel center is nearly symmetric 
even for this high-surface-charge case. The orientation of 

Fig. 4  a Water density distribution within 1 nm of the positively charged surface; b distribution of normalized oxygen and hydrogen densities 
within 1 nm of the surface

Fig. 5  Probability distribution of water molecules at the interface for 
different wall charges

Fig. 6  Probability distribution of water molecules at different proximities to the walls at σ = 19.68 μC/cm2
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interfacial water molecules near both walls is similar due 
to the identical electrical charges imposed on each surface.

Figure 7 shows the velocity profiles normalized with their 
channel-averaged values for different surface charge densi-
ties. For zero surface charge, plug-like velocity profile is 
obtained due to weak interfacial resistance at the water–gra-
phene interface that results in large slip lengths. Slip length 
normalized with the effective channel height (β* = β/he) 
determines the shape of the velocity profile in a given chan-
nel. Focal length of the parabola increases with increased 
β*, exhibiting plug flow behavior for β* >> 1 (Ghorbanian 
et al. 2016). For the zero surface charge case, β* = 18.4, and 
hence, the velocity profile is nearly uniform. Imposing sur-
face electric charges alter the water–graphene interactions 
and the resulting velocity profiles. Electrical charges on the 
surface increase the liquid-wall interaction strength, form-
ing parabolic velocity profiles with reduced slip lengths. 
This effect becomes more prominent with increased surface 
charge. In addition, the velocity profiles are symmetric with 
respect to the channel center, implying equal slip lengths on 
the walls. Using two negatively charged walls also created 
similar effects (not shown for brevity). The velocity profiles 

show that surface charges can induce active control of sur-
face wetting and fluid flow in nano-channels.

Figure 8 presents the ratio of MD-computed viscosity 
using Eq. 4 normalized by water viscosity at the given ther-
modynamic state (μ/μtd), and the MD-computed slip lengths 
using Eqs. 5 and 6 for different surface charge densities. We 
targeted for a better understanding of surface charge effects 
on the transport properties and at the same time assess devia-
tions of the results from continuum predictions. We calcu-
lated the viscosity and slip length of each case comparing 
the velocity profiles obtained from NEMD simulations with 
well-known continuum Poiseuille flow model. We particu-
larly describe the slip plane at the first water density peak 
adjacent to the wall. The slip length (βSP) at the slip plane is 
related to the slip length on the wall (βW) by βSP = βW + LO, 
where LO is the distance between the location of the first 
density peak and the wall. All slip lengths reported in this 
study are calculated at the slip plane (i.e., β = βSP), where 
LO = 2.94 Å and LO = 3.16 Å for the σ = 26.24 μC/cm2 and 
σ = 0 μC/cm2 cases, respectively.

Increasing the surface charge promotes parabolic veloc-
ity distribution due to increasing water–graphene interfacial 
strength. For σ = 13.12 μC/cm2 or larger, velocity profiles 
exhibit parabolic shapes, where we can easily use the poly-
nomial fit approach in order to predict the viscosities and 
slip lengths. For σ = 6.56 μC/cm2, we applied the plug-
like method and polynomial fit approach together to verify 
our results since the velocity profile presents a small para-
bolic component. Figure 8 shows viscosity and slip length 
variations under different surface charge densities. Results 
exhibit nonlinear increase in water viscosity with increased 
surface charge density. The absolute viscosity for the largest 
surface charge density is approximately 1103 μPa s, while 
it is 863 μPa s for the uncharged surface. Results show 
drastic reduction in the slip length with increased electri-
cal surface charge. The slip length decreases to 9.7 nm 
for the largest surface charge density case, exhibiting 6.6-
fold reduction. Calculated viscosities and slip lengths are Fig. 7  Velocity profiles for different surface charges

Fig. 8  Variation of the viscosity ratio (μ/μtd) and the slip length as a function of the surface charge density
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given in Table 2. Viscosity and slip length results for the 
uncharged case match well with the data presented in the 
literature obtained using NEMD and Green–Kubo calcula-
tions (Fanourgakis et al. 2012; González and Abascal 2010; 
Koumoutsakos et al. 2003; Kumar Kannam et al. 2012; Tazi 
et al. 2012; Xiong et al. 2011). Also calculated viscosity for 
the uncharged case matches well with the thermodynamic 
viscosity of water at 300 K (μtd = 855 μPa s). In Table 2, 
we also present the standard error (SE) values of the slip 
lengths obtained from 10 independent samples (n) using 
SE = S∕

√

n , where S is the standard deviation. We used 
80 consecutive time-averaged data sets to obtain each inde-
pendent sample. The standard errors in the slip lengths were 
found in the range of 0.09 to 0.6 for varied surface charge 
densities.

Decreased slip lengths and increased viscosity due to the 
surface charge greatly reduce the volumetric flow rate in 
the channel. In order to obtain speeds suitable for statisti-
cal analysis, we increased the driving force applied on each 
atom for the increased surface charge cases. The driving 
forces (f) and the resulting volumetric flow rates ( Q̇

MD
 ) are 

also presented in Table 2. Since the volumetric flow rate 
is linearly dependent on the driving force, different sur-
face charge cases can be compared with each other using 
normalized flow rate. First, we divide volumetric flow rate 
by the driving force to obtain q̇

MD
= Q̇

MD
∕f  . Normalizing 

q̇
MD

 data with the value of the electrically neutral case, we 
obtained q̇∗

MD
 . Figure 9 shows variation of q̇∗

MD
 as a function 

of the surface charge density. As can be seen in the figure, 
the normalized volumetric flow rate is reduced to 13.2% 
of the neutral graphene channel for the 26.24 μC/cm2 case. 
Theoretical prediction of the volumetric flow rate based on 
continuum equations is given by

(8)Q̇T =
fh3

e
w

12�
(1 + 6�∗)

Volumetric flow rates predicted by Eq. 8 are also given 
in Table 2 using the MD-calculated slip lengths and vis-
cosities. Normalizing the flow rate for all charged surface 
cases ( Q̇T� ) with the electrically neutral case Q̇Tn under 
constant driving force f gives

where the subscripts σ and n show the electrically charged 
and neutral cases, respectively. Using the slip length and 
viscosity data reported in Table 2, we present in Fig. 9 the 
predictions of Eq. 9 using solid line. Good match between 
the normalized MD data and Eq. 9 is observed. It is impor-
tant to indicate that this match does not imply the validity 
of continuum equations for 4-nm-height graphene channel. 
Comparison of the continuum predicted and MD-calculated 
volumetric flow rates in Table 2 show up to 5.5% difference 
due to the scale effects. The reasons of these deviations and 
a phenomenological continuum model appropriate for these 
length scales were previously described in (Ghorbanian et al. 
2016).

(9)q̇∗

T
=

Q̇T�

Q̇Tn

=

(

�n

��

)(

1 + 6�∗
�

1 + 6�∗
n

)

Table 2  Transport parameters at different surface charges

MD measured volumetric flowrate Q̇
MD

 compared with theoretical predictions from Eq. 8 using the viscosity and slip lengths calculated by MD 
Q̇T ; normalized MD flowrate (q̇∗

MD
 ) and theoretical flowrate 

(

q̇∗
T

)

 from Eq. 9

Surface charge 
(μC/cm2)

Viscosity (μPa s) Slip length (nm) Driving force (N) β*
Q̇

MD
  (m3/s) Q̇T  (m3/s) q̇

∗

MD
q̇∗

T

26.24 1103.1 9.68 ± 0.09 2.07 × 10−10 2.79 8.86 × 10−16 8.41 × 10−16 0.132 0.126

19.68 1001.7 14.8 ± 0.2 1.25 × 10−10 4.26 8.77 × 10−16 8.29 × 10−16 0.217 0.211

13.12 926.7 22.1 ± 0.4 6.70 × 10−11 6.35 7.44 × 10−16 7.06 × 10−16 0.342 0.338

6.56 886.3 41.5 ± 0.6 3.05 × 10−11 11.9 6.23 × 10−16 6.18 × 10−16 0.631 0.627

0 863.4 64.1 ± 0.6 2.74 × 10−11 18.4 8.88 × 10−16 8.66 × 10−16 1 1

Fig. 9  Normalized MD volumetric flow rate and normalized theoreti-
cal flow rate Eq. 9 as a function of the surface charge density
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5  Conclusions

Force-driven water flows in graphene nano-channels with 
positive surface charges are investigated using MD simula-
tions. Frequently used Ewald summation algorithms exhibit 
non-physical behavior due to the finite electric charge in 
the simulations. This difficulty is surpassed by using a 
Coulomb force cutoff length equal to the simulated system 
size. Surface charge alters the surface wetting and transport 
characteristics of water in the channel. Basically, electro-
static forces contribute to water layering near the surface 
and further develop a preferred alignment of dipolar water 
molecules in the near-surface region. An increase in charge 
density increases the water density peaks and brings them 
closer to the interface, while more water molecules orient 
their dipoles opposite to the surface in case of a positive sur-
face charge. As a result, force-driven flows exhibit increased 
water viscosity and decreased slip lengths. For example, the 
slip length of water on graphene surfaces at σ = 26.24 μC/
cm2 is 6.6 times smaller than that of the electrically neutral 
surfaces, and the water viscosity increases nearly 29% from 
its thermodynamic value. Volumetric flow rates present the 
overall influence of surface charge on the water transport. 
With the increase in surface charge, flow rate is reduced 
to almost 13.2% of the neutral graphene channel for the 
σ = 26.24 μC/cm2 case. We theoretically predict flow rates 
using MD-calculated viscosity and slip values and a con-
tinuum model based on the effective channel height with 
0.8–5.5% error. Overall, the results show reduced transport 
inside charged graphitic surfaces, which is an undesired out-
come for charged surface nano-membrane applications. For 
example, the applied electric charge used to separate ionic 
species can substantially decrease the flow rate. These find-
ings are important for optimization of selective ion transport 
nano-channels and membranes.
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