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The transport behavior of pressure-driven aqueous electrolyte solution through charged carbon nanotubes (CNTs) is
studied by using molecular dynamics simulations. The results reveal that the presence of charges around the nanotube can
remarkably reduce the flow velocity as well as the slip length of the aqueous solution, and the decreasing of magnitude
depends on the number of surface charges and distribution. With 1-M KCI solution inside the carbon nanotube, the slip
length decreases from 110 nm to only 14 nm when the number of surface charges increases from 0 to 12 e. This phenomenon
is attributed to the increase of the solid-liquid friction force due to the electrostatic interaction between the charges and the
electrolyte particles, which can impede the transports of water molecules and electrolyte ions. With the simulation results,
we estimate the energy conversion efficiency of nanofluidic battery based on CNTs, and find that the highest efficiency is

only around 30% but not 60% as expected in previous work.
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1. Introduction

Carbon nanotubes (CNTs) gain more and more attention
in the development of advanced nanofluidic devices due to
their unique physical properties in solution transportation.!~6]

[7-91 and experiments!'% have

In recent years, both simulations
indicated that the pressure-driven flow rate of water in CNTs
can be several orders faster than what the continuum hydrody-
namic theories predicts with a fixed boundary situation. To ex-
plain this phenomenon, slip boundary is proposed when aque-
ous solution flows through CNTs, which means that liquid
molecules rapidly slide against the solid wall and a nonzero
velocity appears at the fluid—solid interfaces in CNTs. Usually
the term of “slip length” is used to characterize the magnitude
of slip and it can be determined with Vy, = b x dV /dr, where
Vi is the velocity at the wall, b is the slip length, and r is the ra-
dius. Up to now, the slip length of water inside CNTs has been
reported in a range from several nanometers to hundreds of
nanometers, which depends on the system parameters, such as
the diameters of CNTs.!!:12] The slip mechanism inside CNTs
mainly includes the tight hydrogen-bonding network of wa-
ter molecules inside CNTs,”! and the “smoothness” of CNT
wall.['31 Tt has been reported based on molecular dynamics
(MD) simulations that the water structures in CNTs, such as
the OH bond orientation and the number of hydrogen bonds in
the depletion region, also contribute to the large flow rates in
CNTs. P!

CNTs with charges have many potential applications,
such as bio-molecular separation and seawater desalina-

[14,15

tion. I Recently, surface-charged CNT is proposed to be
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one of the most promising candidates to fabricate high effi-
cient nanofluidic batteries, which can convert the hydrostatic
energy into electrical power.['®) The energy conversion effi-
ciency of a nanofluidic battery could be greatly improved with

1.016-18] Tn general, the energy conversion effi-

a slip channe
ciencies of silica or polymer nanochannels are much less than
10%,17-191 but with CNTs the efficiency can increase to 74%
or even higher due to the large slip length of CNTs.!'®! How-
ever, the above estimations are based on the assumption that
the slip characteristic of charged CNTs is similar to that of
uncharged CNTs. Though large slip lengths have been ob-
served with uncharged CNTs,[!9! the slip lengths in CNTs
with charges have not been systematically investigated. Some
studies have shown that the surface charges can influence the
transport behavior of aqueous solution through CNTs under
the electric field,’?°->3] and also the behavior of electrolyte so-
Iution depends on nanotube diameter, salt concentration, and
ion specificity.?*>3] In particular, very recently reported result
indicates that surface charge can influence the ion diffusion
property inside a nanopore. 2! All these results give a hint that
surface-charged CNTs could have different slip lengths from
the uncharged ones, therefore it is not reasonable to use the
slip length found in neutral CNTs to estimate the performance
of charged CNTs in their potential applications, e.g. nanoflu-
idic battery as mentioned above. It is necessary to investigate
the water transport behavior through surface-charged CNTs.
In the present work, the electrolyte transport behav-
ior through surface-charged single-walled carbon nanotubes
(SWCNT) is investigated by using MD simulations. The in-
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fluences of charge number and their spatial distribution on the
transport velocity as well as on the slip length are explored.
At the end of this paper, the effect of the surface charge on
the energy conversion efficiency is also discussed, which can
provide a useful guideline to the design of high-efficiency
nanofluidic batteries.

2. Simulation methods

The simulated system is schematically illustrated in
Fig. 1. The sample is composed of three parts: a single-walled
carbon nanotube (SWCNT), point charges, and KCI aqueous
electrolyte. The SWCNT used in the simulation has a length
of 7.87 nm and a diameter of 2.17 nm. Periodic boundary con-
dition is applied in the axial direction (along z axis). Point
charges are located outside the CNT wall with a distance of
2.4 nm to the CNT center and with an evenly angular distri-
bution as shown in Figs. 1(a) and 1(b). This is because ex-
perimentally the charges are usually produced chemically by
decorating ionized molecules to the outside of CNT wall, and
the excellent conductivity of CNT does not permit charges to
exist in several atoms of CNT itself. In the following, “charged
CNT” means a neutral CNT together with point charges, and
“surface charges” means the point charges outside the tube
wall. In the simulation, only the electric potential between
these point charges and other particles are considered. The
total charges vary from O e to 12 e, in steps of 3 e. In our sim-
ulations, carbon atoms and point charges are treated as rigid
particles. The electrolyte solution is selected as 1-M KCI so-
lution and a water density of 1 g/cm? is used. In order to keep
the whole system neutral, the concentration of C1™ is fixed at
1 M, while the number of K* is equal to the sum of CI~ and
point charges.

(a) ® (b)

Fig. 1. (color online) Illustration of surface-charged CNTs used in the sim-
ulations in (a) top view, and (b) side view. In the figure, a (16,16) CNT is
displayed and a ring including three charges is located in the middle of the
tube. Water molecules and ions are not shown here. The particles outside
the tube represent the negative surface charges.

Simulations are performed with LAMMPS package with
the Verlet integrator.>”) TIP3P model is employed to describe
water molecules,”®! K+ and Cl1~ ions are treated as charged
Lennard-Jones (LJ) atoms. The interactions between carbon
atoms and electrolyte particles are described by a 12-6 LJ po-
tential, and the C—H interactions are neglected.!”! All these
interactions can be described with the following equation:

12 6
sl (52) ()0
Fmn T'mn ATEY mn

where r,,, is the distance between atom m and atom n, g,
and g, are the charges of atom m and atom n respectively,
and € and o are constants. Details of these potential parame-
ters for different particles are shown in Table 1. The LJ cross
parameters of wall-particles interactions were calculated with
Lorentz—Berthelot rule. Details of these potential parameters

could be also found elsewhere. [7-28:29]

Table 1. Potential parameters used in the MD simulation for all the
particles, including the electrolyte ions of KT and C1~, water molecule,

and the nanopore wall atom. The O—H distance is 0.09572 nm, and the
H-O-H angle is 104.52°.

Particles qle &/(kcal/mol) o/nm
K+ +1 62.74 0.325
Cl~ -1 62.74 0.3785

(0] -0.830 0.102 0.3188
H +0.415 0 0
C-0 (wall) 0.143 0.32751
Charges -1 0 0

A cutoff radius of 1.07 nm is used in calculating LJ poten-
tials, and the long-range Coulombic forces are computed using
the particle—particle—particle-mesh solver (PPPM). Time step
used in the simulation is always 1 fs, the temperature of the
system is maintained at 300 K by using the Berendsen thermo-
stat method. Non-equilibrium molecular dynamics (NEMD)
simulations are carried out to obtain flow velocities and slip
lengths in different situations. It is reported that the slip length
obtained with equilibrium molecular dynamics (EMD) is sig-
nificantly different from that obtained with NEMD.[*°! In or-
der to obtain results that are closer to the experimental situa-
tion, NEMD simulations are performed.

The system ran first in ambient conditions for 2 ns, then
an external pressure is applied by a constant force along the
axial direction and the system ran another 1 ns~ 2 ns to reach
equilibrium. The force is applied only to the particles in a
region of 3.0 nm < z < 3.4 nm, where z is the atomic coor-
dinate along the tube axial direction (the left end of tube is at
z=0). The resulting external pressure is calculated as follows:
P = fiora1/ (T x R?), where fio is the total force applied to the
atoms and R is the nanotube radius (1.085 nm). In this study,
an external pressure of 10 MPa is used for all the simulations.

After the system acquires a steady velocity under the ex-
ternal pressure, another 2-ns simulation is performed to collect
enough simulation data. The velocity profile along the radial
direction is obtained by averaging these simulation data. The
slip length is determined from the Navier—Stokes (NS) equa-

tion with a slip boundary:!11-16]

W) = —

= g (R+0)°=r), )

where P is the pressure difference exerted on the nanotube,
v(r) is the velocity at the point with distance r to the tube cen-
ter, L is the tube length, R is the nanotube radius, 1 is the
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viscosity ( = 1.007 x 1073 Pa-s), and b is the slip length.
Though the NS equation cannot accurately describe the flow
behavior inside such a small nanotube, it has been shown to
predict velocities in correct order of magnitude in the nan-
otubes with a radius higher than 0.6 nm.*!1 Moreover, we fo-
cus on the relative changes with/without charges, but not on
the absolute value of the slip length. Therefore we use Eq. (2)
to calculate the slip length of electrolyte solution in CNTs.

3. Results and discussion

3.1. The electrolyte transport behaviors for different sys-
tems

In order to study the charge effect on the transport be-
haviors of electrolytes through different CNTs, we perform
MD simulations on five systems: (i) pure water through un-
charged CNT; (ii) 1-M KClI solution through uncharged CNT;
(iii) 1-M KCI solution through CNT with three point charges
and three extra K ions in solution; (iv) pure water through
CNT with three charges and three K* ions; (v) pure water
through CNT with three surface charges and three extra posi-
tive charges which are located outside the CNT. In these sys-
tems, the three extra K™ ions or three positive charges are only
used to keep the system neutral. In these systems, systems (i)
and (ii) has neutral CNTs, and the other three systems each
have three point charges (3 e) outside the CNT wall.

The velocity profiles of these five systems are shown in
Fig. 2. As seen from Fig. 2, several phenomena can be ob-
served: i) the flow velocities at the tube wall are obviously
higher than zero, which indicates the presence of the slip
boundary in all these systems; ii) the velocity profiles are al-
most flat in all these five systems, which means that each of
them has a large slip length; iii) no difference is observed in
transport velocity profile between system (i) and system (ii),
which indicates that adding 1-M KCI into water does not sig-
nificantly influence the transport behavior through uncharged
CNTs; (iv) the nearly overlapped velocity profiles for systems
(iv) and (v) indicate that the presence of the three extra pos-
itive charges, which are used to balance the surface charges,
does not affect the transport velocity. These results indicate
that with or without surface charges (3 e), slip happens in all
these five systems, but the slip length decreases significantly
with presenting the three negative charges outside the CNTs.

The most important conclusion from Fig. 2 is that the
transport velocities significantly decrease for all the systems
with point charges ((iii), (iv), and (v)). Even when the pure
water molecules transport through surface-charged CNT (e.g.,
systems (v) and (iv)), the flow velocity drops down from
75 m/s to 60 m/s.
tem (iii)), the flow velocity decreases to the lowest value of
50 m/s. With Eq. (2), a large slip length of ~ 110 nm is ob-
tained for the uncharged CNT systems (e.g., systems (i) and

For 1-M KClI electrolyte solution (sys-

(i1)). This large value is consistent with the reported results in
which the slip lengths range from several tens to hundreds of

(911,321 When the three point charges are present,

nanometers
the slip length decreases to ~ 88 nm for systems (iv) and (v),

and to ~ 73 nm for system (iii), respectively.
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Fig. 2. (color online) Axial velocity profiles along the radial direction
for the five different systems. Panels (i)—(v) represent the systems with
the same letters mentioned above (see text for details). The presence of
surface charge leads to the decrease of transport velocity.

The above results indicate that the transports of both wa-
ter molecules and electrolyte ions through CNT can be im-
peded by point charges, thus the transport velocities in charged
tubes are smaller than those in uncharged ones. With the three
negative charges, several tens of K*/C1~ ions result in reduc-
ing the flow velocity from 60 m/s (system (iv)) to 50 m/s (sys-
tem (iii)), and this reduction is comparable to that from 75 m/s
(system (1)) to 60 m/s (system (v)) caused by nearly a thousand
water molecules. This result indicates that the impeding effect
contributed from per electrolyte ion is much greater than that
from per water molecule.

The slip length of liquid in CNTs is dependent mainly on
the friction force acting on the wall, and the large slip length of
water molecules through a CNT is because of its “smooth sur-
face”, which means that the friction force at the CNT wall is
very weak. For the uncharged CNTs, the friction force comes
from the van der Waals attractions between the wall atoms and
the liquid molecules, and it can be simplified by the C-O inter-
actions for water molecules. When water molecules transport
through the solid wall, the C—O distance can be less than the
equilibrium distance and the resulting repulsive force is the
source for the friction between the liquid and the solid walls.

For the charged CNTs, besides the van der Waals repul-
sive force, the Coulombic force between the point charges
(negative) and ions (e.g. O~ /HT/CI~/K™) can also contribute
to the solid-liquid friction force. To further explore the mech-
anism of the electrolyte transport through surface-charged
CNTs, we analytically calculate the Coulomb potential pro-
files generated by the point charges along the flow direction,
and the results are displayed in Fig. 3(a). The potentials on
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both ends of the tube are both set to be zero. There is a po-
tential barrier inside the charged CNTs, which would create
a strong Coulombic force. When the charged particles (e.g.,
ions) transport through the tube, they need to overcome this
potential barrier, and correspondingly the transportation of the
electrolyte would be dragged down.

0.5 T T T

(i), (i) (a)

Coulomb potential/V

0 2 4 6 8
z/nm
nwmoE———————————T——""
i) 0 e no ion (b)

i) 0 e with ions
iii) —3 e with ions

96

92

©)/()

88

84

- 2
1 1 1 1 1 1 1

0 20 40 60 80
z/nm

Fig. 3. (color online) (a) Coulomb potentials for surface charges of 0 e (sys-
tems (i) and (ii); black line) and —3 e (systems (iii), (iv), (v); red line). The
potentials on both ends of the CNT are set to be zero. (b) Average dipole ori-
entation distributions of water molecules along the tube axis. 6 is the angle
between the dipole orientation and z axis shown in insert. The average dipole
orientations remain constant at about 900 in the tube without surface charge,
while it fluctuates along z axis for surface-charged CNTs.

Though electric forces acting on the positive and neg-
ative ions by the negetive surface charges are opposite, all
the charged particles in the solution go through accelerating
and decelerating processes, and the interaction force between
the solution particles and atoms of CNT (including the point
charges) will be increased, resulting in increasing the friction
force and reducing the flow velocity. Due to its long-distance
characteristic, the Coulombic force even can significantly im-
pede the charged particles to have a long distance from these
surface charges. Because one water molecule as a whole is
neutral, the contribution to the friction force from a water
molecule is much less than that from an ion (CI7/K"). As

a result, the system with electrolytes has a larger friction force

than pure water system. By taking both the van der Waals
force and Coulombic force into calculation, the solid-liquid
friction force follows the order from high to low among these
five systems above: system (iii) > systems (iv), (v) > systems
(i) and (ii), and this results in the liquid transport velocity fol-
lowing the same trend as displayed in Fig. 2.

Moreover, to investigate the influence of the conforma-
tion of water molecules on the water transport in CNTs, we
calculate the average dipole orientation distribution of water
along the z direction, which is described as the angle (8) be-
tween a water dipole and the z axis, and the results are shown
in Fig. 3(b). Without surface charges, (0) is always around 90°
(systems (i) and (ii)), which means that there is no rotation of
water molecules during their transport through CNT; while for
CNTs with three surface charges, () deviation is in a range
from about 83° to 98°, which indicates that the surface charges
can rotate the water molecules. Due to the Coulombic inter-
actions induced by surface charges, the water molecules near
the middle of tube (z = 40 nm) have the largest rotation. Com-
pared with the ordinary water molecules, rotated water sys-
tems will have more energy dissipated into the thermal energy
and thus the fluid flow rate decreases. However, figure 3(b)
also shows that the rotation angles of water molecules in sys-
tems (iv) and (v) are much larger (about 15°, from 83° to 98°)
than that in system (iii) (~ 8°, from 88° to 96°). Considering
the fact that the flow rate of system (iii) is slower than that of
system (iv)/(v) as shown in Fig. 2, this might hint that the ro-
tation of water molecules has a weaker influence on the flow

rate than that caused by the solid—liquid interaction.

3.2. Influence of the number of surface charges on the elec-
trolyte transport behavior

In the above simulations, the surface charge is always 3 e.
In experiments, the surface charge density could be different,
which depends on the nanopore material and the pH value of
the electrolyte solution. In this Subsection, we examine the
influence of surface charge number (surface charge density)
on the water transport behavior in CNTs. Other parameters
are the same as those of system (iii) , only the charge number
varies from 0 to 12 e. The velocity profiles and the slip length
each as a function of the surface charge number are shown in
Fig. 4.

The simulation results show that when the surface charge
number increases from to 0 to 9 e, the transport velocity de-
creases quickly from 75 m/s to 10 m/s and the corresponding
slip length decreases from 110 nm to 14 nm. This can be ex-
plained as follows: more surface charges generate a higher po-

tential barrier/well inside the CNTs as shown in Fig. 4(c). As
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a result, there will be a larger friction force between the solu-
tion and the CNT, and the transport velocity as well as the slip
length decreases with increasing the surface charge number
from 3 e to 12 e. When the surface charge number increases
from 9 e to 12 e, there is no obvious difference in the transport
velocity, which means that the above effect is saturated.

In most of the practical applications, a higher surface
charge density is desirable. Anyhow, according to our results,
increasing the surface charge density also means a lower slip
length in CNTs. This effect should receive attention in opti-

mizing systems performance by adjusting the surface charge

density.
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Fig. 4. (color online) Transport behaviors with the surface charge rang-
ing from 0 e to —12 e. (a) Axial velocity profiles with different surface
charge numbers. (b) Slip length as a function of the surface charge num-
ber. Slip length decreases with increasing surface charge number. (c)
Corresponding Coulomb potential profiles with different surface charge
numbers. A higher surface charge number generates a higher potential
barrier that is more difficult for water molecules and ions to get through.

3.3. Influence of surface charge distribution pattern on the

electrolyte transport behavior

In the above simulations, the surface charges are always
located in one plane in the middle of the CNT. We perform the
simulations for different distributions of 12 e charges around
the CNTs, other parameters are the same as those shown in
Subsection 3.2. The 12 e charges are averagely distributed
on each of one, two and four rings out of the CNT wall.
These rings are evenly separated along the CNT (see the insert
of Fig. 5(b)), and the diameters of these rings are all always

60 T T T T
| =———12¢in 1 ring == —12 e in 2 rings
s —12 e in 4 rings
I 4 rings
Z ol @
~ L -
g 40
=
~
> i 4
£ .
_8 | 2 rings
v - -~
= 20
1 ring
0 A A A '
0 0.2 0.4 0.6 0.8
r/nm
T T T T
70r
:
Z 50F
<
=)
o0 L
=}
2
& 30r
0
10 P 1
' A A 'l

1 2 3 4

Coulomb potential/V

—10F — —12 e in 4 rings 7

0 2 4 6 8
z/nm

Fig. 5. (color online) Fluid transport behaviors with the different surface
charge distribution patterns. The total surface charge is —12 e, with the
charges distributed on 1, 2, and 4 rings, respectively. (a) Axial velocity
profiles, (b) slip length as a function of the number of rings (see insets),
and (c) corresponding Coulomb potential profiles for different surface
charge distribution patterns. Homogenized surface charges generate a
smoother electric field, which is easier for water molecules and ions to
get through.
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2.4 nm. As seen from Fig. 5, both the transport velocity and
the slip length increase with reducing the charge number in
one ring, but they are not sensitive to the number of rings along
the flow direction. This phenomenon can also be explained by
the Coulomb potentials along the flow direction for different
surface charge distribution patterns as shown in Fig. 5(c). The
number of potential wells increases with increasing the num-
ber of rings along the flow direction. However, since the total
number of charges is the same for all the cases, the height
of potential barrier decreases with increasing the number of
rings. As discussed above, more charges along the circumfer-
ence would have a stronger Coulombic interaction. For more
rings along the flow direction, the surface potential becomes
smoother. This smoother surface leads to a faster velocity and
a larger slip length. Our simulation results reveal that the ho-
mogenization of the surface charge distribution smoothes the
electric potential field along the flow direction and reduces the
height of energy barrier, and as a result, the effect of surface
charges becomes weaker.

The above results indicate that the slip length of the elec-
trolyte solution transport through surface-charged CNTs is
smaller than that through uncharged ones. The number of sur-
face charges and distribution patterns will also affect the trans-
port behavior.

3.4. Dependence of maximum energy conversion efficiency
on slip length

In the following section we estimate the dependence of
the maximum energy conversion efficiency (€yax) on the slip
length obtained in our simulation. The &,y is calculated based
on the nonlinear Poisson—Boltzmann description of the elec-
tric double layer and the Navier—Stokes description of fluid
dynamics, and the details of the method can be found in pre-
vious studies. [16-19]

Figure 6 shows the values of energy conversion efficiency
(&€max ) estimated with the slip lengths obtained in the MD sim-
ulations (shown in Fig. 4(b)). The values of &,y calculated
by neglecting the influence of the surface charge number on
the slip length and keeping the slip length at a constant value
of 110 nm are also given in Fig. 6 for comparison. The sur-
face charge number varies from O to 12 e, corresponding to
an effective charge density varying from 0 to —0.22 e/nm?.
As seen from the figure, the circles represent the values of
€max calculated from the constant slip length value of 110 nm,
and gnaxincreases with increasing the effective surface charge
density. On the other hand, the squares represent the val-
ues of €nax calculated from the simulated values of the slip
length. For the same value of the effective surface charge den-

sity, the value of €n,x is lower for the reduced slip length, and

the difference between the value of &, calculated based on
the constant slip length value of 110 nm and the one based
on the simulated slip length value increases with increasing
the effective surface charge density, i.e., the difference in the
value of £n,x increases with increasing the difference in slip
length. These results reveal that the €y,,x would decrease sig-
nificantly if the effect of surface charges on the liquid transport
is taken into consideration, which indicates that the high &nax
predicted based on the slip length of uncharged CNTs is ques-
tionable. With the slip length values of the surface-charged
CNTs obtained in our MD simulations, the €y,x can reach a
highest value of 28%, which is still much higher than the max-
imum theoretical value of 7% for no-slip channels.**! Hence,
surface-charged CNTs still could be one of the most promising

materials for fabricating nanofluidic battery systems.

—a— with slip length gained in MD
60 —e— with slip length of 110 nm
£

i A !
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o
T
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0 0.05 0.10 0.15 0.20 0.25
os/(—e/nm?)

Fig. 6. (color online) Dependences of maximum energy conversion ef-
ficiency (€max) of the surface-charged CNT on effective surface charge
density. The nanotube used in the nanofluidic battery has a radius of
1.085 nm, and 1-M KCl is used here as the electrolyte. The number of
surface charges varies from O to 12 e. The efficiency calculated with
the slip length of the surface-charged CNT (shown in Fig. 4(b)) is much
lower than that predicted with the slip length of the uncharged ones
(about 110 nm), based on our MD simulations.

In experiments, the surface charge density is usually in
a range of 0.01 e/nm?-0.1 e/nm? for silicon-based or or-

[3435] which is comparable to what we used

ganic membranes,
here. According to our simulation results, the effect of surface
charge on the slip length cannot be neglected when the mate-
rial is used to build nanochannels in which the slip boundary
is desired. In order to obtain a large slip length, charged sur-
faces should be avoided, or at least the surface charges should

be uniformly distributed to reduce the potential barriers.

4. Conclusions

In this work, we study the electrolyte solution transport
behavior through surface-charged CNTs. The slip boundaries
are observed for all charged and uncharged CNTs, but the slip
lengths in charged CNTs are much smaller than those in un-
charged ones. The slip length depends on the electrolyte con-
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centration, the surface charge number and its distribution pat-

terns. Our investigations demonstrate that compared with the

scenario in the uncharged CNTs, the electrostatic interaction

between surface charges and both electrolyte ions and water

molecules in surface-charged CNTs leads to a stronger solid—

liquid shearing stress, and eventually results in a lower slip

length.
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