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Abstract

The traditional methods to predict electrokinetic energy conversion (EKEC) in
nanochannels are mostly based on the Navier-Stokes (NS) equation for ionic flow and the
Poisson-Boltzmann (PB) equation for charge distributions, which is questionable for ion
transport through highly charged nanochannels. In this work, the classical density functional
theory (cDFT) is used together with molecular dynamics (MD) simulation and the Navier-Stokes
(NS) equation to predict the electrical current and thermodynamic efficiency of electrokinetic
energy conversion in nanochannels. By introducing numerical results for the slip length
calculated from MD simulation, a significant increase of the electrokinetic current is predicted in
comparison to that from the traditional electrokinetic equations with the non-slip boundary
condition, leading to the theoretical predictions of the thermodynamic efficiency for
electrokinetic energy conversion in nanochannels in good agreement with recent experiments.

The hybrid method predicts that a maximum electrokinetic efficiency can be achieved by tuning
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the channel height and solution conditions including electrolyte concentrations, ion valences, and
surface energies. The theoretical results provide new insights into pressure-driven electrical
energy generation processes and helpful guidelines for engineering design and optimization of

electrokinetic energy conversion.

I. INTRODUCTION

Electrical power can be produced by a pressure-driven process with an electrolyte
solution flowing through charged nanochannels.! The so-called electrokinetic energy
conversion (EKEC) plays a vital role in renewable energy generation and storage.!> * Thanks to
rapid and steady improvement in nano-manufacturing capability, significant progress has been
made in recent years on the EKEC technology,>!3 and it represents one of the most promising
processes to achieve efficient conversion of hydraulic power to electricity.!* Compared with
electromagnetic power generators, EKEC has one major advantage because it avoids
macroscopic mechanical motions.*

Pioneering studies of EKEC processes were reported by Osterle and co-workers' and by
Burgreen and Nakache for ultrafine capillaries.!> The early theoretical studies predicted that the
maximum thermodynamic efficiency was only about 17 %, which is unattractive for many
practical applications. A larger efficiency could be achieved by introducing buffer ions.
Gillespie investigated the effect of layering ions on the electrokinetic conversion theoretically
and predicted that the maximum thermodynamic efficiency can be significantly increased up to
50%.'® More recent modelling of EKEC processes also indicates that the maximum
thermodynamic efficiency can reach up to 30-40%, or as high as 50 % when the hydrodynamic

slip and ion laying were explicitly considered.!! 13
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Experimental investigation of EKEC processes based on micro-channel arrays showed
disappointing thermodynamic efficiency, merely ~1%.!7- 18 With the help of nano-manufacture
technology, a higher efficiency can be obtained in nanochannels. More recently, an efficiency of
35%-46% was reported for ion transport through nitrocellulose/sulfonated polystyrene
membranes.'® 20 A ballistic electrostatic generator may lead to an efficiency of 50%?2!. Some
researchers utilized the method of measurement of the electrokinetic figure-of-merit, which is the
gold standard for assessing the thermoelectric energy conversion of the materials?®? and the
reported efficiency is about 14~18% for Nafion at room temperature.”> The thermodynamic
efficiency increases to 26% when the process is implemented at 343 K.24

A more reliable prediction of EKEC performance will help to identify optimal operation
conditions and reduce the cost of the device.>The traditional methods are mostly based on the
Navier-Stokes (NS) equation for ionic flow and the Poisson-Boltzmann (PB) equation for charge
distributions. Because the ions are treated as point charges and the electrostatic correlations are
neglected, the theoretical performance is questionable for ion transport through highly charged
(~100 mC/m?) nanochannels as reported in the recent literature.> Besides, the conventional
methods fail to capture the boundary conditions underlying the electroosmotic flows near a
highly charged surface.?® In a previous work?®, we compared the PB equation and the classical
density functional theory (cDFT) in detail and showed how the thermodynamic non-ideality due
to ion-ion interactions influence the transport properties of ionic microfluidics. In comparison
with molecular simulations, cDFT has the advantage of computational efficiency, making it an
ideal tool to explore the optimal parameters. While the nonslip boundary condition is often
assumed in conventional electrokinetic models, both experiments?’?° and molecular

simulations3? 3! indicate significant deviation from the non-slip assumption for nanochannels. In
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our previous work?®, the channel width was fixed at 58 nm in the theoretical model, the same as
that used in experiment?. In this work, the widths of nanochannels vary from 2 nm to 7 nm.
According to experimental results’?, the water flow in a 7 nm-diameter nanotube is about 3000
times larger than that in a 44 nm-diameter nanotube3?, and the enhancement factor of the water
flow in a less than 2nm-diameter nanotube®* is about 25~300 times larger than that in the 44-
diameter nanotube33. Under such conditions, the traditional Navier-Stokes equation is not able to
account for the EKEC current and thermodynamic efficiency. By contrast, the present model
captures the drastic increase of the water flow in nanochannels in good agreement with
experiments.

By combing ¢cDFT with the NS equation and MD simulation, we hope to attain a faithful
description of the electrical current and thermodynamic efficiency for electrokinetic energy
conversion in nanochannels thus providing helpful guidelines for practical applications.

II. MODEL AND METHODS

We consider pressure-driven ion transport through slit-like nanochannels similar to
previous theoretical and experimental investigations. We choose this setup not only because of
its simplicity for the theoretical analysis but also for its easy manufacturing and surface-
controlled properties from the experimental perspective. In addition to its usage in energy
conversion, slit-like nanochannels find applications in many other fields, such as energy recovery,
desalination, and single molecule detection.?3-38

As shown schematically in Fig. 1(a), both the ion distribution and solvent velocity are
highly inhomogeneous near the charged surface as an electrolyte flows through a voltage-gated
slit nanochannel driven by a pressure gradient. To describe the ion distribution (viz., the structure
of the electric double layer or EDL), we assume that the electrolyte solution can be represented

by the primitive model, i.e., ions are charged hard spheres dispersed in a dielectric continuum.
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The surface of the nanochannel is represented by a hard wall with the electrical potential fixed at
¥, =0.5V. The pressure gradient is also fixed at 2.17x10'3 Pa/m.

Our theoretical investigation is focused on the effect of ion size, valence, and different
pairs of ionic species on the electrical current and the thermodynamic efficiency of the EKEC
process as the height of the slit nanochannel varies from = 2 to 7 nm. Approximately, the channel
size is in the range consistent with recent experimental measurements.?> 24 39 To calculate the
thermodynamic efficiency, we need to evaluate the mechanical power for pushing the ionic fluid
through the nanochannel, where is the channel length, and Q stands for the volume flow rate. In
terms of per unit width of the nanochannel, the flow rate can be calculated from an integration of

the solvent velocity v(y) inside the channel

Q=JV(y) dy (1)

As to be discussed in the following, we can determine the solvent velocity profile by solving the
Navier-Stokes equation with the slip length obtained from MD simulation.
The electrical current per unit width of the nanochannel is related to both the local ion

density p,(y) and the local ion velocity v,(y)

I=ef[p. (V.= p-()V.(1)] dv, 2)

where e is the elementary charge. Because there is no electrical field in the flow direction, the

ion velocity is identical to the solvent velocity, v(y)=v, (y)=v_(y) .
The thermodynamic efficiency of the EKEC process, 77, is defined as the ratio of the
electrical power output W, and the hydraulic power W, . The electrical power can be expressed

as
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n=rl=—v 3)

where R is the resistance. Therefore, we have

12
o — 4
n — 4)

»
as the applicable standard for comparison of efficiency between different conditions. In practical
applications, we are often interested in maximizing the thermodynamic efficiency at different
conditions.

A. Calculation of the ionic distribution

As result of the ion size and electrostatic interactions, the ion distribution inside the

nanochannel is not uniform. Conventionally, p.(y) is calculated from EDL models by assuming

that the ion distribution satisfies local thermodynamic equilibrium. In most previous research, the
EDL structure is determined by solving the Poisson-Boltzmann (PB) equation (or its

modifications). In this work, the ionic density profiles are calculated from cDFT? 40-42

p.(¥) = pl exp| =(Zeew () + A (1) + V(1)) (R, T) |, (5)
where y is the perpendicular distance from the surface, w(y) stands for the local electrical
potential, p” and Z, represent the concentration and valence of the ionic specie i in the bulk, %,

and T are the Boltzmann constant and the absolute temperature, respectively. As in the PB

equation, y(y) can be solved from the Poisson equation with the boundary conditions

y(0)=y(h)="¥,, (6)

Eq. (6) means that the electrical potential at the channel surface is fixed.
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In Eq. (5), Au™(y) is the deviation of the local excess chemical potential for species i
from that corresponding to a uniform electrolyte solution with ionic density p’ , and V. (y)
represents the confining potential due to the slit wall. Within the primitive model of electrolyte
solutions, each ion is represented by a hard sphere of diameter d;, and V*(y) in a slit pore of
width # with hard walls is thus given by

o, y<d /2ory>2h-d /2

Vex — 7
- {o, d/2<y<h—d /2. 2

The theoretical details in cDFT calculations are reflected in terms of Az (y) in Eq. (5).

Within the primitive model, the thermodynamic non-ideality arises from electrostatic
correlations and molecular excluded volume effects. The formal is accounted for by a quadric
expansion of the excess Helmholtz energy with respect to that of a bulk system*, and the latter is
described by the modified fundamental measure theory (MFMT)*. The explicit expression for
4 and numerical details for solving the cDFT equations can be found in our previous work®.
B. Calculation of the slip length and velocity distribution

In the traditional study of hydrodynamics, the solvent velocity (v) along the vertical

direction of the slit pore (y) is related to the pressure gradient (Vp =Ap//) according to the

Navier-Stokes (NS) equation
n,——=-Vr=0, (8)

where 7, is the solvent viscosity. Although the viscosity near the interfacial layer is determined

by the surface hydrophobicity*®, in this work, we follow the convention of the application of the
Navier-Stokes equation* and the solvent viscosity is fixed at 0.89x103 Pa-s, corresponding to

that of the bulk water at the ambient condition. We assume that solvent inhomogeneity near the
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surface can be effectively described in terms of the slip length?® 47- 48, By contrast, non-slip
boundary conditions are often adopted in the traditional applications of the NS equation, i.e.,
v(0)=v(h)=0. 9)
The non-slip conditions are inconsistent with recent experimental results indicating large water
flux inside nanochannels.3 4% 30
To estimate the slip length, we conducted a series of non-equilibrium MD simulations for
the flow of water molecules inside graphene nanochannels with the pore width varying from 2 to
7 nm. A snapshot of the simulation box is shown in Fig. 1(b). The length and width of the
channel are fixed at / =6.1 nm and /4 =3.3 nm, respectively. All MD simulations were
implemented with the NAMD simulation package®!. For each nanochannel, the surface consists
of frozen carbon atoms, and the water molecules are represented by the SPC/E model.’? The
SETTLE algorithm was used to maintain the rigid geometry of water molecules. A cut-off
distance of 1.2 nm was applied to both the Lennard-Jones (LJ) potential and electrostatic
interactions. The long-range correction of electrostatic interactions is computed via the particle
mesh Ewald (PME) method. A leapfrog algorithm with a time step of 1.0 fs was used for time
integration. At each condition, NPT simulations were carried out for 8 ns using the Nosé-Hoover
Langevin piston and the dual Langevin thermostat with a damping coefficient of 5 ps to ensure

that the system reaches the equilibration state at 300 K and 1 bar. At equilibrium, the average
density of water molecules inside the pore was around 1.0 g/cm’ . To calculate the slip length 5,

the NPT simulation was followed by non-equilibrium NVE simulation for 10 ns. Approximately,
the average velocity of water molecules in the confined space obey the classical mechanics.3? 34

During the non-equilibrium simulation, the trajectories were collected every 0.5 ps, and an
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additional fixed force was applied to oxygen atoms of the water molecules along the x axis as
shown in Fig. 1 to mimic the pressure gradient effect on the water flow in the pore direction.

The slip length is closely related to the surface energy of the nanochannels. To study such
effects, we conducted similar MD simulations the flow of water molecules in a slit pore.

Following Radhakrishnan et al>>, we characterize the surface properties in terms of parameter «,,

a,=p,o.Aec, €, (10)

aw waw

where o,, and ¢, are the LJ parameters for interaction between water and the surface, ¢, is LJ
parameters for SPC/E water, p, is the number density of the surface atoms, and A is the

separation between adjacent surface layers.

II1. RESULTS AND DISCUSSION
A. Velocity profiles

As discussed above, non-equilibrium MD simulation allows us to determine the average
velocity of water molecules in a slit pore driven by a pressure gradient. Fig. 2(a) shows typical
simulation results and least-squares fitting to the NS equation by adjusting the slip length. For
comparison, Fig.2(b) shows the prediction of the NS equation with the non-slip boundary
conditions. Here the height of the nanochannel is 4 nm, and the wall properties is represented by

the surface parameter o, = 0.3.

MD simulation indicates that the water velocity inside the slit pore is about 500 times
larger than that predicted by the NS equation with the non-slip boundary conditions. The fast
water flow in nanochannels is consistent with experiments’> 3% 3¢ and previous molecular
simulations*®37- 38,

B. Effect of the surface properties on the slip length and electrical current
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The slip length, and consequently the electrokinetic current, are closely related to the

surface property parameter «, and the nanochannel width 4. Fig. 3 present the simulation results

for the slip length. Here several MD simulation runs were conducted on the same conditions to
obtain the mean and the error bars. Fig. 4 shows the electrical current per unit width predicted
according to Eq. (2) with the ionic density calculated from ¢cDFT and the solvent velocity
profiles from the NS equation using the mean slip lengths from MD simulations.

As shown in Fig. 3, the slip length decreases with the increase of the surface parameters

a, , suggesting that the surface attraction reduces the slip length. Because the non-slip boundary

condition corresponds to a vanishing solvent velocity at the surface, it is valid only when the
attraction between the surface and water molecules is infinitely large. Such condition is not
applicable to any realistic surfaces because of the limited surface attraction for water molecules.
The non-slip boundary condition is particularly important for water flow through nanopores with
the pore size comparable to the slip length. The simulation results explain why water flux
detected in experiment is much larger than that predicted from the Navier-Stokes equation with
the non-slip boundary condition.

Introducing the slip length into the NS equation results in a current density much larger
than that from non-slip assumption. A comparison of the results shown in Fig. 5(a) and 5(b)
indicates that the current density calculated with the slip lengths from MD simulation is almost
1,000 times larger than that without the slip length. This is consistent with the current density
generated from the experiment results> '°. Because of the fast pressure-driven water flow, the
electrical current cannot be described with the non-slip NS equation. As shown in Fig. 4, the

current density declines with the increase of the surface parameter ¢, due to the reduction in the

10
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slip length and consequently the solvent velocity. The current density also decreases as the result
of the reduction of the pore width because of the boundary effects.
C. Electrokinetic current and thermodynamic efficiency

A question of main practical interest is how the electrical current and thermodynamic
efficiency depend on the solution conditions and the pore geometry and surface energy. To
address this question, we applied the hybrid method described above to systems containing
symmetric ion pairs (M"N~, M?*N?") with of different concentrations, ranging from 1 mM to 1 M,
and nanochannels with the pore width changing from 2 nm to 7 nm. All diameters of ions are 0.5
nm.

Fig. 5(a) and 5(b) show, respectively, the theoretical predictions of the current density for
monovalent and divalent electrolytes at different concentrations. In both cases, the surface
potential is 0.5 V, and the pressure gradient is fixed at 2.17x10'3 Pa/m. The slipping lengths
were obtained from cubic spline interpolation of MD results as shown in Fig 3. When the

concentration increases from 1 mM to 1 M, the electrical current for monovalent system ( M"N")

current increases. However, the trend is opposite for the divalent system (M>*N*"). In this case,
the current density decreases as the ion concentration increases because of charge inversion.*

As for the thermodynamic efficiency, the results from the non-slip Navier-Stokes
equation indicate that the efficiency decreases when the height increases from 2 nm to 7 nm, but
the results from Navier-Stokes equation with the slip length refute this inference as shown in Fig.
6. As shown in Fig. 6, the efficiency increases when the height increases from 2 nm to 5 nm, and
reaches the maximum when the height is around 5 nm, then it decreases as the height increases to
7 nm. It is the result of the influence of the height on the slip length. As the increase of the height,

the slip length increases, which results in the increase of water velocity inside the nanochannel

11
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compared with that calculated from the traditional Navier-Stokes equations. The larger velocity
increases the efficiency even when the height increases, and an optimal height can be derived to
maximize the electrokinetic efficiency. Another different phenomenon from the traditional
equations is that the efficiency of monovalent ions is larger than that of bivalent ions. Because of
the precise description of water velocity inside the nanochannel from the modified equations, the
influence of the net charge inversion found in bivalent ions on the electrokinetic efficiency is
taken into account more accurately, which reduces the electrokinetic current and efficiency of the
bivalent ions.
IV. CONCLUSIONS

In the present work, we predicted the current and thermodynamic efficiency of the slit
nanochannels with different height and different concentrations of ions by the net charge profile
from cDFT and velocity profile from MD simulation revised Navier-Stokes equation. Besides,
we compared the results with that of non-slip Navier-Stokes equation to find out the effect of
water behavior in the nanochannel on the current and efficiency. It is shown that the current of
revised Navier-Stokes equation is about 1000 times larger than that of Navier-Stokes equation
and with the same input hydraulic power. The phenomena mean that the non-ideality behavior of
ions and water flow described by cDFT and the Navier-Stokes equation with the slip length,
which is ignored by PB equation and Navier-Stokes equation, plays a significant role in the
electrokinetic current and its thermodynamic efficiency. Surface properties are described by the

parameter «,,, which indicates the interaction between surface atoms and water molecules. It

shows that non-slip boundary condition is the extreme results of the attraction between the
surface and water molecules. The relationship between the height and the efficiency is totally

different from the results of the non-slip and the slip Navier-Stokes equation. Moreover, the

12
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charge inversion phenomenon in multivalent ion flows reduces the current and efficiency, which
refutes that in results of Navier-Stokes equation, the multivalent ion is better than monovalent for
producing electrokinetic current. The above theoretical study with MD simulations provides a
more precise method to describe the behavior of pressure-driven current in the nanochannels and
new insights into this process. The results are helpful guidelines for design of pressure-driven
devices and process.
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Figure Captions
Figure 1. Schematic illustration of the model. (a) Ions in the slit nanochannel of height h and
length 1. (b) Non-equilibrium MD simulation structure of the unit cell drawn by VMD.
Graphite is cyan and fixed and water molecules are inside the nanochannel. The height of the
nanochannel here is 1 nm. Additional force was applied on the water to simulate the pressure

difference.

Figure 2. Velocity distribution from MD simulation and non-slipping Navier-Stokes Equation.
The height of the channel is 4 nm. (a) Velocity distribution along y-axis from MD simulation and
its quadric fitting to derive slipping length b. (b) Velocity distribution from non-slipping Navier-

Stokes equation.

Figure 3. Relation between slipping length b and a, for different heights of the channel. The

solid lines are guides to the eye indicating trends in b as functions of ay,

Figure 4. Relation between current per height (//4) and a,, for different heights of the channel.

Figure S. Electrokinetic current in height-different nanochannels with velocity calculated by
Navier-Stokes Equation (inset) or MD simulations. (a) Z;=1; (b) Z=2;

The gradient of the pressure is fixed at 2.17x10'3 Pa/m in velocity calculation for MD sampling
and the potential of the nanochannel is fixed at 0.5 V for calculation of ion concentration

distribution.
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Figure 6. Efficiency of energy conversion in height-different nanochannels with velocity

calculated by Navier-Stokes Equation (inset) or MD simulations. (a) Z=1; (b) Z=2;
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