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Abstract

Electroosmosis refers to bulk liquid motion induced by an electric field applied

to charges accumulated near a solid surface. This capacitive layer between wall

charges and diffuse counter charges is called an electric double layer. The voltage

drop across these diffuse charges is the zeta potential. This thesis presents some

fundamental studies of this phenomenon and its applications for miniature fuel cells.

Accordingly, the main part of this thesis can be divided into two parts: (1) theo-

retical/computational studies of electroomosis, especially at micro/nanoscale, and

(2) experimental investigations on electroosmotic pumps applied for miniature fuel

cells. Studies on electroosmotic flows near charged rough surfaces and uncharged

surfaces are first presented. Molecular dynamics simulation shows layering and or-

dering of water molecules near charged solid surfaces as well as non-uniformity of

permittivity and diffusivity, which have not been studied in classical continuum-

based theory. The computation suggests that ion and water mobilities are greatly

reduced near rough surfaces (for equal wall charge density), which results in signifi-

cantly lowered electroosmotic flows and zeta potential. Molecular dynamics studies

find the existence of electroosmotic flows on uncharged surface, first hypothesized

by Dukhin et al. (2005). The results show that the zeta potential is as high as

−20 mV, which is unexpectedly high in classical theory. Among many possible

explanations, polarization of water due to layering and near-wall molecular order-

ing are perhaps the mechanisms for this phenomenon. Three-dimensional density

plots show that positive and negative ions are located around water molecules in

very different ways, which may also contribute to cause this zero surface charge

electroosmosis. In the second half of this thesis, applications of electroosmotic

pumps for miniature fuel cells are presented. The following applications have been

v
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proposed and experimentally demonstrated: Air delivery via liquid electroosmotic

pumping and fuel delivery in direct methanol fuel cells. The flow rate per power is

an important figure of merit for these applications and possibly for other applica-

tions, such as, drug delivery and electronics cooling. To improve the flow rate per

power pumping, low ion density solvents, such as organic solvents, are used. Exper-

iments done at a negligible pump load condition show that acetone enables about

ten times greater flow rate per power than dilute aqueous buffers (e.g., at 1 mM

sodium concentration). According to an analytical model validated by experiments,

the optimal solvent may vary with pump load conditions (flow rate and pressure).

The proposed oxygen delivery scheme with low frequency AC pumping was demon-

strated in proof-of-concept experiments. The experiments confirmed the feasibility

of the scheme but the pump performance should be improved in order to achieve

more energetically favorable pumping. Electroosmotic pumping of methanol/water

mixtures was also characterized as a study of the fundamental limitations and ca-

pabilities of pumping methanol for fuel cell applications. A free-breathing direct

methanol fuel cell was integrated with an electroosmotic pump and its performance

was evaluated. The experiments show that the pump can deliver methanol to the

cell and yet consume only 1-4% of the fuel cell power.
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4.5 Å and a period of 36.8 Å. The unit for the diffusion coefficient is

10−9 m2/s. We estimated the errors to be less than 8.5%. . . . . . . 32

3.1 Simulated physical models. We fixed the parameters for anions (chlo-

ride ions) and only varied those for cations. . . . . . . . . . . . . . . 45

xi



xii LIST OF TABLES

3.2 Lennard-Jones parameters. We used the GROMOS-96 forcefield ex-

cept for wall atoms whose parameters we took from Zhou et al. [18].

Between wall atom and the other types of atom, we applied the

Lorentz-Berthelot combination rule. . . . . . . . . . . . . . . . . . . 46

4.1 Physical and chemical properties of working electrolytes in this study. 64

4.2 Assumed ion contents in each solvent and estimated molar conduc-

tivities for major cations and anions. . . . . . . . . . . . . . . . . . 69

4.3 Time scales for current transients: RC circuit time scale and first-

order exponential relaxation time scale. . . . . . . . . . . . . . . . . 87

5.1 Hydrogen proton exchange membrane fuel cell parameters. Environ-

mental air is delivered via electroosmotic liquid pumping. . . . . . . 92

6.1 Fuel cell characteristics. We used a free-convection direct methanol

fuel cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105



List of Figures

1.1 Illustrations of electroomosis and electrophoresis. Electroosmosis de-

scribes the bulk motion of electrolytic solutions with respect to a

stationary solid surface in response to an electric field parallel to

the surface and electrophoresis refers to the motion of ions and mi-

crospheres in solutions as a result of an applied electric field . . . . 2

1.2 Gouy-Chapman-Stern model for EDLs. It shows two distinct layers:

the Stern layer, an immobile layer of ions adsorbed to the surface,

and the Gouy-Chapman layer, a diffuse electric layer that shields the

bulk solution from any remaining net negative charge. . . . . . . . . 3

1.3 Electroosmotic pump with porous media. Flows through porous me-

dia are treated as flows through a network of tortuous microcapil-

laries. Details of electroosmotic (EO) pumps and the model will be

discussed in Chapter 4. . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Basic structure of a PEM fuel cell. The membrane allows proton

conduction but not electronic conduction. Electrons, sourced from

electrochemical reactions, travel through an electric load, and gener-

ate electric energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 (a) Model system for a smooth wall. It includes charged and un-

charged Lennard-Jones (LJ) wall atoms, sodium ions, and water

molecules. The coordinate system was defined as shown. (b) Model

system for a rough wall. It has two-dimensional surface roughness

with a spatial period p and an amplitude A. The flow region can be

divided into the regions over the grooves and over the ridges. . . . . 15

xiii



xiv LIST OF FIGURES

2.2 One-dimensional profiles for a smooth wall. (a) Oxygen atom and

hydrogen atom densities were normalized by their respective bulk

values. (b) Water density profile. (c) Sodium ion density profiles

obtained from MD simulation and PB solutions with two different

boundary conditions (see text). (d) Profiles of electrostatic potential

obtained from MD simulation and PB solution. . . . . . . . . . . . 20

2.3 Density profiles for the rough wall channel with symmetric surface
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Chapter 1

Introduction

The thesis comprises two main parts: theoretical studies on electroosmotic flow

phenomena and experimental approaches on electroosmotic pump applications for

miniature fuel cells. This chapter first introduces the fundamentals of electroosmotic

flows, followed by the basics of fuel cells. The scope of this thesis is summarized in

the last section.

1.1 Fundamentals of Electroosmotic Flows

Electrokinetic phenomena refer to the interactions between solid surfaces, elec-

trolytic solutions, and electric fields [1]. Two important classes of electrokinetic

phenomena are electroosmosis and electrophoresis. Electroosmosis describes the

motion of liquids with respect to a stationary solid surface in response to an elec-

tric field parallel to the surface [Figure 1.1(a)] and electrophoresis refers to the

motion of colloidal particles or macrobodies in liquids as a result of an applied

electric field [Figure 1.1(b)].

Most surfaces spontaneously acquire a finite surface electric charge [2], when in

contact with an electrolytic solution. Although there are many mechanisms for the

formation of surface charge, the most important mechanism in the framework of this

thesis is the ionization of surface groups. In the case of contact between glass (or

silica) and an electrolytic solution, the surface silanol groups (SiOH) deprotanate

above a pH of approximately 2, resulting in a negatively charged surface, which

1
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Figure 1.1: Illustrations of electroomosis and electrophoresis. Electroosmosis de-
scribes the bulk motion of electrolytic solutions with respect to a stationary solid
surface in response to an electric field parallel to the surface and electrophoresis
refers to the motion of ions and microspheres in solutions as a result of an applied
electric field
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Figure 1.2: Gouy-Chapman-Stern model for EDLs. It shows two distinct layers:
the Stern layer, an immobile layer of ions adsorbed to the surface, and the Gouy-
Chapman layer, a diffuse electric layer that shields the bulk solution from any
remaining net negative charge.

attracts counter-ions (cations) and repels co-ions (anions). In a continuum model

of the charge distribution near the surface, ions are arranged in two distinct layers:

the Stern layer, an immobile layer of ions adsorbed to the surface, and the Gouy-

Chapman layer [2], a diffuse electric layer that shields the bulk solution from any

remaining net negative charge. Figure 1.2 shows a schematic of the Gouy-Chapman-

Stern model of the electric double layer (EDL) on a glass or silica surface.

The potential at the slip plane (the interface between the Gouy-Chapman layer

and the Stern layer) is referred to as the ζ potential, and is characteristic of a given

wall charge distribution, which is a function of wall chemistry, electrolyte chemistry,

and electrolyte ion chemistry. The thickness of the electric double layer is on the

order of the Debye length, λ, of the solution. The Debye length can then be defined

as the distance from the charged wall at which potential energy balances thermal

energy [3], and is typically expressed as the following:

λ =

√

ǫkT

e2
∑N

i=∞
z2
i ni

. (1.1)

Here, ǫ is the permittivity, e is the elementary charge, k is the Boltzmann constant,

n∞,i is the number density of ion species i in the bulk, zi is the valence, and T is
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the temperature. For typical electrokinetic systems, the ionic concentration is on

the order of 1 mM, resulting in λ ≈ 10 nm.

Electroosmotic (EO) flows refer to the bulk movement of liquids induced by a

localized charge of a solid surface under an applied axial electric field. Within the

electric double layer, the electric field exerts a net force on the liquid, causing ions

and local liquid near the walls to migrate towards the cathode or anode depending

on the polarity of the EDL. The electromigration of ions constituting the EDL exerts

a viscous shearing force on the adjacent bulk-liquid in the channel, resulting in bulk

motion. In microchannel systems with thin EDLs, or Debye length to channel height

ratios much less than one (λ/h << 1), the bulk liquid motion is characterized by

a plug-like velocity profile, as shown in Figure 1.1(a). In this thin EDL limit, the

plug-like electroosmotic velocity profile is given by the Helmholtz-Smoluchowski

equation [3].

uEOF = −ǫEζ
µ
. (1.2)

Here, ν is the fluid viscosity and E is the electric field tangential to the charged wall.

However, in systems with finite electric double layers, the liquid velocity profile is

highly nonuniform, and will be explained in the following chapters. Also, in the

presence of pressure gradient, the velocity profile is a linear superposition of the

flow due to electroosmosis and that due to pressure gradient.

Electroosmosis is an effective technique for transporting liquids in miniature flu-

idic devices. The advent of microfabrication and microelectromechanical systems

(MEMS) has seen an application of electroomosis as a way of pumping fluids (elec-

troosmotic pumps) [4]. Quite often, porous media in place of microcapillaries are

used, as the flow rate in a single capillary is not sufficient in many applications.

Figure 1.3 shows electroosmotic flows in porous media.

The aforementioned Gouy-Chapman-Stern model for EDLs and EO flows is

based on continuum concept. Therefore, molecular or atomic aspects of ions and

solid walls, such as steric effects of finite-sized ions are missing. Recently, a number

of modern computational tools, such as molecular dynamics simulation, have used

to study more detailed structures of EDLs and EO flows. Chapters 2 and 3 will

present the results of molecular dynamics simulation, compared to continuum-based
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Figure 1.3: Electroosmotic pump with porous media. Flows through porous media
are treated as flows through a network of tortuous microcapillaries. Details of
electroosmotic (EO) pumps and the model will be discussed in Chapter 4.

analytical theory. Details of electroosmotic (EO) pumps with porous media will be

discussed in Chapter 4.

1.2 Basics of Fuel Cells

A fuel cell is an electrochemical device that converts chemical energy into electrical

energy directly [5]. Fuel cells can be categorized by an electrolyte material and

a fuel. For portable applications, a polymer-based proton exchange membrane

(PEM), such as Nafion, is typically used. Fuels can be hydrogen or methanol/water

mixtures. (Other types of fuels, such as formic acid, can also be used.) The PEM

fuel cell conventionally refers to a hydrogen fuel cell and the direct methanol fuel cell

(DMFC) refers to that with methanol/water mixtures as fuels. Both of them are

suitable candidates for portable applications due to their low operating temperature

and simple system configuration.

A simple schematic of a (hydrogen) PEM fuel cell is shown in Figure 1.4. Within

the cell, the PEM conducts mostly protons and prohibit electronic conduction. On
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Figure 1.4: Basic structure of a PEM fuel cell. The membrane allows proton con-
duction but not electronic conduction. Electrons, sourced from electrochemical
reactions, travel through an electric load, and generate electric energy.
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the two sides of the membrane, the electrode structure (which also serves as gas

diffusion media) is in direct contact with the membrane surfaces. The electrode is

made of highly porous material and contains powdery catalyst structures. The elec-

trochemical reaction happens where the gas from the pore, catalyst in the electrode,

and electrolyte meet together. Outside of the two gas diffusion layers, the flow field

channels provide the fuels and the oxidants to the gas diffusion layers. DMFCs

have similar structures, except that liquid fuels (methanol/water mixtures) are fed

to the flow channels.

Chapters 5 and 6 will present how EO pumps can be used for miniaturized fuel

cells: Air pumping in PEM fuel cells and liquid fuel delivery in DMFCs.

1.3 Scope of Thesis

The main body of the thesis is composed of 5 chapters. The first two are funda-

mental studies of electric double layers and electroosmotic flows, using molecular

dynamics simulation as a tool. The rest of chapters are experimental investigations

of an electroosmotic pump and its applications for miniature fuel cells.

• Molecular dynamics simulation of electroosmotic flows on rough surfaces.

• Molecular dynamics simulation of electroosmotic flows on uncharged surfaces.

• Development and characterization of electroosmotic pumps for high flow rate

per power pumping.

• Electroosmotic pump application I: Air delivery for miniature polymer elec-

trolyte membrane fuel cells.

• Electroosmotic pump application II: Fuel delivery for miniature direct methanol

fuel cells.

Prof. Eric Darve and Prof. Juan G. Santiago should be acknowledged for

their guidance and advices in preparing this thesis. Dr. Jonathan D. Posner and

Cullen Buie should also be acknowledged for their contributions to Chapter 4 and

Chapters 5 and 6, respectively.
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Chapter 2

Electroosmotic Flows on Rough

Surfaces1

2.1 Introduction

Flow physics at nanoscale has gained increasing attentions in recent years. Nanoflu-

idics is of fundamental scientific interest as well as of engineering interest due to

the possibility of practical applications in many fields, for example, separation

and identification of biological and chemical species. To understand nanoscale

fluid phenomena, many experimental and computational research efforts have been

taken. Experimentally, nanochannels of various sizes with different materials have

been fabricated and studied [7, 8, 9, 10, 11, 12, 13]. Various types of simulation

techniques have been used, ranging from continuum models to atomistic simula-

tion [14, 15, 16, 17, 18, 19].

One prominent difference between the fluid motions in nanochannels and those

in macroscale channels is the strong fluid-wall interactions observed in nanochan-

nels. As the channel size decreases, the surface-to-volume ratio increases. Therefore,

various properties of the walls, such as surface roughness, greatly affect the fluid

motions in nanochannels. Although laminar flows have been known to be only

slightly influenced by surface roughness in macroscale channels [20], the effect of

1The contents of this chapter were published previously by Kim and Darve [6].

9
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surface roughness is expected to be significant in nanochannels. Indeed, the am-

plitude of surface roughness is only one or two orders of magnitude lower than the

channel height for many nanochannels. Many studies considered the effect of sur-

face roughness on nanoscale flows. Specifically, its effect on slip phenomena has

been experimentally and computationally reported in many papers. Lauga et al.

did a recent and complete review on this topic [21]. Karniadakis and Beskok also

did an excellent review [22]. We will summarize these papers briefly in Section 2.2.

One of the driving forces in nanochannels is electroosmotic drag [7, 8]. Elec-

troosmotic flows have been studied in many different contexts, including atomistic

simulation to study fluid-wall interactions at molecular scale [23, 24, 25]. Near a

charged wall, an electric double layer, consisting of a Stern layer and a diffuse layer,

is formed. When an electric field is applied, electric body forces are exerted on

ions accumulated in the electric double layer. By viscous drag due to the moving

ions, water molecules are then put into motion. Depending on the ionic strength

of the liquids, the electric double layers may extend to the whole channel volume

and overlap [26, 27]. While overlapped electric double layers are typically rare in

macroscale and microscale channels, it can often be found in nanochannels [7, 8].

In recent years there have been papers on electroosmotic flows in nanochannels

using atomistic simulation. Freund has examined the validity of the continuum-

based Poisson-Boltzmann theory by comparing it to his atomistic simulation re-

sults [17]. He reported different profiles of the ion density and the water velocity

near the walls using the two methods. He also found the preferred orientations

of water molecules and their decreased diffusion near the walls. To solve the dis-

crepancy between the continuum and atomistic models, Qiao and Aluru proposed a

modified Poisson-Boltzmann (PB) equation supplemented by molecular dynamics

(MD) simulation [19]. In particular, their modification includes finite size effects of

water molecules and ions. In a subsequent paper [28], they simulated more realistic

model systems by including co-ions (ions with charges of the same polarity as in

the walls) in their molecular dynamics simulation. They found “charge inversion”,

meaning that the direction of electroosmotic flows is opposite to that predicted by

the continuum theory. In their most recent paper [29] they reported different ionic

distributions in positively and negatively charged channel walls due to different hy-
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drogen bond patterns, which cannot be observed with the continuum theory. Zhou

et al. studied electroosmotic flows in model silica nanopores [18]. They reported

that the wall has little effect on the axial movement of water molecules and ions

along the nanopore. Joly et al. studied the effect of hydrophobicity on electric

double layers [30] and found that the ζ potential, a measure of the electroosmotic

velocity at a given applied electric field, is considerably amplified by the existence

of slip near hydrophobic walls.

As summarized above, atomistic simulation of electroosmotic flows in smooth

nanochannels (only with atomic roughness) and pressure-driven flows in rough

nanochannels has been reported in several reviews and papers. However, to our

knowledge, atomistic simulation of electroosmotic flows in rough nanochannels has

never been reported. In fact, the effects of surface roughness on an electric double

layer even in light of continuum models have yet to be studied [31]. Recent related

works include continuum simulation of electroosmotic flows in rough microchannels

and in grooved microchannels [32, 33, 34]. Although they reported exciting results,

their approaches are limited to continuum regime and may fail at nanoscale.

In this chapter, we used molecular dynamics (MD) simulation to study electroos-

motic flows in rough nanochannels. We are particularly interested in the interactions

between rough walls and fluids at molecular scale, thus we explicitly accounted for

the molecular nature of the walls and the water molecules.

2.2 Theory of an Electric Double Layer on Smooth

and Rough Walls

In a continuum limit, the structure of an electric double layer on a smooth charged

wall can be obtained typically by solving the well-known Poisson-Boltzmann (PB)

equation [1]. The PB equation is the Poisson equation [Equation (2.1)] for the

electrostatic potential, combined with a Boltzmann distribution [Equation (2.2)]

for the ion density.

ǫ∇2ψ = −ρE (2.1)

ni = n∞,i exp
(

− zieψ

kBT

)

(2.2)
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ρE =

N
∑

i=1

zieni (2.3)

The one-dimensional PB equation is

d2ψ

dz2
= −e

ǫ

N
∑

i=1

zin∞,i exp
(

− zieψ(z)

kBT

)

. (2.4)

Here ψ is the local electrostatic potential, ρE is the charge density measured in

Coulombs per cubic meter, e is the elementary charge (1.602×10−19 C), kB is the

Boltzmann constant (1.381×10−23 JK−1), ǫ is the permittivity of medium (ǫ = ǫ0ǫr

where ǫ0 is the vacuum permittivity, 8.854×10−12 J−1C2m−1, and ǫr is the dielectric

constant of medium, 77.8 for water at 300 K and 0.1 MPa [35]), and T is the

temperature of the medium. The summation should be done for N different species

of present ions. n∞,i is the number density of each ion species in bulk and zi is its

valence.

For the simplicity, we assume only one monovalent ion species, which have

charges opposite to the wall charge (counter-ions) to maintain global electroneu-

trality. In this case, we can reduce Equation (2.4) to

d2ψ

dz2
= −e

ǫ
n∞ exp

(

− eψ(z)

kBT

)

. (2.5)

Its analytical solution is

ψ(z) =
kBT

e
ln



cos2

√

e2n∞(z − zm)2

2ǫkBT



 , (2.6)

with the convention that ψ = 0 at the channel center [36]. Here zm is the z

coordinate of the channel center. In this equation, the only unknown is n∞ and

we can find it using appropriate boundary conditions. The boundary condition for

the PB equation can be either a Dirichlet condition if the electrostatic potential is

known (the ζ potential in this case) or a Neumann condition if the surface charge

density is given. In the present context, the appropriate condition is the one with
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a fixed surface charge density σ. The boundary condition can be formulated as

σ = ǫ
dψ

dz
(z = zwall), (2.7)

where σ is the surface charge density measured in coulombs per square meter. Note

that σ and ρE have different units. A similar type of condition was used in several

previous works [7, 17, 19]

In order to compute electroosmotic flows, we solve the Stokes equation [Equa-

tion (2.8)] with an electric body force term obtained from the PB solution.

µ
d2u

dz2
= −en∞E (2.8)

Here µ is the viscosity of medium (0.89 mPa for water at 25 ◦C [35]). The boundary

conditions are
du

dz
(z = zm) = 0 and (2.9)

u(z = zwall) = 0. (2.10)

One important notion in this PB approach is the distinction between the surface

potential and the ζ potential. The ζ potential can be defined as the electrostatic

potential at a slip plane. This distinction is especially important since surface

roughness is known to decrease slip [21] and possibly change the location of a

slip plane, letting the ζ potential deviate much from the surface potential. The

continuum-based PB approach has some imperfections, several of which are listed

in Lyklema [1]. One of our purposes in the present study is to examine some of

these.

The effects of surface roughness on slip phenomena near uncharged solid walls

have been previously studied. In gas flows, the amplitude of surface roughness

relative to the channel height and the mean free path is very important for the

slip/no-slip conditions [22]. Lauga et al. [21] summarized the effects of surface

roughness on liquid flows: (1) in some cases it increases fluid friction but in other

cases it decreases fluid friction, (2) it decreases slip, and (3) it can induce dewetting

of solid surfaces.
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The structure of electric double layers on charged rough walls has been addressed

in several books [1, 37, 38]. A recent review can be found in Zembala [31]. Biker-

man explained both the possibility of increase and decrease in the ζ potential due

to surface roughness [37]. Dukhin and Derjaguin provided experimental evidence

for these seemingly contradicting phenomena [38]. They explained that this dis-

crepancy is due to the electric double layer thickness relative to surface roughness.

However, they did not elaborate on the cases where both are the same order. In

this chapter, we explore this regime using MD simulation.

2.3 Physical Models and Computational Meth-

ods

Figure 2.1(a) shows the model system for a smooth wall nanochannel. It has charged

and uncharged wall atoms, counter-ions (Na+ ions), and water molecules. We

modeled the walls as a simple cubic crystal structure and each wall atom as a

charged/uncharged Lennard-Jones atom, fixed at each lattice site. We determined

the number of wall layers such that the thickness of the wall is just larger than the

cutoff radius of the Lennard-Jones potential (7 Å). Therefore, for the smooth wall,

there are four layers each in the upper wall and in the lower wall but the number

of layers varies with different types of surface roughness. The innermost layers (in

dark color in Figure 2.1) take uniform negative charges, corresponding to surface

charge of σ = −0.095C/m2. All the other layers are electrically neutral. Since

Freund [17] compared electroosmotic flows for uniformly charged walls as well as

for discretely charged walls and reported no significant difference for the two cases,

we only simulated uniformly charged walls.

We constructed rough wall channels by adding extra partial layers of wall atoms

to a smooth wall. As shown in Figure 2.1(b), we modeled surface roughness as

a sequence of two-dimensional subnanometer scale grooves and ridges along the

flow direction, the y direction. Among many ways to construct rough walls, as

summarized in Mo and Rosenberger [39], this is our choice for rough walls. In

fact, it is somewhat like grooved channels in Kim et al. [34] but the amplitude



2.3. MODELS AND METHODS 15

y

z

x

40Å

Uncharged LJ atomsNegatively charged LJ atoms

Water molecules

(not shown)Na+ ions

p

2A
groove ridgestep

y

z

(a)

(b)

Figure 2.1: (a) Model system for a smooth wall. It includes charged and uncharged
Lennard-Jones (LJ) wall atoms, sodium ions, and water molecules. The coordinate
system was defined as shown. (b) Model system for a rough wall. It has two-
dimensional surface roughness with a spatial period p and an amplitude A. The
flow region can be divided into the regions over the grooves and over the ridges.
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of surface roughness in our models is equal to or less than surface roughness in

microfabricated micro/nanochannels. Therefore, we refer to it as surface roughness.

Studying different shapes of surface roughness (such as a sinusoidal shape) should

be an interesting topic for the future.

We can express the z coordinates of the wall atoms zwall for the rough walls as

zwall − zwall,avg = AΠ(2y/p), (2.11)

where zwall,avg is the average locations and Π(y) is a step function-type function of

period 1 defined by

Π(y) =

{

1 if 0 < y < 1/2

−1 if 1/2 < y < 1
. (2.12)

We can thus specify surface roughness by an amplitude A and a spatial period p.

Here the amplitude A corresponds to the root mean square (RMS) roughness, the

most common definition of surface roughness.

We defined the channel height as the difference in zwall,avg of the innermost layer

in the upper wall and of the innermost layer in the lower wall. We fixed it at 40 Å

for all the cases including a smooth wall channel. Indeed, the actual wall locations

would not be the locations of the wall atoms since each wall atom has some finite

volume. Nevertheless, we expect the effective channel height to be the same or very

similar for all the cases.

As shown in Figure 2.1(b), we can separate the entire flow region into the regions

over the grooves and over the ridges, which have different channel heights locally.

The flow behavior near the steps is expected to be complex due to the side walls.

We studied many different types of surface roughness with different values for A

and p, as summarized in Table 2.1. We also simulated asymmetric wall channels to

compare to the symmetric cases. For all the cases, the surface porosity, ψ (defined

as the fraction of a void volume in a surface porous “film” [37]), was 0.5. To estimate

the permeability, k, for different types of surface roughness, we followed the Jenkins

and Koernders’s approach [40], using Kozeny-Carman’s permeability estimate,

k =
D2ψ3

150(1 − ψ)3
, (2.13)
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Table 2.1: Simulated physical models. A is an amplitude and p is the spatial period
of surface roughness (see Figure 2.1). k is the permeability of surface roughness,
estimated using Equation (2.13). We also simulated asymmetric wall channels for
A = 0.9 Å.

System A[Å] p[Å] k[Å
2
] Symmetry

1 0 ∞ 0 sym.
2 and 3 0.9 9.2 0.0054 sym. and asym.
4 and 5 0.9 18.4 0.0054 sym. and asym.
6 and 7 0.9 36.8 0.0054 sym. and asym.

8 1.8 36.8 0.022 sym.
9 2.7 36.8 0.049 sym.
10 3.6 36.8 0.086 sym.
11 4.5 36.8 0.14 sym.

for porous medium with mean diameter D. For the length scale D, we used RMS

surface roughness, the same as A, as Jenkins and Koernders did in their paper [40].

We included only counter-ions for simplicity and computational efficiency. There

are 20 Na+ ions and 2067 water molecules in all the model systems. We modeled

sodium ions as point charges with the Lennard-Jones potentials. For water mole-

cules, we used the extended simple point charge model (SPC/E) [41].

We used the GROMACS code [42] with the GROMOS-96 forcefield except for

the wall atoms. The potential energy between two different atoms i and j, separated

by r, can be expressed as

Vij(r) =
C12

r12
− C6

r12
+ ǫ

qiqj
r
. (2.14)

The intended channel material was silica glass and we took the Lennard-Jones

parameters for wall atoms from Zhou et al. [18]. Their wall model is a united-atom

Lennard-Jones model for SiO2. Since we assumed simple cubic crystal structures for

the walls, the nanochannels in our simulation have some limited degree of similarity

with real glass channels. For the interactions of wall atoms with other types of

atoms, we applied the Lorentz-Berthelot combination rule. The Lennard-Jones
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Table 2.2: Lennard-Jones parameters. We used the GROMOS-96 forcefield except
for wall atoms whose parameters we took from Zhou et al. [18]. Between wall atom
and the other types of atom, we applied the Lorentz-Berthelot combination rule.

Atom type C6(kJ nm6/mol) C12(kJ nm12/mol)
O-O 2.62×10−3 2.63×10−6

Na+-O 4.34×10−4 2.35×10−7

Na+-Na+ 7.21×10−5 2.10×10−8

Wall-O 3.83×10−3 3.29×10−6

Wall-Na+ 6.45×10−4 3.03×10−7

Wall-Wall 5.58×10−3 4.06×10−6

parameters for wall atoms, sodium ions, and oxygen atoms in water molecules are

summarized in Table 2.2.

For time integration, we used the Berendsen thermostat [43] combined with the

standard Verlet integration algorithm with a time step of 1 fs. The time constant

for the thermostat was 0.1 ps with the reference temperature of 300 K. We applied

cubic periodic boundary conditions for all three directions. However, since our

intended models are two-dimensional systems, we placed a vacuum space of 100 Å

between the two periodic images in the z direction to have pseudo two-dimensional

systems in the xy plane. As mentioned above, the cutoff radius for the Lennard-

Jones potential was 7 Å. For the calculation of electrostatic potentials, we adopted

the particle-mesh Ewald (PME) method [44]. To constrain water molecules, we

used the SETTLE algorithm [45], which provides an analytical solution for the case

of water.

We first generated initial configurations by randomly distributing sodium ions

in water slabs inside various nanochannels. We then performed energy minimiza-

tion (the steepest descent algorithm) to avoid undesired van der Waals contacts.

Before we start MD simulation, we assigned random numbers to initial velocities of

water molecules and sodium ions according to a Maxwell distribution at 300 K. To

equilibrate the model systems we performed MD simulation for 0.5 ns without an

electric field and were ready for production runs. Production runs lasted for 6 ns

with and without an electric field. For the cases with an electric field (discussed in
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Section 2.4.4), we sampled data for the final 5.5 ns after reaching the steady state.

The electric field strength applied in the y direction was 0.1 V/nm. The reason

for this high electric field is to avoid relatively large thermal noises, which result in

large statistical errors. With small electric fields, the convergence of the statistics

should be very slow, which should lead to unacceptable computational time. The

magnitude of an electric field in this work is about the same order as in previous

works [17, 19, 28].

For all the computations except for the velocity autocorrelation functions (VACF)

and the diffusion coefficients, we sampled data every 100 timestep, or every 100 fs.

For the VACF and the diffusion coefficients, we sampled every timestep since the

relevant timescale is in the order of 100 fs. For these calculations, production runs

lasted for 60 ps after 500 ps equilibration due to the limitation of our data storage

system.

2.4 Results and Discussion

2.4.1 Density profiles and electrostatic potential distribu-

tions

Figure 2.2 shows the density profiles of oxygen atoms, hydrogen atoms, water mole-

cules, and sodium ions as well as the profile of the electrostatic potential along the

z coordinate for the smooth wall. In Figure 2.2(a), the densities for oxygen and

hydrogen atoms were normalized with their bulk values (their mean values around

the center of the channel, within 7 Å from the center). Figures 2.2(a) and 2.2(b)

show layering of water molecules near the channel wall. The layering phenomenon

near a solid surface (either charged or uncharged) has been reported in many previ-

ous works [22, 19, 24]. It was explained as a consequence of water attraction to the

surface and of “volume exclusion” by Koplik and Banavar [46]. Precise patterns of

water layering differ with different MD forcefields, especially with different types

of potential functions for wall-water interactions. In this work we found two pro-

nounced peaks near the wall (z ≈ −17 Å and − 14 Å). At z ≈ −10 Å, there is a

third small peak and the density approaches the bulk value toward the center. Fig-
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Figure 2.2: One-dimensional profiles for a smooth wall. (a) Oxygen atom and
hydrogen atom densities were normalized by their respective bulk values. (b) Water
density profile. (c) Sodium ion density profiles obtained from MD simulation and
PB solutions with two different boundary conditions (see text). (d) Profiles of
electrostatic potential obtained from MD simulation and PB solution.



2.4. RESULTS AND DISCUSSION 21

ure 2.2(a) shows normalized densities for oxygen and hydrogen atoms separately.

The peak locations are slightly different for the two atoms and their normalized

peak values are also different. This is related to the preferred orientations of water

dipole moments, which will be discussed in more detail in Section 2.4.2.

Figure 2.2(c) shows the sodium ion density profile. The solid line is from our

MD simulation and the two other lines are from the solutions of the PB equation

[Equation (2.6)]. For the PB solutions, we used the Neumann boundary condition

(see Section 2.2) at two different locations, at z = −20 Å and z = −17 Å. The

first corresponds to the location of the wall atoms and the second corresponds to

the location with which the PB solution has the best fit to the MD profile (we

found the second location by repeatedly solving the PB equation with boundary

conditions applied at different locations, each separated by 1 Å). The reason for

applying a boundary condition at this shifted location is due to the finite size of

ions and the wall. We can also find this finite size effect in the MD profile. The

MD profile shows a peak value approximately 4 Å from the wall, not at the location

of the wall atoms (the finite size effect was discussed in more detail in Qiao and

Aluru [19]). From this location, the ion density profile decays toward the center,

roughly showing a Boltzmann distribution. However, this decay is not monotonous

but has a local maximum around 6 Å from the wall. This maximum corresponds

to the valley between the first and second peaks in the water density profile. This

correspondence was also found in previous studies [17, 19, 24]. Qiao and Aluru [19]

explained it, stating that the energy required to insert ions in water density valley

regions is lower than the energy required to insert ions in the bulk. It can also be

explained with competing electrostatic attractions of water dipoles and ions as well

as layering of water molecules [37].

Figure 2.2(d) shows the profile of the electrostatic potential both from the MD

simulation and the PB solution. The PB solution, here and below, refers to the

PB solution with the boundary condition at the shifted wall location, denoted by

“Corrected PB” in Figure 2.2(c). We calculated the MD electrostatic potential

by solving the Poisson equation [Equation (2.1)] with the MD ionic distribution.

We used the dielectric constant computed from our MD simulation, which is not

uniform in space and is quite different from the bulk value near the wall. We will
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Figure 2.3: Density profiles for the rough wall channel with symmetric surface
roughness of a period of 36.8 Å and an amplitude of 1.8 Å. (a) Water density and
(b) sodium ion density.

discuss how we computed the dielectric constant in Section 2.4.2. Although both

the MD and PB profiles show exponential function-type profiles, one noticeable

difference is that the MD slope is much steeper than the PB slope near the wall.

The electrostatic potential around the center is similar to the two method but the

value 20 Å from the center is around −200 mV with MD and around −120 mV

with the PB. Although not shown here, the electrostatic potential profile obtained

with the uniform bulk dielectric constant using the MD ionic distribution was very

different from the MD profile here. Indeed, it was more similar to the PB profile

than the MD profile.

We calculated density profiles for the rough wall channel. Figure 2.3 shows water

and ion density profiles for the rough wall with symmetric surface roughness with

a period of 36.8 Å and an amplitude of 1.8 Å. In both the water density profile

and the ion density profile, the peak locations measured from the wall are about

the same as for the smooth wall channel except near the step regions. Especially

for water, the shape of the entire profile measured from the wall is very similar to
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the shape for the smooth wall, again with exceptions near the step regions.

We repeated density calculations for other types of surface roughness. The same

trend (the similarity of profile shapes to those for the smooth wall) was found in all

the cases. However, this similarity is less pronounced as the spatial period decreases

or the amplitude increases. It is due to the increased influence of the step regions

on the whole flow region since the step regions are frequent for the decreased period

or the steps are steeper for the increased amplitude.

We computed the electrostatic potential profiles for different types of surface

roughness, shown in Figure 2.4. The inset shows the profiles inside the half-channels

and the main plot shows a zoomed-in view near the channel walls. These are all the

MD results, using the same calculation procedure as for the smooth wall channel.

We used a different non-uniform dielectric constant obtained for each model system.

The overall shapes are all exponential function-type profiles, as shown in the inset,
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but the actual values deviate from one another, approaching toward the walls from

the center. At the average wall atom location (i.e., z = −20 Å), the value varies

significantly for different model systems, ranging between −130 mV and −220 mV.

However, the variation decreases rapidly away from the wall, ranging, for example,

between −100 mV and −130 mV (30% variation) at z = −19 Å. Since the wall

atoms have some finite volume, determined by the Lennard-Jones potential, the

actual wall locations (the surface locations) should not be the average wall atom

locations but should be further down toward the channel center. We thus expect

the variation of the surface potential for different types of surface roughness to be

less significant than that at z = −20 Å because the surface potential is defined at

the actual wall location.

2.4.2 Polarization density and dielectric constant of water

molecules

To further understand the structure of water molecules inside the smooth and rough

wall channels, we computed the polarization density profiles of water molecules. We

first computed the total dipole moment of water molecules in each bin, and then

we normalized it by the bin volume to compute the polarization density of water

molecules in each bin. The reason for this normalization is because the polarization

density is independent of the bin volume while the total dipole moment is not. Fig-

ure 2.5(a) shows the components of the polarization density in three directions for

the smooth wall. Near the wall, its z component is almost two orders of magnitude

higher than the other two components, dominating its magnitude. Its profile shows

two peaks each near the upper and lower walls and its magnitude is almost zero

at the center. High values near the walls mean that water molecules are prefer-

ably oriented while small values near the center mean that they are isotropically

oriented. This preferred orientation is such that hydrogen atoms inside each water

molecule are preferably oriented toward the walls. The reason for this is as follows.

Inside each water molecule, hydrogen atoms take positive charges and an oxygen

atom take a negative charge and thus the direction of water dipole moment is from

the oxygen atom location to the middle point of the two hydrogen atoms. The
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Figure 2.5: (a) Polarization density profile of water molecules in three directions
and (b) dielectric constant profile, both for the smooth wall channel. We calculated
the total electric dipole moment of water molecules in each bin and normalized it
by the bin volume to compute the polarization density shown. We calculated the
dielectric constant using Equation (2.15).
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positive values near the upper wall indicate that the water dipoles are dominantly

in the +z direction (in fact, the orientation of water dipoles shows a probability

density distribution, as reported in Freund [17]), meaning that hydrogen atoms are

preferably oriented toward the wall. On the lower wall, the dipoles are in the −z
direction, as hydrogen atoms again are oriented toward the wall. The opposite is

true for the lower wall. This preferred orientation or “ordering” of water molecules

near the wall was previously reported [17, 24]. The ordering results in a deviation

of the dielectric constant near the wall from the bulk values, which we will discuss

in the next paragraph.

Figure 2.5(b) shows the profile of the dielectric constant for the smooth wall

channel. In our MD simulation we computed the dielectric constant using a Clausius-

Mosotti-type equation [47],

ǫr = 1 +
4

3
πρ

1

kBT
gkµ

2. (2.15)

Here ρ and T are the density and the temperature of dielectric medium, respectively.

kB is the Boltzmann constant and µ is the chemical potential. gk is the Kirkwood

factor defined as

gk ≡
1

Nµ2

(〈

M 2
〉

− 〈M〉2
)

, (2.16)

where N is the number of atoms in the system and M is the total dipole moment

of the system. Note that Equation (2.15) is valid for conducting boundary condi-

tions [47]. To compute the dielectric constant profile, we used local values for the

parameters appearing in the equations above, for example, the total dipole moment

of water molecules in each bin for M and the number of water molecules in each

bin for N . Zhou and Schulten took a similar approach [48]. This approach has

two issues, the validity of boundary conditions and the use of local values. In fact,

we obtained a value around 30 for the bulk, i.e., the mean value around the center

of the channel. (On the contrary, we obtained 80, if we apply the same relation

for global values.) Zhou and Schulten also found a similar disagreement and they

listed a few possible reasons [48]. This disagreement is clearly an important sci-

entific topic, but we circumvented this complex issue by normalizing our dielectric

constant profile such that the mean value near the channel center (within 7 Å from
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Figure 2.6: Two-dimensional profiles for (a) the polarization density and (b) the
dielectric constant of water molecules. The rough wall has symmetric surface rough-
ness of a period of 36.8 Å and an amplitude of 4.5 Å.

the center) becomes the bulk value (77.8). We performed this normalization for all

the cases and used the normalized dielectric constants for the electrostatic potential

calculations shown in Figures 2.2(d) and 2.4.

Figure 2.6 shows the two-dimensional profiles of the polarization density [Fig-

ure 2.6(a)] and the dielectric constant for a rough wall channel [Figure 2.6(b)]. Here

the rough wall channel has symmetric surface roughness with a period of 36.8 Å

and an amplitude of 4.5 Å. Compared to the profile for the smooth wall channel

shown in Figure 2.5(a), the profile in Figure 2.6(a) shows a few differences. The

maximum polarization density value inside the groove is about 10% higher than

for the smooth wall although it may not be clear in the plot. It indicates that the

ordering of water molecules is stronger than for the smooth wall. We also observed

that the polarization density on the side walls is quite high. Indeed, we found a

third peak band, which is absent for the smooth wall. Overall, the polarization
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density inside the grooves is high and this enhanced ordering might be due to more

stagnant layers. We will discuss this more stagnant layer in Section 2.4.3. Contrary

to this enhanced ordering, the polarization density over the ridge is lower than for

the smooth wall and thus water ordering is weaker. The dielectric constant profile

shows a similar trend: increased values inside the grooves and decreased values over

the ridges. This confirmed strong and weak ordering inside the grooves and over

the ridges, respectively.

2.4.3 Velocity autocorrelation function and diffusion coef-

ficient

To understand transport phenomena of water molecules and sodium ions in nanochan-

nels, we computed the velocity autocorrelation function (VACF) and the diffusion

coefficient of water molecules and sodium ions. The autocorrelation function of a

quantity A can be defined as

cA(t) = 〈A(t)A(0)〉

=
1

MN

M
∑

j=1

N
∑

i=1

Ai(tj)Ai(tj + t), (2.17)

where N is the number of particles in the system and M is the number of time

origins [49]. When A is a velocity, this autocorrelation function is related to the

diffusion coefficient by

D =
1

3

∫

∞

0

cv(t
′)dt′. (2.18)

The diffusion coefficient can also be obtained in MD simulation using the Ein-

stein relation,

3D = lim
t→∞

〈|ri(t) − ri(0)|2〉
2t

, (2.19)

where 〈|ri(t) − ri(0)|2〉 is called the mean square displacement. In this article we

used Equation (2.18) to compute the diffusion coefficient.

Figure 2.7 shows the z directional normalized VACF of water molecules near the

wall for the smooth wall nanochannel. We normalized the VACF by the value at
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Figure 2.7: Velocity autocorrelation function of water molecules in the first layer
near the wall for the smooth wall. We normalized it by the value at t = 0.

t = 0. It starts at one and rapidly decreases to the negative value. After reaching

the minimum value around t = 300 fs, it slowly increases and oscillates and finally

asymptotes to zero. The duration of time before reaching zero correlation value is

the residence time, an average time during when molecules reside in a certain region

(−20 Å < z < −15.5 Å in this case). In this chapter, we defined the residence time

as the time after when the normalized VACF is between −0.005 and +0.005.

Table 2.3 shows the residence time of water molecules in the first layer for the

smooth and rough walls. We estimated the error to be less than 1% with a 95%

confidence (all the subsequent error estimations were also with a 95% confidence).

For the rough wall, we calculated the residence time for the flow regions over the

ridge and for the flow region inside the groove, separately. The residence time for the

groove is approximately 20% longer, and the one for the ridge is approximately 12%

longer than for the smooth wall. The residence time is indicative of the adsorption of

water molecules on the walls, so the increased residence time for the rough channel

(over the ridge as well as inside the groove) means that more water molecules are

adsorbed all over the rough wall. We initially expected longer residence time only

for the groove but we found that the residence time for the ridge is also longer than

for the smooth wall. The reason for this is not quite clear but this might be due to
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Table 2.3: Residence time of water molecules in the first layer near the wall
(|z − zwall| < 4.5 Å). The rough wall has an amplitude of 4.5 Å and a period
of 36.8 Å. For the rough wall, we calculated the residence time for the flow region
over the ridge and the flow region inside the groove, separately. The estimated error
is less than 1% with a 95% confidence.

Channel type Smooth
Rough

Ridge Groove
Residence time 715 fs 768 fs 858 fs

the fact that the z directional movements of water molecules are suppressed as the

channel height is locally lower than for the smooth wall.

We computed the diffusion coefficient using the VACF [Equation (2.18)]. Fig-

ure 2.8 shows the profile of the diffusion coefficient of water molecules in the xy

plane and along the z direction. Around the center of the channel, the diffusion

coefficients in the xy plane and those along the z direction are all roughly within the

error range. The general trend both in Figures 2.8(a) and (b) is that the diffusion

coefficients decrease toward the wall. However, the z directional diffusion coeffi-

cients near the walls are significantly reduced from the bulk values [Figure 2.8(b)]

whereas the variations for the xy plane are not that significant [Figure 2.8(b)]. This

anisotropy of the diffusion coefficients near the walls is consistent with the results

of Lyklema et al. [23], where the “normal” viscosity was found to be increased by

a factor of 4-5 from the bulk. The decreased diffusion near the wall can also be

explained by the method of image, as explained in Happel and Brenner [50]. This

result confirms the existence of a stagnant layer, or the Stern layer, as in Lyklema

et al. [23]. They attribute this “stagnancy of liquids adjacent to solids” to “molec-

ular layering of the solvents,” which we also observed (see Section 2.4.1). We also

believe that the ordering of water molecules, discussed in Section 2.4.2, contributes

to this “stagnancy.”

Figure 2.8(b) also shows that the z directional diffusivity in the first layer for

the groove is smaller than the other two in the first layer. This indicates that

the stagnant layer inside the groove is more stagnant than elsewhere, which is
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Table 2.4: Diffusion coefficient of sodium ions for the smooth and rough walls. The
rough wall has symmetric surface roughness of an amplitude of 4.5 Å and a period
of 36.8 Å. The unit for the diffusion coefficient is 10−9 m2/s. We estimated the
errors to be less than 8.5%.

Channel type Smooth
Rough

Ridge Groove

Bulk ∼Wall Bulk ∼Wall Bulk ∼Wall
xy direction 1.20 1.24 1.44 1.49 1.40 1.25
z direction 1.34 0.940 1.23 1.18 1.41 0.849

consistent with our finding: enhanced ordering of water molecules inside the groove

(Section 2.4.2) and long residence time of water molecules.

The xy plane diffusivity in the second and third layers for the groove [Fig-

ure 2.8(a)] is significantly low, although the diffusivity in the first layer is a little

higher than for the smooth wall (still within the error range). We think that this

decrease is due to the side walls, as shown in Figure 2.1. The reason why the diffu-

sivity in the first layer is higher than in the second and third layers is not clear. It

can be due to the fact that the discreteness of the wall perturbs the movement of

water molecules and thus enhances diffusion in the xy plane, but we do not have a

clear answer at present.

Table 2.4 shows the diffusion coefficients of sodium ions. We estimated the

sampling errors to be less than 8.5%. Since the number of sodium ions is very

small, we separated the flow region into two regions along the z direction: the bulk

region and the region near the wall (within 5 Å from the wall). For the rough wall,

we additionally separated the region along the y direction into the region over the

groove and the region over the ridge. We found a similar trend to what we found

for water molecules: (1) the anisotropy of diffusion near the walls, (2) the decrease

in the z directional diffusion inside the groove due to strong stagnancy, and (3) low

xy directional diffusion in the groove due to the side walls.

Up to this point, we presented our results of equilibrium MD simulation with

no applied electric field. Here we briefly summarize our finding before presenting
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our nonequilibrium MD results. We first confirmed several of what previous studies

have shown for the smooth wall: layering and ordering of water molecules near

the wall [22, 19, 24, 17], the anisotropy of water-ion mobility near the wall, and

the existence of a stagnant layer near the wall [23]. For the rough wall we found

that ordering is stronger inside the groove than for the smooth wall while layering

is similar. We believe that this strong ordering is related to strong “stagnancy.”

To further understand this, we computed the residence time and the diffusion co-

efficient. These results show the increased residence time of water molecules and

the decreased z directional diffusion inside the groove for the rough walls. We also

observed that the xy directional diffusion is suppressed by the side walls. This

will influence electroosmotic flows in the y direction, which we will discuss in Sec-

tion 2.4.4.

2.4.4 Velocity profiles

From this section, we will present our results of nonequilibrium molecular dynamics

(NEMD) simulation with applied electric fields. Since both the equilibrium and

nonequilibrium simulation showed similar double layer structures (layering and or-

dering), we will not repeat discussions on density profiles, etc., obtained from our

NEMD results.

The velocity profile for the smooth wall is shown in Figure 2.9(a) along with

the continuum solution. The dots are actual data points from our MD results

and the solid line was obtained by smoothing these data points. As discussed in

Section 2.3, thermal noises are quite high and we used a running average to smooth

the velocity profile in order to reduce these noises. The continuum solution (dashed

line) was obtained by solving the Stokes’ equation, as explained in Section 2.2.

For the ionic distribution, we used the the one denoted by “Corrected PB” in

Figure 2.2(c), not the one denoted by MD. The figure shows that the solid line

and the dashed line are reasonably similar, meaning that our MD velocity profile

agrees well with the continuum solution. Both the profiles are roughly parabolic,

indicative of overlapped electric double layers. This is to be expected since the
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Figure 2.9: Velocity profiles for (a) the smooth wall and (b) the rough walls. (a)
The dots are actual data points from MD and the solid line is a line obtained by
smoothing these data points. The reason for this smoothing is to reduce noises of our
data points (thermal noises). The dashed line was obtained by solving the Stokes’
equation with the ionic distribution, denoted by “Corrected PB” in Figure 2.2(c).
(b) All the solid lines are smoothed lines from the MD data for different types of
surface roughness. Symbols are the same as in Figure 2.4
.
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ness of a period of 36.8 Å and an amplitude of 2.7 Å.

channel height is comparable to the Debye length, which is 6.1 Å using

λ =

√

ǫkBT

2e2n∞

. (2.20)

One-dimensional velocity profiles for different types of surface roughness are

shown in Figure 2.9(b). All the lines were again smoothed lines to reduce thermal

noises. From this plot we can estimate the location of a slip plane for each model

system. We first extrapolated the profile near the wall to obtain a straight line as

shown in the figure. We then defined a slip plane as the y-abscissa of this straight

line for each model system. The locations of slip planes are important for computing

the ζ potential (see Section 2.4.5). The slip plane location is further apart from the

wall as the amplitude increases or the period decreases.

The velocity vector field in the rough wall channel is shown in Figure 2.10. We

found that the velocity vectors are very small inside the groove, and they are uni-

formly aligned along the y direction elsewhere. This means that surface roughness

effectively reduces the height of the channel. This reduced effective channel height is

due to the decreased mobility of water molecules and sodium ions inside the groove,

as discussed in Section 2.4.3. Kandlikar et al. reported a similar “flow constriction”
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Figure 2.11: Flow rate per unit width of the channel, Q′, for (a) different periods of
surface roughness and a fixed amplitude (0.9 Å) and (b) different amplitudes with
a fixed period (36.8 Å). In (a), we simulated both the symmetric and asymmetric
cases (as in Table I). The symmetry of surface roughness was defined with respect
to the center line of the channel.

in their recent paper [51].

Figure 2.11 shows the dependency of the flow rate on surface roughness. Indeed

since we have periodicity in the x direction, we computed the flow rate per unit

width Q′, defined as

Q′ ≡
∫ zupper

zlower

v(z)dz, (2.21)

where zupper and zlower indicate the upper and lower walls, respectively. We found

that the flow rate depends on the amplitude and the period as well as the symmetry

of surface roughness. Figure 2.11(a) shows that the flow rate at a small spatial

period can be reduced by up to 17% even though the amplitude is fixed at 0.9 Å.

Figure 2.11(b) shows the dramatic decrease of nearly 50% for the case of A =

4.5 Å. The general trend is that the flow rate decreases as the period decreases or
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amplitude (0.9 Å) and (b) different amplitudes with a fixed period (36.8 Å). We
computed the ζ potential in two ways, denoted by MD (molecular dynamics sim-
ulation) and HS (Helmholtz-Smoluchowski), which were described in more detail
in the text. In (a), we simulated both the symmetric and asymmetric cases (as in
Table I). The symmetry of surface roughness was defined with respect to the center
line of the channel.

the amplitude increases. We also observed the effect of symmetry: the flow rates

are lower for all the symmetric cases than for the asymmetric cases [Figure 2.11(a)].

This is not a numerical artifact or a statistical error since we found the estimated

error is smaller than 2%. The reason for the effect of symmetry is not clear at

present and a more detailed analysis is necessary in the future.

2.4.5 ζ potential

Figure 2.12 shows the ζ potential for different types of surface roughness. We

used two definitions for the ζ potential. The first definition, denoted by MD, is

the electrostatic potential at the slip plane. The second one, denoted by HS was
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obtained using the so-called Helmholtz-Smoluchowski (HS) relation [1],

uEOF = −ǫEζ
µ
. (2.22)

Here we obtained uEOF by volume-averaging of v(z),

uEOF ≡ 1

V

∫

V

v(z)dxdydz, (2.23)

where V and A are the volume and the cross-sectional area, respectively.

Surprisingly, both approaches showed the same trend, that the absolute value

of the ζ potential decreases as the amplitude increases or the spatial period de-

creases. We found that the absolute value of the ζ potential with the Helmholtz-

Smoluchowski relation is smaller than the MD values for all the cases. We can

explain this by realizing that the HS relation is valid for a plug-flow type solution

only, where there is no overlap of electric double layers.

From the MD results, we found that the ζ potential is more sensitive to the slip

plane location than the electrostatic potential distribution. The locations of slip

planes vary between 19.7 Å (system 1) and 15.8 Å (system 11) from the center while

the electrostatic potentials change very rapidly within these locations. Indeed, the

electrostatic potential changes from −173 to −61 mV there.

2.5 Conclusions

The density profile of water molecules for the smooth wall showed layering of water

molecules near the wall. This layering along with the finite size effects of ions

and the walls results in the departure of the counter-ion distribution from the PB

solution. Similar layering was found for all the rough wall channels except near the

step regions.

For the smooth wall, the electrostatic potential profile obtained with MD has a

steeper slope near the wall than the PB profile. The surface potential, the electro-

static potential at the actual wall location, is within 30% range for all the model

systems with different types of surface roughness.
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To understand the orientation of water molecules, we computed the polarization

density. Near the wall, its z direction component is two orders of magnitude higher

than the other two components, indicating “ordering” of water molecules such that

hydrogen atoms in each water molecule are oriented toward the wall. Inside the

groove for the rough wall channels, the maximum magnitude of the polarization

density is 10% higher than for the smooth wall and a third peak band is present.

This enhanced ordering inside the groove is due to the more stagnant layer, which

was confirmed by the results about the residence time and the diffusion coefficient.

The dielectric constant, computed with a Clausius-Mosotti-type equation, also con-

firmed it.

Using the VACF, we computed the residence time and the diffusion coefficient

of water molecules and ions. The residence time of water molecules in the first layer

is longer for the rough wall than for the smooth wall. This means that more water

molecules are adsorbed on the rough wall. The results on the diffusion coefficient of

water molecules and sodium ions are (1) the anisotropy of diffusion near the wall, (2)

the decreased z directional diffusion inside the groove, and (3) the lowered diffusion

of water molecules and ions in the xy plane inside the groove. Especially, the

lowered mobility inside the groove along the y direction partly explained decreasing

flow rates for increasing amplitudes of surface roughness.

We also performed NEMD simulation to compute electroosmotic flows in nanochan-

nels of different types of surface roughness. The velocity profiles are different from

the plug flow profiles since the channel height is comparable to the Debye length.

The velocity vector field for the rough channel showed that the flow inside the

grooves is very small. Therefore, the flow rate was smaller for the increased am-

plitude of surface roughness. We also found that the flow rate decreases with the

period of surface roughness and the flow rate for the asymmetric cases is larger than

for the symmetric cases.

The ζ potential (absolute value) showed the same trend as the flow rate. We

found that it is more sensitive to the slip plane locations than the electrostatic

potential distributions since the latter change very rapidly near the wall.
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Chapter 3

Electroosmotic Flows on

Uncharged Surfaces

3.1 Introduction

The classical Gouy-Chapman-Stern (GCS) model [1] has been successfully applied

for theoretical and experimental treatments in electrokinetics and colloid and in-

terface fields. According to the model, a so-called electric double layer (EDL),

composed of a diffuse layer and a stagnant Stern layer, is an equilibrium struc-

ture with the balance between electrostatic energy (between the surface charge and

charged ions) and thermal energy of the ions.

However, the GCS theory has some imperfections, which were discussed in, for

example, Mancui and Ruckenstein [52, 53]. One of them is that the GCS model

predicts that an increasing ionic strength should collapse the EDL and thus sup-

press electrokinetic phenomena, which seems not entirely correct from the recent

experimental works summarized below.

Traditional electrokinetic measurements have not been very successful for the

ζ potential measurements using electrolytes with high ionic strength (i.e., >0.1 M

salt concentration). The reasons were discussed in Kosmuski and Rosenholm [54].

The advancement of measurement techniques, such as an electroacoustic technique,

enable the study of this regime. One of the interesting findings of these experiments

41
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Figure 3.1: Hypothesis of zero surface charge (ZSC) electric double layer (EDL),
compared to the Gouy-Chapman-Stern (GCS) model. The GCS model predicts
that an increasing ionic strength should collapse the EDL and thus suppress elec-
trokinetic phenomena. The ZSC hypothesis points out the possibility of the EDL
formation due to different abilities of cations and anions to penetrate the surface
water layer.

is that the ζ potential is finite.

Johnson et al. reported that the measured ζ potential for various solutions with

1 M salt concentration is in the range of 20 − 30 mV [55, 56]. Kosmulski and

Rosenholm, in their recent review [54], summarized their own results along with

others’ and said that diverse electrolytes with concentrations > 0.1 M are far from

“inert”, showing electrokinetic behavior.

Dukhin et al. applied the electroacoustic technique and measured the ζ potential

for 1 M KCl solutions [57]. They even found finite values for a surface with nonionic

surfactants (Tween 80), which supposedly has no surface charge. The existence of

an EDL on an uncharged surface cannot be explained by the GCS model. To

explain the discrepancy between theory and experimental results, they proposed

a zero surface charge (ZSC) double layer hypothesis, depicted in Figure 3.1. The

GCS theory predicts the collapse of an EDL at high ionic strength, shown on the

left. In the light of the ZSC hypothesis, cations and anions may have different

abilities to penetrate in the surface water layer, leaving finite electric charges and

forming a different type of EDL. They presented possible mechanisms for this:

image forces, van der Waals interaction between ions and water, ion size effects,

geometric variations in permittivity, permittivity changes due to the electric field.

Clearly, Dukhin et al.’s ZSC hypothesis is yet to be studied on its validity and
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Figure 3.2: Model system in this work. It includes two uncharged flat plates,
32 cations, 32 anions, and 3396 water molecules. Cubic boundary conditions were
applied with each unit cell of 30 Å × 48 Å × 70 Å. Between two periodic images
along the z-direction, a vacuum space of 400 Å is inserted to mimic a pseudo two-
dimensional system. The coordinate system is shown in the figure.

details. We believe that molecular dynamics (MD) simulation would be a useful

tool to study this new phenomena. MD simulation has been successfully applied

to study microscopic or molecular structures of EDLs and related phenomena (for

exmaple, Lyklema et al. [23]). It can provide detailed pictures of EDLs, such as the

distribution of ion density in EDLs, which is difficult to measure experimentally.

This work is the result of MD simulation as an attempt to understand Dukhin et

al.’s ZSC hypothesis or, more broadly, high ionic strength electrokinetics.

3.2 Physical Models and Computational Meth-

ods

Figure 3.2 shows the model system of this chapter, along with the coordinate sys-

tem. We assumed the walls as a hexagonal close-packed (HCP) structure with

a = ǫWall−Wall = 3 Å (here, ǫWall−Wall is the Lennard-Jones length scale between two

wall atoms). We treat each wall atom as a Lennard-Jones atom, fixed at a lattice

site. Each upper and lower wall has two layers of wall atoms and two adjacent lay-
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Figure 3.3: Extended simple point charge model (SPC/E) for water molecules. A
water-centered coordinate system (with the origin at the center of mass of a water
molecule) is shown in the figure. The direction of a water dipole moment is the
same as the y-axis.

ers are separated by 1.25ǫWall−Wall. The channel dimension is 30 Å × 48 Å × 70 Å

(x×y×z). We applied cubic periodic boundary conditions for all three dimensions.

We placed a vacuum space of 400 Å between the two periodic images along the z

direction to achieve a pseudo two-dimensional system in the xy plane. Therefore,

the model system can be assumed as an electrolytic solution enclosed by two infinite

parallel flat plates with zero charge. We were most interested in the variation of a

parameter of interest, e.g., density, along the z-direction. Many figures presented in

this chapter thus are plotted in the way that we plot a parameter of our interest in

the x-axis and the z-coordinate in the y-axis. The origin of our coordinate system

lies at the mid-plane of the channel (i.e., z = 0).

The model system includes 32 cations, 32 anions, and 3396 water molecules. The

bulk concentration of the electrolyte is 0.53 M, based on the channel size and the

number of ions. For water molecules (Figure 3.3), we used the extended simple point

charge model (SPC/E) [41]. In Figure 3.9, we will present ion density distribution

around each water molecule. For that, we introduce a water-centered coordinate

system, shown in Figure 3.3. The origin of the coordinate is located at the center

of mass of a water molecule, which is very close to the oxygen atom location. The

xy-plane is the plane where an oxygen atom and two hydrogen atoms are located.

Note that the direction of a water dipole moment coincides with the y-axis.
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Table 3.1: Simulated physical models. We fixed the parameters for anions (chloride
ions) and only varied those for cations.

Physical model ǫ(+) σ(+) m(+)

1 ǫNa+ σNa+ mNa+

2 ǫCl− σCl− mCl−

3 ǫNa+ σCl− mCl−

4 ǫCl− σNa+ mCl−

5 ǫCl− σCl− mNa+

Note: ǫ(−) = ǫCl−, σ(−) = σCl−, m(−) = mCl− for all the simulated systems.

We modeled ions as point charges with the Lennard-Jones potentials. In the

first half of results and discussions section, cations and anions have the Lennard-

Jones parameters and mass of sodium ions and chloride ions, respectively (thus, the

presented results are for a sodium chloride solution). In the latter half, we varied

the Lennard-Jones parameters and mass for cations, while we fixed those for anions,

i.e., chloride ions (see Table 3.1). This is to separate the effects of the ion size, the

Lennard-Jones interaction strength, and the ion mass. Especially, model 2 has two

types of ions, that are identical, except for their charges.

We used the GROMACS code [42] with the GROMOS-96 forcefield except for

the wall atoms. The physical model includes the 12-6 Lennard-Jones potential and

electrostatic potential in the forcefield. The potential energy between two different

atoms i and j, separated by r, can be expressed as

Vij(r) =
C12

r12
− C6

r12
+ ǫ

qiqj
r
. (3.1)

We intended the walls to be similar to silica glass and we took the Lennard-Jones

parameters for wall atoms from Zhou et al. [18]. Their wall model was a united-

atom Lennard-Jones model for SiO2. Obviously, the model system should have a

limited similarity to real silica glass, mainly because real glass is amorphous but

we assumed HCP crystal structures (quartz, another type of silica, has a HCP

crystal structure). For the interactions of wall atoms with other types of atoms,

we applied the Lorentz-Berthelot combination rule. The Lennard-Jones parameters
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Table 3.2: Lennard-Jones parameters. We used the GROMOS-96 forcefield except
for wall atoms whose parameters we took from Zhou et al. [18]. Between wall atom
and the other types of atom, we applied the Lorentz-Berthelot combination rule.

Atom type C6(kJ nm6/mol) C12(kJ nm12/mol)
O−O 2.62×10−3 2.63×10−6

Na+−O 4.34×10−4 2.35×10−7

Na+−Na+ 7.21×10−5 2.10×10−8

Cl−−O 6.01×10−3 1.68×10−5

Cl−−Na+ 9.97×10−4 1.50×10−6

Cl−−Cl− 1.38×10−2 1.07×10−4

Wall−O 3.83×10−3 3.29×10−6

Wall−Na+ 6.45×10−4 3.03×10−7

Wall−Cl− 9.85×10−3 2.63×10−5

Wall−Wall 5.58×10−3 4.06×10−6

for wall atoms, sodium ions, chloride ions and oxygen atoms in water molecules are

summarized in Table 3.2.

For time integration, we used the Berendsen thermostat [43] combined with the

standard Verlet integration algorithm with a time step of 1 fs. The time constant

for the thermostat was 0.1 ps with the reference temperature of 300 K. The cutoff

radius for the Lennard-Jones potential was 7 Å. For the calculation of electrostatic

potentials, we adopted the particle-mesh Ewald (PME) method [44]. To constrain

water molecules, we used the SETTLE algorithm [45], which provides an analytical

solution for the case of water.

We first generated initial configurations by randomly distributing cations and

anions in water slabs inside a channel. We then performed energy minimization

(the steepest descent algorithm) to avoid undesired van der Waals contacts. Before

we start MD simulation, we assigned random numbers to initial velocities of water

molecules and ions according to the Maxwell distribution at 300 K. To equilibrate

the model systems, we performed MD simulation during 0.5 ns without an electric

field and another 0.5 ns MD simulation with an electric field. Production runs

lasted for 1 ns. We then found that velocities are too noisy to obtain meaningful
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data. One option is to run longer but we were concerned with possible effects

of initial velocities (we expected them to be small though) on the final results. To

reduce velocity noises and avoid the effects of initial velocities, we did the following.

(1) During the first run we just described, we sampled configurations and took

them as initial configurations. (2) We re-assigned initial velocities, with a different

seed for random number generators. (3) We then performed the same procedure,

0.5 ns preliminary run without an electric field, 0.5 ns preliminary run with an

electric field, and 1 ns production run. We repeated (actually, in parallel) these

measures three times and the total duration of production runs was 4 ns. We believe

that this rather complex procedure would help to reduce thermal noises and, more

importantly, would decrease the possible effects of initial velocity distribution. In

all the production runs, the sampling rate was 50 fs. The electric field strength

applied in the y direction was 0.1 V/nm. The reason for this high electric field is

to avoid the still large thermal noises, which result in large statistical errors. With

small electric fields, the convergence of the statistics should be very slow, which

should lead to unacceptable computational time. The magnitude of an electric field

in this work is about the same order as in previous works [17, 19, 28].

3.3 Results and Discussions

3.3.1 Density profiles and electric potential distribution

Figure 3.4 shows density profiles for ions and water, a charge density distribution,

and an electric potential profile for model 1 (sodium chloride solution). In Fig-

ure 3.4(a), we found layering of water molecules, indicated by the oscillating density

profile near the wall. This phenomena has been studied experimentally as well as

computationally and is well explained elsewhere, for example, in Israelachvili [36].

We here found four distinct layers, while up to 5 layers have been reported previ-

ously [46].

Figure 3.4(b) shows that overall shapes of both ion densities have peaks around

z = −28 Å and decrease slowly toward the mid-plane and rapidly toward the wall.

The decrease is not monotonic (although noisy) but shows some oscillations. For
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Figure 3.4: One-dimensional profiles for (a) water density, (b) molar concentration
of sodium and chloride ions, (c) charge density, and (d) the electric potential. Be-
cause of noisy data for charge density in the bulk region, we computed the electric
potential in three ways (see text) and found that noisy data have little effects on
the surface potential.
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sodium ion density, the second highest peak can be found at z = −25 Å and

there is also a local peak at z = −30 Å near the wall. The oscillatory shapes

have been reported in Qiao and Aluru [19] as well as Mucha et al. [58] and Qiao

and Aluru explained this as volume exclusion (due to water layering). Considering

the ion size (indicated by the Lennard-Jones length scale, σCl−−Wall = 3.7 Å and

σNa+
−Wall = 2.8 Å), we initially expected the sodium ion peak to be located closer to

the wall than chloride ions. However, the data show the opposite behavior. Mucha

et al. also found the same trend, positive ion repulsion from the wall, from molecular

dynamics simulation and experiments. We believe that it is related to an internal

electric field (not an external applied electric field), created by water layering near

the wall. We will discuss nonzero polarization density along the z-direction, where

no electric field is applied (Section 3.3.3).

As a consequence of different locations for sodium and chloride density peaks,

charge density is nonzero inside the channel, especially near the wall. The charge

density in bulk region (i.e., |z| < 27Å) looks like a noise or a statistical error.

From charge density distribution, we computed electric potential by integrating the

Poisson equation, ǫ∇2φ = −ρE (φ is the electric potential, ǫ is the permittivity of

water, and ρE is the charge density), with the reference at the mid-plane (φ = 0). In

computing the electric potential, we wanted to avoid the possible effects of noises

in the charge density profile near the mid-plane on the potential, especially at

the wall. As a way to check the noise effects, we divided the bulk region into 10

bins (Binning 1) and 6 bins (Binning 2), respectively, assigned the averaged charge

density to all the z-location in each bin, and then computed the electric potential.

Figure 3.4(d) shows three curves, one of which is directly from the charge density

distribution and two of which are from this binning procedure. The curves show that

the surface potential (different from ζ potential) is more or less −2 mV, irrespective

of the binning.

3.3.2 Velocity profiles and the estimated ζ potentials

Figure 3.5 shows the velocity profile of ZSC electroosmotic flows. Due to thermal

fluctuations, the profile is rather noisy, even after we applied the aforementioned
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Figure 3.5: One-dimensional velocity profile of ZSC electroosmotic flows. Overall
shape of the curve is still noisy due to thermal fluctuations albeit the computational
procedure described in Section 3.2 to reduce it.
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procedure (as explained in Section 3.2) with the total duration of 4 ns.

From the velocity profile, the slip plane is estimated to be at z = −32 Å, where

the first peak of water density is located. The overall profile indicates that the wall

is hydrophobic. The effects of hydrophobicity on electroosmotic flows (on charged

surfaces) have been discussed by Joly et al. [30] and its effect on ZSC electroosmotic

flows would be an interesting topic for the future, although not discussed here.

Now, we will discuss the ζ potential of ZSC electroosmotic flows. There are

two possible ways to estimate it: (1) locating the slip plane location from the

velocity profile (Figure 3.5) and then finding the electric potential at that location

[Figure 3.4(d)], and (2) using the Helmholtz-Smoluchowski relation from the bulk

flow rate [1]. In the first approach, we estimate the ζ potential to be −2.2 mV. In

the second approach, we first computed the volume-averaged velocity using

uEOF ≡ 1

V

∫

V

v(x, y, z)dxdydz, (3.2)

where V is the channel volume. The Helmholtz-Smoluchowski relation is given as

uEOF = −ǫEζ
µ
, (3.3)

where ǫ is the permittivity and µ is the viscosity.

Figure 3.6 shows the volume flow rate per unit width of the channel as well as

the ζ potential estimated from the volume-averaged velocity. The flow rate per unit

channel width is defined as

Q′ ≡ 1

A

∫ zupper

zlower

v(x, y, z)dz, (3.4)

where A is the cross-sectional area of the channel and zupper and zlower indicate the

upper and lower walls, respectively. The ζ potential estimations in two approaches

are quite different: the first approach estimates −2.2 mV and the second does

−18 mV. We do not have a clear answer to this discrepancy for now. However, one

possible explanation is that the former reflects only the interfacial effect while the

latter reflects both of interfacial and bulk effects. Again, this is not clear yet.
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To better understand the mechanism of ZSC electroosmotic flows, we varied

Lennard-Jones potential and the mass of ions, as explained in Section 3.2. Figure 3.6

again shows the flow rate per unit channel width and the zeta potential estimation

for different physical models. The error bars denote 95% confidence limits based

on t-distributions. The ζ potential for all the models is in the range between

−14 mV and −22 mV, which coincide with the range of experimentally measured

values [54, 57]. The general trend for the ζ potential is as follows: (1) the smaller

Lennard-Jones length scale decreases ZSC electroosmosis, (2) the reduced Lennard-

Jones interaction increases ZSC electroosmosis, and (3) the lowered mass decreases

ZSC electroosmosis. The effect of ion mass is unexpected but it is quite distinct in

Figure 3.6.

Another surprising finding is that ZSC electroosmotic flows are observed for

model 2, which has two otherwise identical but differently charged ions. From

below, we will mostly discuss this interesting model system and compare with other

models to extract the effect of different parameters.

3.3.3 Effects of an electric field

We present polarization density of water molecules in Figure 3.7. Polarization

density of water molecules at the location r is defined as

P (r) ≡
∑

n

µnδ(r − rn), (3.5)

where µn is the dipole moment vector of water molecule n, the magnitude of which

is 2.35 D for SPC/E water [59]. The summation should be done for all of water

molecules. In practice, we binned the computational domain into xy-plane slabs

along the z-direction. In bin i, the j-component of polarization density can be

expressed as

Pj(zi) =
1

Vi

∑

ni

µ cos θni

j , (3.6)

where zi is the z-coordinate of the mid-plane of bin i, Vi is its volume, µ is the

magnitude of water dipole moment, and cos θij is the projection of a dipole moment
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Figure 3.7: (a) Polarization density and (b) averaged projection of water molecules.
While polarization density depends on water density, averaged projection is a good
measure for preferred orientations of water molecules.
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of water ni onto the j-coordinate.

x-component of polarization density is almost zero everywhere inside the chan-

nel, as expected for periodicity in the x-direction. y-component is nonzero every-

where due to an applied electric field in this direction. It is especially high near the

walls, showing an oscillatory profile. Oscillations are also found in the z-direction

profile. z-component is zero in the bulk region but nonzero near the walls. This

high and oscillatory polarization density near the walls in y and z directions is due

to preferred orientations of water molecules related to layering. This is explained

by “solvation forces” or “hydration forces” (for water), which is well explained in

Israelachvili [36]. The consequence of orientation or layering is a creation of an

internal electric field, perpendicular to an external electric field.

We realize that polarization density may not be a good measure for orientations

of water molecules, since it depends on non-uniform water density. We normalize

polarization density by number density and obtain the averaged projection, using

〈

cos θni

j

〉

≡ 〈Pj(zi)〉
ciµ

(3.7)

〈

cos θni

j

〉

is indeed the averaged cosine of the water dipole angle, with respect to

each coordinate, i.e., the averaged projection onto each coordinate. Qualitatively,

this parameter convey similar information as polarization density but it is a direct

indication of preferred orientations of water molecules. It spans between -1 and 1

and it is zero if water dipoles are isotropically oriented. Zero x-component indicates

that water molecules are freely oriented along this direction. y-component is less

pronounced than in the polarization density profile. The polarization density profile

shows 4 pronounced peaks each near the upper and lower walls but averaged pro-

jection shows 3 pronounced peaks with significantly reduced relative magnitudes.

z-component shows drastic oscillations, switching between positive and negative

values. It is again zero in the bulk region, indicating isotropic orientations of water

molecules.
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Figure 3.8: Radial distribution functions of (a) water molecules around each cation
and each anion and (b) cations and anions around each water molecule. Solid and
dotted lines correspond to cations and anions, respectively.

3.3.4 Radial distribution functions and ion density distrib-

utions

To investigate the interactions of ions and water molecules in more detail, we com-

puted the radial distribution functions (RDF), shown in Figure 3.8. Radial distri-

bution function of species B around species A is defined as [49]

gAB(r) ≡ 〈ρB(r)〉
〈ρB〉local

=
1

〈ρB〉local

1

NA

NA
∑

i∈A

NB
∑

i∈B

δ(rij − r)

4πr2
, (3.8)

where 〈ρB(r)〉 is the density of species B at a distance r around species A, and

〈ρB〉local is the average density of species B enoughly separated from species A. In

this chapter, we defined 〈ρB〉local as the averaged density of species B, only that is

10 Å apart from species A.
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Figure 3.8(a) shows RDF of water molecules around each positive (solid line) and

negative ions (dotted line). These curves describe the structure of solvation shells

near each positive and negative ions. Figure 3.8(b) shows RDF of positive (solid

line) and negative ions (dotted line) around each water molecules. Comparison

of the curves in (a) and (b) shows that gcation-water ≈ gwater-cation and ganion-water ≈
gwater-anion, as expected. An interesting point here is that the trend in gcation-water

is very different from that for ganion-water, although Lennard-Jones parameters for

cations and anions are identical. This suggests that water molecules interact with

differently charged ions, even if all other properties of the ions are the same.

To understand these different interactions with water molecules, we computed

three-dimensional density distributions of positive and negative ions around each

water molecule, shown in Figure 3.9. These plots correspond to two (two-dimensional)

curves in Figure 3.8(b). For these, we used the coordinate system shown in Fig-

ure 3.3, with the center of mass of each water molecule located at the origin. We

sliced the computational domain into slabs with the thickness of 4.25Å along the

z-direction. We then computed and plotted density distributions of ions in the

xy-plane for each slab. The slabs span |z| < 2.125Å, 2.125Å < |z| < 6.375Å, and

6.375Å < |z| = 10.625Å for (a)-(b), (c)-(d), and (e)-(f), respectively.

The plots for cations and anions, respectively, show very different trends. Cations

are diffusely located near the oxygen atom in a water molecule whereas anions are

concentrated near any of two hydrogen atoms. This explains why the peak height

for cations is lower than that for anions, in Figure 3.8(b). The different trends for

cations and anions can be explained by the interplay between the Lennard-Jones

and electrostatic interactions. Anions are focused close to hydrogen atoms because

of the strong attractive electrostatic forces, while the Lennard-Jones interactions

are absent. In contrast, the repulsive Lennard-Jones interaction is balanced with

the attractive electrostatic interaction for cation-oxygen pairs.

3.4 Conclusions

We found the existence of zero surface charge (ZSC) electrosomtic flows in nanochan-

nels by using molecular dynamics simulation. The ζ potential from the Helmholtz-
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Figure 3.9: Normalized density distribution of cations (right-hand column) and
anions. (a)-(b): |z| < 2.125Å. (c)-(d): 2.125Å < |z| < 6.375Å. (e)-(f): 6.375Å <
|z| = 10.625Å.
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Smoluchowski relation is found to be around −18 mV for 0.53 M sodium chloride

solutions, while the surface potential is roughly −2 mV. We performed a parametric

study by varying the Lennard-Jones parameters and mass of cations and anions. It

shows that the ζ potential for different charged identical ion system is −17 mV.

We computed polarization density and averaged projection of water molecules

onto each coordinate. The electric field affect water molecules and forces them to

orient toward preferred directions.

The radial distribution function showed that differently charged ions with iden-

tical Lennard-Jones potentials have different distributions around each water mole-

cule.
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Chapter 4

High Flow Rate per Power

Electroosmotic Pumps1

4.1 Introduction

Electroosmotic (EO) pumps can generate significant flow rate and pressure differen-

tials in a compact structure with no moving parts. The history of their development

was recently reviewed in Yao and Santiago [60]. EO pumps have the potential to

impact a variety of applications including liquid chromatographic separations [61],

miniature drug delivery devices [62], flow injection analysis [63], micromechanical

actuators [64], microelectronics cooling [65], and water management in fuel cells [66].

The key figures of merit depend on the specific application and include a pressure,

flow rate per unit (device) volume, hydraulic pump work, and thermodynamic effi-

ciency. To improve these parameters, various pumping liquids and pumping struc-

tures have been used. For example, Reichmuth et al. demonstrated relatively high

thermodynamic efficiency using zwitterionic additives [67] and Yao et al. experi-

mentally investigated the use of porous silicon to achieve high flow rate per applied

potential [68]. Detailed discussions on these figures of merit can be found in Yao

et al. [69], Min et al. [70], and Griffiths and Nilson [71]. One figure of merit of sig-

nificant interest is the flow rate per applied power, which is particularly important

1The contents of this chapter were submitted for publication in Sensors and Actuators A:
Physical.
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for applications with relatively low pump pressure demands or cases where there is

little benefit to increasing working pressure past a minimum required level (e.g., as

in drug delivery applications). Another relevant application is water management

in fuel cells [66] and the design of methanol pumps for fuel cells [72].

High flow rate per power can be obtained by using low ion density working

liquids such as deionized (DI) water or organic solvents. Organic solvents are com-

patible with EO pumping. They have been used as working electrolytes in various

electrokinetic device applications including capillary electrophoresis [73] and elec-

trochromatography [74]. The purposes of using organic solvents (often mixed with

water) include (1) the increase in the solubility and stability of analytes (such as

lipophilic compounds), (2) the improvement of separation selectivity and efficiency,

and (3) reduction in analysis time and electric current [75]. Reduction in the elec-

tromigration current is especially important in development of high flow rate per

power pumps, provided that sufficient flow rate per electric field can be achieved.

Wright et al. [76] and Valko et al. [77] measured EO mobility of several pure or-

ganic solvents. According to their data, a few organic solvents exhibit EO mobilities

comparable to or greater than water.

EO pumping (distinguished from EO flows where no significant pressure is gen-

erated) of organic solvents has been reported recently. Chen et al. [78] pumped

distilled water, pure methanol, and 1:1 methanol/water mixture with a silica-based

packed capillary columns for high performance liquid chromatography (HPLC).

Chang and co-workers [79, 80] pumped several aqueous buffers, acetonitrile, and

methanol using monolithic silica columns for flow injection analyses (FIA) and

electrosprays.

In this work, we investigate porous glass EO pumps with high flow rate per

power performance using low ion density aqueous solutions and organic solvents.

As a basis for comparison, we also report zeta potential measurements obtained in

glass microchips using the same solvents. We also present selected transient pump

performance results. We tested deionized water, deuterium oxide (heavy water),

methanol, acetone, acetonitrile, and sodium borate buffer (1 mM sodium). We

chose these due to both their frequent use in various electrokinetic devices and

their low ion density.



4.2. CHEMISTRY OF ORGANIC SOLVENTS 63

4.2 Chemistry of Organic Solvents

In this section we briefly summarize physical and chemical properties of organic

solvents and their effects on electrokinetic phenomena. Organic solvents can be

classified by their polarity into non-electrolytic (associating) and electrolytic (ionic)

solvents [81]. Electrolytic solvents can be further classified as protogenic or non-

protogenic solvents. Protogenic solvents donate protons by ionization. Usually,

these (protophilic) protons are accepted by another solvent molecule, so that nearly

all protogenic solvents are amphiprotic, meaning that they can donate and accept

protons. The self-ionization or autoprotolysis can be expressed as 2HS⇋H2S
++S−,

where S− represents the deprotonated solvent molecule. Non-protogenic solvents,

also called as aprotic solvents, do not donate protons but can sometimes accept

protons. Depending on the tendency to accept protons, they can be classified into

protophilic, inert, or protophobic solvents.

Riekkola and co-workers [73, 77] studied electroosmosis for 16 organic solvents

and found that all the solvents that exhibited a measurable zeta potential in a

fused silica capillary were either amphiprotic or protophilic. The organic sol-

vents which generated EO flows in their studies are acetonitrile (ACN), acetone,

2-butanone, N,N-dimethylformamide, N-methylformamide, methanol, dimethyl sul-

foxide (DMSO), ethanol, formamide, ethyl acetate, tetrahydrofuran, 1-propanol,

and morpholine in the order of increasing EO mobility. Among these solvents,

we chose acetonitrile (electrolytic and protophilic), acetone (electrolytic and pro-

tophilic), and methanol (electrolytic and amphiprotic). Table 4.1 shows the prop-

erties of these solvents along with the aqueous solutions we tested. The viscosity

and dielectric constant are from Marcus [82] and the remaining values are based on

our measurements and model predictions. We discuss the experimental procedures

and models below.

4.3 Theory

In this section, we present an analytical model for porous glass EO pumps and

describe how we applied this model to estimate EO pumping of pure solvents. This
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Table 4.1: Physical and chemical properties of working electrolytes in this study.

µ ǫr σ∞ EO mobility ζ λ

[mPa-s] [S/m] [m2/V-s] [mV] nm

Inject. Pump

Buffer 0.890 78.4 6.2E-3 5.69E-8±1E-10 -73 -96 11
Heavy water 1.12 78.1 1.2E-3 4.5E-8±3E-9 -71 -77 42

DI water 0.890 78.4 2.4E-4 4.77E-8±1E-10 -61 -64 120
Methanol 0.551 32.7 8.9E-5 3.7E-8±6E-9 -69 -74 180 85
Acetone 0.303 20.6 9.4E-6 4.62E-8±9E-10 -76 -50 580 260

Acetonitrile 0.341 35.9 1.8E-5 6.7E-8±8E-9 -72 360 210

Note: Viscosity and dielectric constant from [82]. We assumed the same viscosity
and dielectric constant for buffer and DI water. As explained in theory section, we
estimated organic solvent pumping, using two approaches: Nernst-Einstein equa-
tion, combined with Scheibels empirical relation (left-hand column), and Stokess
law with estimated ion size (right-hand column).

analytical model is useful for identifying the optimal high flow rate per power solvent

for a given pump/load application. The model can be applied to other figures of

merit.

4.3.1 Analytical models for porous glass EO pumps

Yao and Santiago presented an analytical model for EO pumping in porous materials

by treating the media as an array of cylindrical microchannels of uniform pore

radius, a, with tortuosity, τ , and porosity, ψ [60]. This model was based on the

solution of Poisson-Boltzmann equation with assumptions of uniform and constant

zeta potential, viscosity, and dielectric constant. For both symmetric and general

electrolytes, the flow rate, Q, depends on the applied potential, Vapp, and pressure,

∆p, as

Q =
ψ

τ

[

−∆pAa2

8µL
− ǫζAVeff

µL
f

]

, (4.1)

where µ and ǫ are the permittivity and viscosity of liquids, respectively, A and L

are the cross-sectional area and thickness of porous materials, respectively, and ζ

is the zeta potential. The effective potential, Veff , is the applied potential, Vapp,
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minus the decomposition potential and ohmic loss between electrodes and porous

materials. The function f is defined as

f =

∫ a

0

(

1 − φ

ζ

)

2r

a2
dr, (4.2)

where φ is the electric potential, which can be obtained by solving the Poisson-

Boltzmann equation.

Key figures of merit for EO pumps are the maximum flow rate, current, and

pressure, respectively given as,

Qmax = −ψǫζAVefff/(τµL), (4.3)

∆pmax = −8ǫζVefff/a
2, (4.4)

Imax = σ∞ψAVefff/(τLg). (4.5)

For electroosmotic pumping of a solution containing N ionic species, g can be

defined as

g = f

/{

∫ a

0

[

ǫ2

µσ∞

(

dφ

dr

)2

+
1

∑N
i=1 xiΛi

exp

(

−zieφ
kT

)

]

2r

a2
dr

}

(4.6)

This relation includes the contributions to total current from advective charge trans-

port (first term) and electromigration (second term), and neglects contributions

from diffusive fluxes (very reasonable for electroosmotic pumps) [60]. σ∞ is the

ionic conductivity of liquids and zi, xi, and Λi are respectively the valence number,

mole fraction, and molar conductivity of ion i. k is the Boltzmann constant, T

is the temperature of liquids, and e is the elementary charge. f and g both vary

between zero and one (see inset of Figure 4.6) and take into account the effects

of finite electric double layers (EDLs). They strongly depend on the ratio of pore

radius a and the Debye length given by,

λ =

(

ǫkT

/

e2
N
∑

i=1

z2
i ni

)1/2

, (4.7)
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where ni is the bulk electrolyte ion number density of species i. By “bulk,” we here

refer to the ion densities outside of the double layer. f and g of unity imply thin

EDLs, where the EO velocity can be expressed by the Helmholtz-Smoluchowski

relation uEO = −ǫζVeff/µL. A detailed explanation of f and g is given in Yao and

Santiago [60]; these parameters are determined by numerically solving the nonlinear

Poisson-Boltzmann equation. (In the special case of the Debye-Huckel limit of low

zeta potential and for monovalent, symmetric electrolytes, their analytical forms

are given in Equations (6) and (25) in Yao and Santiago [60].)

Combining these equations results in several relations useful for various EO

pump applications. The maximum flow rate per current (the key parameter of this

work) and the ratio of maximum flow rate to maximum pressure can be respectively

expressed as,

Qmax/Imax = −ǫζg/(µσ∞), (4.8)

Qmax/∆pmax = ψAa2/(8τµL). (4.9)

The latter is useful in estimating the pore radius of porous materials since porosity is

easily measured with wet/dry weighing (and tortuosity does not, in our experience,

vary much from 1.45 for these frits). Note that Equation (4.9) is only a function of

viscosity when all the geometric parameters of porous materials are fixed. Another

key parameter is the thermodynamic efficiency, defined as η = Q∆p/(VappI), given

by

η ≈ 1

2

Qmax∆max

ImaxVeff
= 8

ǫ2

µ

ζ2

σ∞

1

a2
fg. (4.10)

We again briefly stress the importance of appropriate figures of merit for different

applications. Thermodynamic efficiency is a fundamental parameter, but not nec-

essarily of primary interest in applications where flow rate is to be maximized given

a fixed minimum required pressure.

4.3.2 Estimating EO pumping performance of pure solvents

Ion density and valence information is required to evaluate Equation (4.6). In

some simple cases (e.g., where ion mobilities in a binary electrolyte are known),

ion density can be determined from ionic conductivity measurements and σ∞ =
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∑N
i=1 niΛi/NA (where NA is the Avogadro’s number). (The molar conductivity Λi,

of common ions in water is tabulated in, for example, the CRC handbook [35].)

However, this approach is typically not possible in the case of organic solvents as

the mobility and valence of all ions are not easily identified. Below, we propose two

ways to estimate the molar conductivity of such solutions. We used these estimates

of molar conductivities to estimate ion densities and, in turn, to estimate Debye

length and compute the values of f and g. These molar conductivities were not

used to predict Joule-type ion conductivity (the major source of current transport

and power loss) as total ionic conductivity was a quantity we measured directly.

In modeling EO pumping of DI water, we assume that carbonic acid domi-

nates the ionic conductivity. Water becomes saturated with carbon dioxide, when

exposed to the atmosphere [83]. Dissolved carbon dioxide reacts with water, form-

ing carbonic acid: CO2(aq)+H2O⇋H2CO3(aq)⇋H+(aq)+HCO−

3 (aq). (The typical

measured pH of our DI water is ∼5.2). We estimated the ion density of DI water by

assuming that its conductivity is due solely to carbonate, HCO−

3 , and hydronium

ions (i.e., we relate the mobility of these two ions to the measured conductivity, and

thereby deduce total ion density). Table 4.1 shows the resulting estimate of Debye

length as well as the measured ionic conductivity.

We performed pump experiments with heavy water. We took care not to overly

expose this electrolyte to the atmosphere (e.g., we used N2 purged reservoirs as de-

scribed in the experimental section), but the relatively high value of conductivity of

our heavy water samples indicates significant concentrations of impurity ions2. For

the purpose of estimating Debye length and the parameters f and g, we therefore

again assumed the mobility of carbonic acid ions. We estimated the molar con-

ductivity of carbonic acid ions in heavy water from that in water using Walden’s

rule [84],

Λiµ =
zieF

6πri
= constant, (4.11)

2D+ and OD− ions alone are unlikely to explain the measured value of conductivity. We expect
the dissociation of heavy water, expressed as D2O⇋D++OD− to yield ion densities on the order
of 0.1 µM (as in the case of water). Assuming this theoretical minimum ion density and molar
conductivities of D+ and OD−, the ionic conductivity would be roughly 10 times lower than
measured.
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where F is the Faraday’s constant and ri is the radius of a solvated ion. Walden’s

rule assumes a uniform radius ri of ion i solvated in water and heavy water in this

case. This assumption may not be appropriate for organic solvents [84] but we

believe that this is a reasonable assumption for heavy water due to its chemical

similarity to water [82].

For modeling organic solvents, we propose the use of mass spectrometry to

identify likely solvated ions and thereby establish the relation between (measurable)

conductivity and ion density (required to predict f and g). Mass spectrometry data

are available for numerous organic solvents [85, 86, 87]. Mass spectrometry is often

classified into two types: for cations and anions. Typically, mass spectrometry data

present the abundance of each ion relative to the most abundant ion such that the

most abundant ion is assigned an abundance of 100% [88]. The number of ion types

reported is often fairly large (e.g., 27 cations for acetone mass spectrometry) and

many of the ions are present in only trace quantities that contribute negligibly to

conductivity estimates. For simplicity, we include here only major ions defined as

follows: We start with the most abundant ion, we then progressively include the

next abundant ion species until our estimates of f and g change by less than 5%.

This process yields the relatively brief list of relevant ions summarized in Table 4.2.

We categorize these as major cations and anions for each solvent and we have re-

scaled the relative abundance of each ion such that their sum is again normalized

to 100%.

After estimating ion type and relative abundance from mass spectrometry, we

estimated the molar conductivity of each ion using two approaches suggested by

work in the electrochemical field. For each of these, we are forced to make a few

assumptions, and the respective molar conductivity and Debye length value of each

should therefore be interpreted as an order of magnitude estimate.

In the first approach, we used Scheibel’s empirical formula to estimate diffusiv-

ity [89],

Di = 8.2 × 10−15T

µ

1 +
(

3Vliq

Vi

)2/3

V1/3
i

, (4.12)

where Vi is the molal volume of ions and Vliq is the molal volume of liquids, both
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Table 4.2: Assumed ion contents in each solvent and estimated molar conductivities
for major cations and anions.

Cations Λi Anions Λi

[m2S/mol] [m2S/mol]
Buffer Na+ 5.0E-3 1/2B4O

2−
7 2.5E-3

Heavy water D+ 2.0E-2 DCO−

3 3.5E-3
DI water H+ 3.5E-2 HCO−

3 4.4E-3
47% CH2OH+ 1.7E-2 6.4E-3 71% O− 6.1E-2 1.1E-2

Methanol 34% CHO+ 2.0E-2 7.0E-3 15% OH− 4.2E-2 9.3E-3
19% CH+

3 2.0E-2 7.0E-3 14% CH3O
− 1.7E-2 6.4E-3

41% O− 1.7E-1 1.9E-2
75% CH3CO+ 3.1E-2 1.0E-2

26% CHC− 4.3E-2 1.2E-2
Acetone 17% CH+

3 5.3E-2 1.3E-2
21% CHCO− 3.6E-2 1.1E-2

8% CH2CO+ 3.4E-2 1.1E-2
12% C−

2 4.7E-2 1.2E-2
73% CH2CN+ 2.3E-2 8.9E-3 77% CN− 3.6E-2 1.1E-2

Acetonitrile
27% CHCN+ 2.4E-2 9.1E-3 23% CHCN− 2.4E-2 9.1E-2

Note: We present two different values of Λi for organic solvents: Nernst-Einstein
equation, combined with Scheibel’s empirical relation (left-hand column), and
Stokes’s law with estimated ion size (right-hand column).
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in cm3/g-mol. For Vi, we used Le Bas’s additive method [90]3. Given information

of the diffusivity, we then estimate the molar conductivity of each ion using the

Nernst-Einstein equation [84],

Λi =
zieF

kT
Di. (4.13)

Table 4.2 summarizes the molar conductivities of all the individual ions. In order

to apply these values to Equation 4.6, we approximate xi as the ion abundance

fraction from mass spectrometry data.

The second approach of estimating the molar conductivity of each ion is to

estimate the characteristic ion radius using the empirical relation [91],

ri = 0.72 × 10−10V1/3
i . (4.14)

This relation was originally developed for (typically uncharged) liquid molecules

but we hypothesize that it should yield an appropriate order of magnitude for ion

length scales. Substituting ri into Stokes’s law [91], we obtain

Λ =
ziF

2

6πNAµri
. (4.15)

Table 4.2 shows a summary of the results from these two methods; both yield similar

estimates for f and g.

We can now estimate the flow rate per power pumping of various solvents, using

the parameters listed in Tables 4.1 and 4.2. For negligible pressure loads, flow

rate per power scales with applied voltage as follows: Q/P = Qmax/ImaxVapp =

−ǫζg/µσ∞Vapp (e.g., see the experimental data in Figure 4.5). In the more general

case with finite pressure loads, flow rate per power can be expressed as follows:

Q

P
≈ Q

σ∞
τ
ψ
L
A

1
f

(

µ
ǫζ

)2 (

Q+ ∆p1
8
ψ
τ

1
µA

L
a2

)2 . (4.16)

3Scheibel’s empirical formula was originally proposed for non-electrolytes and Le Bas’s additive
method for pure liquids.
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Figure 4.1: Model prediction of EO pump performance for different solvents and
varying pump loads and flow rate. Geometry of porous glass materials is given in
experimental section and the solvent properties are given in Tables 4.1 and 4.2.
There are two flow rate ranges fixed at 0.002 ml/min and 2 ml/min. The flow rate
per power at the minimal load is in the order of buffer, DI water, methanol, and
acetone. This order changes as the voltage required for the flow rate constraint
changes.

Here, we explicitly retain pressure load ∆p and flow rate as these are often design

parameters of interest. Figure 4.1 shows Q/P from Equation (4.16) for sodium

borate buffer (1 mM sodium concentration), DI water, methanol and acetone. For

these plots, we calculate the molar conductivity of methanol and acetone using

the first approach (Nernst-Einstein equation combined with Scheibel’s empirical

formula). We used measured values of conductivity to predict the electromigration

component of current (i.e., we measure σ∞ directly) [60]. We here show a plot of

dimensional Q/P versus (dimensional) pressure load, with flow rate and solvent

type as parameters. This plot design is most useful in the practical design of an

EO pump with a finite pressure load; and in particular in choosing a solvent given
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a dimensional pressure and flow rate requirement. The plot shows data sets for

two example design flow rates of 0.002 ml/min and 2 ml/min. (Note that the flow

rate Q is the expected flow rate for a coupled pump and load system and not the

maximum achievable pump flow rate.) For each set of curves, applied voltage is

varied so as to hold the flow rate constant. For Q = 0.002 ml/min, the voltage

ranges for buffer, DI water, methanol, and acetone are respectively 24-36, 39-62,

55-110, 120-330 V. For Q = 2 ml/min, the voltage ranges for buffer, DI water,

methanol, and acetone are respectively 4.2-17, 4.2-26, 4.2-56, 4.3-220 V. Figure 4.1

highlights the importance of correctly matching a working liquid for a given load and

flow rate. At very low pump loads, 1 mM borate buffer, DI water, methanol, and

acetone have increasingly higher flow rate per power performance at either flow rate.

However, the optimal value of flow rate per pump power is a function of pump load

and flow rate. For example, pump loads of approximately 0.1 kPa favor methanol

over acetone for both of the design flow rates. These Q/P crossovers by different

working electrolyte curves are a weak function of design flow rate (e.g., 0.06 kPa for

Q = 0.002 ml/min and 0.07 kPa for Q = 2 ml/min). For greater than ∼0.07 kPa

loads, about three times higher voltage is required for acetone versus methanol in

order to achieve the required flow rate, resulting in higher power demands for an

acetone system. The curves for Q = 0.002 ml/min condition show the crossover

favoring DI over methanol for loads greater than 5 kPa. In the next section, we

present an experimental validation of this model, with an emphasis on high flow

rate per power pumping at minimal loads.

4.4 Experimental

In this section, we investigated the effects of the working liquid chemistry on flow

rate per power. We first describe the experimental setup used to measure the

ionic conductivity and the zeta potential as well as the structure of EO pumps and

the experimental setup used to characterize the pump performance. The working

liquids were DI water, heavy water (deuterium oxide), methanol, acetone, acetoni-

trile, and sodium borate buffer (1 mM sodium concentration) as a reference. We

did not use acetonitrile in our EO pump experiments as we were concerned with the
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possible production of cyanide during electrolysis of acetonitrile (CH3CN, methyl

cyanide). Note that our ionic current values and associated molar rates of acetoni-

trile electrolysis would be orders of magnitude larger than in typical capillary-based

electrokinetic experiments.

4.4.1 Solvent chemistry

We purchased DI water (W2-20 deionized Ultra-filtered water) from Fisher Scientific

(Hampton, NH) and prepared 1 mM buffer solution by dissolving sodium borate

powder (Na2B4O7, J. T. Baker, Phillipsburg, NJ) in DI water. We used heavy

water (99.96% atom D) from Sigma-Aldrich (St. Louis, MO). All of the organic

solvents are of HPLC grade also from Sigma-Aldrich with reported purity greater

than 99.9%. In all the experiments, we use the solvents as delivered to us without

further purification.

Ionic conductivity for borate buffer, DI water and heavy water was easily mea-

sured with a conductivity meter (Corning Pinnacle 542 pH/conductivity meter,

Corning, NY). For the low conductivity solvents, such as methanol, acetone, and

acetonitrile, we measured conductivity by measuring current in a 100 µm diameter

round capillary (VitroCom, Mountain Lakes, NJ). For the latter work, we begin

each experiment by flushing the solvent of interest for 30 min using a vacuum

pump. We then apply an electric potential to two platinum electrodes immersed in

the two channel end reservoirs. We apply voltages of order 100 V (for order 10 V/cm

fields) and measure the sourced current using a sourcemeter (Keithley 2410 1100 V

Sourcemeter, Cleveland, OH). We calculate ionic conductivity from the current per

applied voltage slope I/Vapp; measurements are in the an ohmic conduction regime

but with fields small enough such that Joule heating was negligible. Conductivity

is then σ∞ = (I/Vapp)(L/A), where Vapp is the applied potential, I is the measured

current, and L and A are the length and the cross-sectional area of the capillary,

respectively.

As a basis of comparison, we performed microchip-based electrokinetic injection

experiments to measure the zeta potential. We used a cross-pattern borosilicate

microchip with isotropically etched microchannels (Micralyne PC-SC microfluidic
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chip, Edmonton, AB, Canada). The chip material has a similar glass composition as

the porous glass frit (see below) although such measurements should be interpreted

as an approximate predictor of zeta potential in the porous glass frit systems. For

zeta potential measurements, we initially evaluated the applicability of the current

monitoring technique described by Huang et al. [92]. However, we found two major

difficulties with applying this technique to pure solvents. First, the ionic current

of pure solvents was often prohibitively low (order of 1 nA at 1 kV with acetone

in a 10 cm long, 100 µm diameter capillary), giving a low signal-to-noise ratio for

the measurement. Secondly, this method requires precise (small percentage) adjust-

ments of electrolyte conductivity but in a manner which is not expected to change

wall charge (and this issue is not well understood for low conductivity solvents). We

chose electrokinetic injection experiments with a microfluidic chip and tracking of

neutral fluorescent dyes as a basis for electroosmotic mobility measurements. This

experimental procedure is described in, for example, [93]. The overall experimen-

tal setup for these experiments is the same as in Posner and Santiago [94], except

that we implemented some changes to the voltage scheme. We visualized the EO

flow in the chip using an epifluorescent microscopy with a Rhodamine B, a neutral

fluorescent dye (Acros Orgaincs, Geel, Belgium).

4.4.2 EO pump experimental setup

We use borosilicate porous glass frits as the EO pumping (Ultrafine, ROBU Glasfilter-

Geraete GmbH, Hattert, Germany). These frits have been characterized in Yao et

al. [69]. The frit used in this work was 4 cm in diameter and had an area-average

thickness of 4.78 mm. We measured the porosity as 0.20 by weighing dry and wet

samples using a microbalance (ACCULAB, Newtown, PA). We assume the tortu-

osity was 1.45, a typical value for these ROBU ultrafine porous glass frits [69]. We

estimated the pore radius a to be 0.68 µm using Equation (4.9) and experimentally

determined maximum flow rate and maximum pressure with buffer. There are other

ways to estimate a pore radius: These include measurement using a porosimeter,

analyses of scanning electron microscope (SEM) images, and measurements of hy-

draulic resistance (using Darcy’s law). Brask et al. compared the latter two with
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Figure 4.2: Schematic of the EO pump device. Pump housing is machined from
Teflon to allow flexibility in working liquids and fitted with a glass window. All the
components touching liquids are inert to strong solvents, such as acetone. DC or
AC voltages can be applied.

our method and recommended the use of Equation (4.9) for EO pump modeling [95].

Figure 4.2 shows the schematic of the EO pump. The basic functionality of

this pump is similar to others used for aqueous solutions [69], but we here used

housing and sealing materials compatible with strong solvents such as acetone. We

fabricated pump housings using poly-tetra-fluoro-thylene (PTFE) and sealed these

with ethylene propylene O-rings and a special adhesive (3M 2216, St. Paul, MN).

To achieve a good seal, the pump is compressed using machined aluminum supports

with glass windows. All the components in contact with working liquids were inert

to strong solvents. The electrodes were spiral wound platinum wires (approximately

10 cm), positioned about 1 mm from the frit. The 1.42 mm inner diameter outlet

tubes were PTFE.

Figure 4.3 shows the experimental setup for flow rate and current measure-

ments. We drive the EO pump with low frequency square wave voltage signals

(0.02 to 0.1 Hz) that are generated with a data acquisition (DAQ) card (National

Instruments PCI-6220, Austin, TX) and amplified with a voltage amplifier (Trek

PZD350, Medina, NY). This low frequency (near-DC) forcing functions are conve-
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Figure 4.3: Experimental setup for flow rate, and current measurements. Liquid is
pumped using an AC field of low frequency. In the case of heavy water measure-
ments, outlet tubes were connected to a 250 cm3 reservoir with a nitrogen gas cap.
For pressure measurements, one of the outlet tubes was connected to a pressure
transducer.

nient for long term experiments and allow us to incorporate, for example, controlled

atmosphere reservoir experiments (e.g., see Figure 4.3). We connected the pump

outlet tubes to a 250 cm3 reservoir filled with inert nitrogen gas to prevent solvent

evaporation and, more importantly, to prevent long-term absorption of atmospheric

gases (e.g., heavy water is very hygroscopic). Since the frequency was quite low, we

expect roughly DC mode pumping after short-term transient operation. We further

discuss current transients and long-term stability below.

We measured the flow rate by determining the time required for the leading

edge of an air bubble to travel a set distance along one of the outlet tubes. We

measured the current with the DAQ card by measuring the voltage drop across a

known resistor connected to the pump in series. The pressure is recorded using

the DAQ card a pressure transducer (Omega PX303-015G5V, Stamford, CT). New

frits often show higher-than-expected conductance values (we assume this is due to

impurity ions desorbing from the material). To mitigate this, we first cleaned the

frits with DI water using combined pressure-driven and EO flows for 24 h or more.

In addition to this initial cleaning process, we ran the EO pump with the solvent
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of interest for at least four minutes a minimum of five times, before each set of

experiments.

4.5 Results and Discussion

In this section, we present measurements of ionic conductivity and zeta potential for

all our working liquids, followed by measurements of maximum flow rate, maximum

pressure generation, and maximum current for pure solvents. We compare the

experimental results with the analytical model and present current transients data

for low ion density liquids.

4.5.1 Measured solvent properties

The measured working electrolyte ionic conductivity values are shown in Table 4.14.

Table 4.1 also shows Debye length estimations based on the mass spectroscopy

model described earlier and zeta potential measurements for the borofloat mi-

crochannels. As described in theory section, we used two methods to estimate the

representative molar conductivity for cations and anions for organic solvents and,

accordingly, present two values for the Debye length for methanol, acetone, and

acetonitrile. Again, these pure solvent Debye length estimations should be taken

as a rough approximation. The Debye length estimation for DI water is reasonably

accurate as the measured pH (5.2) is consistent with the proton concentration es-

timated by the ionic conductivity measurement. The increasing order of the zeta

potential in our measurements coincides with that reported by Valko et al. [77]

as follows: acetone, acetonitrile, heavy water, methanol, and water. However, the

absolute values we measured are roughly half of those in Valko et al. for all the

pure solvents. We attribute this discrepancy to the fact that our surface material

4We included heavy water here as a test working liquid as the ion mobilities of D+ and OD−

are smaller than H+ and OH− [35]. However, we found that, for both water and heavy water,
conductivity is dominated by impurities and not these inherent ions. As such, conductivity and
EO performance is dominated by purification and treatments such as deionization, distillation, and
their exposure to atmospheric gases. We conclude that there is therefore no practical advantage
in using heavy water given the figures of merit explored here.
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is different: We used borofloat microchips, while Valko et al. used fused silica cap-

illaries (all of which had different pre-experiment surface treatments). Valko et al.

also used a DI water injection plug as a marker with an ultraviolet (UV) detection,

while we used a Rhodamine B dye of 1 mM concentration, an approximately neutral

marker. Further, although Valko et al. and our experiments both used HPLC grade

organic solvents, impurity ions in these solvents may be different due to supplier

variations and experimental procedures.

4.5.2 EO pumping of pure solvents

Figure 4.4 summarizes our measurements of flow rate, current, and pressure for an

applied voltage range from 10 V to 100 V. For acetone we applied larger voltages

of 50 V to 350 V to obtain flow rates commensurate with the other solvents. The

flow rate, pressure, and current are a linear function of the applied voltage, as

expected. Our error bars denote 95% confidence limits as per the t-distribution.

For flow rate and current, these were based on the ensemble average of data in four

realizations, while those for pressure were based on the time average of data in a

single realization. Figure 4.5 shows the flow rate normalized by pump power.

Figure 4.5 shows that acetone shows the best (negligible pressure load) perfor-

mance with more than ten times higher flow rate per power than the buffer. The

flow rate per power in the increasing order is given as acetone, methanol, DI water,

heavy water, and the buffer. This order is the same as for the model prediction

of flow rate per power with zero pump load, shown in Figure 4.1. Although not

shown here, the pressure normalized by power shows the same order as well. We

estimated thermodynamic efficiency using the measured Qmax, Imax, and ∆pmax in

Equation (4.10); the resulting values are 0.24%, 0.30%, 0.21%, 0.41%, and 0.22%

for buffer, heavy water, DI water, methanol, and acetone systems, respectively.

The increasing order of thermodynamic efficiency for different solvents does not

coincide with the order for flow rate per power. That is, although low conduc-

tivity can lead to significantly high values of flow rate per power, low ion density

also leads to relatively low values of hydraulic power output due to finite EDL ef-

fects. Equation (4.10) shows that the thermodynamic efficiency depends linearly
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Figure 4.4: Flow rate, current, and pressure versus applied voltage for all the work-
ing liquids. Inset shows extended voltage range for acetone. The error bars for flow
rate and current were estimated from multiple realizations and those for pressure
were from time-averaging of single realizations.

on the product of f and g, meaning that finite EDL effects are more important on

thermodynamic efficiency than on flow rate per power. (Absolute optimization of

thermodynamic efficiency, a problem not explored here, would entail variation of

pore diameter). Another point on thermodynamic efficiency estimates is that these

values are relatively low, e.g., compared to 0.3% for buffer and 1.3% for DI water,

maximum values reported by Yao et al. [69] and Zeng et al. [96], respectively. This

is most likely due to the relatively large pore radius used here [efficiency scales as

a−2 in Equation (4.10)].

In Figure 4.6, we compare the model predictions and experimental values for

f and g, to validate our model as well as to confirm finite EDL effects. We

obtained empirical estimates of f and g from f = −QmaxτµL/ψǫζAVeff and

g = −(Qmax/Imax)µσ∞/(ǫζ), which are rearranged forms of Equations 4.3 and 4.8,

respectively. For these estimates of f and g, we used the zeta potential values from
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the on-chip injection experiment (as a completely independent estimate), along with

other solvent properties listed in Table 4.1. The two approaches for f and g estima-

tion described earlier result in the data shown in Figures 4.6(a) and 4.6(b). Note

that a∗ ≡ a/λ for pure solvents is different for the two approaches since the Debye

length estimates are different. The inset in Figure 4.6(a) shows the trend for f and g

in the buffer versus a∗. In Figure 4.6, we confirm that the finite EDL effects become

greater (f and g approach zero) as the ion strength decreases (a∗ decreases). Both

of the experimental and model values show a trend similar to the plot in the inset

and agree reasonably well. However, the approximations used here do show some

important discrepancies. Most importantly, estimated f and g values for the borate

buffer exceed unity (which is unphysical). This discrepancy is mostly due to the

fact that zeta potential in the porous glass EO pumps is most likely different than

that of the borofloat microchips. Yao et al. [69] reported approximately −100 mV

zeta potential for the same buffer and with similar frit materials. This value is 27%

higher than the value from our on-chip experiments. This difference in zeta poten-

tial values is shown in Table 4.1, where we present zeta potential estimates from

on-chip data and from the frit experiments [and Equations (4.2) and (4.3)] (We

estimate these values in a self-consistent fashion, i.e., satisfying Equation (4.2) for

f and Equation (4.2) for experimental Qmax, simultaneously.) As shown in Table

1, the zeta potential from two methods can be different (up to ∼50% for acetone).

Despite the discrepancies, the model is useful in explaining trends in applied

voltage and differences across working liquids. For example, Qmax/Vapp values [e.g.,

slopes of curves in Fig 4.4(a)] for each solvent are roughly in increasing order of

their EO mobility as predicted from the borosilicate chip system measurements (see

Table 4.1), except for acetone. For acetone, EO mobility is similar to that of the

buffer but the maximum flow rate with acetone is significantly smaller than with

the buffer. This large deficit of flow rate is qualitatively captured by model through

the factor f (0.97 for the buffer and 0.23 for acetone).
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4.5.3 Transient effects

We found that pumps with low ion density working liquids demonstrate strong

current start-up transients. Figure 4.7 shows current transients for all the liquids

we used with an applied voltage of 50 V. Figure 4.8 shows the normalized results for

DI water, methanol, and acetone. Current is normalized simply using the minimum,

Imin, maximum, Imax, and measured current levels. Upon application of a potential,

pump current quickly rises to a maximum value and gradually decreases to a steady

state. Each curve is labeled with its best-fit first order exponential relaxation time

constants5.

We hypothesize that the (short-term) current transients can be represented as

a simple equivalent RC circuit. The resistance value R is dominated by the ohmic

character of these liquids. We attribute the capacitance C to polarization of at

least a subset of ions in the system. We hypothesize that there are ion species that

participate in electrode reactions and ion species that do not. Upon application of

electric potential across an EO pump (or an electrolytic cell, in general), the latter

migrate and polarize the system. The former (reacting species) account for the

eventual observed DC current and electroosmotic flow. Presumably, the passive ion

species accumulate near electrodes, forming capacitive layers of some thickness δ.

We can express the capacitance (per unit area) as C = ǫ/δ and an RC circuit time

scale as,

τc = ǫLe/δσ∞, (4.17)

where σ∞ is the conductivity of the solution and Le is the distance between elec-

trodes.

A recent paper by Bazant et al. [97] fairly generally treats the problem of charge

polarization in the absence of electrode reactions. They studied the dynamics of dif-

fuse charges in EDLs by solving nonlinear Poisson-Nernst-Planck equations. Their

model is for a two-component (one positive and one negative ions) electrolyte sys-

5In separate sets of 30 min experiments using buffer and DI water (not shown here), we also
observed up to ∼20% “long-term” decreases in flow rate, and this percent decrease was largest
for the low ion density solvents. Although we did not investigate long-term stability in this work,
this is an important issue in EO pump development and has been discussed in several recent
papers [79, 80, 95].
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Table 4.3: Time scales for current transients: RC circuit time scale and first-order
exponential relaxation time scale.

τc = ǫLe/λσ∞ τ(Exp)

Buffer 0.080 s 0.091 s
DI water 0.19 s 0.46 s
Methanol 0.14 s 0.19 s 1.6 s
Acetone 0.26 s 0.58 s 2.3 s

Note: We estimate λ for methanol and acetone, using two approaches: Scheibel’s
empirical relation (left-hand column), and Stokes’s law with estimated ion size
(right-hand column).

tem. For these systems, δ coincides with Debye length, λ, so that τc = ǫLe/λσ∞

(for non-reacting systems). In our problem (which includes electrode reactions), we

do not know if δ scales as λ; however, we can use the ideas presented by Bazant et

al. in evaluating the observed trends in the start-up current transients. Table 4.3

summarizes evaluations of the τc time scale, and these are compared to the ob-

served ion current time scales. We use measured values of σ∞ and the estimates of

λ were described earlier. We approximate the distance between electrodes for the

EO pump as Le = L
√
τ + 2d, where L is the porous glass thickness, τ is tortuosity

(to account for the effective path length of ions), d is the distance between each

electrode and the surfaces of the pump. For buffer and water, we see that the ob-

served timescales are on the same order as ǫLe/λσ∞. For methanol and acetone,

the observed timescales are about an order of magnitude higher than ǫLe/λσ∞.

This disparity between the aqueous solutions and the organic solvents may contain

information regarding the relative content of reacting and non-reacting ions in the

system; but it is difficult to make any conclusions. Clearly, a quantitative model

for charge polarization in the presence of strong electrolytic reactions is needed to

evaluate this issue. As Bazant et al. [97] and Norton et al. [98] point out, however,

this complex process is an open problem in electrochemistry. The physics behind

these current transients remains an open problem and the role of polarization layers

(e.g., by passive ionic species) is an interesting topic for future work.
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4.6 Conclusions

We present an analytical model for EO pumping of low ion density solvents, in-

cluding organic solvents. The model requires a number of assumptions to estimate

ion identity and electrical double layer structure. The model is useful in predicting

trends across low conductivity working electrolytes and serves as a basis for system

designer optimization. For significant pump loads, the model shows that of the

optimum value of flow rate per power depends on the specific pump flow rate and

pressure load. For example at Q = 2 ml/min, methanol provides higher flow rate

per power than acetone for pump loads greater than 0.07 kPa (and lower power per

flow rate for smaller loads).

We perform a set of experiments that confirm predicted trends of key figures

of merit with varying voltage and also highlight the importance of key parameters

including conductivity and double layer thickness relative to pump pore diameter.

For negligible pump loads, we found that flow rate per power is in the decreasing

order of acetone, methanol, heavy water, DI water, and borate buffer (1 mM sodium

concentration), in accordance with the model. Measured flow rate, current, and

pressure clearly demonstrate the effects of finite EDL effects, especially for low ion

density liquids. For example, acetone shows about the same EO mobility as buffer,

but significantly lower maximum flow rate due to its thick EDL. The finite EDL

effects are captured by the predicted values of f and g.

We found strong (short-term) current transients with low ion density liquids.

We hypothesize that these may be due to capacitive charge layers near electrodes.

Interesting future work in the area of electroosmotic pump development includes

developing models for these current transients and practical studies of long-term

pump performance.



Chapter 5

Fuel Cell Application I:

Air Delivery in miniature PEMFCs

5.1 Introduction

In recent years, fuel cells have attracted attentions for portable power applications,

as they have superior energy density to batteries. Especially, free-convection fuel

cells have been actively studied and developed for these applications, since their sim-

plicity could outweigh cost, noise, volume, and parasitic power consumption of an

auxiliary pump or fan [99]. However, they are typically characterized by low output

power densities compared to forced-convection fuel cells [100, 101, 102]. The highest

maximum power density reported in the literature is around 360 mW/cm2 [102, 103],

while force-convection fuel cells typically perform at the maximum power density

around 450 mW/cm2 [104]. In this work, we propose a new air delivery scheme

that enables power density of forced-convection fuel cells, yet potentially mitigates

many of the aforementioned issues.

Figure 5.1 shows the schematic of the proposed air delivery scheme. We use an

electroosmotic (EO) pump as a pneumatic actuator. The advantages of EO pumps

include no moving part, planar design, no noise, and no vibration, which may

compensate the problems associated with forced-convection fuel cells. Theoretical

and experimental studies on EO pump operation have been presented elsewhere [60,

89
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Figure 5.1: “Breathing-motion-like” air displacement operation of an EO membrane
pump to deliver air to a PEM fuel cell. Here, the EO pumped air device is shown
coupled to a single fuel cell, but it can also be coupled to two fuel cells. Air is
expelled in a directed jet but is drawn in a sink-function-like flow; thus mostly new
air is drawn in at each stroke.

69]. Here we present a device where the liquid is pumped into the space behind

a flexible membrane (see Figure 5.2). The displacement of the membrane is then

used to effect air pumping. We pump the liquid using an AC electric field and

thereby effect two-stroke cycle air pumping in a breathing-like motion. Figure 5.1

shows the schematic of the operation of an EO membrane pump to delivery air to

a PEM fuel cell. In the first stroke, vitiated air is exhaled from air channels via a

directed jet at the outlet. In the second, fresh ambient air is “inhaled” into fuel cell

air channels. The optimal frequency of air pumping ensures the proper trade-off

between displacement volume and air consumption rate. This chapter presents the

detailed design and actual operation of the proposed device and discusses future

directions to improve the performance.
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Figure 5.2: Schematic of EO pump with a FEP membrane. All the components in
contact with liquid are compatible with a wide range of solvents including methanol,
acetone, and water.

5.2 Experimental

Figure 5.2 shows the schematic of our EO pump device with two fluorinated ethylene

propylene (FEP) membranes that separate liquid and air chambers. The EO pump-

ing material in this work is a porous borosilicate glass frit (Ultrafine frit, ROBU

Glasfilter-Geraete GnbH, Hattert, Germany), that is 4 cm in diameter and 1.3 mm

in thickness. The EO pumping area is 12 cm2. We fabricated pump housings using

poly-tetra-fluoro-thylene (PTFE) and sealed these with ethylene propylene O-rings

and a special adhesive (3M 2216, St. Paul, MN). The pump housing materials

and sealing are chosen so that we can explore a wide range of liquids including low

conductivity organic solvents. Low conductivity working liquids allow for relatively

large flow rate per power operation. The EO working liquid in this work is HPLC

grade methanol (Sigma-Aldrich with reported purity > 99.9%) but the same device

can be used for other solvents including water and acetone. The power supply sys-

tem for the pump is identical to the setup used in Chapter 4. We applied a square

function-type AC voltage to the EO pump with varying amplitudes and periods.
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Table 5.1: Hydrogen proton exchange membrane fuel cell parameters. Environmen-
tal air is delivered via electroosmotic liquid pumping.

Parameter Value
Fuel cell electrolyte Nafion 112
Gas diffusion layer 350 µm E-Teck anode and cathode
Active area 0.6 cm2

Anode and cathode channel dimensions 1 mm × 60 mm × 1.1 mm (W × L×H)
Catalyst loading 1 mg/cm2 Pt (anode and cathode)
Anode gas H2 (>99.995%)

We used a single channel fuel cell similar to that in Buie et al. [66]. Table 5.1

summarizes fuel cell parameters. The active area of the fuel cell was 0.1 cm ×
6 cm, which is 1/20 of EO pumping area. The fuel cell setup (see Figure 5.3)

consists of a fuel cell connected to an EO air pump, a boost power supply (Acopian

W3.3MT65, Easton, PA) set at 3.3V, and an electronic load (Agilent N3100A).

The power supply is connected in series with the fuel cell to supplement the voltage

provided by the electronic load. The load is operated in a four-wire mode with

the source wires connected to the series combination of the fuel cell and the boost

power supply, and the sense wires connected to the fuel cell. The hydrogen flow

rate is controlled using a mass flow controller (Alicat Scientific, Tucson, AZ). The

setting of the active load properties (including cell potential) and mass flow level are

automated using a PC running LabView, a GPIB card, and an IO data acquisition

card (National Instruments, Austin, TX). Dry hydrogen first is supplied to the

system from a compressed gas cylinder regulated at 15 kPa. The hydrogen gas

exiting the flow controller is humidified using a custom water-bath sparging unit at

60◦C. After leaving the sparging unit, the gas is cooled as it flows through a 0.5 m

long teflon tube and is delivered to the cell at room temperature and 100% RH. Air

delivered to the fuel cell is pumped using the device shown in Figure 5.2 and thus

no external humidification was done.
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Figure 5.3: Schematic of the fuel cell experimental setup. Hydrogen is supplied to
the system via a compressed air cylinder and flow rate is regulated with a mass flow
controller (Alicat Scientific, Tucson, AZ). Hydrogen gas is delivered to the fuel cell
at 100% RH while dry air is delivered via EO pumping. The flow rate of hydrogen
and the Agilent electronic load are set automatically using a PC running LabView
software.
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1 mm 1 mm

Outlet jet Sink-flow like intake

Figure 5.4: Visualization of air flows near the outlet of an EO membrane pump
with incense smokes as seeding particles. The unseeded outlet jet is visible entering
the field of view on the right side of the image on the left. The image on the right
shows some radial particle streaks centered on the intake.

5.3 Results and Discussion

We first present the performance of an EO pump not connected to a fuel cell. We

then report the performance of a PEM fuel cell with an EO/air pumping device.

5.3.1 Performance of an EO Pump

We performed experiments with an EO membrane pump. We first visualized air

flows near the outlet of the EO membrane pump. The purpose of this visualization

experiment is to ensure that breathing-like motions (explained in Section 5.1) in-

deed happen at low Reynolds number, which is expected to be approximately 10.

Otherwise, the same volume of expelled vitiated air would be inhaled back in a fuel

cell and the oxygen level in air would keep decreasing (due to consumption by a fuel

cell), until the fuel cell eventually stops functioning. The particles (incense smoke)

are illuminated with an approximately 0.5 mm thick laser sheet from a Melles-Griot

He-Ne laser. The air pump outlet is at the right of each image. In the left image,

the volume of unseeded air is apparent as a dark region at the air outlet. On the

right, air enters the air connection in a sink-flow like pattern (a few radial particle

streaks are visible just at the right edge of the image).

Figure 5.5 shows the performance of the EO membrane pump. We used an AC
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Figure 5.5: Performance of a porous glass EO pump. y-axis on the left shows air
displacement volume divided by half period versus applied voltage and y-axis on
the right shows this displacement flow rate parameter normalized by rms current.
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applied voltage at frequency of 0.5 Hz and measured the air displacement volume in

each stroke. We defined an effective time-averaged flow rate for this application as

displaced air volume per cycle divided by half the period of oscillation. For a square-

function AC field, this parameter is expected to be a little less than the maximum

instantaneous flow rate. Figure 5.5(a) shows a plot of Vair,disp/phalf versus applied

voltage. Here, Vair,disp is the volume of displaced air in a half-cycle and phalf is the

half-cycle period. Vair,disp/phalf has the same dimension as flow rate. As expected

for flow rate, the trend is linear in Figure5.5(a). Figure 5.5(b) shows the same

parameter normalized by rms current. For low pressure loads, this ratio is analogous

to maximum flow rate per maximum current, Qmax/Imax = −ǫζg/(µσ∞), which is

expected to be approximately constant (see Yao et al. [60]). The lower values at

low applied voltage are likely due to the effects of the finite hydraulic load required

to achieve the flow rate measurement.

5.3.2 Performance of fuel cell integrated with EO/air pump

Figure 5.6 shows the polarization curve of a PEM fuel cell integrated with an EO/air

pumping device. The EO pump ran at the voltage amplitude of 350 V and the

period of 2.5 s. This peak EO pump voltage corresponds to 5.2 A/cm2 and thus

the air stoichiometery is at least 5. As shown in Figure 5.7, the cell voltage/current

is oscillating (due to AC pumping) and we plotted the time-averaged current in

this polarization curve. In this experiment, we used a large amount of EO pump

power: roughly an order of magnitude higher than the output of the fuel cell. Note

however that we supplied excess air, as mentioned above. Especially, as the EO

pump voltage amplitude is fixed (i.e., the air flow rate is fixed) for all the current

density range, the air stoichiometry is increasingly high for lower current density.

The purpose of this initial demonstration is (1) to characterize the PEM fuel cell

we used, and (2) to confirm that the proposed air delivery scheme actually works.

(Our modeling efforts and design estimates suggest it is possible to reduce the EO

pump-to-fuel-cell-gross-output power ratio to 0.4 and perhaps less.)

We varied amplitudes and periods for the EO pump voltage, and measured their

effects on pump-to-cell power ratios. Figure 5.7 shows galvanostatic measurements
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98 CHAPTER 5. PEMFC APPLICATION

for a fixed fuel cell current at 0.17 A/cm2. VEOP = 80 V, 100 V, and 120 V,

correspond to the air stoichiometry of 4.2, 5.3, and 6.4, respectively. The cell voltage

shows an oscillatory shape, due to the AC pumping of air. For the parameters

explored, longer periods typically have smaller oscillations and better performance.

This is understandable from the fact that all the vitiated air might not be be cleared

out for high frequencies. However, the period cannot be increased over the point

where the membrane movement is constrained by its elastic structure (i.e., when

the membrane is fully displaced). The results suggest the optimal frequency would

be around 0.4 Hz for this fuel cell operating condition. The best performance of

these data showed an EO pump power roughly two times the gross power of the fuel

cell with amplitude 100 V and period 2.5 s of an EO pump. One thing to note here

is that each EO/air pumping device can be used for two fuel cells (see Figure 5.1).

This 2:1 ratio would be 1:1 fuel cell-pump power ratio for two fuel cell systems.

5.4 Conclusions and Future Works

In this chapter, we have proposed a new air delivery strategy suitable for portable

applications of PEM fuel cells. In this initial demonstration, we observed that

the pump power is roughly twice the fuel cell power. For energetically favorable

pumping, we recommend exploration of design changes and further optimization of

EO pump conditions (e.g., varying pump working liquid, improving EO pumping

materials, and forcing functions) with a goal of significantly reducing air pumping

power. We also recommend methods to both reduce EO pump operating voltage

and to develop DC-to-DC conversion strategies for generating operating voltages

from fuel cell (short stack) output voltages.

As a way to improve EO pumping material, we have performed a preliminary

study on porous silicon EO pumps compatible with diverse solvents, including

methanol and acetone. Figure 5.8 shows the image of porous silicon and flow rate

measurements of the porous silicon EO pump with methanol and acetone. Porous

silicon EO pumps have been previously studied by Yao et al. [68]. They found that

the flow rate per unit area per applied electric field is five times that porous glass

EO pumps, using sodium tetraborate buffer. In our experiments [Figure 5.8(b)],
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Figure 5.7: Galvanostatic measurements for a fixed fuel cell current at 0.17 A/cm2

with varying pump voltages and periods. Shown are data for applied pump voltages
of 80 (a), 100 (b), and 120 V (c). The EO pump working electrolyte is pure
methanol.

this parameter with methanol and acetone is about ten times that for porous glass

EO pumps. We expect this improvement to potentially lower the aforementioned

2:1 pump-to-fuel cell power ratio drastically. As a subsequent effort, we recom-

mend a more detailed and quantitative characterization of this type of EO pump

for various solvents, followed by the all the efforts listed above to ultimately realize

energetically efficient air pumping for miniature PEM fuel cells.
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Chapter 6

Fuel Cell Application II:

Fuel Delivery in miniature DMFCs

6.1 Introduction

Direct methanol fuel cells (DMFCs) are attractive energy conversion devices due to

the high volumetric energy density of methanol. Benefits of DMFCs for portable ap-

plications include long run times, capability for refueling as opposed to recharging,

and silent operations [105, 106, 107]. Some challenges to widespread commercial-

ization include overall system cost (including pumps, thermal management devices,

packaging, etc.), CO2 removal at the anode, and system efficiency. One approach

to reducing overall system cost and improving reliability is passive fuel delivery

methods but there are issues like gaseous CO2 trapped at the fuel cell anode and

orientation-dependent performance [108, 109, 110].

To circumvent these issues, we propose the integration of electoosmotic (EO)

pumps with DMFCs. EO pumps have no moving parts and can produce flow

rates on the order of several ml/min in a compact structure (typically a few cm2

or less). EO pumps are also compatible with microsystems, including micro fuel

cells with their planar design. Detailed discussions on EO pump operation can

be found elsewhere [60, 69]. The aforementioned properties of EO pumps make

them highly suitable for fuel cell applications. Recently, Buie et al. presented the
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first demonstration of an EO pump fabricated from silicon substrates for methanol

delivery [111]. They found the EO pump successfully supplied methanol to the fuel

cell but consumed an order of magnitude more power than was yielded from the

DMFC. In this work, we design and evaluate a stand-alone, porous glass EO pump

device that can be optimized independently of the DMFC itself.

6.2 Experimental

We first performed experiments on an EO pump to characterize its performance

with methanol/water mixtures of varying compositions. We then integrated an EO

pump with a free-convection DMFC and performed an initial demonstration of this

system.

We used methanol/water mixtures of varying compositions for EO pump. DI

water (W2-20 deionized ultra-filtered water) was from Fisher Scientific (Hampton,

NH) and methanol was from from Sigma-Aldrich (St. Louis, MO). Figure 6.1

summarized relevant physical properties of methanol/water mixtures from litera-

ture [112]. Dielectric constant, thus permittivity, is almost linear with methanol

contents but viscosity has a nonlinear dependency on them. The implication of this

nonlinearity on EO pump performance will be discussed below.

The EO pumps used here are realized from porous borosilicate glass frits (Ultra-

fine frit, ROBU Glasfilter-Geraete GnbH, Hattert, Germany). We used two types

of EO pumps in this work: that used for EO pumping characterization experiments

have larger area for better characterization and that used for actual fuel cell ex-

periments have smaller area and thinner frits for optimal operation of methanol

delivery. The former was 4 cm in diameter, 4.78 mm thick, and have 1.36 µm di-

ameter pores. The latter was 2.5 cm in diameter, 1 mm thick, and have 1.1 µm

diameter pores. The power supply system and the measurement setup are almost

the same as those in Chapter 4.

We used a free-convection DMFC, whose digital image is shown in Figure 6.3(a).

Table 6.1 summarizes the fuel cell experimental parameters. The active area was

1.96 cm2, roughly half the porous glass area in the EO pump. The DMFC experi-

mental setup is similar to that in Chapter 5, except that we supplied methanol/water
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Figure 6.1: Physical properties of methanol/water mixtures. Dielectric constant is
almost linear with methanol contents while viscosity shows nonlinear behavior.

Table 6.1: Fuel cell characteristics. We used a free-convection direct methanol fuel
cell.

Parameter Value
Fuel cell electrolyte Nafion 117
Gas diffusion layer 350 µm E-Teck anode and cathode
Active area 1.96 cm2

Anode channel dimensions 750 µm × 500 µm
Anode catalyst loading 4 mg/cm2 Pt/Ru
Cathode catalyst loading 1 mg/cm2 Pt
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mixtures via EO pumping and there is no air delivery in this work. Three types

of DMFC anode flow field were used: parallel, parallel/serpentine, and serpentine

channels. These anode structures had respectively nine channels, three channels,

and one channel.

6.3 Results and Discussion

6.3.1 Characterization of EO pumping of methanol/water

mixtures

EO pumping of methanol/water mixtures shows a linear dependence of flow rate,

current, and pressure on an applied voltage (not shown here), as expected from

theory [60]. We applied voltages ranging between 10 V and 100 V. This linear

dependence on the applied voltage was also observed for different solvents, as pre-

sented in Chapter 4. Here, we showed these parameters normalized by the applied

voltage, Qmax/Vapp, Imax/Vapp, and ∆pmax/Vapp, for different methanol/water com-

positions, in Figure 6.2(a)-(c). The error bars denote 95% confidence limits based

on t-distributions from multiple realizations and different applied voltages. These

normalized parameters show a nonlinear dependence on the mixture composition,

which was not expected initially. We found that Valko et al. [77] and Wright et

al. [76] reported a similar nonlinearity of EO mobilities in fused-silica capillaries.

They attribute this nonlinearity to a nonlinear dependence of viscosity on methanol

contents (see Figure 6.1). To see this nonlinear effect of viscosity, we computed the

flow rate normalized by pressure, expressed as [60],

∆pmax
Qmax

= 8
τ

ψ

L

Aa2
µ, (6.1)

where A, a, L, ψ, and τ are the area, pore radius, thickness, porosity, and tortu-

osity of porous glass, respectively, and µ is the liquid viscosity. Note that all the

parameters except µ are fixed, as we used the same type of porous glass. Therefore,

∆pmax/Qmax is only a function of viscosity. Figure 6.2(d) shows the measured flow

rate normalized by pressure, which shows a trend similar to viscosity in Figure 6.1.
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Figure 6.2: (a) Measured maximum flow rate per applied voltage, (b) maximum
current per applied voltage, (c) maximum pressure per applied voltage, and (d) max-
imum pressure normalized by maximum flow rate for methanol/water mixtures of
different compositions. The error bars in (a)-(c) were estimated from multiple re-
alizations and different voltages (10 V to 100 V).
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Figure 6.3: (a) Digital image of the free-convection DMFC used in this study.
(b) Polarization curves for three anode flow channel types. All polarization curves
were obtained at room temperature operation with a 4 M methanol flow rate of
60 µl/min. The maximum power density of the one-channel, three-channel, and
nine-channel designs are 18.9 mW/cm2, 16.7 mW/cm2, and 9.2 mW/cm2, respec-
tively.

6.3.2 Performance of DMFC with EO pump for methanol

delivery

Figure 6.3 shows (a) a digital image of the DMFC and (b) the polarization curves

with a 4 M methanol flow rate of 60 µl/min. We found that the one-channel design

excels the other designs in terms of maximum power density. However, the pressure

requirement with this is much higher than with the others (24 Pa for 60 µl/min).

We thus believe that the three-channel design (13% smaller maximum power density

but 8 times lower pressure requirement) is desirable for EO pump operation. Using

this design and an EO pump voltage of 6 V to 8 V, the pump-to-fuel cell power

ratio is 4% and 1% with 4 M and 8 M methanol, respectively. We therefore confirm

very energetically favorable fuel delivery by EO pumping for DMFCs.



6.4. CONCLUSIONS 109

6.4 Conclusions

We proposed the integration of DMFCs with EO pumps for fuel delivery with . We

first evaluated EO pumping of methanol/water mixtures of varying compositions.

The nonlinear dependence of viscosity on the methanol molarity was mainly at-

tributed to the nonlinear dependence of the flow rate per applied voltage and the

pressure per applied voltage. The demonstration of a DMFC with an EO pump

proved the feasibility of our proposed application. The experimental results showed

that the pump consumes 4% and 1% of the fuel cell power with 4 M and 8 M

methanol, respectively. Future work should involve integrating EO pumps with

DMFC stacks and utilizing DC-DC conversion to operate EO pumps with DMFC

power.
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Chapter 7

Conclusions

This chapter presents a set of overall conclusions, contributions, and recommenda-

tions for future directions based on this work.

7.1 Conclusions and Contributions

This work has included molecular dynamics simulation of electroosmotic flows on

rough surfaces and on uncharged surfaces and the development of an electroosmotic

pump and its applications for miniature fuel cells. The major conclusions and

contributions made by this research and presented in the previous chapters are

briefly summarized here.

7.1.1 Electroosmotic flows on rough surfaces

(1) Confirmation of layering and orientations of water molecules near smooth and

rough surfaces.

(2) Comparison of ion distributions from molecular dynamics simulation and Poisson-

Boltzmann solution.

(3) Computation of non-uniform dielectric constant and diffusivity.

(4) Finding of longer residence time and retarded diffusion of water and ions in

grooves for rough walls.
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(5) Finding of the decrease in flow rate and zeta potential for an increased amplitude

or decreased period of surface roughness.

7.1.2 Electroosmotic flows on uncharged surfaces

(1) Computational proof of the existence of EO flows on uncharged surfaces.

(2) Investigation of the hypothesis of zero surface charge electroosmosis.

(3) Parametric study of Lennard-Jones parameters and ion mass on zero surface

charge electroosmosis.

(4) Finding of significantly different interactions of water with cations and anions,

both of which have identical Lennard-Jones parameters.

7.1.3 High flow rate per power electroosmotic pumps

(1) Model development for estimating EO pumping of organic solvents and its

experimental validation.

(2) Measurement of the zeta potential of different solvents using borosilicate glass

microfluidic chips.

(3) Characterization of electroosmotic pumping of low ion density solvents, includ-

ing organic solvents.

(4) Achievement of more than ten times flow rate per current with acetone com-

pared to 1 mM sodium borate buffer solutions.

(5) Observation of strong transients of EO pump currents for low ionic conductivity

solvents and discussion on possible explanations.

7.1.4 Air delivery for miniature PEMFCs

(1) Proposal of a new oxygen delivery scheme for miniature PEM fuel cells, using

EO pumps.
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(2) Experimental demonstration of the proposed working device.

(3) Finding that the pump consumes more power than the fuel cell generates, al-

though the proposed scheme worked.

(4) Development of porous silicon EO pump to improve the pump-to-fuel cell power

ratio.

7.1.5 Fuel delivery for miniature DMFCs

(1) Characterization of methanol/DI water mixture EO pumping for DMFC appli-

cations.

(2) Experiments of DMFCs integrated with EO pumps, where the pump power

consumption is 1-4% of fuel cell power generation.

7.2 Recommendations for Future Work

In this section we list possible future directions and extensions of the present work.

7.2.1 Molecular dynamics simulation of electroosmotic flows

(1) Investigation of non-uniform viscosity near solid surfaces, which would be more

direct indication of immobile layer, the Stern layer.

(2) Combined EO and pressure-driven flows on rough surfaces.

(3) Comparison of molecular dynamics simulation results with continuum-based

simulation, such as finite element analysis.

(4) Further study on the mechanism of zero surface charge electroosmosis.

(5) Computation of high ion strength electrokinetics, in the light of zero surface

charge electroosmosis.
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7.2.2 Electroosmotic pump developments and applications

(1) Further parametric study of flow rate per power, including pore diameter, buffer

concentrations, and so on, as input parameters.

(2) Fundamental investigation of electrokinetic phenomena of organic solvents

(3) Experimental study of organic solvent EO pumping with porous silicon sub-

strates.

(4) Implementation of a porous silicon EO pump for air delivery in PEM fuel cells.

(5) Feasibility study of other types of actuators for the same concept of air pumping

in PEM fuel cells.

(6) Modeling of methanol/water mixture EO pumping.

(7) Other applications of EO membrane pumps, such as drug delivery.



Appendix

A.1 Discrepancy between the molecular dynam-

ics simulation system and the real world

The computational models presented in Chapters 2 and 3 have the system vol-

ume, electric field, and solvent molarity (sometimes several orders of magnitude)

apart from the practical or experimental range. It prohibits a direct comparison

with experimental results and, more importantly, makes the computational results

somewhat suspicious for many readers. The discrepancy between the computational

system and the real system is however never a rare issue in molecular dynamics sim-

ulation (such as a problem of crack propagation). Here, I will briefly discuss this

discrepancy and future directions in this research field.

The MD systems in Chapter 2 and 3 are 4 to 7 nanometers in channel height and

they include thousands of atoms. In typical electroosmotic flow experiments (mi-

crofluidic experiments), the smallest dimension is tens or hundreds of microns. To

match with this experimental dimension, the computational system should include

tens or hundreds of millions of atoms, which require the extensive use of parallel

computers. This is especially challenging, since the entire simulation should be done

for a rather long duration of time (several nanoseconds) to achieve enough velocity

statistics. This system size with this long duration, especially with the inclusion

of computationally expensive electrostatic potentials, has very rarely done up to

now. However, in recent years, researchers have successfully fabricated nanofluidic

channels with tens of nanometer channels in channel height [113]. In this sense, the

experimental scale approaches the computational scale and thus a direct compari-
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son for both can be possible in the near future, given that the following issues on

the solvent molarity and electric field can be resolved.

The solvent molarity in Chapters 2 and 3 was roughly 0.5 M. Indeed, this molar-

ity matches with that for zero surface charge electroosmosis, presented in Chapter 3

and there is no issue for the results on this phenomenon. On the contrary, this mo-

larity is off one or two orders of magnitude from typical (nonzero surface charge)

electroosmotic experiments, presented in Chapter 2. This high ionic strength in

computational models is closely tied to the issues of the system size previously dis-

cussed. If the aforementioned system size (tens or hundreds of millions of atoms) is

simulated, the practical range of molarity (1 to 10 mM) can be realized with enough

statistics.

The most critical issue would be two or three orders of magnitude higher elec-

tric field. Indeed, it is directly related to the simulation time, as lower electric field

requires exceptionally long computational time. In preliminary computations, an

electric field of 0.01 V/nm was applied with the computational systems of Chap-

ter 2. The velocity then was within the thermal fluctuation (kBT ), even after several

nanosecond simulations. This issue may only be resolved by hundreds of thousands

of orders of magnitude longer simulations (hundred microsecond or second simula-

tions), which is impossible with the current computational resources.

A.2 Preparation of porous glass electroosmotic

pumps

Porous glass typically contains some particles (seemingly glass particles accidentally

made in manufacturing, shipping, handling, and so on) and possibly some unknown

impurity ions, when it is first obtained from its manufacturer. It thus needs some

proper cleaning and preparation steps to achieve consistent and reproducible pump-

ing performance. Very rarely, porous glass has a certain type of surfactant or soap.

In this case, even very extensive cleaning processes may not work and this porous

glass cannot be used for EO pumps. Otherwise, I have performed the following

cleaning and preparation procedures.
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I typically start with some measures of agitating porous glass in DI water to

remove particles off. It can simply be manual shaking of a beaker having porous

glass fully immersed in DI water. It can also be done with the use of a sonicator.

Sonication of porous glass sometimes results in scratches on its surfaces. From my

experiences, these scratches do not affect pump performance. If there is an internal

crack, which is difficult to detect in practice, it would reduce pressure capacity

of the pump. However, again from my experiences, modest sonication (e.g., less

than five minutes) does not induce such cracks (such cracks often happen when

porous glass is mistakenly dropped on a hard floor). In all these first-order cleaning

measures, some particles off porous glass can immediately be observed. This initial

step might be already enough for EO pumping experiments with buffer solutions,

as it should have removed most of particles. There would be some impurity ions

but they do not affect much on buffer experiments. Further cleaning procedures

still would help to achieve more controlled and reproducible results. EO pump

experiments with pure solvents (containing some ions, though) especially requires

more cautious procedures, explained next.

After the initial step, I perform extensive cleaning procedures with alternating

EO and pressure-driven flows of DI water for about 24 hours. The applied voltage

for EO pumping is typically 50 to 100 V and the flow rate for pressure-driven flows

is 0.5 to 1 ml/min. The choice of this low flow range for pressure-driven flows is

due to the concern with possible breakages or, more importantly, cracks of porous

glass. EO flows and pressure-driven flows are used without specific orders and

alternated at any time. However, I make total durations for both to be roughly

1:1. This procedure has been successful and allows consistent and reproducible

pump experiments. Below is one example of current measurements at 50 V during

a 24-hour period for Robu Ultrafine porous glass. I believe the current rise at the

Hour 0 6 11 22 23 24
Current [mA] 72 50 44 36 34.0 34.6

final one hour is not due to incomplete cleaning but due to experimental errors,

associated with local pH changes, local conductivity change, electrolysis bubble
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blockage, or combinations of these.

There are sometimes needs for more aggressive cleaning processes. One case is

when there are some types of proteins or polymers absorbed or adsorbed on porous

glass (often with finger prints). For this, protein-solvable organic solvents, such

as methanol, ethanol, and acetone, would help. These solvents would leave some

residues after they evaporate and thus they should be followed by isopropanol. The

second aggressive cleaning procedure can be done with strong basic solvents (e.g.,

0.1 M sodium hydroixde solutions). These solvents basically etch out glass surfaces

and let silanol groups activated. One caution is that pore size would increase and it

reduces pressure capacity of an EO pump (this decrease in pressure due to etching

can be found in Brask et al. [95]). Therefore, this procedure should be used as a

last measure for a short duration of time (e.g., less than five minutes).
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