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This dissertation explores the intersection of electrochemistry and transport dynamics 

under confinement using electroanalytical techniques to both probe and control transport 

behavior. We first present a unique wireless method for in situ control of single metal nanowire 

growth in a silica nanochannel template.  Growth is initiated by direct chemical reduction of 

metal precursor ions and proceeds until the channel diameter is blocked.  Further deposition 

occurs by a bipolar electrochemical mechanism, in which oxidation at one end of the wire is 

directly coupled to reduction at the other.  The deposition rate can be precisely controlled 

without a direct electrical connection by applying an electric field during the growth process, 

offering an unprecedented level of synthetic tunability.   



Next, we report a comprehensive study of anomalous size- and material-dependent 

selectivity observed in the transport of polystyrene and silica nanoparticles through a silica 

nanochannel as detected by resistive-pulse sensing.  We investigated several possible 

contributing factors, including basic driving forces and more subtle nanoscale effects, finding 

that selectivity occurs outside the channel and may be a result of dynamical charge effects 

related to interfacial structure or particle polarizability.  Our results suggest that nanoscale effects 

can have a dramatic impact on more macroscale transport behavior when the size of the analyte 

approaches the size of the channel, which has important implications for both understanding and 

designing nanoporous systems.  

We then discuss two new methods for the fabrication of individual gold nanoelectrodes 

based on reported nanowire synthesis techniques (nanoskiving and lithographically patterned 

nanowire electrodeposition (LPNE)) and conclude by summarizing efforts to prepare uniform 

gold nanowire arrays for use in electrochemical sensing and imaging studies.   

This work reflects the complicated interplay of driving forces inherent in nanoscale 

systems and demonstrates the exciting potential for harnessing them in a concerted manner to 

precisely control transport dynamics. Gaining a better understanding of these interactions and 

determining the relative roles of intrinsic material properties and experimental factors will not 

only provide the framework necessary to investigate and interpret other fundamental nanoscale 

processes, but will also enable the design and synthesis of nanomaterials with more tailored and 

customizable properties for use in catalysis, sensing, and energy applications.  
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CHAPTER 1
Introduction

“Indeed, it is the great beauty of our science, Chemistry, that advancement in it, whether
in a degree great or small, instead of exhausting the subjects of research, opens the doors to
further and more abundant knowledge, overflowing with beauty and utility, to those who
will be at the easy personal pains of undertaking its experimental investigation.”

— Michael Faraday, Researches in Electricity, (1834)

THE PAST two centuries have seen remarkable advances in the understanding of chem-
ical and electrical processes, facilitating widespread industrialization and rapid tech-
nological innovation. As a result, electrochemistry has emerged as an important area

of interdisciplinary investigation, exploring the relationship between chemical reactions and
the flow of electricity. This connection was first articulated by Michael Faraday in the first half
of the 19th century. Since then, significant progress has led to the development of batteries,
fuel cells, and electroplating techniques, demonstrating the phenomenal utility of chemical
and electrical energy interconversion.

Recently, there has been a renewed interest in electrochemistry, fueled by the current com-
prehensive focus on nanoscale discovery, synthesis, and characterization. Electrochemical
characterization techniques are particularly well-suited for studying nanoscale phenomena,
as they provide valuable information about surface structure, reaction kinetics, thermody-
namics, and analyte properties. The success of these techniques for nanoscale analysis can be
primarily attributed to improvements in fabrication and instrumentation. In particular, the
development of micro- and nanoscale electrodes (known as ultramicroelectrodes, UMEs) has
dramatically increased the temporal and spatial resolution of electrochemical measurements,
broadening the scope, capabilities, and applications of electrochemical investigations.

Several versatile characterization techniques have enabled the use of these small probes for
a diverse range of studies. For example, scanning electrochemical microscopy (SECM) mon-
itors the current between a metal tip and a substrate as it is scanned over the surface, while
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cyclic voltammetry and amperometry measure the current at an electrode as the potential is
either held constant or cycled. All three provide detailed information about the surrounding
environment. Consequently, UMEs have been employed as localized probes for the precise
analysis of surface reactivity and topography,1–4 electron-transfer kinetics,5–8 and catalytic
properties.9–14 Likewise, carbon fiber UMEs have been employed to investigate the kinetics
and spatial activity of neurotransmitter release in neuronal cells,4, 15–18 and nanoelectrodes and
nanoelectrode arrays have been integrated into sensors and devices for the detection of a wide
variety of analytes, including biomolecules,19–21 drug molecules,22 and metal contaminants.23

In addition, electrodes with diameters under 10 nm (sometimes referred to as nanodes) have
been used for more fundamental studies on unique interfacial double layer effects.7, 24–28

Other electroanalytical techniques rely on the measurement of the ionic current through
a small nanopore rather than the faradaic current at an electrode surface. Scanning ion-
conductance microscopy (SICM) records the ion conductance through a pore in a probe tip,
enabling the characterization of sample morphology.29 The non-destructive nature of this
technique allows it to be used with living cells and other biological samples.30–32 Resistive-
pulse sensing (based on the Coulter counter principle) detects analytes as they pass through
a channel by measuring corresponding decreases in the ionic current through the channel
and has been used to detect and characterize nanoparticles, biomolecules, and viruses on the
basis of size33–37 and charge.33, 38–42 This widely-used method requires no labeling and pro-
vides accurate information about each individual particle rather than ensemble averages. In
addition to these electrochemical sensing and characterization applications, nanoscale elec-
trochemistry has also been leveraged to achieve controlled fabrication of metal nanowires by
electrochemical deposition43–46 or direct electrochemical reduction47–50 of metal precursor ions
in nanotemplates.

As electrochemical measurements become more spatially confined, transport behavior be-
comes increasingly important. This is evidenced by the many unusual and counterintuitive
transport phenomena that have been reported in nanochannels.51–53 For example, selective
transport of cations and enhanced ion and water transport rates have been observed in carbon
nanotubes and other molecular-scale nanochannels.54–60 Similarly, overlap of charged electri-
cal double layers (localized regions of ion accumulation near the walls) in the interior of these
tiny channels can lead to selective transport of counterions under an electric field, resulting in
ion depletion and enrichment regions on opposite sides of the channel.61 This effect, known as
concentration polarization, has been used to preconcentrate analytes in order to achieve lower
detection limits,62–66 and similar selective ion transport effects have been exploited for applica-
tions such as molecular gating,67, 68 nanoscale diodes,69, 70 and nanofluidic transistors.71–73 The
interplay between electrokinetic and hydrodynamic phenomena has also been shown to dra-
matically change the transport mobility of particles in nanochannels.74, 75 Similarly, interfacial
interactions between analytes, solvent molecules, electrolyte ions, and nanochannel walls are
capable of influencing transport behavior through a variety of mechanisms, including friction
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forces,76, 77 electrostatic factors,33, 34, 78, 79 chemical attractions,75, 80–82 and hydrophobic interac-
tions.83–87

Since electrochemistry and transport mechanics are interdependent, particularly at these
small length scales, combining the knowledge from these two fields generates a powerful set
of tools that can be adjusted and tuned to cooperatively control nanoscale properties and be-
havior. The impressive capabilities and widespread applications of nanoscale electrochemistry
ensure the continued importance and relevance of this field in the future and reflect the po-
tential for considerable progress in many different areas of nanofabrication, characterization,
and analysis. In the remainder of the introduction we will discuss basic principles and charac-
terization techniques pertaining to nanoscale electrochemistry before exploring fundamental
concepts governing micro- and nanofluidic transport.

1.1 Fundamentals of Nanoscale Electrochemistry

This section presents fundamental principles of electrochemical behavior and measurement,
highlighting the advantages of using UMEs for electrochemical analysis and describing typical
electrochemical characterization techniques. We begin our discussion with an overview of the
electrical double layer.

1.1.1 Electrical Double Layer

Electrochemical measurements are often affected by the presence of an electrical double layer
at charged solid/liquid interfaces. Therefore, a description of the electrical double layer and
its basic structure is given here. Most surfaces acquire a net surface charge in solution due
to ionization of surface groups or specifically adsorbed ions on the surface. When a charged
surface is in contact with an electrolyte solution, the adjacent ions will arrange themselves so
as to screen the charge and maintain global electroneutrality. This thin layer of counterions
and coions distributed near the surface is called the electrical double layer (EDL) and acts as a
capacitor. There have been several different models of the EDL proposed over the years, each
varying in complexity, from a simple capacitor with a single layer of counterions at the sur-
face (Helmholtz model) to a more diffuse model of counterions and coions (Gouy-Chapman
model), to a combination of the two that takes into account the solvation shells of the ions
(Gouy-Chapman-Stern model). Although more sophisticated mathematical models have been
suggested, the brief mathematical description of the EDL potential given below is based on
this last model, which is a relatively good predictor of EDL behavior. A diagram of the EDL
formed at a negatively charged surface is shown in Figure 1-1.

The first layer consists of solvent molecules and, occasionally, anions that are specifically
adsorbed to the surface. The imaginary plane intersecting the center of these ions parallel to
the surface is known as the inner Helmholtz plane. The next layer contains counterions that
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FIGURE 1-1: a) Diagram of the electrical double layer near a negatively charged surface of potential
φs. The first layer consists of specifically adsorbed anions and solvent molecules, and the imaginary
plane crossing through their centers is known as the inner Helmholtz plane. The next layer contains
solvated counterions, with the closest distance between the center of a solvated ion and the surface
defined as the outer Helmholtz plane. The area between these two planes is known as the Stern layer,
and the region beyond this consists of counterions and coions that extend into the bulk solution and
neutralize the remainder of the charge (diffuse layer). Ions in the Stern layer are effectively attached
to the surface and will move along with it in solution, whereas those outside this layer will not. The
boundary between these two regions is defined as the slip plane, and the potential at this plane is
known as the zeta potential ζ, which can be experimentally measured. b) Potential distribution in the
different regions according to the Gouy-Chapman-Stern model. Figure based on Ref. 52.

12



FUNDAMENTALS OF NANOSCALE ELECTROCHEMISTRY CHAPTER 1

are partially and fully solvated, with an outer boundary (the outer Helmholtz plane) defined
by the minimum possible distance of approach between the center of a fully hydrated ion and
the surface. This region closest to the surface, between the inner and outer Helmholtz planes,
is known as the Stern layer, and the interactions in this zone are strong enough to effectively
bind the ions to the surface, preventing them from moving independently in solution. The
potential in this area decreases linearly with increasing distance from the surface. The region
outside the Stern layer is known as the diffuse layer and contains counterions and coions that
extend into the bulk solution until the charge is neutralized. These ions have weaker elec-
trostatic interactions with the surface and are able to move separately in solution. Therefore,
the structure in this region is based on the balance between electrostatic interactions and ther-
mal diffusion.52, 88 The potential decay throughout the diffuse layer is described well by the
Gouy-Chapman model and is given by the Poisson-Boltzmann equation, which takes into ac-
count the ion distribution represented by the Boltzmann distribution and the electric potential
gradient defined by the Poisson equation:52

∇2ψ =
d2φ

dz2
=

e

ε0ε

∑
i

n∞i zi exp

(
−zieφ(z)

kBT

)
(1.1)

where e is the charge of an electron, ε0 is the permittivity of free space, ε is the dielectric
constant of the solvent, n∞i is the bulk concentration of the ion, zi is the valency of the ion, kB
is the Boltzmann constant, and T is the absolute temperature. For a symmetrical electrolyte,
this equation simplifies to:88

d2φ

dz2
= −

(
8kBTn

∞

ε0ε

)1/2

sinh

(
zeφ

2kBT

)
(1.2)

The interface between the immobile Stern layer and the mobile diffuse layer is known as
the slip plane, and the potential at this plane is referred to as the zeta potential ζ. The char-
acteristic thickness of the EDL is called the Debye length λD and represents the electrostatic
screening length. While it will differ depending on the properties of the electrolyte, it can be
determined from the following equation:61

λD =

√
ε0εkBT

e2
∑2

i=1 z
2
i n
∞
i

(1.3)

For aqueous solutions containing a symmetrical 1:1 electrolyte, it can be simplified further:89

λD(nm) = 0.3M−1 (1.4)

where M is the ionic strength. Therefore, the Debye length decreases as the electrolyte con-
centration increases, and in aqueous solutions it is generally only a few nanometers thick.

The electrical double layer is extremely important in predicting and interpreting both elec-
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trochemical and mass transport behavior in aqueous solutions. In fact, there are several trans-
port phenomena, known collectively as electrokinetic effects, that arise from EDL properties
and involve the movement of charged species near charged interfaces.61 These effects be-
come increasingly significant in micro- and nanochannels due to the increased surface-area-
to-volume ratio. The four main effects include electroosmosis, electrophoresis, streaming po-
tential, and sedimentation potential. The first two involve movement in response to an electric
field and are the most relevant for our discussions here, while the second two describe the
opposite—generation of an electric field due to movement. Each of these will be commented
on in more detail in the section on transport dynamics.

1.1.2 Unique Characteristics of UMEs

This section describes some of the unique properties of UMEs that make them valuable and
versatile tools for electroanalysis. We begin our discussion by considering a typical experi-
mental setup for collecting electrochemical data. Traditional electrochemical measurements
are carried out using a three-electrode cell consisting of a working electrode (where the reac-
tion of interest takes place), a reference electrode, and a counter electrode. The potential of the
working electrode is measured relative to a reference electrode of known potential, while the
counter electrode passes the current needed to balance the electrochemical processes occur-
ring at the working electrode. Using the counter electrode to balance this current rather than
the reference electrode prevents the potential of the reference electrode from changing. An
electrolyte is usually added to the solution to carry the charge and prevent electromigration
of other ionized species. The system is typically controlled using an instrument known as a
potentiostat, which also records the resulting current. The potentiostat functions by applying
current to the working electrode in the amount necessary to achieve the desired set poten-
tial between the working electrode and the reference electrode, and it is this current that is
measured, representing the electrochemical reaction rate.88

However, if the working electrode is a UME, a two-electrode cell consisting only of a work-
ing electrode and a reference electrode can be used instead, significantly simplifying the setup.
The reason for this is twofold. First, the small electroactive surface area results in a very small
current at the working electrode, meaning that the corresponding current passing through the
reference electrode is small enough to prevent any significant potential change, eliminating
the need for a counter electrode. Second, as a result of these small current values, the potential
drop (iR drop) across the solution is negligible. Consequently, experiments can be performed
in solutions of low conductivity or nonaqueous solvents, increasing the measurement versa-
tility.88, 90

Another benefit of using UMEs is related to the double layer charging time, given by
RsCDL, where Rs is the solution resistance and CDL is the double layer capacitance. The
double layer capacitance decreases as the electrode size is reduced, thereby lowering the dou-
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FIGURE 1-2: Comparison of the diffusion profiles and corresponding cyclic voltammograms for a con-
ventional 1-mm-diameter gold electrode (a) and a 216-nm-diameter gold UME (b). While diffusion to
a conventional electrode is mostly planar, diffusion to a UME is radial, resulting in faster mass trans-
port. Consequently, the current reaches a steady-state value, giving a sigmoidal-shaped voltammogram
rather than the traditional peak-shaped voltammogram. CVs were taken in 1 mM ferrocenemethanol
in 0.1 M KCl at a scan rate of 50 mV/s (a) and 5 mM ferrocene in 0.1 M TBAPF6 at a scan rate of 20
mV/s (b).

ble layer charging time. This allows the measurement of electrochemical reactions on ultrafast
time scales. Indeed several groups have used nanoelectrodes to investigate fast electron trans-
fer kinetics and detect transient intermediate species.5, 6, 91–94

One of the primary advantages of using UMEs for electrochemical measurements is the
significantly enhanced mass transport of redox species to the electrode surface due to radial
diffusion. The diffusion profiles for a conventional millimeter-sized electrode and a UME
are compared in Figure 1-2. For the conventional electrode, diffusion is planar, with radial
diffusion at the edges contributing only a small amount to the total. Conversely, diffusion to
a UME is dominated by radial diffusion. Consequently, the concentration of redox species at
the surface is never depleted because it is easily replenished by drawing from the surrounding
solution radially in all directions. As a result, mass transport to and from the electrode surface
is faster, and the current reaches a diffusion-limited steady-state value that is independent of
time. This behavior enables the measurement of reaction kinetics and EDL effects on faster
time scales.

Finally, due to their small size, UMEs only require small solution volumes for analysis and
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can be used to detect very low numbers of molecules. Decreasing the electroactive surface
area lowers the background charging current, raising the signal-to-noise ratio to an acceptable
level for the measurement of very small currents. This is beneficial for applications in a wide
range of fields, including single-molecule detection experiments and electrochemical sensors.

1.1.3 Characterization Techniques

Although there are many techniques to measure and evaluate electrochemical reactions, they
can be divided into two main categories: potentiometric and voltammetric methods. Potentio-
metric methods measure the potential between a working electrode and a reference electrode,
often as the current is held constant, and these techniques are particularly good for investi-
gating background processes. Conversely, voltammetric methods measure the current at the
working electrode as the potential is controlled, providing information about the identity and
concentration of redox species in solution as well as their characteristic redox potentials.88, 90

Voltammetry

Voltammetry involves changing the applied potential according to a particular pattern (i.e.
linearly, stepped, or pulsed) at a constant rate while measuring the corresponding current. In
cyclic voltammetry, one of the most common techniques, the potential is increased linearly at
a constant rate until it reaches a certain value and then decreased back to the starting potential,
with current plotted as a function of potential. Figure 1-2a shows a typical cyclic voltammo-
gram (CV) of a 1-mm-diameter gold electrode in a solution of 1 mM ferrocenemethanol in 0.1
M KCl. At the appropriate potential, the redox molecules at the electrode surface are oxidized
or reduced, leading to an increase in faradaic current that produces a peak. The peak current
ip for a reversible redox process is given by the Randles-Sevcik equation:88

ip = 0.4463

(
F 3

RT

)1/2

n3/2AD1/2C∗ν1/2 (1.5)

where F is Faraday’s constant, R is the universal gas constant, T is the absolute temperature,
n is the number of electrons transferred per redox molecule, A is the electrode area, D is the
diffusion coefficient of the redox species, C∗ is the bulk concentration of the redox species, and
ν is the scan rate. Therefore, since the current response is dependent on the electroactive sur-
face area, this technique can be used to characterize the geometry of the electrode. Likewise,
the magnitude of the peak current can also be used to calculate the concentration or diffusion
coefficient of the redox species, while the potential of the peak gives information about the
identity and thermodynamic favorability of a reaction.

The shape of the CV is dependent on the diffusion of the redox species to the electrode
surface and changes significantly when UMEs are used. As discussed previously, diffusion to
a UME is radial, which increases the mass transport of redox species to the electrode surface

16



TRANSPORT DYNAMICS AT THE NANOSCALE CHAPTER 1

and results in steady-state behavior. Consequently, the resulting CV is sigmoidal-shaped like
the one shown in Figure 1-2 for a 216-nm-diameter gold nanoelectrode in 5 mM ferrocene. The
steady-state limiting current iss at an ultramicroelectrode is given by88

iss = 4nFDC∗r (1.6)

where r is the electrode radius.

Cyclic voltammetry is incredibly useful for characterizing both the redox species in solu-
tion and the electrode geometry and accounts for much of the electrochemical characterization
performed in this dissertation.

Chronoamperometry

Important information can also be gained from studying how the current varies with time
at a constant potential. This technique, known as chronoamperometry, is particularly useful
for measuring time-dependent processes, such as exocytosis of vesicle contents from neuronal
cells,4, 15–18, 95 catalytic events resulting from nanoparticles hitting an electrode surface,11–14

or detection and characterization of nanoparticles passing through a nanopore by resistive-
pulse sensing.33, 96–98 One advantage of chronoamperometry is that the potential can be held
at a value specific to the redox potential of the analyte, helping to eliminate unwanted redox
reactions from other species in solution, as may occur with cyclic voltammetry.

Chronocoulometry

In a related technique called chronocoulometry, the integrated current, or amount of charge
passed, is measured as a function of time. This offers certain benefits, including less signal
noise due to the integration, as well as the ability to distinguish between charging current and
the current due to redox reactions of electroactive species.88

1.2 Transport Dynamics at the Nanoscale

Microfluidic and nanofluidic systems often involve the combination of multiple transport
modes, presenting a substantial challenge for predicting transport behavior. However, the
interplay between these forces and the transport limitations imposed at small length scales
gives rise to interesting phenomena that can be manipulated to provide precise control over
solution/solute dynamics and reaction rates. In this section, we present a general overview of
the important concepts and equations governing fluid mechanics on the micro- and nanoscale.
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1.2.1 Equations Governing Transport

We begin our discussion by considering the three central equations that describe micro- and
nanofluidic transport of charged species in nanochannels: the Nernst-Planck equation for the
transport of charged species, the Navier-Stokes equation for fluid flow, and the Poisson equa-
tion for the potential distribution in the channel. Each is discussed briefly below.

Nernst-Planck Equation

The Nernst-Planck equation describes the transport of charged species through a channel un-
der the influence of an electric potential, with the flux per area Ji of ion i given by52

Ji = −Di∇ci −
ziF

RT
Dici∇φ± vcci (1.7)

where Di is the diffusion coefficient of the redox species, ci is the concentration of the redox
species, zi is the valency of the ion, F is Faraday’s constant,R is the universal gas constant, T is
the absolute temperature, φ is the electric potential, and vc is the convective velocity field. This
equation is simply the sum of the flux contributions from three different sources: diffusion due
to a chemical gradient (Fick’s first law), electric potential, and convection (solvent flow due to
pressure, electric or magnetic fields, stirring, etc.).

Navier-Stokes Equations

The Navier-Stokes equations are derived from the conservation of momentum and describe
incompressible fluid flow in nanochannels as follows:52

∇vc = 0 (1.8)

−∇p− Fb
2∑
i=1

zici∇φ− Fb
2∑
i=1

zici∇ϕ+ η∇2vc = 0 (1.9)

where p is the external pressure, Fb is the body force, ϕ is the streaming potential, and η is the
viscosity of the solution. Equation 1.8 is the continuity equation related to the conservation of
mass, mathematically expressing that the volumetric rate at which mass enters the channel is
equal to the rate at which it exits. Equation 1.9 is a statement of the total forces acting on the
fluid in both directions. The first three terms are forces due to the pressure gradient, polariza-
tion of the electrical double layer (caused by the concentration gradient), and the streaming
potential (resulting in electroosmotic flow). These three terms are balanced by the fourth term,
which has the opposite sign and represents the viscous drag force in the reverse direction. This
equation can therefore be used to calculate the vc term in the Nernst-Planck equation above.
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Poisson Equation

The Poisson equation describes the electric potential distribution in the nanochannel:52

∇2φ = − F

ε0ε

2∑
i=1

zici (1.10)

Although the general forms for each of these equations have been given, a complete combined
solution is challenging and is beyond the scope of this dissertation. However, the relevant
transport mechanisms and effects related to these three descriptions as well as the pertinent
equations derived from them will be introduced in the following sections.

1.2.2 Transport Mechanisms

Transport of ions and other charged solutes in aqueous solutions can occur by three main
mechanisms, each associated with a unique driving force. Diffusion, convection, and migra-
tion are movements of the solute in response to a concentration gradient, solvent flow, or
electric potential, respectively. While diffusion and convection affect all solutes, irrespective
of size or composition, migration affects only charged solutes. Convection is unique because it
relies on the movement of the solvent to carry the solute along, while the other two methods of
transport involve the solute traveling through the solvent. Due to this distinction, convection
is uniquely dependent on the geometry of the channel occupied by the fluid, while the other
two modes of transport are, on the simplest level, independent of this relationship. Before
examining each mechanism in detail, we will first briefly consider basic principles and prop-
erties of fluid flow that are relevant for our discussion, focusing on flow through cylindrical
channels since this geometry was used in the work presented here.

Fluid Flow and the Stokes Equation

Fluid flow patterns can be characterized by the ratio of inertial forces to viscous forces. The
relative importance of these two forces is given by the Reynolds number Re:90

Re =
ρvL

η
(1.11)

where ρ is the fluid density, v is the fluid velocity, L is the characteristic length scale of the
flow (i.e. channel diameter for flow in a cylindrical channel), and η is the dynamic viscos-
ity of the solvent. Flow situations with identical Reynolds numbers will have similar flow
patterns even if they are on completely different length scales, making it a useful predictive
value. When Re � 1, viscous effects are dominant, and incompressible fluid flow in a cylin-
drical channel is fully laminar, comprising a series of concentric fluid layers that slide past
one another at different velocities. Consequently, the velocity profile is parabolic (shown in
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Figure 1-3, with the fastest flow in the center of the channel and no flow at the walls due to
friction. At Re � 1, inertial effects are dominant, leading to turbulent flow, which displays
behavior that is much more difficult to predict. However, in general, Reynolds numbers less
than 1500 signify relatively laminar flow, while numbers above 2500 indicate turbulent flow,
and values between 1500 and 2500 correspond to transitional flow behavior.90, 99

The stable flow occurring at the lower extreme of Re = 0 (when no inertial forces are
present) is known as Stokes flow or creeping flow. Under these conditions, the inertial forces
in the Navier-Stokes equation can be ignored, enabling a substantial simplification known as
the Stokes equation:100

∇p =
pL

v
∇v = η∇v (1.12)

The Stokes equation can be solved exactly for many different channel geometries and can be
applied to flow in microfluidic and nanofluidic channels, since Reynolds numbers are typically
small (<1) in these situations.

1.2.3 Diffusion

Molecular diffusion is caused by the random forces exerted on a particle or ion by the sur-
rounding liquid molecules (under Brownian motion). As a result, a particle will tend to move
from an area of higher concentration to an area of lower concentration, with the driving force
provided by the resulting entropy increase.61, 101 Diffusion is often described in terms of con-
centration gradients, with the diffusive flux J (the number of particles moving through a cross-
sectional area per unit time) defined by Fick’s first law:61, 88

J = −D dc

dx
(1.13)

where c is the concentration of the species. The diffusion coefficient can be described as a
proportionality constant representing the size and frequency of the displacement resulting
from collisions with neighboring fluid molecules. It will therefore strongly depend on the
size, shape, and molecular weight of the diffusing species, as well as the properties of the
solvent and the temperature of the system. The value of D is related to the root-mean-square
displacement 〈x〉 at time t by88

〈x〉 = (2Dt)1/2 (1.14)

This equation can be used to estimate how far a species in solution will diffuse in a certain
period of time if the diffusion coefficient is known, or it can be used to calculate the diffusion
coefficient by measuring the distance it has traveled after a period of time. The values of most
molecular diffusion coefficients are determined experimentally. However, when the diffus-
ing species is much larger (like a particle), it can be approximated as a small sphere moving
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through a viscous fluid, and its diffusion coefficient can be calculated exactly. At low Reynolds
numbers when flow can be described as Stokes flow, the force f acting on the sphere under
the influence of only viscous drag is given by101

f = 6πηRv (1.15)

where η is the fluid viscosity, R is the radius of the sphere, and v is the fluid velocity. The
forces acting on the sphere under diffusion are a combination of the random forces exerted
on the particle from the fluid molecules, F (t), and the drag force calculated above. Newton’s
second law can therefore be written as follows:61

6πηRv + F (t) = m
dv

dt
(1.16)

where m is the mass of the sphere and dv
dt represents the acceleration.

Solving for v(t) and then the variance of the displacement dx2

dt and substituting Equa-
tion 1.14 for 〈x〉 gives the equation for the diffusion coefficient D of a sphere:

D = 〈v2〉 m

6πηR
(1.17)

where 〈v2〉 is the mean velocity, which can be calculated from the relationship between kinetic
energy and absolute temperature T given below:

1

2
m〈v2〉 =

1

2
kBT (1.18)

where kB is the Boltzmann constant. Therefore, solving for 〈v2〉 gives

〈v2〉 =
kBT

m
(1.19)

This value can then be substituted back into Equation 1.17 to give the Stokes-Einstein expres-
sion for the diffusion coefficient of a sphere, which is dependent on the temperature, solution
viscosity, and particle radius:61

D =
kBT

6πηR
(1.20)

As this expression shows, the diffusion coefficient is larger for smaller particles.

1.2.4 Convection

Convection is the movement of the solvent due to an external force such as pressure, an electric
field, mechanical motion, etc.52 This section will focus on two of the most common causes of
solvent flow in nanochannels: pressure and electroosmosis.
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FIGURE 1-3: Comparison of the fluid flow profiles for pressure-driven (a) and electroosmotic-driven (b)
flow inside a nanochannel of diameter d and length L with a negative surface charge.

Pressure

Pressure-driven flow through a cylindrical channel is known as Poiseuille flow and displays
the characteristic parabolic velocity profile shown in Figure 1-3a. The fluid velocity as a func-
tion of distance away from the center of the channel v(r) can be solved for exactly using the
Stokes equation described above, assuming that the velocity is zero at the channel walls (the
no slip boundary condition):61, 61, 90

v(r) = −∆P

4η

(
R2 − r2

)
(1.21)

where ∆P is the pressure gradient across the channel, η is the solution viscosity, and R is the
channel radius. The average velocity vavg is calculated to be:

vavg =
∆PR2

8η
(1.22)

The maximum velocity vmax occurs in the center of the channel and is two times higher than
vavg. The volumetric flow rate Q can be determined by multiplying vavg by the cross-sectional
area of the channel and is given by

Q =
∆PπR4

8η
(1.23)

Therefore, the resistance to flow increases dramatically as the diameter of the channel de-
creases, requiring much higher applied pressures to achieve the same velocity, which has im-
portant implications in the design of micro- and nanofluidic systems. The time it takes for the
parabolic flow to develop in the channel is defined as the entrance length Lentrance and can be
estimated as follows:61
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Lentrance = Dh
0.6

1 + 0.035Re
+ 0.056Re (1.24)

where Dh is the hydraulic diameter and Re is the Reynolds number. As a result of the low
Reynolds numbers typically encountered in micro- and nanochannels, the entrance length is
negligible, and the flow can be considered as fully developed laminar flow right at the channel
entrance.61

Due to the parabolic nature of the velocity profile, pressure-driven flow can be used to sep-
arate solutes of different sizes in a technique known as hydrodynamic chromatography.102–104

This method is based on the increased probability of larger particles coming into contact with
the fluid in the center of the channel where the flow is fastest. They will therefore travel faster
along the length of the channel than smaller particles, allowing the two sizes to be separated
over time.

Electroosmosis

Electroosmosis is one of the primary electrokinetic effects mentioned above and was first dis-
covered in 1809 by F.F. Reuss, who noticed that water moved through porous clay under the
application of an electric field due to the acquisition of surface charge on the clay particles
in contact with the solution.105 The diffuse layer of the EDL contains a net charge that can
move under the influence of an electric field. This movement drags the surrounding solution
with it due to viscous interactions, causing the flow of the entire fluid volume and all species
contained therein in the same direction, regardless of charge.52 This produces a flow profile
known as plug flow (shown in Figure 1-3), in which the velocity profile is constant throughout
the channel cross-section except in the EDL region near the wall, where it quickly decreases to
zero. One major advantage of electroosmotic flow is that outside the EDL region, the uniform
velocity means there is no shear in the flow, which prevents dispersion. Therefore, electroos-
mosis is often used as the major mode of transport in many separation techniques because it
avoids band broadening and increases resolution relative to pressure-driven flow.105

In the limit of small EDL thicknesses, the Navier-Stokes and Poisson-Boltzmann equations
can be significantly simplified to give the electroosmotic velocity veo :52

veo =
ε0εζwE

η
(1.25)

where εo is the permittivity of free space, ε is the dielectric constant of the solvent, ζw is the
zeta potential at the wall, η is the viscosity of the solvent, andE is the magnitude of the electric
field. The electroosmotic mobility µeo is the ratio of the average electroosmotic velocity to the
electric field and is given by52

µeo =
ε0εζw
η

(1.26)
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In very small nanochannels at low ionic strength, EDLs from the channel walls can over-
lap, preventing the electric potential from reaching zero in the center of the channel. In this
case, the velocity profile is much more complicated and follows the electric potential, with the
electroosmotic velocity given by52

veo =
ε0εζwE

η

(
1− φ(z)

ζw

)
(1.27)

where φ(z) is the potential distribution between two parallel plates.

Streaming Potential and Sedimentation Potential

Streaming potential, another electrokinetic effect, originates from the flow of an electrolyte
solution over a charged surface (i.e. motion of the mobile ions in the double layer) and is
often driven by pressure. This motion produces a current known as the streaming current.
Consequently, ions build up at the downstream end, creating an electric field which triggers
a reverse electroosmotic flow in the opposite direction (conduction current). This backwards
current reduces the net flow in the forward direction, increasing the apparent viscosity of the
liquid. This is known as the electroviscous effect.52, 106

The counterpart to streaming potential is sedimentation potential. While not caused by
pressure, it is a related electrokinetic effect that occurs when charged particles, rather than the
fluid, are pulled through a liquid by gravity or centrifugation. This movement disturbs the
equilibrium structure of the EDL around each particle and causes ions in the diffuse layer to lag
behind, producing an electric potential difference that hinders the motion of the particles.101

1.2.5 Migration

Migration is the movement of a charged species through a fluid due to the presence of an
electric field. The last electrokinetic effect mentioned earlier, electrophoresis, falls under this
category and will be discussed here.

Electrophoresis

Electrophoresis is the movement of a solute relative to the stationary surrounding fluid and
is caused by the EDL formed at the interface of the particle and the solution. The electrolyte
screens the solute charge, making it effectively neutral in solution. However, the diffuse mo-
bile layer of the EDL has a net charge and will respond to the electric field, causing the fluid
around the solute to move by electroosmosis. Since the charge of the EDL is by necessity op-
posite of the solute charge, this fluid motion will be in the reverse direction from the direction
that the solute would move in the electric field if it was not screened. Given that the bulk fluid
is kept stationary by the viscosity of the solution, the solute is pushed backwards in response
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to this electroosmotic fluid flow (and consequently in the same direction it would move with
no screening).52 Electrophoresis is frequently used to analyze and separate DNA and other
charged species as they travel through pores in a gel or membrane.40, 83, 107 The solute will
experience drag as it moves through the fluid and will be accelerated in an electric field only
until the electrical force is balanced by the viscous drag force as shown below:90, 100

qE = 6πηrvep (1.28)

where q is the surface charge of the particle, vep is the electrophoretic velocity, and r is the
solute radius. When the EDL is thin compared to the molecular radius, the electrophoretic
velocity is analogous to the electroosmotic velocity described above and is given by52

vep =
ε0εζpE

η
(1.29)

where ζp is the zeta potential of the particle. Similarly, the electrophoretic mobility µep is
simply the ratio of the average electrophoretic velocity to the applied electric field:52

µep =
ε0εζp
η

(1.30)

For very small molecules or particles, where the thickness of the EDL is greater than the radius
of the molecule, the electrophoretic velocity becomes

µep =
2ε0εζp

3η
(1.31)

Combination of Electophoresis and Electroosmosis

It is important to mention that although electroosmosis causes solvent flow, it also drags along
any species in solution, thereby indirectly triggering solute movement as well. Often electroos-
mosis and electrophoresis occur simultaneously. The total velocity due to the electric field is
then simply the sum of the velocities from these two effects:33

vtot = vep + veo =
ε0ε

η
(ζp − ζw)E (1.32)

The direction of veo will always be opposite from vep, necessitating the introduction of a nega-
tive sign in the equation above. The final direction of transport is determined by the compar-
ative magnitudes of the zeta potentials of the solute and the channel wall. If the zeta potential
of the solute is greater than that of the wall, electrophoresis will dominate, and vice-versa.
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Dielectrophoresis

Dielectrophoresis is another related effect that describes the movement of a polarizable particle
in response to a nonuniform electric field. The time-averaged dielectrophoretic force FDEP is
given by90, 108

FDEP = 2πε0εR
3CM

(
∇E2

)
(1.33)

where R is the particle radius, E is the electric field, and CM is the Clausius-Mossotti factor,
which is related to the effective polarizability of the particle and is defined as108

CM =

(
εp − εm
εp + 2εm

)
(1.34)

where εp and εm are the complex permittivities of the particle and the solution, respectively.
The polarizability of the particle is dependent on frequency, enabling particle separation

using AC fields of different frequencies.99, 108 Electrophoresis, electroosmosis, and dielec-
trophoresis have all been used to manipulate and separate a wide range of analytes, including
nanoparticles, biomolecules, and cells.51, 86, 99, 108, 109

1.3 Brief Outline of Dissertation

The research presented here investigates the intersection of electrochemistry and transport
behavior in solutions under confinement.

Chapters 2 & 3 describe two projects focused on better understanding and controlling
transport dynamics in silica nanochannels using electrochemical techniques. A detailed de-
scription of the silica nanochannel fabrication method is included in the appendix. Chapter 2
briefly reviews the field of bipolar electrochemistry and summarizes traditional nanoelectrode
fabrication methods. The majority of this chapter describes a unique method for wireless, in
situ control of single metal nanowire growth in a silica nanochannel using an applied elec-
tric field to tune the deposition rate. Solutions of a metal ion precursor and a reducing agent
are initially placed on either side of a channel and allowed to mix inside, with ion transport
controlled by the applied electric field. Deposition occurs first by direct chemical reduction
until the channel diameter is blocked, after which it continues by a bipolar mechanism, with
coupled oxidation and reduction reactions occurring at opposite ends of the growing wire.
The deposition rate can be modified during the growth process by altering the applied electric
field, offering precise control over the synthesis.

Chapter 3 reports a comprehensive study of material-dependent size selectivity observed
in the transport of silica and polystyrene nanoparticles through silica nanochannels detected
by resistive-pulse sensing. We examine the roles of basic driving forces as well as subtler
charge effects, finding that dynamical charge-related properties and processes could be play-
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ing a significant role in size selectivity. Importantly, this suggests that nanoscale phenomena
can affect mesoscale transport behavior when the particle diameter approaches the size of the
channel diameter, which could have significant implications for many other natural and syn-
thetic nanoporous transport systems.

Chapter 4 discusses two original methods for gold nanoelectrode fabrication based on pre-
viously reported nanowire synthesis techniques (nanoskiving and lithographically patterned
nanowire electrodeposition (LPNE)) and examines the benefits and difficulties associated with
using these techniques to prepare nanoelectrodes with controllable and reproducible dimen-
sions.

Chapter 5 covers the synthesis of nanowire arrays based on previously established meth-
ods for use in electrochemical sensing studies and compares the challenges and success rates
achieved using different methods and materials. We show that electroless deposition pro-
duces the most uniform and reproducible arrays and that controlling mass transport is key
to obtaining uniform deposition. We conclude with a brief summary of the observations and
conclusions drawn from this work.
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CHAPTER 2
Dynamic In Situ Control of Single Metal
Nanowire Growth

IN THIS chapter, we describe a method for achieving dynamic in situ control over single
metal nanowire growth in a silica nanochannel template. This work relies on a bipolar
electrochemical mechanism to achieve sustained growth. Therefore, we first introduce

the fundamentals of bipolar electrochemistry, followed by a brief overview of traditional sin-
gle nanoelectrode fabrication methods in order to place this work in a broader context and
highlight the advances achieved in this chapter and Chapters 4 & 5. It should be emphasized,
however, that the main purpose of the project discussed in this chapter is to demonstrate that
an electric field can be used to wirelessly control mass transport in a nanochannel, enabling
precise tuning of the deposition rate during the growth process. While we demonstrate that
the resulting nanowire can be used as a nanoelectrode, the focus is really on developing a gen-
eral method for metal nanowire fabrication and has other applications outside of traditional
nanoelectrode use, whereas the projects reported in Chapters 4 & 5 were developed with the
specific intent to prepare gold nanoelectrodes.

2.1 Bipolar Electrochemistry

Bipolar electrochemistry exploits the interfacial potential difference that develops between a
conductive material and the surrounding electrolyte solution in the presence of an electric
field. This potential difference varies along the length of the material according to the effec-
tive electric field strength in solution but is highest at either end, creating a bipolar electrode
with anodic and cathodic regions at opposite poles. Oxidation reactions at the anodic end are
therefore coupled to reduction reactions at the cathodic end.110 One of the main advantages
of bipolar electrochemistry arises from the fact that no electrical connection to the material is
required, making it effectively wireless. Therefore, it is particularly useful for nanofabrication
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FIGURE 2-1: Comparison of open and closed bipolar systems. In an open system (a), the electrode is sur-
rounded by electrolyte solution, and the total current through the system is a combination of faradaic
and ionic current, making it difficult to obtain quantitative electrochemical information. Conversely, in
a closed system (b) the electrode is insulated, meaning that the faradaic current through the electrode is
the only current source. This allows the measured current to be directly and quantitatively correlated
to electrochemical reactions occurring at the electrode surface.

and other situations for which making electrical contact to the substrate is challenging.110–112

Although there has been a recent resurgence of interest in bipolar electrochemistry, it was
first introduced in the 1960s, when Fleischmann, Goodridge, Wright, and coworkers observed
electrochemical reactions occurring at the surface of conductive particles when a voltage was
applied across the solution using two driving electrodes.113–116 These electrochemical systems,
known as fluid bed electrodes, have since found use in an assortment of applications, includ-
ing photoelectrochemistry,117 batteries,118 and fuel cell technology.119, 120

Many new bipolar applications have been demonstrated recently, including wireless con-
trol over the potential of a nanoelectrode array,121 selective metal deposition,122–126 propulsion
of small bipolar materials by bubbles produced by the coupled reactions or regeneration of
the material itself,127, 128 separation of charged species,129 sensors,130, 131 and preparation and
screening of electrocatalytsts.132–134

Most of these examples use an open bipolar electrode setup (shown in Figure 2-1a), in
which the electrode material is completely surrounded by the electrolyte solution. In this sys-
tem, it is difficult to quantitatively measure the reaction rate at the bipolar electrode since the
total observed current is a combination of the faradaic current carried through the electrode
and the ionic current carried through the solution.110, 135 In addition, the total potential re-
quired to drive the redox reactions at either end of the electrode is usually quite high (ranging
from 20V135 up to tens of kV110), although the exact value depends on the particular electroac-

30



BIPOLAR ELECTROCHEMISTRY CHAPTER 2

tive species in solution as well as the ratio of the electrode length to the channel length.

Our group has recently focused on studying closed bipolar electrode systems (shown in
Figure 2-1b), in which the electrode is insulated and the two solutions in contact with the an-
odic and cathodic ends are physically separated. This effectively creates two separate electro-
chemical cells connected in series and eliminates the ionic current pathway described above.
Consequently, the observed current can be solely attributed to the faradaic reactions occurring
at either end of the wire, providing a direct measure of electrochemical reaction rates. More-
over, the potential required to drive these reactions is much smaller than for open bipolar
electrode systems (usually less than 1V). Our fundamental studies on bipolar electrochemistry
have led to several important conclusions,136, 137 which can be summarized as follows:

1. The current measured in a closed bipolar electrochemical setup quantitatively reflects
the faradaic reactions occurring at the limiting pole of the bipolar electrode.

2. If the voltage needed to drive the reaction at the complementary pole is too high, the
reaction kinetics will be slowed down, producing a broadened CV response compared
to that obtained with a traditional electrochemical setup. This can complicate the use of
bipolar electrodes for quantitative measurements.

3. The voltage requirement mentioned in (2) can be effectively reduced by either:

• Increasing the area of the complementary pole.

• Increasing the redox concentration at the complementary pole.

Assuming that the area or redox concentration at the complementary pole is large
enough, a bipolar electrode can be used in the same way as a traditional electrode.

4. The relationship between the maximum steady-state limiting currents at the anodic and
cathodic poles of a bipolar electrode (iass and icss) and the half-wave potential of the cor-
responding CV (E1/2, the potential when the current is half of its steady-state value) is
given by the following equation:136

E1/2 =
(
E◦

′
a − E◦

′
c

)
− RT

F
ln

(
−2

(
icss
iass

)
− 1

)
(2.1)

where E◦
′
a and E◦

′
c are the formal potentials for the reactions occurring at the anodic and

cathodic poles, respectively, and the cathodic current is defined as negative.

The work contained in this chapter builds off of these fundamental observations, using a
bipolar electrochemical mechanism to overcome traditional challenges in nanofabrication and
achieve unique dynamic control over metal deposition rates.
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2.2 Overview of Nanoelectrode Fabrication Techniques

As mentioned in the introduction, much of the recent progress in electrochemistry can be at-
tributed to the development of ultramicroelectrodes, which have enabled dramatic improve-
ments in spatial and temporal analysis. Nanoscale band electrodes were first reported in
the mid-1980s by multiple groups.24, 138, 139 While UMEs of many different geometries can be
prepared,140 including band,24, 138, 139, 141, 142 nanopore,143–146 ring-disk,147–150 and hemisphere
electrodes,151, 152 disk electrodes have emerged as one of the most widely used due to their
well-defined structure and relative ease of fabrication. Although numerous fabrication meth-
ods have been employed, the majority involve encasing a metal wire or carbon fiber in an
insulating material before polishing the tip to expose the metal electrode.153–155, 155 These
nanoscale wires or fibers can be created using several different techniques, including laser-
assisted pulling of a microwire sealed in a glass capillary,6, 156–160 etching of a microwire in
NaCN or CaCl2 solution,5, 144, 156, 161 photolithography,162–164 or electroless deposition165 and
can be subsequently insulated using glass5, 144, 154, 156, 166 or electrophoretic paint.5, 167, 168 How-
ever, there are several common challenges to achieving reproducible electrode fabrication,
including forming a complete seal between the insulating layer and the metal electrode to
prevent leakage of ionic current, and polishing difficulties, which can result in broken tips or
larger-than-expected electrode diameters due to the tapered shape of many of the wires. Thus,
despite these advances there is still room for significant improvement.

Gold nanoelectrodes are particularly desirable due to their chemical stability and straight-
forward, well-established surface functionalization methods, which make them especially ad-
vantageous for electrochemical sensor applications20, 21, 23, 95, 148, 169–172 and catalytic studies,20, 173, 174

as the surface can be modified with nanoparticles, enzymes, DNA, or target molecules to im-
part specificity or facilitate single-particle detection and analysis. However, the low melting
point of gold makes it very challenging to use traditional laser-assisted pulling methods (such
as those mentioned above) to fabricate these electrodes, instead necessitating the use of deposi-
tion,19, 50, 165 etching,144 evaporation techniques175, 176 or photolithography.172, 177, 178 Nonethe-
less, it remains difficult to produce single, electrically insulated nanowires using these ap-
proaches. In this dissertation, we focus on overcoming these limitations to develop new, sim-
ple, controllable, and reproducible methods for the fabrication of gold nanoelectrodes with
tailored geometry and dimensions.

2.3 Dynamic In Situ Control of Single Metal Nanowire Growth

Note: This portion of the chapter is reproduced with permission from ACS Nano, submitted for publi-
cation. Unpublished work copyright 2014 American Chemical Society.
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2.3.1 Introduction

Metal nanowires have garnered considerable research attention due to their impressive versa-
tility, with unique electrical, optical, and catalytic properties that make them well-suited for
applications in nanoelectronics,179–183 optics,184–187 sensing,19, 21, 23, 170 and electrochemistry.13, 20, 92, 188

Since these properties are determined by the structure and crystallinity of the wire, controlled
fabrication is critical for customization. While numerous synthesis techniques have been em-
ployed,176, 177, 189–191 template-confined deposition192–194 has emerged as one of the most pop-
ular due to two major advantages—it allows the morphology and location of metal growth
to be precisely tailored by the template architecture, and it imposes transport limitations that
help regulate growth kinetics.

Template-confined deposition is typically carried out using either electrochemical or elec-
troless techniques. In electrochemical deposition,44–46, 195–197 metal ions are reduced at a con-
ductive surface on the template by an applied potential, which can be adjusted to tune growth
rate and crystallinity. While this straightforward control enables high-quality unidirectional
growth, it requires a direct electrical connection to the template, which is often difficult to es-
tablish on the nanoscale. Conversely, electroless deposition47, 48, 50, 198 occurs by direct chemical
reduction and does not require an electrical connection or an applied potential, resulting in a
considerably simpler setup that is more conducive to nanoscale fabrication. However, it of-
ten requires preactivation of the surface by several additional steps, and the growth rate and
direction are less controllable. Ideally, the benefits of both electrochemical and electroless de-
position could be combined to yield a simple setup that requires no direct electrical connection
or surface preactivation but maintains the control afforded by an externally applied potential.

Indeed, many recent reports have made exciting progress toward combining these advan-
tages. For example, Drndic and coworkers74 demonstrated the fabrication of a single gold
nanoparticle inside a silicon nitride pore by chemical reduction, with the mixing of precursor
solutions regulated by an applied electric field. However, this process is self-limiting, prevent-
ing further growth after the short pore length is blocked. Nanoparticles and nanowires have
also been fabricated on a variety of conductive surfaces by using a supportive metal substrate
with the appropriate redox potential to drive the reduction of metal ions in solution.49, 199, 200 In
addition, several studies have deposited metal in between conductive microparticles or at the
end of carbon micro-/nanotubes by a wireless method known as bipolar electrodeposition,
in which an applied electric field, rather than a direct electrical connection, is used to drive
one-dimensional metal growth.123, 125, 126, 201–203 This approach requires a conductive starting
substrate, which develops locally anodic and cathodic regions that facilitate coupled oxidation
and reduction reactions. However, these substrates are difficult to fabricate and immobilize
on the nanoscale, and the absence of a template eliminates the beneficial morphological and
growth rate control that results from physical confinement. Furthermore, this method neces-
sitates the application of very high potentials (usually tens of kV), and the measured current
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cannot be used to directly monitor the reduction reaction since it is a combination of both
faradaic and ionic current.

In order to bypass the necessity for an initial conductive starting substrate while main-
taining the advantages of a template, a few reports have used an innovative two-step process
in which direct chemical reduction is first employed to create metallic anchor segments in the
pores of an array that can act as substrates for subsequent bipolar wire growth. This additional
growth is driven by the difference between the redox potentials of the two precursor solutions
rather than an applied electric field.204–207 However, this method does not produce electrically
insulated wires, which are critical for many electrical and electrochemical applications. More-
over, the wires are frequently grown in arrays rather than individually. Although wires can be
released from a templated array, manipulating single, free-standing wires for use in devices is
extremely challenging.

Most importantly, the deposition rate in a template-confined system is determined by how
fast the redox species reach the surface of the growing wire, and in the above examples this
rate can only be controlled by changing the identities or concentrations of the redox species,
which alters both the electrochemical driving force and the transport kinetics (due to changes
in chemical potential). These parameters must be optimized for each experimental system
and are set before the reaction begins. Consequently, they cannot be easily adjusted during
the growth phase, even though deposition is a dynamic process, with local concentrations
in constant flux as reagents are consumed and transport distances change with the shifting
deposition site.

Here we present a bipolar electrochemical method for in situ control of single metal nanowire
growth, showing that the deposition rate can be dynamically adjusted by applying an in-
dependently tunable electric field of less than 1 V during the growth process. We demon-
strate this enhanced control by depositing a single gold nanowire in a silica nanochannel tem-
plate using a two-step chemical/bipolar electrochemical reduction mechanism while simulta-
neously monitoring both the current-time trace and optical microscope video of the growth
process in real time. This method is highly reproducible and requires no direct electrical con-
nection, and scanning electron microscope (SEM) images show that the resulting wire is solid
throughout its length. The use of a silica nanochannel template results in a single nanowire
rather than a nanowire array. This allows us to accurately correlate electrical and optical ob-
servations with wire growth and regulate deposition without complications from ensemble
effects. It also enables the insulated wire to be used as a bipolar nanoelectrode or to be easily
manipulated and positioned for use in other applications that require isolated wires. Addition-
ally, compared to the planar diffusion that occurs in an array configuration, radial diffusion
to a single channel opening offers a fundamental transport advantage, aiding growth kinetics
by increasing mass transport and avoiding quick depletion of the metal ions at the nanowire
surface.
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2.3.2 Results and Discussion

Overview of Deposition Process

A diagram of our setup is shown in Figure 2-2. A cylindrical-shaped silica nanochannel was
fabricated at the end of a glass micropipette according to our previously published method208

and employed as a template for metal deposition. Most nanochannels used in this work were
between 200-400 nm in diameter and 20-50 µm in length. The nanochannel was filled with
50 mM gold (III) chloride (HAuCl4) in 0.1 M potassium chloride (KCl) and placed inside an
empty solution chamber. A Ag/AgCl electrode was inserted into the supporting pipette of
the nanochannel and another was inserted into the solution chamber. The whole ensemble
was positioned under an upright microscope in order to visually observe wire growth while
simultaneously monitoring the resulting current. An initial potential of -0.6 V was applied
to the working electrode (defined as the electrode in the AuCl−4 solution), and a solution of
50 mM sodium borohydride (NaBH4) in ethanol was introduced into the solution chamber to
initiate the reaction. Ethanol was chosen instead of water because NaBH4 reacts with different
solvents to varying degrees, and the decomposition of NaBH4 in ethanol is much slower than
it is in water.

Gold growth proceeds in two stages: initial chemical reduction that generates gold parti-
cles until the channel is blocked, followed by bipolar electrochemical deposition that furthers
the growth of the nanowire. Externally connecting the AuCl−4 and BH−4 redox solutions creates
a closed circuit, forming a simple battery that not only helps direct solution mixing during the
initial chemical reduction phase but also drives the subsequent elongation of the wire. It is
difficult to calculate the expected battery potential based on the standard redox potentials of
the two solutions since the redox potential of BH−4 is known to be solvent dependent and is
not reported for ethanol. However, we measured the cell potential to be ∼1.2 V using a salt
bridge to connect the two bulk redox solutions.

This spontaneous electrochemical potential is set by the identities and concentrations of
the redox species, which cannot be easily or controllably adjusted during the growth process.
However, these concentrations naturally fluctuate during the reaction as reagents are con-
sumed and transport limitations change, causing simultaneous variations in both the battery
potential and mass transport to the deposition site. Therefore, we introduce an independent,
externally applied electric potential across the two Ag/AgCl electrodes that allows us to dy-
namically tune the total driving force of the system in situ. The equivalent circuit model for our
setup is shown in Figure 2-2b. Depending on its polarity, this additional potential will either
enhance or oppose the battery potential, providing a significant degree of control. This is par-
ticularly beneficial during the bipolar electrochemical deposition phase, in which the growth
of the short section of gold formed by chemical reduction is driven by coupled oxidation and
reduction reactions at opposite ends of the growing nanowire. Adjusting this externally ap-
plied potential therefore gives precise control over the growth rate of the gold during this
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FIGURE 2-2: (a) Schematic of controlled nanowire deposition inside a silica nanochannel by a two-
step mechanism requiring no direct electrical connection to the template. When the two precursor
solutions meet at the channel entrance, BH−

4 reduces AuCl−4 on contact, blocking the channel diameter.
The redox potential difference between the two solutions creates an inherent battery potential that
drives subsequent growth by a bipolar electrochemical mechanism, with AuCl−4 reduction at one end
of the wire coupled to BH−

4 oxidation at the other. Electroneutrality is maintained by electron flow
through the external circuit. The deposition rate can be dynamically controlled in situ by applying
an independently tunable electric potential across the channel (via a potentiostat) to either enhance or
oppose the battery potential. (b) Equivalent circuit diagram of our setup, where V1 is the potentiostat
voltage, V2 is the spontaneous battery voltage, R1 is the resistance of the HAuCl4 solution and R2 is
the resistance of the NaBH4 solution.

period.

Chemical Reduction Phase

Initial gold deposition occurs by chemical reduction when the two redox solutions meet ac-
cording to the following reaction:

8AuCl−4 + 3BH−4 + 9EtOH =⇒ 8Au(s) + 3B(EtO)3 + 21H+ + 32Cl− (2.2)

Ideally this chemical reduction phase would be both fast and localized, immediately form-
ing a short section of gold to plug the channel. While it is difficult to completely control the
preliminary solution mixing, the potential across the channel provides a significant degree of
regulation due to the identical charges of the two redox species. The AuCl−4 ions are driven
into the channel, away from the electrode in the pipette (defined as the working electrode),
while the BH−4 ions migrate away from the channel, toward the electrode in the external so-
lution (defined as the reference electrode). Consequently, the initial interface of the two solu-
tions is always located at the outside channel opening near the BH−4 solution, which allows for
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consistent, reproducible control of both the starting point and direction of wire growth. It is
important to note that the initial concentrations, while not easily controlled during the growth
process, do play a vital role in determining how this chemical reduction phase proceeds. If
the concentration of NaBH4 is too high, there are too many nucleation sites, and deposition
proceeds rapidly down the length of the channel without blocking the diameter. Similarly, if
the concentration of NaBH4 is too low, the rate of gold deposition is too slow to quickly block
the channel, and growth likewise continues along the walls rather than across the width. Both
situations produce porous wires. An additional transport hindrance is imposed on the AuCl−4
ions since they must travel through the channel to reach the deposition front. A 50 mM con-
centration of both HAuCl4 and NaBH4 was found to give a good balance between a reasonable
number of nucleation sites and a fast enough chemical reduction rate.

Figure 2-3 shows a typical current-time trace with corresponding optical microscope im-
ages of the growing nanowire at different time points during the deposition. After NaBH4 is
initially added, a sudden increase in ionic current is observed as the solutions meet and the
circuit is completed. The sign of the current is negative in accordance with the polarity of the
potential. The current then immediately begins to decrease as gold is deposited at the channel
entrance, shrinking the effective diameter of the channel. However, after this initial decrease,
the current fluctuates significantly, reflecting the dynamic nature of this chemical reduction
phase. Since BH−4 reduces AuCl−4 on contact as soon as the solutions meet, there are multiple
nucleation points for gold growth. Therefore, as Wong and coworkers have noted, this initial
portion of the wire likely consists of many small gold nanoparticles connected together and
is probably somewhat porous in nature.205 This is confirmed by the SEM image of the outer
section of the wire (Figure 2-9a), which shows aggregates of gold particles joined together. It
is possible that initially-formed gold nanoparticles or aggregates are easily dislodged from the
channel before they can establish a strong anchor, causing the observed current fluctuations as
they travel through and exit the channel. This conclusion is supported by the fact that these
fluctuations resemble stochastic particle detection events observed in resistive-pulse sensing
of nanoparticles passing through a nanopore.96 Therefore, we believe this is the most likely
explanation for this variable current behavior.

Eventually, the particles form a large and stable enough conglomerate to completely ob-
struct ion flow through the channel, as indicated by the subsequent current decrease to zero.
Due to the nature of this initial chemical deposition, we have oriented our solutions with
AuCl−4 on the inside and BH−4 on the outside so that this more porous part of the wire is lo-
cated near the outside of the channel and can be easily removed by focused ion beam milling,
polishing, or etching.
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FIGURE 2-3: Current-time trace for gold deposition in a 293-nm-diameter channel, along with accom-
panying optical microscope images at different time points during the growth process. The voltage
values represent the external potential applied at the indicated times. An increase in ionic current is
observed after adding NaBH4 due to completion of the circuit through the channel. An external poten-
tial is applied during this initial stage to help direct solution mixing. Particle formation and translo-
cation through the channel are likely responsible for the transient current fluctuations observed until
the channel is fully blocked (indicated by a current decrease to zero). The subsequent small, positive
faradaic current represents the onset of bipolar electrochemical deposition. As deposition proceeds,
decreased mass transport resistance causes a natural increase in the deposition rate, which is countered
by gradually increasing the magnitude of the externally applied potential to maintain an average rate
of 3.1 nm/s. The blue asterisks indicate each time more NaBH4 solution was added to the soution
chamber. The large vertical current spikes correspond directly to these additions and are due to physi-
cal disruptions to the setup during these periods. The much smaller current spikes are due to footsteps
and other small vibrations. Dark particles seen on the outside of the channel are small pieces of silicone
rubber that have broken off from the chamber seal and do not affect the deposition process. All scale
bars are 10 µm.

Solution Mixing Behavior without Potentiostat Control

While we have found that controlling the potential during this initial phase provides the best
control over the rate of blockage formation, it is interesting to note that just the presence of
a closed circuit (without the potentiostat) has a regulatory effect on solution mixing. This
is illustrated by comparing the behavior observed in two control experiments: one without
an external electrical connection and one with only a wire connecting the two Ag/AgCl elec-
trodes (no potentiostat). With no external connection between the redox solutions (Figure 2-4),
their mixing is controlled solely by diffusion, and gold growth occurs exclusively by chemical
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FIGURE 2-4: Control experiment performed in a 289-nm-diameter channel with no external electrical
connection. (a) Optical microscope images of wire growth at different time points during the deposi-
tion. Transport is controlled by diffusion, and growth occurs solely by chemical reduction, proceeding
rapidly down the length of the channel due to the simultaneous formation of multiple nucleation sites.
Eventually deposition slows down as the reduced gold finally blocks the channel diameter. (b) SEM
image of the wire before cutting, showing the outer portion of the wire formed by chemical reduction.
(d-e) SEM cross-section images of the wire: after the first (d) and second (e) FIB cuts at the approximate
locations indicated in (c). The wire is not completely solid due to the fast growth rate. All scale bars are
10 µm unless otherwise indicated.

reduction. As BH−4 infiltrates the channel, rapid gold deposition takes place at multiple nucle-
ation sites simultaneously, producing a porous wire that begins its growth at various locations
in the channel. Consequently, the deposited gold does not initially block the channel diameter,
instead continuing quickly down the sidewalls. As the wire approaches the end of the chan-
nel, the deposition rate slows down since the majority of the channel breadth has finally been
blocked and mass transport through the channel is severely hindered. Conversely, the initial
mixing behavior in the channel with the two Ag/AgCl electrodes connected only with a wire
(Figure 2-5) shows a much slower and more controlled growth rate that is quite similar to the
channel under potentiostat control shown in Figure 2-3.

Bipolar Electrochemical Deposition Phase

After the channel is fully obstructed and the solutions are no longer in physical contact, the
growth mechanism switches from chemical reduction to bipolar electrochemical deposition.
We have previously reported the unique behavior of closed bipolar systems, in which oxida-
tion at one end of an insulated bipolar electrode is directly coupled to reduction at the other,
allowing the reaction rate to be monitored by observing the faradaic current.136, 137 Therefore,
once the deposited gold blocks the entire channel diameter, it acts as a bipolar electrode in the
presence of a closed circuit, with AuCl−4 reduced at the cathodic end of the wire and BH−4 ox-
idized at the anodic pole. Since the spontaneous battery potential of 1.2 V results in a growth
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FIGURE 2-5: Control experiment performed in a 271-nm-diameter channel according to the setup shown
in Figure 2-2 but with the two Ag/AgCl electrodes connected only with a wire (no potentiostat). Opti-
cal microscope images of wire growth are shown at different time points during the deposition. Growth
proceeds in a much slower and more controlled manner than for the case without an external electri-
cal connection (Figure 2-4), indicating that having an external pathway for electrons to flow actually
changes the initial mixing behavior. As growth proceeds and the end of the wire nears the AuCl−4 so-
lution, the growth rate increases due to decreased mass transport resistance (similar to Figure 2-3 and
Figure 2-7.

rate that is often too fast to produce a high-quality wire, we apply the independent external
potential in a direction contrary to the battery potential to decrease this driving force and re-
duce the deposition rate. The total potential across the gold wire is thus the difference between
these two potential sources. In order to maintain electroneutrality, oxidation of Ag must oc-
cur at the Ag/AgCl working electrode to balance the reduction of AuCl−4 at the cathodic end
of the growing gold wire. Likewise, reduction of Ag+ must occur at the Ag/AgCl reference
electrode to balance the oxidation of BH−4 at the anodic end. Therefore, the working electrode
should record a positive faradaic current as deposition proceeds. The current trace in Figure 2-
3 confirms that this is the case, showing a small positive current of∼ 6 pA as growth continues
after the channel is initially blocked.

To further verify that gold deposition can occur by the described bipolar mechanism with-
out physical contact between the metal precursor and the reducing agent, we performed a con-
trol experiment mimicking the setup in Figure 2-2, but with two changes: the AuCl−4 and BH−4
solutions were placed in two separate beakers, and the two ends of the growing gold nanowire
were represented by two glass-sealed Pt nanoelectrodes (one in each solution) connected to
each other with a wire (Figure 2-6). Electrochemical measurements and SEM images confirm
that when a potential was applied across the two Ag/AgCl electrodes, gold was deposited on
the Pt nanoelectrode in the AuCl−4 solution even though it was not directly connected to the
potentiostat, demonstrating that deposition occurred via a bipolar mechanism.

We can calculate the amount of gold deposited and the deposition rate for the channel
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FIGURE 2-6: (a) Diagram of the experimental setup for a control experiment performed with the
HAuCl4 and NaBH4 solutions in two separate beakers to prevent chemical reduction by solution mix-
ing. Each beaker contained one Pt nanoelectrode (Pt #1 = ∼ 373 nm diameter, Pt #2 = ∼ 275 nm diam-
eter) and one Ag/AgCl electrode, creating two electrochemical cells which were connected in series to
mimic our nanochannel setup in Figure 2-2, with the two Pt nanoelectrodes representing the two ends
of the growing gold nanowire. When a negative potential (between -0.4 V and -0.6 V) was applied to
the Ag/AgCl electrode in the HAuCl4 solution for 1 h, gold was deposited on Pt #2 even though it was
not directly connected to the potentiostat, confirming that growth proceeds by a bipolar mechanism,
with gold reduction on Pt #2 coupled to borohydride oxidation on Pt #1. (b) Cyclic voltammograms
of Pt #2 in 1 mM ferrocenemethanol in 0.1 M phosphate buffer at pH 7.4 before (black) and after (red)
deposition at a scan rate of 20 mV/s. The diameter of the electrode after deposition was calculated to be
1.6 µm (approximating the geometry as a disk). (c) SEM image of Pt #2 after gold deposition, verifying
that it matches the size calculated from the CV in (b). Pt nanoelectrodes were fabricated according to
the process described in our previous publication.158

shown in Figure 2-3 using Faraday’s law, which states the relationship between the total charge
passed Q and the number of moles of material deposited N :88

Q = nFN (2.3)

where n is the number of electrons transferred per redox molecule and F is Faraday’s constant.
The value ofQ can be obtained by integrating the current-time curve in Figure 2-3 over just the
bipolar electrodeposition phase and can be used to calculate the moles of deposited gold N .
Taking into account the dimensions of the channel, this number can then be converted into an
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FIGURE 2-7: (a) Current-time trace and corresponding optical microscope images of a control exper-
iment performed in a 394-nm-diameter channel using the same setup shown in Figure 1 but with no
adjustment of the applied potential during the growth process. The ionic current increases after NaBH4

is added due to completion of the circuit. Transient current events are most likely due to newly-formed
particles passing through the channel. Eventually the channel is blocked and the current decreases to
zero, after which bipolar electrodeposition begins. The faradaic current increases substantially as the
end of the wire approaches the bulk AuCl−4 solution due to decreased mass transport resistance, result-
ing in rapid growth that reaches a maximum rate of 863 nm/s. (b, d-e) SEM images of the wire: (b)
before cutting, showing the hollow channel opening. (d-e) after the first (d) and second (e) FIB cuts
at the approximate locations indicated in (c). The wire does not become solid until the second bipolar
growth mechanism takes over. All scale bars are 10 µm unless otherwise indicated.

equivalent length and compared to the optical measurement of the channel length filled with
gold during this time period. In order to make a more accurate optical comparison, we have
chosen to analyze a slightly shorter time period within the bipolar electrodeposition phase, in
which the starting and ending points of wire growth are clearly visible. Approximating the
current as a constant value of 6 pA and integrating from 30 to 127 min gives 1.21 x 10−13 moles
of deposited gold. This value can be converted into an equivalent volume using the density
of gold and then an equivalent length by diving by the cross-sectional area of the channel.
Thus, the length of gold deposited in the channel based on the faradaic current is calculated
to be 18.2 µm, giving an average deposition rate of 3.1 nm/s. This length calculation agrees
well with the value of 19.6 µm determined optically. The small discrepancy is likely due to
the error associated with approximating the current as a constant value and error from the
optical measurements, which are limited by the resolution of the microscope. In addition to the
average growth rate determined above, an instantaneous linear growth rate can be calculated
from the faradaic current at any point during the deposition, providing insight into the growth
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conditions at that particular moment. For example, at 60 min the current is 5.7 pA or 5.7 x 10−12

C/s, which can be used to calculate a volumetric rate and then divided by the cross-sectional
area of the channel to give an instantaneous deposition rate of 3.0 nm/s. Therefore, recording
the faradaic current allows the growth rate to be directly monitored and adjusted in real time.

As deposition proceeds and gold fills the channel, the mass transport resistance of the
AuCl−4 ions decreases due to the diminishing distance between the bulk AuCl−4 solution and
the recessed deposition site. Consequently, the enhanced migration of AuCl−4 ions results in
an increased growth rate. This is observed in the control experiment performed using the
same setup shown in Figure 2-2 but with no adjustment of the applied potential during the
growth process (Figure 2-7), which shows a substantial increase in current as the growing wire
nears the end of the channel, reaching a peak growth rate of 863 nm/s. Therefore, in order to
maintain a constant deposition rate, the externally applied potential must be continually in-
creased in opposition to the battery potential to reduce the effective potential at the growing
wire and slow down the transport kinetics, as illustrated in Figure 2-3. It should be noted that
this potential is controlled manually. While ideally a constant current would be maintained by
galvanostatic control during this phase, our setup does not possess the capability to switch be-
tween potentiostatic (needed for the initial chemical reduction stage) and galvanostatic modes
without first stopping the potentiostat to switch the settings, which could result in uneven
growth and defects during this transition period.

We have further demonstrated this in situ control over the deposition rate by performing an
experiment in which we intentionally changed the external potential by a significant amount in
either direction several times during the growth process, causing large increases or decreases
in the corresponding deposition rate and confirming that this externally applied potential can
be used to dynamically tune the growth rate (Figure 2-13).

Wire growth is monitored under the microscope until it reaches the end of the channel. As
we have shown in our previous papers on bipolar electrochemistry,136, 137 for electrochemical
applications it is advantageous to allow the inner surface of the gold wire to grow well beyond
the end of the channel, as this increased size will help ensure that the current is limited by
reactions occurring at the outer surface of the wire. This deposition method can also be used
to fabricate other metal nanowires, as we have demonstrated for platinum (Figure 2-14 in the
Supporting Information).

Characterization by Microscopy and Cyclic Voltammetry

Optical microscope images of the finished wire are shown in Figure 2-8. The gold wire spans
the entire length of the channel and appears solid throughout. An SEM image of the outside
surface of a wire deposited under the same conditions is shown in Figure 2-9a. The unique
gold structure reveals the initially disordered chemical reduction that occurs at the interface
between the AuCl−4 and BH−4 solutions. In order to further investigate the morphology and
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FIGURE 2-8: Optical microscope images of the completed wire from Figure 2-3: (a) bright-field, (b)
reflectance, and (c) pseudo dark-field. All scale bars are 10 µm.

FIGURE 2-9: SEM images of a completed gold wire: (a) before cutting, showing the outer portion of
the wire formed by chemical reduction. (b) after cutting. (d-f) cross-section images after the first (d),
second (e), and third (f) FIB cuts at the approximate locations indicated in (c), confirming that the wire
is solid and maintains good contact with the glass throughout its length.

integrity of the wire, focused ion beam (FIB) milling was used to cut cross-sections at three
different points along the finished wire. These three locations and the corresponding SEM
images of the cross-sections are shown in Figures 2-9b-f. These images confirm that the wire
is solid and maintains good contact with the glass throughout its length.

It is interesting to note that the gold fills the entire channel diameter rather than propa-
gating along the direction of the electric field from a single cross-sectional point, as has been
observed in previous reports of open bipolar electrodeposition at conductive metal spheres
and rings.123, 201 We believe that the primary difference lies in the profile of the deposition
surface. In contrast to the curved deposition surfaces used in this prior work, we suspect that
the profile of our growing nanowire surface is relatively flat due to the slow growth rate and
the confinement of the template, which promotes some degree of adhesion between the gold
and the glass. While the strength of the electric field will vary along the length of the channel,
affecting the movement of ions within the channel to some degree, it should be fairly constant
across the diameter at any given point. Consequently, the potential should be relatively uni-
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FIGURE 2-10: SEM image of the outside cap that grows on top of the wire after reaching the end of the
nanochannel, shown for a wire deposited with the positions of the AuCl−4 and BH−

4 solutions reversed
(BH−

4 inside the supporting capillary and AuCl−4 outside). This reversal ensures that the initial disor-
dered portion of the wire formed by direct chemical reduction is located on the inside of the nanochan-
nel, while the section formed by controlled bipolar electrodeposition continues through to the outside,
where it can be easily imaged. The ordered arrangement of many smaller wire-like caps in the image
indicates that the wire is probably high-quality polycrystalline.

form at either end of the wire along the anodic and cathodic surfaces, respectively, allowing
gold to fill the entire cross-section.

While we were unable to obtain TEM images of the wire due to the thick surrounding
glass, Karim and coworkers have noted that the type of cap that grows on top of the wire after
it reaches the end of the confined nanochannel is indicative of wire crystallinity.46 Figure 2-10
shows an SEM image of the cap grown on a wire via bipolar electrodeposition when the BH−4
and AuCl−4 solution locations were reversed (in order to move the porous part of the wire
formed by chemical reduction to the inside of the nanochannel and allow the section formed
by controlled bipolar electrodeposition to grow through to the outside for easy imaging). Since
the cap consists of an ordered collection of smaller wire-like protrusions rather than a single
crystal, the nanowire is probably high-quality polycrystalline. However, this does not under-
mine its usefulness, and the crystallinity could likely be improved with further optimization.

Gold is a desirable electrode material because it is relatively inert but easy to functionalize
for applications that require surface modification. However, it is difficult to fabricate single
gold nanoelectrodes due to the challenge of establishing electrical contact and the low melt-
ing point of gold, which makes traditional laser-pulling methods used to fabricate platinum
nanoelectrodes difficult.94 Our method is therefore an excellent way to produce gold nano-
electrodes. For a closed bipolar system, in which the nanowire is electrically insulated as it is
here, all of the current in the system is carried through the nanowire. Therefore, the measured
current can be directly and quantitatively correlated to reactions occurring at the nanowire it-
self. This is in contrast to an open bipolar system, in which the nanowire is surrounded by an
electrolyte solution, and the measured current is a combination of the faradaic current carried

45



CHAPTER 2 DYNAMIC In Situ CONTROL OF SINGLE METAL NANOWIRE GROWTH

FIGURE 2-11: Demonstration of a deposited gold wire functioning as a bipolar nanoelectrode. (a) Cyclic
voltammogram of the nanowire electrode in 2 mM ferrocenemethanol in 0.1 M phosphate buffer, pH
7.4 at a scan rate of 10 mV/s. The inside of the supporting capillary was filled with 10 mM ferricyanide
in 0.1 M phosphate buffer, pH 7.4. (b) Corresponding SEM image of the cross-section confirming the
274 nm diameter calculated from the steady-state limiting current in (a).

through the wire and the ionic current carried through the open solution.110

Cyclic voltammetry was performed to demonstrate the ability of the insulated gold wire
to function as a bipolar nanoelectrode. The supporting pipette was filled with 10 mM ferri-
cyanide in 0.1 M phosphate buffer at pH 7.4, while the outside was immersed in 2 mM fer-
rocenemethanol in 0.1 M phosphate buffer at pH 7.4. As we have discussed in our previous
reports, provided that the current is sufficiently limited by one pole of the electrode (through
either ample area or concentration differences between the two poles), there are no functional
limitations to the closed bipolar setup, and a bipolar electrode can be used in the same way
as a traditional electrode. Since the inner face of the wire described here has a larger surface
area and is in contact with a higher concentration redox solution, the current is limited by the
oxidation of ferrocenemethanol at the outer surface. A cyclic voltammogram (CV) is shown in
Figure 2-11, along with the corresponding SEM image of the electrode after FIB cutting. The
electrochemical response is identical in shape and current magnitude to that expected from a
traditional electrode. The radius of the electrode can be calculated using the equation for the
steady-state current iss at a disk ultramicroelectrode:88

iss = 4nFDC∗r (2.4)

where n and F are previously defined, D is the diffusion coefficient (6.7 10−6 cm2/s for fer-
rocenemethanol),137 C∗ is the bulk concentration of the redox species, and r is the electrode
radius. A steady-state limiting current of 73.5 pA corresponds to an electrode diameter of 274
nm, which matches well with the 279 nm diameter measured from the SEM image.
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The only difference between the electrochemical response of a bipolar electrode and a tra-
ditional electrode comes from the position of the half-wave potential E1/2 (the potential when
the current is half of its steady-state value), which is shifted in a bipolar setup. However,
this shift is predictable, meaning that a bipolar electrode can still be used for catalytic studies
and other experiments in which results are determined by monitoring the E1/2 position. We
have previously shown that the E1/2 for a closed bipolar electrode shifts depending on the ra-
tio between the anodic and cathodic steady-state limiting currents according to the following
equation:136

E1/2 =
(
E◦

′
a − E◦

′
c

)
− RT

F
ln

(
−2

(
icss
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)
− 1

)
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where E◦
′
a and E◦

′
c are the formal potentials for the reactions occurring at the anodic and ca-

thodic poles, R is the universal gas constant, T is the temperature, n and F are previously
defined, and iass and icss are the maximum possible steady-state limiting currents at the anodic
and cathodic poles, respectively. The cathodic current is defined as negative. The values of
iass (73.5 pA) and E1/2 (-0.24 V) can both be obtained from the CV. Solving for icss in Equa-
tion 2.4 gives a maximum cathodic limiting current of -7.0 nA. Since the gold grows outward
after reaching the end of the channel, the inner end of the wire can be approximated as a
hemisphere rather than a disk, with the steady-state current given by:88

iss = 2πnFDC∗r (2.6)

The limiting current above corresponds to an inner hemisphere diameter of 3 µm, which is
reasonable given that it is visible under the microscope. Therefore, we can calculate the di-
ameters of both the outer and inner ends of the wire from a single CV. We have found that
running repeated CVs often results in a loss of contact between the wire and the surface of
the glass. We don’t fully understand the nature of this disconnection, but we are currently
working on surface modification procedures to improve adhesion.

2.3.3 Conclusions

We have presented a simple, reproducible method for dynamically controlling the rate of metal
nanowire deposition in situ. This approach employs a combined chemical/bipolar electro-
chemical mechanism that does not require a direct electrical connection and is driven by the
redox potential difference between solutions of a metal precursor and a reducing agent. When
these solutions mix in a confined nanochannel template a short metal nanowire is formed, cre-
ating a closed bipolar electrochemical cell that separates the reduction of metal precursor ions
at one end of the nanowire from the oxidation of the reducing agent at the other. This bipolar
process is monitored in real time by the faradaic current readout and optical microscopy and
can be regulated by applying an independently tunable electric field across the nanowire, en-
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abling precise ”wireless” control over the deposition rate. We demonstrated this method by
depositing a single gold nanowire in a silica nanochannel template and characterized the re-
sulting wire by SEM and cyclic voltammetry, confirming that it is solid throughout its length
and can be used as a bipolar nanoelectrode. The ability to directly monitor and control the
deposition rate provides fundamental insight into the dynamics of metal growth under con-
finement. This procedure could be extended to other electrochemical systems as well and can
be further tailored by modifying the template geometry, as the degree of confinement affects
transport.86

Electrodes fabricated using this method could be easily modified to act as electrochemical
sensors for the detection of specific analytes209, 210 or used to study single nanoparticle electro-
catalysis if the electrode dimensions could be made sufficiently small.10, 13, 211 With additional
optimization, this process could also be used to fabricate small diameter tips for scanning elec-
trochemical microscopy (SECM)3 or nanowire arrays containing a known number of wires (so
that the deposition rate could still be accurately monitored and controlled) for quick screen-
ing of potential catalysts133 or use as high surface area sensors.19, 21, 23, 170 Since it provides a
significant degree of control over the location, morphology, and growth rate of the wire with-
out the need for a conductive starting substrate, this technique is particularly beneficial for
applications that require precise positioning, such as fabrication of nanowires on a patterned
chip for microfluidic electrochemical sensors212, 213 or deposition of metal catalysts used in the
synthesis of other inorganic nanowires.214 In addition, the miniature reaction chamber created
by the channel is ideal for studying the confined dynamics of any process that can be optically
or electrically monitored.

2.3.4 Methods

Chemicals and Materials

All aqueous solutions were prepared using >18 MΩ•cm water from a Barnstead Nanopure
water purification system. Ethanol (Decon Laboratories, Inc., 200 proof), potassium chloride
(KCl, Macron Chemicals), sodium chloride (NaCl, JT Baker), potassium ferricyanide (K3Fe(CN)6,
Sigma-Aldrich), ferrocenemethanol (FcMeOH, Sigma-Aldrich), monopotassium phosphate (KH2PO4,
JT Baker), dipotassium phosphate ( K2HPO4, JT Baker), chloroplatinic acid (H2PtCl6, Sigma-
Aldrich), and sodium borohydride (NaBH4, Sigma-Aldrich) were all reagent grade and were
used without further purification. Gold (III) chloride (HAuCl4) was purchased from Salt Lake
Metals (1 % solution by weight, 99.99 % purity). Silica capillary tubing (o.d. = 1.0 mm, i.d.= 0.3
mm) was obtained from Sutter Instrument Company and silica microcapillaries (o.d. = 0.35
mm, i.d. = 20 µm) from Polymicro Inc.

48



DYNAMIC In Situ CONTROL OF SINGLE METAL NANOWIRE GROWTH CHAPTER 2

Nanochannel Fabrication

Nanochannels were prepared according to a previously reported process.208 Briefly, a small
piece of silica microcapillary (o.d.= 0.35 mm, i.d.= 20 µm) was first sealed inside a larger silica
capillary (o.d. = 1.0 mm, i.d.= 0.3 mm) using a laser-based micropipette puller (P-2000, Sutter
Instrument Company). The diameter of the inner capillary was decreased through a series of
heating and cooling cycles under vacuum before the whole ensemble was pulled into two long
nanotips. A nanotip was inserted into a larger diameter borosilicate holder pipette under an
optical microscope until the end could be seen protruding 5-10 µm from the holder opening.
It was then passed very quickly through a natural gas flame to seal a small section to the
walls of the holder. The remainder of the tip was broken off and removed, leaving only the
small sealed segment containing the nanochannel. The protruding end was cut off under the
microscope using a razor blade.

Gold Deposition

After performing resistance measurements in 0.1 M KCl to determine the nanochannel diam-
eter,208 the supporting pipette was filled with 50 mM HAuCl4 in 0.1 M KCl and inserted into a
home-built polycarbonate solution chamber attached to a glass microscope slide. A thin glass
coverslip was set on top of the chamber, and two Ag/AgCl electrodes were placed inside of
the supporting pipette (designated as the working electrode) and the solution chamber (des-
ignated as the reference electrode). Pictures of the solution chamber as well as a more detailed
description are given in Figure 2-12 in the Supporting Information section at the end of the
chapter. The whole ensemble was then positioned under a 20X microscope objective (Nikon)
inside a Faraday cage. A potential of -0.6 V was applied across the open circuit, after which
∼ 1 mL of 50 mM NaBH4 in ethanol was slowly added to the solution chamber to initiate
the reaction. Although the solution chamber is covered, there is a small area open to the air
where the NaBH4 is added. As time proceeds, two things occur: first, ethanol evaporates,
and the solution must be replenished; second, bubbles generated by the slow decomposition
of NaBH4 in ethanol aggregate to form large bubbles that can cover the channel opening. A
dark shadow can be seen in the optical microcope image when the solvent front begins to ap-
proach the channel (either from evaporation or a large bubble), indicating the need for more
NaBH4 solution to either replenish the solution or dislodge the bubble. The applied potential
was adjusted manually to accelerate blockage formation during the initial chemical reduction
phase and to maintain a near constant current value during subsequent bipolar deposition.
Current-time traces were acquired using an Axopatch 200B high-impedance amplifier (Molec-
ular Devices, Inc.) and a Digidata 1440A digitizer (Molecular Devices, Inc.) interfaced to a
Dell computer. A 1.0 kHz low-pass filter was applied to the amplifier during data acquisition,
but no further filtering was performed. An optical video was simultaneously recorded with
the OCView7 software package using a Nikon Eclipse E600 microscope connected to a CCD
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camera (OptixCam Summit Series).

Resistance Measurements and Cyclic Voltammetry

Current-voltage responses were measured using a Chem-Clamp potentiostat (Dagan, Inc.)
and a PAR 175 universal function generator (Princeton Applied Research). The potentio-
stat was interfaced to a Dell computer through a PCI-6251 data acquisition board (National
Instruments) via a BNC-2090 analog breakout box (National Instruments). The data was
recorded using a custom program written in LabView 8.5 (National Instruments). All mea-
surements were conducted inside a Faraday cage in a one-compartment, two-electrode cell
with a Ag/AgCl working electrode inside the supporting pipette and a Ag/AgCl reference
electrode in the outside solution.

Focused Ion Beam and Scanning Electron Microscopy

Focused ion beam milling and SEM imaging were performed using a FEI XL830 dual beam
FIB/SEM instrument.
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2.3.5 Supporting Information

FIGURE 2-12: Pictures of the home-built polycarbonate solution chamber used for deposition (a) and
the microscope setup (b). The chamber measures 2.5 cm x 2 cm x 0.3 mm and is secured to a glass
microscope slide using epoxy. A small rubber O-ring is placed around the supporting pipette of the
nanochannel, which is then inserted into the chamber through a hole surrounded by silicone rubber
and secured in place using tape. The O-ring and silicone rubber form a seal around the pipette. A
Ag/AgCl working electrode is positioned inside the pipette, and a Ag/AgCl reference electrode is
poked through a small, silicone rubber-filled hole in the chamber wall to contact the solution inside. A
glass coverslip is placed over the top of the chamber, leaving a small opening at the corner for solution
filling, and the whole ensemble is positioned under the microscope for observation.

Figure 2-13 shows a control experiment in which the externally applied potential was in-
tentionally changed by a significant amount in either direction to further demonstrate dynamic
control over the deposition rate. After the channel is blocked, the potential is decreased from
-0.6 V to -0.3 V, which increases the overall potential at the wire surface (because it is applied
in opposition to the natural battery potential as diagramed in Figure 2-2b) and results in a
current increase, reaching a maximum growth rate of 26 nm/s. The growth can be seen in the
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FIGURE 2-13: Control experiment in which the externally applied potential was intentionally changed
by a significant amount in either direction to further demonstrate dynamic control over the deposition
rate. All other experimental parameters were the same as described in Figure 2-2. The voltage values
represent the external potential applied at the indicated times. Calculated deposition rates and optical
microscope images of wire growth are shown for different time points during the deposition. The small
oval shape connected to the nanochannel pipette visible in the optical images is a piece of glass left
over from the fabrication process. The large 429 nm channel diameter allows for faster solution mixing,
which decreases the overall blockage time but results in a greater section of initial growth before the
channel is blocked. Changing the externally applied potential after the channel is blocked causes a
corresponding response in the measured current and deposition rate by either increasing or decreasing
the effective potential at the growing nanowire surface. All scale bars are 10 µm.

optical microscope images, which show a noticeable amount of deposition in only 43 s. The
potential is then increased to -0.9 V, causing an immediate decrease in the current and leading
to a much slower growth rate (1 nm/s). The images show that even after 3 min 45 s, the wire
has hardly grown at all. The potential is then switched to -0.6 V, causing the current to rise
briefly before decreasing again. This decrease is likely due to the large amount of time previ-
ously spent at -0.9 V, which causes migration of BH−4 toward the positively charged reference
electrode and away from the nanowire surface. Consequently, the BH−4 battery concentration
is probably fairly depleted by this point and cannot keep up with the higher deposition rate.
Therefore, for a brief time the spontaneous battery potential largely disappears, causing tem-
porary oxidation at the end of the nanowire in the AuCl−4 solution and resulting in a negative
current (due to the negative potential being applied to the corresponding working electrode).
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However, when the external potential is changed to +0.2 V and then +0.4 V, the concentration
balance is restored, and the current begins to rise dramatically (because the external potential
is now applied in the same direction as the battery potential), hitting a maximum deposition
rate of 128 nm/s before it is switched back to -0.9 V, which again causes a large decrease in
both the current and the deposition rate. In all cases, changing the externally applied poten-
tial causes a corresponding response in the measured current and deposition rate by either
increasing or decreasing the effective potential at the growing nanowire surface. This shows
that the deposition rate can be controlled in situ simply by changing the externally applied
potential.

FIGURE 2-14: Optical microscope images of a platinum nanowire grown in a-356-nm diameter channel
using the same setup shown in Figure 2-2 but with 50 mM H2PtCl6 in 0.1 M NaCl as the metal salt: (a)
bright-field, (b) reflectance, and (c) pseudo dark-field. All scale bars are 10 µm.
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CHAPTER 3
Anomalous Particle Transport Behavior
in Silica Nanochannels

3.1 Introduction

EFFICIENT TRANSPORT behavior is critical to many different nanoscale systems and ap-
plications, including biological membranes, separations, geochemistry, and energy
storage. These systems are complex, as transported species traveling through a porous

network are simultaneously influenced by multiple different driving forces and interactions
with the surrounding environment. These effects become increasingly pronounced under
confinement, when the size of the transported species approaches the size of the pores. There-
fore, understanding and controlling these nanoscale properties and interactions has become
increasingly important, not only for gaining a better fundamental understanding of which
factors govern transport in systems such as those mentioned above, but also for designing
more tailored and tunable transport systems in the future.

Models for particle transport through fluids are typically based on either pressure-driven
flow, where the particles are transported along with the fluid due to a pressure gradient, or
voltage-driven flow, where the particles are transported through the fluid under the influence
of an electric field. The simplest selection parameter for transport through a porous mem-
brane is size. Conventional separation membranes function by excluding analytes whose size
is greater than the pores of the membrane.215 Additionally, reverse size selection can be ac-
complished by using techniques such as size-exclusion chromatography,216 in which smaller
particles are trapped in a porous network while larger particles, unable to fit into these small
pores, are free to continue through the channel. Other methods of controlling transport are
more sophisticated and specific, taking into account more intrinsic nanoscale properties such
as charge,60, 63, 65, 215, 217, 218 polarity,83 or chemical specificity.60, 77, 217, 219–222 However, most of
these more specific methods require time-consuming modification of the pore surface, pre-
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venting the membrane from being used afterwards for other analyses and limiting the versa-
tility of the setup.

Resistive-pulse sensing is a widely-used electroanalytical method for particle detection
based on the Coulter counter technique developed in the 1950s.223 In this method, a po-
tential is applied across a single nanometer-sized pore or channel in an insulating material
separating two electrolyte solution chambers. The ionic current through the channel is mea-
sured as a function of time and is partially blocked when a particle passes through, causing
a temporary decrease or pulse in the current readout which can give information about the
particle size and behavior inside the channel. The lasting popularity of this technique can
be attributed to its simple design, label-free nature, potential portability, and sensitivity to
individual particles. Many studies have used this method to distinguish analytes based on
size33–37, 224 or charge,33, 40–42, 75, 225 as the pulse amplitudes and widths are reflective of these
properties. Others have employed this technique to explore the relative roles of different
driving forces,33, 36, 75, 80, 226, 227 showing that the interplay between pressure, electrophoresis,
and electroosmosis can have a considerable effect on particle transport direction and velocity.
However, most of these examples focus on how different parameters affect particle veloci-
ties without exploring how they affect particle entrance frequencies. Nevertheless, there have
been a few reports examining entrance frequencies, and several have found anomalous behav-
ior that cannot be explained using existing models, including lower than expected detection
frequencies33, 36, 78 and selective transport.34, 35, 227 Some reports have proposed more subtle
explanations for this unusual transport behavior, suggesting that electrostatic interactions or
inhomogeneous charge distribution on the analyte surface or pore wall34, 75, 77, 78, 80, 81, 228 may
be affecting particle transport.

Indeed, it has been shown that these types of local, short-ranged nanoscale interactions
play a significant role in controlling transport in molecular-scale nanochannels,56, 77, 86, 229–231

where the channel diameter is on the same order of magnitude as the size of the ions or
molecules, and can lead to very interesting, non-intuitive transport phenomena. For exam-
ple, several studies have reported cation-selective behavior55, 58, 232 as well as significantly en-
hanced transport rates of ions in carbon nanotubes,54, 233 whereas others have observed solute
depletion or enrichment under the influence of an electric field, which can result in interesting
ion transport effects61, 234, 235 that behave like a nanofluidic transistor.71–73 While these types
of interactions are usually considered to be short-ranged, Valtiner and coworkers have shown
that they can extend much further than previously thought236 (∼ 100 nm) and may therefore
be applicable to larger scale systems as well. Therefore, although most resistive-pulse systems
are much bigger than these molecular-level transport examples, similar transport phenomena
may still be relevant.

In this work we show that subtle nanoscale effects can have a profound influence on
mesoscale transport behavior when the particle diameter approaches the size of the channel
diameter. We investigated the transport of nanoparticles through a single silica nanochan-
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nel using resistive-pulse sensing and observed anomalous transport selectivity that is depen-
dent on both particle size and material. When two different silica particle sizes are present
in equal concentrations in solution, smaller particles are detected more frequently than larger
ones, as expected from geometric restrictions. However, when the particle material is switched
to polystyrene the opposite selectivity is exhibited, with larger particles passing through the
channel much more frequently. To further investigate this unexpected behavior, we explored
the influence of various experimental factors and material properties on particle entrance and
transport, beginning with simple driving forces before focusing on more nanoscale interac-
tions. We found that simple transport models do not explain this unusual selectivity, and it
appears to be due instead to more subtle charge-related effects. These could be the result of
dynamical charge properties, such as polarization of the particle or solvation environment or
hydrophilic/hydrophobic interactions that are dependent on the surface chemistry and prop-
erties of the different materials. These effects could be leveraged to achieve custom control
over nanoscale transport and demonstrate the importance of considering nanoscale effects in
the prediction of mesoscale transport behavior.

3.2 Results and Discussion

3.2.1 Data Collection and Analysis

Particle detection measurements were carried out with a cylindrical-shaped silica nanochan-
nel positioned inside a custom-built pressure cell, as shown in Figure 3-1. A potential of 1 V
was applied to a Ag/AgCl working electrode inside the supporting capillary of the nanochan-
nel with respect to a Ag/AgCl reference electrode in the solution chamber. The ionic current
through the nanochannel was monitored as particles were driven through at an applied pres-
sure of 1 psi.

Figures 3-2 a and b show a typical current-time trace for a 416-nm-diameter nanochannel
(L=13 µm) in a solution of 0.1 M KCl and 0.1% Triton X-100 containing equal concentrations
of 175 nm and 356 nm polystyrene particles (8.9 × 109 particles/mL). As a particle passes
through the channel, it blocks some of the ionic current, producing a temporary square-shaped
current pulse, which can be correlated to its size and behavior inside the channel. The particle
diameter ds is proportional to the amplitude of the current pulse ∆ic and can be calculated
using equations described previously:40

∆ic
ic

= S (dc, ds)
d3s
l′cd

2
c

(3.1)

where ic is the baseline current, dc is the channel diameter, and l′c is the channel length cor-
rected for the end effect, given by l′c = lc + 0.785dc. The correction factor S (dc, ds) is dependent
on the ratio of ds to dc:
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FIGURE 3-1: Diagram of the setup used for particle detection experiments. The ionic current through a
nanochannel is monitored as nanoparticles are driven into the channel by an external pressure of 1 psi.
As a particle passes through, it causes a temporary drop in the ionic current, which can be recorded and
analyzed to give information about particle size and behavior. Typically, a potential of 1 V is applied to
the Ag/AgCl working electrode inside the channel relative to the Ag/AgCl reference electrode inside
the sample chamber.

S (dc, ds) =
1

1− 0.8
(
ds
dc

)3 (3.2)

The particle size distribution histogram for this current-time trace is plotted in Figure 3-2c
and was fitted with a Gaussian function for further analysis. Two particle size populations are
clearly observed, with peak 1 corresponding to the 175 nm particle size and peak 2 to the 356
nm particle size. The difference between the observed and nominal particle sizes is most likely
due to swelling of the polystyrene particles in solution, as DLS measurements of the hydrody-
namic diameters match our observed sizes. The smaller peak around 260 nm corresponds to
small aggregates of 175 nm particles and was not used in the analysis. While these aggregates
will result in a slightly lower concentration of single 175 nm particles in solution than was ini-
tially added, minor aggregation was detected in all samples, and thus the comparison trends
observed are valid even if the absolute values might be slightly affected.

Three characterization parameters can be extracted from the data to give a thorough de-
scription of particle behavior. By investigating how each of these parameters varies with
changing experimental conditions, we can gain a more comprehensive understanding of which
factors are contributing to size selectivity. We looked at the following parameters for each par-
ticle size: (1) the detection frequency f , given by the number of particles/s and calculated by
integrating each peak from the size distribution histogram and dividing by the total time; (2)
the translocation time t, or the amount of time it takes for the particle to travel through the

58



RESULTS AND DISCUSSION CHAPTER 3

FIGURE 3-2: a) Typical current-time trace for a 416-nm-diameter nanochannel (L=13 µm) in 0.1 M KCl
and 0.1 % Triton X-100 containing equal concentrations of 175 nm and 356 nm PS particles (8.9 × 109)
at an applied voltage of 1 V and an applied pressure of 1 psi. b) Close-up of detection events from a)
representing both particle sizes. The pulse amplitude ∆ic can be used to calculate the particle size. c)
Particle size distribution histogram for the current trace in a). The Gaussian fit is indicated by the blue
line and was used to extract the relative particle detection frequencies by integrating the area under
each peak.

channel; (3) the selectivity %, defined as the percentage of total detected particles attributable
to each particle size (denoted % small and % large). In addition, when changes in size selec-
tivity were observed, we examined whether differences in the small or large particle behavior
were responsible.

3.2.2 Material Dependence

Different particle materials were investigated to determine the effect of material properties on
size selectivity. Experiments were performed using two different particle solutions: the first
contained 175 nm and 356 nm polystyrene (PS) nanoparticles while the second contained 172
nm and 361 nm silica nanoparticles. Detection of both particle materials was performed with
the same channel, enabling a direct comparison of the results without any complicating effects
due to channel geometry. Since the sizes of the polystyrene and silica particles are very similar
and all other experimental conditions are the same, the only difference between the two cases
is the particle material. The three characterization parameters described above are compared
for polystyrene and silica particle detection in Table 3.1.

Geometric constraints predict that smaller particles should be detected more frequently
since they have a higher number of successful approach vectors to the channel entrance. There-
fore, according to geometric arguments, there should be no difference in size selectivity be-
tween the two particle materials. We can calculate the predicted selectivity % for each particle
size as follows (Figure 3-3a illustrates this theory, based on geometric limitations described
by Giddings237). When a particle (red circle) enters the channel (blue circle), the minimum
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Particles Solution dc (nm) L (µm) % Small % Large
fsmall flarge tsmall tlarge

(Part./s) (Part./s) (ms) (ms)

175 nm PS/ 0.1 M KCl 604 19 19% 81% 1.7 7.4 2.4 2.6
356 nm PS ±0.8 ±0.2

172 nm Silica/ 0.1 M KCl 604 19 83% 17% 23.6 5.0 1.8 2.7
361 nm Silica ±1.0 ±0.3

TABLE 3.1: Comparison of characterization parameters for silica and polystyrene particle detection
using the same channel.

distance between the center of the particle and the channel wall is equal to the radius of the
particle rs. Thus, as a particle approaches the channel opening only a portion of the channel
area is available to the particle for translocation (shaded in yellow). The effective radius of
this area is given by reff = (dc − ds) /2, where dc is the channel diameter and ds is the particle
diameter. The effective available area then becomes

Aeff = π
(dc − ds)

2

2

(3.3)

This effective area can be calculated for each particle size. The predicted selectivity % for the
small particles (Ssmall %) is simply the ratio of the small particle effective area to the sum of
the small particle and large particle effective areas:

Ssmall% =
Aeff,S

(Aeff,S +Aeff,L)
(3.4)

Therefore, the expected selectivity % can be calculated for each particle size based on geomet-
ric sieving alone.

The silica particles behave as predicted by these arguments, with small particles making
up 83% of the total particles detected. This is close to the predicted selectivity percentage of
84% for the small particles. Surprisingly, the polystyrene particles behave oppositely, with
large particles comprising 81% of the total particles detected—about 3X higher than predicted
(25%). Experiments were repeated in over twenty-five channels to confirm the reproducibility
of this result, and reverse size selectivity was observed each time. Interestingly, similar trans-
port behavior for polystyrene nanoparticles has been mentioned in a few previous publica-
tions. White and coworkers have reported comparable results using a conical glass nanopore,
detecting larger 160 nm particles 2.5X more frequently than smaller 80 nm particles.34 They
suggest that this could be due to the size of the particle relative to the pore opening or non-
uniform surface charge distributions. Similarly, Fraikin et al. observed higher detection fre-
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FIGURE 3-3: a) Diagram of geometric restrictions placed on particles when entering a nanochannel of
similar size. Based on this theory, the small particles should be detected more frequently due to the
higher number of successful approach vectors to the channel entrance. b) SEM image of a nanochannel
showing the very large cross-sectional surface area of the glass surrounding the nanochannel entrance.

quencies for 117 nm nanoparticles in a mixture also containing equal concentrations of 51 nm
and 75 nm particles using a PDMS nanopore. However, neither of these reports explored this
anomalous behavior, as this was not the focus of their work.35

Comparing the magnitudes of the detection frequencies in Table 3.1 provides more infor-
mation about the possible mechanism of this unusual behavior. Although large polystyrene
particles are detected slightly more frequently than large silica particles, the majority of the se-
lectivity difference between the two materials can be attributed to changes in the small particle
behavior, as the small polystyrene particles are detected ∼14X less frequently than the small
silica particles. Three important conclusions can be drawn from these comparisons. First, se-
lectivity is not based solely on particle size. Second, it is strongly dependent on the particle
material, indicating that the chemical identity of the particle plays a key role. Third, most of
the selectivity difference between the two particle materials is due to the inhibited entrance of
the small polystyrene particles relative to the small silica particles.

Analyzing the translocation times reveals another significant finding. The translocation
times for both sizes of polystyrene particles are nearly identical, meaning that once they enter
the channel, pressure pushes them through at the same rate. Consequently, we can conclude
that selectivity must occur outside the channel, which narrows down the possible mechanisms.
The small silica particles, on the other hand, actually travel through the channel ∼1.5X faster
than the large silica particles, indicating that the pressure force is unable to overcome the
selectivity mechanism as successfully as it does for polystyrene. This suggests that there may
be differences between the mechanisms of selectivity for the two particle materials. This could
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be related to the additional driving force provided by the applied voltage. As we will show,
voltage should have the same effect on the large particles of both materials due to their similar
charges but should have a stronger effect on the small silica particles relative to the small
polystyrene particles, which could be contributing to the observed differences.

In order to better understand the origin of this unusual selectivity, we explored possible
contributions from several different factors. We will first discuss the relevance of the sim-
ple driving forces present in our system before examining the significance of more subtle
nanoscale effects, including competition dynamics, charge-related factors (electrolyte concen-
tration, solvent dependence, surfactant, and pH), and temperature. The three primary driving
forces are diffusion, pressure, and voltage, and the relationship between size selectivity and
each of these is addressed below.

3.2.3 Diffusion

Diffusion of particles through the fluid is expected to be only a minor driving force relative to
the other two and should be most relevant in the bulk solution, where the electric field and
pressure forces are weak relative to their magnitudes inside the channel. Diffusion of a sphere
through a liquid is described by the Stokes equation:61

D =
kBT

6πηR
(3.5)

where kB is the Boltzmann constant, T is the temperature, η is the viscosity of the fluid, and r is
the radius of the sphere. According to this equation, small particles should diffuse faster than
large ones, which would aid small particle entrance into the channel rather than hinder it as is
observed for polystyrene. Thus, diffusion can be ruled out as a primary factor for determining
selectivity. The roles of the other two main driving forces, pressure and voltage, are examined
in greater detail below.

3.2.4 Polystyrene Pressure Dependence

Pressure-driven flow is expected to be the primary driving force under our experimental con-
ditions. As shown in Figure 3-4, pressure-driven flow inside a cylindrical channel is parabolic,
with the fluid moving fastest in the middle of the channel and slowest near the walls.

The relationship between volumetric fluid flowQ, pressure, and channel geometry is given by
the Hagen-Poiseuille equation for fluid flow through a cylindrical tube:90

Q =
πd4c∆P

128ηL
(3.6)

where dc is the channel diameter, ∆P is the pressure difference between the two ends of
the channel, η is the solvent viscosity, and L is the channel length. In order to better exam-
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FIGURE 3-4: Parabolic flow profile for pressure-driven flow in a cylindrical channel (Poiseuille flow).
The fluid velocity is highest in the center of the channel and assumed to be zero near the walls due to
friction forces.

ine the role of pressure in determining particle behavior and size selectivity, we compared
the experimentally-determined detection frequencies and translocation times to the predicted
Poiseuille behavior. Due to the small dimensions of nanochannels, Poiseuille flow is fully de-
veloped at the channel entrance,61 which allows this equation to be used to predict the particle
entrance frequencies, assuming that the particles are uniformly distributed and are carried
along with the fluid. The volumetric flow rate Q (mL/s) can be converted into a particle flow
rate (particles/s) using the known particle concentration (particles/mL). The average velocity
vavg can be obtained by dividing Equation 3.6 by the cross-sectional area of the channel to give

vavg =
d2c∆P

128ηL
(3.7)

We can calculate the expected particle translocation time by dividing the length of the
channel by the velocity obtained from Equation 3.7. Equations 3.6 and 3.7 predict that the
volumetric flow rate Q and velocity vavg should depend only on pressure and channel geom-
etry. Therefore, the expected detection frequencies and translocation times of both particle
sizes should be the same for a given channel size and pressure. While this would be true for
point particles that can access the entire cross-sectional area of the channel, our particles have
finite sizes that are subject to geometric constraints. Since large particles cannot approach the
wall as closely, successful entrances are limited to streamlines that are closer to the center of
the channel where the flow is fastest. Thus their average velocity should be faster than that of
the small particles which are able to sample the slower streamlines near the walls. This is the
principle behind hydrodynamic chromatography, in which analytes are separated by size as
they are driven through a channel by a pressure gradient.102 The predicted particles/s can be
corrected based on these limitations by integrating the velocity only over the channel diameter
range that is accessible to each particle size (the yellow shaded area in Figure 3-3a) rather than
over the entire channel diameter, as is done to calculate the average velocity in Equation 3.7.

We examined the dependence of our three characterization parameters on both pressure
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FIGURE 3-5: Comparison of characterization parameters for polystyrene particle detection as a function
of applied pressure (a, c, e) and channel geometry (b, d, f). Experiments were performed with 175 nm
and 356 nm polystyrene particles in 0.1 M KCl and 0.1% Triton X-100 using a 416-nm-diameter channel
(L = 13 µm).

and channel geometry (shown in Figure 3-5) in order to determine any deviations from Poiseuille
behavior that might provide insight into the possible mechanism of selectivity. All of the chan-
nel geometry data was collected at the same pressure (1 psi), and all of the pressure data was
collected using the same channel to ensure that only one variable was changed at a time. We
will discuss each of these parameters individually. For all graphs in both the pressure and
voltage dependence discussions to follow, the predicted polystyrene behavior is plotted with
red (356 nm PS) and blue (175 nm PS) dashed lines, whereas for silica it is plotted with light
blue (361 nm silica) and brown (172 nm silica) dashed lines.

The predicted and experimental polystyrene particle detection frequencies are shown as
a function of pressure in Figure 3-5a and channel geometry (d4c/L) in Figure 3-5b. Two im-
portant conclusions can be drawn from these results. First, the detection frequencies for both
particle sizes scale linearly with pressure and with the critical channel geometry for Poiseuille
flow (d4c/L), confirming that pressure is the primary driving force. However, both particle
sizes are detected less frequently than predicted, suggesting that their entrance is somehow
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hindered, perhaps as a result of interactions with the channel walls. Interestingly, the devia-
tion from prediction is more pronounced for the small particles, implying that their entrance is
more inhibited. Yet the fact that the small particle detection frequency still scales linearly with
pressure and with d4c/L suggests that whatever mechanism is responsible for the increased
inhibition also scales with pressure and channel geometry.

Although the small particles have a weaker dependence on both pressure and channel
geometry than the large particles, the selectivity % remains remarkably constant over both
variables (shown in Figures 3-5c and d), indicating that neither the channel geometry nor the
magnitude of the applied pressure is responsible for size selectivity. It is particularly surpris-
ing that selectivity is not affected by channel geometry, since the particles should have more
interactions with the channel walls when the channel diameter is smaller. While we are unable
to explain the reason for this lack of correlation, it is possible that the selectivity is primarily
affected by interactions with the cross-sectional glass surrounding the channel entrance, which
is several orders of magnitude larger than the channel diameter, as shown in Figure 3-3b. If
these interactions dominate, there would be very little dependence on the channel diameter
itself.

The predicted translocation times (based on the average calculated Poiseuille velocities)
are plotted along with the experimental values in Figures 3-5e and f, providing information
about particle behavior inside the channel. The experimental translocation times match the
predicted trends and magnitudes very well, showing a 1/P dependence on pressure and a
linear dependence on d2/L. This again confirms that pressure is a significant driving force for
particle translocation. According to the geometry argument outlined above, the larger parti-
cles should on average spend more time near the middle of the channel and should therefore
travel through the channel faster than the small particles. As discussed previously, the fact
that the translocation times for both particles sizes are the same is somewhat surprising given
this argument but confirms that selectivity must happen outside the channel.

3.2.5 Silica Pressure Dependence

The same comparisons can also be made for the silica particles (shown in Figures 3-6a-f). The
detection frequencies of both particle sizes appear to be independent of pressure below a cer-
tain threshold value (∼1 psi), above which pressure begins to have an effect (Figure 3-6a). The
behavior under this threshold value is likely governed by voltage. Silica particles should re-
spond more strongly to an applied electric field relative to polystyrene particles due to their
increased charge. This will be discussed in more detail in the following section. Since the mag-
nitudes of the voltage and pressure forces appear to be similar for silica, the dominant driving
force likely changes depending on the experimental conditions, with the electrophoretic force
dominating at low pressures and the pressure force dominating at high pressures. Above the
threshold point, the small particles appear to have a greater response to pressure than the
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FIGURE 3-6: Comparison of characterization parameters for silica particle detection as a function of
applied pressure (a, c, e) and channel geometry (b, d, f). Experiments were performed with 172 nm and
361 nm silica particles in 0.1 M KCl using a 555-nm-diameter channel (L = 25 µm)

large ones. It is difficult to draw many conclusions from the dependence of particle detec-
tion frequencies on channel geometry, as there is a wide spread in the data (Figure 3-6b). The
deviation from the predicted values likely comes from two sources. First, there are a limited
number of data points, which makes the error much higher. Second, the experimental de-
tection frequencies were determined at 1 psi, which, as mentioned above appears to be the
transition point between the voltage-dominated and pressure-dominated regimes. Therefore,
there could be some additional variation introduced from this transitional behavior.

Similar to the polystyrene case, the selectivity for silica particles remains constant over
the range of pressure values and channel geometries tested (Figures 3-6c and d), with the
exception of the largest d4c/L value. The selectivity decreases at this value, which is expected
since the particles are less confined when the channel diameter is larger.

While the translocation times show no clear dependence on channel geometry for either
size (Figure 3-6f), the small silica times match the predicted values calculated as a function of
pressure, following a 1/P dependence above 0 psi (Figure 3-6e). Interestingly, the large par-
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ticle translocation times are quite a bit higher and instead decrease linearly with increasing
pressure, matching the predicted value only at 1.5 psi, when pressure dominates over the volt-
age driving force as discussed above. The weaker pressure dependence for the large particles
is again consistent with a stronger voltage influence, which agrees with the conclusions drawn
from the detection frequency data above.

While pressure-driven flow is not as dominant of a driving force for silica particle translo-
cation, these findings generally agree with those from the polystyrene data, confirming that
neither channel geometry nor pressure is responsible for size selectivity.

3.2.6 Polystyrene Detection without Pressure

We also investigated how the three characterization parameters change in the absence of pres-
sure (Table 3.2). Without an applied pressure, the driving force should be primarily voltage-
driven (with a small contribution from diffusion). Since the total number of particles detected
is much lower due to the decreased driving force, the error is much larger. However, there
are still several important insights that can be gained from these data. First, as expected, the
detection frequencies of both polystyrene particle sizes decrease without pressure due to a
substantially lower driving force. Most importantly, the small particle translocation times are
much longer (∼3X) than those of the large particles in the absence of pressure, matching the
selectivity observed for the detection frequencies. This strongly suggests that whatever in-
teractions are responsible for size selectivity outside the channel may in fact continue during
particle entrance and translocation through the channel. However, pressure appears to act
as a normalizing force, partially overcoming the selectivity mechanism to drive both parti-
cles through the channel at the same rate. This mediating effect is confirmed by the fact that
the reverse size selectivity increases substantially without pressure (from 75% to 91% large
particles). Nevertheless, the fact that selectivity still occurs even in the presence of pressure
indicates that pressure is not strong enough to overcome the selectivity mechanism in the spa-
tial regime outside the channel where the flow lines diverge. These results show that experi-
ments would ideally be done without pressure in order to enhance size selectivity. However,
this poses a significant challenge, as it is difficult without pressure to acquire enough particle
events to be statistically relevant before the channel becomes blocked.

3.2.7 Silica Detection Without Pressure

The absence of pressure does not have as great of an effect on the silica particles (Table 3.2).
While the detection frequencies for both particle sizes are slightly lower without pressure,
they decrease by a much smaller amount compared to the polystyrene case. Likewise, the
size selectivity increases (from 81% to 87% small particles) as do the translocation times, but
the magnitudes of these increases are again much lower than for polystyrene. These results
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Particles Pressure (psi) dc (nm) L (µm) % Small % Large fsmall flarge tsmall tlarge
(Part./s) (Part./s) (ms) (ms)

175/356 nm PS 0 635 12 9% 91% 0.1 1.2 114.7 38.9
±42 ±8

175/356 nm PS 1 635 12 25% 75% 7.3 22.0 1.2 1.1
±0.4 ±0.1

172/361 nm Silica 0 555 25 87% 13% 5.0 0.8 18.2 34.4
±2.0 ±1.5

172/361 nm Silica 1 555 25 81% 19% 6.0 1.4 12.1 17.2
±1.3 ±2.2

TABLE 3.2: Comparison of characterization parameters for polystyrene and silica particle detection with
and without pressure.

confirm not only the normalizing effect of pressure on selectivity, but also the weaker pressure
dependence of silica particle translocation, likely due to the larger role of voltage-driven flow.

3.2.8 Applied Voltage

Electrophoretic Effect

Compared to pressure, voltage-driven transport is expected to play a much smaller role in
driving particle translocation, particularly for the polystyrene particles, which are only slightly
negatively charged due to surface sulfate groups left over from the initiator during synthesis.
Charged particles will move in an electric field by electrophoresis. The electrophoretic velocity
vep is given by the following equation:52

vep =
ε0εζpE

η
(3.8)

where ε0 is the permittivity of free space, ε is the dielectric constant, η is the viscosity of the
solution, ζp is the zeta potential of the particle, and E is the magnitude of the electric field.
Therefore, for a given channel and applied voltage, the only variable is the zeta potential. The
zeta potential measurements for polystyrene and silica particles in 0.1 M KCl are shown below
in Table 3.3. Since the particles are negatively charged, the electrophoretic force should drive
the particles into the channel toward the positively charged working electrode inside the sup-
porting capillary. The zeta potential values are much lower for the polystyrene particles when
they are measured in a solution with added surfactant (0.1 M KCl with 0.1% Triton X-100).
However, the large silica and polystyrene particles have remarkably similar zeta potentials in
0.1 M KCl (without Triton) even though silica would be expected to have a higher charge since
the number of negatively charged sulfate groups on polystyrene is relatively low. Therefore,
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Particles Zeta Potential (mV)

172 nm Silica in 0.1 M KCl -37.4

175 nm PS in 0.1 M KCl / 0.1 % Triton -6.7

175 nm PS in 0.1 M KCl -23.7

281 nm PMMA in 0.1 M KCl / 0.1% Triton -6.0

356 nm PS in 0.1 M KCl / 0.1 % Triton -11.5

356 nm PS in 0.1 M KCl -51.0

361 nm Silica in 0.1 M KCl -55.5

TABLE 3.3: Comparison of zeta potentials for different particle sizes and materials

as discussed in the material dependence section above, the slight increase in the detection fre-
quency of large polystyrene particles relative to large silica particles measured using the same
channel cannot be explained by the electrophoretic driving force, which should be the same
for both materials. However, the majority of the selectivity difference between the two parti-
cle materials is due to the significantly higher detection frequency of the small silica particles
relative to the small polystyrene particles. Since the small silica particles have a higher zeta
potential, the electrophoretic force pushing them into the channel will be greater, which could
account for some of this difference. Still, as we will show, particle charge differences alone
cannot fully explain the material-dependent size selectivity.

Electroosmotic Effect

In addition to the electrophoretic force that results from the applied potential, there is also
an electroosmotic force oriented in the opposite direction. Charged surfaces in contact with
an electrolyte solution will attract a region of counterions from the solution to neutralize the
charge, forming an electrical double layer. Since the silica nanochannel walls are negatively
charged at neutral pH, this electrical double layer has a net positive charge and will move in
response to the electric field, dragging the surrounding fluid and particles with it (regardless
of their charge). Since the working electrode inside the channel is also positively charged, the
electroosmotic flow is directed out of the channel. The equation for electroosmotic velocity
veo is very similar to the equation for electrophoretic velocity except it depends on the zeta
potential of the channel walls ζc rather than the particles:52

veo =
ε0εζcE

η
(3.9)

If the zeta potential of the channel walls is greater than that of the particles, electroosmotic
flow should dominate, and the net effect of voltage should be to push particles away from the
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channel, which could affect size selectivity. Electroosmotic flow should be relatively uniform
across the channel cross-section (except right near the walls where the double layer is located)
and should therefore have a similar effect on all particles. However, when combined with
the parabolic flow profile of pressure-driven flow, there can be significant differences in the
direction of the net driving force along the channel cross-section, with electroosmotic flow
pushing fluid out of the channel near the walls and pressure driving fluid into the channel
closer to the center.238, 239 Therefore, particles could be driven either into or out of the channel
depending on their cross-sectional position relative to the channel walls. However, at low
pH when the channel walls should carry very little charge, electroosmotic flow should be very
weak. Therefore, if it is affecting particle entrance, the selectivity should decrease dramatically
at low pH, but as we will show it instead increases, suggesting that electroosmotic flow is not
responsible for the reverse size selection observed for polystyrene. Nevertheless, it should still
be considered, as it could result in an overall decrease in detection frequencies with increasing
voltage and could be contributing to transport behavior in other ways.

3.2.9 Polystyrene Voltage Dependence

The role of voltage was explored by performing particle detection experiments at six different
applied potentials (ranging from -1 V to +1 V) at 1 psi using the same channel. Since the
applied voltage determines the baseline current level and ultimately the magnitude of the
translocation pulse, we were unable to investigate voltages below +/-300 mV due to the low
signal-to-noise ratio. Graphs of the three characterization parameters for polystyrene particle
detection are shown in Figures 3-7a-c. It is important to note that 0.1% Triton X-100 was added
to the particle solutions for these experiments, meaning that their zeta potentials (given in
Table 3.3) are much lower than those discussed during the comparison with silica above. While
ideally the experiments would have been done without adding Triton, it is difficult to collect
enough data without surfactant before the channel is blocked.

A quantitative comparison with the expected detection frequencies based on Equation 3.8
is not beneficial, as the dominant pressure driving force makes the experimental values higher
than predicted. However, the expected trend with voltage can be compared. Davenport et al.
have reported that the magnitude of the electric field E can be approximated as follows:33

E =
U

L+ πdc
4

(3.10)

where U is the applied voltage, L is the channel length, and dc is the channel diameter. There-
fore, the electrophoretic velocity given in Equation 3.8 should change by a factor of 3.3 from
+/-300 mV to +/-1 V. If voltage has a significant influence on particle entrance, the particle
detection frequencies should increase by a similar factor over the same voltage range.

At negative applied voltages, the slightly negatively charged particles should be driven
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FIGURE 3-7: Comparison of characterization parameters for polystyrene particle detection as a function
of applied voltage. Experiments were performed with 175 nm and 356 nm polystyrene particles in 0.1
M KCl and 0.1% Triton X-100 using a 416-nm-diameter channel (L = 13 µm).

out of the channel due to repulsion from the negatively charged working electrode inside
the supporting capillary. However, the presence of pressure driving fluid into the channel
ensures that they are still detected. The generally lower detection frequencies observed for
both particle sizes at negative voltages match this prediction. However, these values only
decrease by a factor of ∼2 over the voltage range tested, meaning that particle entrance has
a weaker dependence on voltage than expected. Likewise, the translocation times for both
particle sizes increase with increasing negative voltage, which is consistent with the above
explanation since the electrophoretic force pushing them out of the channel should slow them
down.

Conversely, when the applied voltage is positive, the working electrode should attract the
particles, driving them into the channel. Thus, the detection frequency should increase with
increasing positive voltage. Indeed, the large particle detection frequencies do increase lin-
early with increasing voltage, but only by a factor of 1.1 over the entire voltage range, which
is significantly smaller than the factor of 3.3 predicted by Equation 3.8, again demonstrating
their weak dependence on voltage. The small particle detection frequencies remain relatively
constant. These results reflect the slightly stronger electrophoretic force on the large particles
due to their higher charge. The charge on the small particles is low enough that voltage does

71



CHAPTER 3 RESULTS AND DISCUSSION

not appear to have much of an effect on particle entrance. The magnitudes of the translocation
times are much smaller than predicted, and although they should decrease with increasing
voltage due to the increased electrophoretic driving force, they instead remain relatively con-
stant for both particle sizes. This again can be explained by the dominant pressure force, which
we have already shown pushes particles through at about the same rate once they are inside
the channel. Interestingly, size selectivity remains relatively constant over all voltage values
with the exception of +/-300 mV, where it is slightly lower. The most surprising observation
is the asymmetry in the particle behavior trends at positive and negative voltages, as the elec-
trophoretic force should have the same effect in both cases, just in opposite directions. The fact
that both particle sizes are more strongly affected by negative applied potentials indicates that
there may be other consequences to the voltage polarity beyond simple electrophoretic effects.

3.2.10 Polystyrene Voltage Dependence Without Pressure

To further isolate and understand the role of applied voltage, polystyrene detection experi-
ments were conducted under purely voltage-driven flow without any applied pressure (with
0.1% Triton X-100 added). As mentioned above, ideally all experiments would be conducted
without applied pressure to amplify the size selectivity (since pressure has a normalizing ef-
fect), but the significantly decreased frequency of particle events under these conditions makes
gathering enough data difficult. As a result of the much lower number of total events, the er-
ror bars for this data are much higher. Figures 3-8a-c show results for particle detection with
the same channel at five different applied potentials between 500 mV and 1 V without any
applied pressure. The dashed blue and red lines represent the expected behavior of 175 nm
and 356 nm particles based on Equation 3.8. Again, the low signal-to-noise ratio below 500
mV prevented lower voltages from being included.

Several interesting conclusions can be drawn from these data. Again, while it is difficult
to quantitatively predict the detection frequencies from Equation 3.8, since it describes the
motion of the particles rather than the fluid like the Poiseuille flow equation, the qualitative
trends with increasing voltage can be predicted. The detection frequency of the large particles
is slightly higher than expected, increasing by a factor of 2.1 over the voltage range tested,
compared to the expected factor of 1.5 predicted from the increased electrophoretic flow into
the channel. This suggests that there is some additional influence on particle translocation
from other forces. The small particles, on the other hand, are essentially not detected at all
when the voltage is below 1 V, and even at 1 V the detection frequency is very low. This
behavior is in agreement with the conclusions from the voltage dependence data with pressure
above and can again be explained by the very low zeta potential of the small particles. At
low voltages, the electrophoretic force is most likely too weak to have a significant effect on
particle entrance. However, once a threshold voltage is reached, this force becomes strong
enough to cause an increase in detection frequency. Since the zeta potential of the channel
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FIGURE 3-8: Comparison of characterization parameters for polystyrene particle detection as a function
of applied voltage without pressure. Experiments were performed with 175 nm and 356 nm polystyrene
particles in 0.1 M KCl and 0.1% Triton X-100 using a 635-nm-diameter channel (L = 12 µm).

walls is higher than the zeta potential of both polystyrene particle sizes (when surfactant is
used), the electroosmotic flow should actually be stronger than the electrophoretic flow, with
the net voltage effect pushing the particles out of the channel. Although this should be the
case for both particle sizes, the electroosmotic flow should have a greater effect on the smaller
particles than the larger ones due to their lower zeta potential (and thus their weaker ability to
counteract it by electrophoresis driving them the other direction). This could be contributing
to the very low detection frequencies observed for the small particles. Given this expected net
voltage effect out of the channel, it is somewhat surprising that the particles are detected at all.
Diffusion should continue to bring particles to the channel entrance, but this is expected to be a
much weaker driving force, as discussed above. We are still evaluating the factors surrounding
this voltage-driven behavior. Since Equation 3.8 predicts the linear electrophoretic velocity of
the particles, it can be used to quantitatively predict translocation times, shown by the red (356
nm) and blue (175 nm) dashed lines. The translocation times match these same general trends,
with the large particles moving through the channel faster at higher voltages but traveling
quite a bit slower than predicted, and the small particles showing no clear trend since again
the electrophoretic force appears to be too weak to have a noticeable impact.

Due to the very low small particle detection frequency without the added pressure driving
force aiding their entrance into the channel, the reverse size selectivity is very high at all ap-
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FIGURE 3-9: Comparison of characterization parameters for silica particle detection as a function of
applied voltage. Experiments were performed with 172 nm and 361 nm silica particles in 0.1 M KCl
using a 555-nm-diameter channel (L = 25 µm).

plied voltages, with large particles comprising 90-100% of all particles detected compared to
only 75% for the same channel at 1 V with an applied pressure of 1 psi. Selectivity remains rel-
atively constant until 1 V, when it decreases slightly because the electrophoretic force is finally
strong enough to make a minor difference in small particle detection.

3.2.11 Silica Voltage Dependence

Voltage dependence experiments were also performed with silica at three voltages between
500 mV and 1 V at 1 psi using the same channel (shown in Figures 3-9a-c). The brown and blue
dashed lines represent the predicted behavior for the 172 nm and 361 nm particles based on
Equation 3.8. We were unable to collect data at negative applied voltages or without applied
pressure due to the more frequent occurrence of channel blockages with silica.

Several interesting observations can be made from these figures. First, the detection fre-
quencies for both sizes increase linearly with increasing voltage, as expected from the stronger
electrophoretic force. However, the small particles show a significantly stronger voltage de-
pendence than the large ones, which is somewhat surprising since the zeta potential of the
large particles (and thus the expected electrophoretic driving force) is higher. The small parti-
cle detection frequency is quite a bit higher than predicted, increasing by a factor of 2.9 over
the voltage range compared to the predicted factor of 2.0, whereas the large particle detection
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frequency matches the prediction closely, increasing by a factor of 2.2. These trends clearly
indicate that additional influences outside of pressure and voltage are somehow enhancing
small particle entrance.

These conclusions are further supported by comparing the voltage dependence of polystyrene
and silica particles. Overall, voltage has a larger effect on the silica particles as expected from
their higher charge. However, although the zeta potential of the large silica particles is ∼5X
greater than that of the large polystyrene particles (with surfactant), their voltage dependence,
analyzed by comparing the slope of the trendlines, is only twice as strong. This same com-
parison cannot be made for the smaller particles since a trendline could not be fitted to the
small polystyrene data. The selectivity remains relatively constant over the tested voltage
range, further supporting the conclusion that simple electrophoretic effects are not responsi-
ble for the reverse size selectivity observed for polystyrene particles. Further insight can be
gained from examining the translocation times. Interestingly, although the small silica parti-
cles are detected more frequently, they actually move through the channel slightly more slowly
than the large particles. Most notably, while the observed translocation times for polystyrene
particles are substantially shorter than those predicted based on voltage alone due to the ad-
ditional driving force from pressure, the translocation times for the silica particles are only
slightly shorter than expected from voltage alone and roughly follow the expected voltage
dependence. This further confirms that voltage is the more dominant driving force for silica,
whereas pressure dominates for the polystyrene particles.

Although they do affect particle translocation, the obvious simple driving forces (diffusion,
pressure, and voltage) do not appear to be responsible for size selectivity. The implications
from this finding are significant. If large, simple driving forces are not responsible, selectivity
must be due to nanoscale properties or interactions that are able to produce more macroscale
effects. Therefore, we next turn our investigation to more subtle factors that might affect local-
ized nanoscale properties and behavior. Voltage clearly affects silica more than polystyrene,
but this difference cannot be explained solely by the increased electrophoretic driving force
for silica, as explained above. Therefore, we looked at factors that might influence more local
charge distributions. Our discussion of nanoscale effects will focus on polystyrene since the
anomalous reverse size selectivity is only displayed when polystyrene particles are used.

3.2.12 Competition Effects

In order to determine whether particle-particle interactions or competition between particles
contribute to size selectivity, experiments were repeated with only a single particle size present
in solution. Table 3.4 shows the detection frequencies for each polystyrene particle size (175
nm and 356 nm) detected individually in solution compared to values for the two particle sizes
detected in a mixture of equal concentrations with the same channel. Although the detection
frequencies of both sizes are slightly higher when they are detected individually, they are
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fsmall (Part./s) flarge (Part./s)

Individually 1.1 3.7

Mixed Solution 0.9 3.1

TABLE 3.4: Comparison of polystyrene particle detection frequencies individually and in a mixed par-
ticle size solution. In all cases the individual particle concentration was held constant at 8.9 x 109

particles/mL.

Particles Solution dc (nm) L (µm) % Small % Large fsmall flarge tsmall tlarge
(Part./s) (Part./s) (ms) (ms)

175 nm PS/ 0.1 M KCl 627 10 27% 73% 10.0 26.4 0.76 0.74
356 nm PS w/0.1% Triton ±0.20 ±0.09

175 nm PS/ 0.1 M KCl 627 10 36% 64% 9.9 17.4 0.78 0.76
281 nm PMMA w/0.1% Triton ±0.4 ±0.1

TABLE 3.5: Mixed material particle detection using equal concentrations of PMMA and PS particles.

nearly the same, suggesting that competition between the two particle sizes does not influence
size selectivity.

Experiments were also conducted with small and large particles of different materials
in the same solution. Particle detection performed with a 175 nm PS/281 nm poly (methyl
methacrylate) (PMMA) particle combination was compared to detection conducted using the
175 nm PS/356 nm PS combination, with the characterization parameters shown in Table 3.2.15.
Although the PMMA particles are smaller than the large PS particles, overall trends can still be
compared. The PMMA particles should be more hydrophilic than the polystyrene particles,
which could affect their interactions with the surrounding solvent. While the PMMA parti-
cles are expected to have a slight negative charge, the zeta potential was actually measured
to be only -6.0 mV compared to -11.5 mV for the larger 356 nm PS particles. Therefore, the
electrophoretic driving force for the PMMA particles is smaller than for the large PS particles,
which could result in a slightly lower detection frequency.

When the larger particle is switched from PS to PMMA using the same channel, the small
particle detection frequency stays the same. It is not affected by the other particle in solution
even when it is a different material, again indicating that particle competition is not responsi-
ble for size selectivity. On the other hand, the large particle detection frequency decreases by a
factor of 1.5. This decrease results in a significant shift in the size selectivity, with only 64% of
the total particle detection attributable to the larger 281 nm PMMA particles compared to 73%
when the 356 nm PS particles are used. Even though the PMMA particles are smaller than the
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FIGURE 3-10: Comparison of characterization parameters for polystyrene particle detection as a func-
tion of particle concentration. Experiments were performed with 175 nm and 356 nm polystyrene par-
ticles in 0.1 M KCl and 0.1% Triton X-100 using a 457-nm-diameter (L = 18 µm) channel.

356 nm PS particles and should therefore be less geometrically constrained, detection of the
PMMA particles is less favorable. This again confirms that particle material plays a key role in
selectivity. Using PMMA decreases the selectivity, moving it more towards the silica particle
trend that follows geometric predictions. This could be due to the more hydrophilic nature of
the PMMA particles, which should result in a more tightly held solvation shell around the par-
ticle. It would therefore be harder to rearrange this solvation shell in response to local charge
effects, which could affect its transport behavior. Results from mixed material particle detec-
tion with small 172 nm silica particles and large 356 nm polystyrene particles also confirm that
the particle detection frequencies are unaffected by the presence of other particle materials and
that competition is not responsible for selectivity.

Similarly, concentration dependence was also investigated for the mixed particle solution
by performing experiments at four different polystyrene particle concentrations between 8.9
×109 and 5.3 ×1010 particles/mL using the same channel. In each case, the concentrations of
the two particle sizes remained the same. The three characterization parameters are shown
in Figures 3-10a-c. As expected, the detection frequencies increase linearly with concentration
for both particle sizes by the same relative amounts. Additionally, the selectivity is essentially
the same at all concentrations, further demonstrating that particle-particle interactions do not
play a role in size selection.

3.2.13 Effect of Electrolyte Concentration

The electrolyte performs several key roles in our experimental setup. First, it carries the ionic
current through the channel, which is necessary to detect particles as they pass through. Sec-
ond, it determines the charge screening length for both the particles and the channel walls.
The electrical double layer becomes more and more diffuse as it extends farther away from the
charged surface until the charge is completely neutralized. The number of cations and anions
present in solution will affect the thickness of this layer, with higher concentrations forming
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FIGURE 3-11: Comparison of characterization parameters for polystyrene particle detection as a func-
tion of electrolyte concentration. Experiments were performed with 175 nm and 356 nm polystyrene
particles in KCl solutions of various concentrations and 0.1% Triton X-100 using a 715-nm-diameter
channel (L = 10 µm).

a thinner double layer and lower concentrations forming a thicker, more diffuse layer. Since
both the particle and channel walls are negatively charged, a double layer will surround both
surfaces. Consequently, at lower electrolyte concentrations, the screening length of both the
particle charge and the channel charge will be greater. Therefore, the effective charge very
close to either surface will be higher. Additionally, this immediate solvation environment may
be more polarizable at lower electrolyte concentrations, perhaps allowing it to respond more
easily to localized charge differences and unique interfacial properties. This could have impor-
tant implications for confined interactions, such as those that may occur between the particles
and the channel walls. Therefore, we investigated the effect of electrolyte concentration by
measuring the particle detection behavior at five different KCl concentrations (between 0.05
M and 0.1 M) using the same channel. Unfortunately, we were limited in the range of concen-
trations we could test. The particles aggregate if the KCl concentration is higher than 0.2 M,
but the signal-to-noise ratio is too low if the KCl concentration is decreased by too much (since
the percentage of current displaced by the particle is too small to detect). The three character-
ization parameters are plotted as a function of electrolyte concentration in Figures 3-11a-b.

The detection frequencies for both particle sizes decrease with decreasing electrolyte con-
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centration, indicating that particle entrance is somehow inhibited as a result of thicker elec-
trical double layers surrounding both the particles and the channel walls. The lower detec-
tion frequency could be partially a result of increased electrostatic repulsion when particles
approach the walls. However, a higher effective charge should also result in a stronger elec-
trophoretic force pushing the particles into the channel, which would increase the detection
frequency. The resulting particle behavior due to the charge increase should therefore be a
balance between these two forces. The fact that the frequency decreases suggests that either
the electrostatic repulsion is stronger than the corresponding increase in the electrophoretic
force, or there are other charge effects influencing particle behavior.

Interestingly, although the overall detection frequency decreases, the size selectivity re-
mains relatively constant from 0.1 M down to 0.06 M. However, it increases significantly at the
lowest concentration (0.05 M), with the large particle selectivity % rising to 89% from 73% at
0.1 M. A larger increase was probably not observed due to the relatively small electrolyte con-
centration range. We can compare the relative changes in the detection frequencies of the two
particle sizes to determine which size is responsible for the observed selectivity changes. The
low electrolyte concentration appears to have a larger effect on the small particles, decreasing
their frequency by ∼12X compared to a decrease of only ∼4X for the large particles.

Surprisingly, the disparity between the large and small translocation times, while nonex-
istent in 0.1 M KCl, becomes larger and larger with lower electrolyte concentration. The large
particles actually appear to slow down at low electrolyte concentrations even though they are
detected more frequently. Since pressure typically pushes both particle sizes through at the
same rate once they enter the channel, overcoming whatever forces are responsible for se-
lectivity, deviation from this behavior may indicate that selectivity-related interactions at low
electrolyte concentrations are strong enough to partially overcome the pressure normalization.

3.2.14 Solvent Dependence

Changes in the solvation environment can have a significant effect on local interactions and
charge distributions. In order to gain a better understanding of how solvent might affect selec-
tivity, we added ethanol to the solution of particles to create a solvent mixture of 20% ethanol
and 80% water, while keeping the KCl concentration the same (0.1 M). Ethanol is less polar
than water and will therefore decrease the overall polarity of the solvent. Ideally these ex-
periments would have been performed in a more non-polar organic solvent to accentuate the
polarity difference, but the particles aggregated when they were added to 100% acetonitrile
or ethanol. Therefore, a mixture of ethanol and water was used to introduce more non-polar
properties while still maintaining enough polar characteristics to keep the particles solvated.
This highlights the dual hydrophilic/hydrophobic nature of the polystyrene particles. While
bare polystyrene is inherently hydrophobic, the hydrophilic surface sulfate groups left over
from the initiator during synthesis produce hydrophilic pockets. In addition, the manufac-
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Particles
DLS Diameter in 0.1 M KCl DLS diameter in 0.1 M KCl

in 20% ethanol/80% water (nm) in water (nm)

175 nm PS 178 210

356 nm PS 326 379

TABLE 3.6: Comparison of polystyrene particle diameters obtained by DLS with and without ethanol.

Particles Solution dc (nm) L (µm) d4
c/L % Small % Large

fsmall flarge tsmall tlarge
(Part./s) (Part./s) (ms) (ms)

175 nm PS/ 0.1 M KCl 635 12 1.3 x 10−20 25% 75% 1.3 5.7 1.1 1.0
356 nm PS ±0.3 ±0.1

175 nm PS/ 0.1 M KCl in 80% 705 16 1.5 x 10−20 6% 94% 0.9 14.4 1.0 1.0
356 nm PS H2O / 20% ethanol ±0.2 ±0.1

TABLE 3.7: Comparison of characterization parameters for polystyrene particle detection with and
without ethanol addition.

turer adds a small amount of surfactant in order to disperse the particles in aqueous solution,
making them somewhat more hydrophilic than they would be normally. Consequently, the
hydrophobicity is likely non-homogeneous across the surface, which will affect the interfacial
structure via unique interactions with the solvent and could lead to unusual behavior.

Dynamic light scattering size measurements were performed in order to verify that the
particles do not aggregate in the 20% ethanol / 80% water solution. Interestingly, while no ag-
gregation was observed, the measured hydrodynamic diameters for each particle size (shown
in Table 3.6) are significantly lower than those measured in 0.1 M KCl and are also lower than
the nominal dry particle diameters observed by SEM/TEM for the 356 nm particles. These
decreases in the hydrodynamic diameter measurements provide strong evidence that the in-
terfacial solvation environment between the particle and the solvent is strongly dependent on
solvent polarity. In addition, the charge screening with ethanol should be weaker than with
water, which should decrease the effective surface charge and may increase the polarizability
of the solvation shell. However, this is difficult to verify using zeta potential measurements
because the results are not reliable in non-aqueous solutions. The dependence of our three
characterization parameters on ethanol addition is shown in Table 3.7.

Although we were unable to collect data with and without ethanol using the same channel,
we can compare the results to those obtained using a channel with a similar d4c/L ratio, since
we have shown that particle detection frequency is dependent on this geometric factor. While
the small particle detection frequency remains relatively constant upon addition of ethanol,
the large particle detection frequency actually increases by ∼3X in the presence of ethanol.
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Particles Solution dc (nm) L (µm) % Small % Large
fsmall flarge tsmall tlarge

(Part./s) (Part./s) (ms) (ms)

175 nm PS/ 0.1 M KCl 604 19 24% 76% 3.6 11.3 2.8 3.0
356 nm PS w/0.1% Triton ±1.0 ±0.3

175 nm PS/ 0.1 M KCl 604 19 19% 81% 1.7 7.4 2.4 2.6
356 nm PS ±0.8 ±0.2

TABLE 3.8: Comparison of characterization parameters for polystyrene particle detection with and
without surfactant addition.

This results in a substantial increase in reverse size selectivity, with the percentage of large
particles detected increasing from 75% to 94%. Interestingly, unlike for low electrolyte concen-
trations, the translocation times of both particle sizes remain the same after ethanol addition,
suggesting that the applied pressure is enough to normalize the translocation times.

3.2.15 Effect of Surfactant

Surfactant is often added to the solutions of polystyrene particles to help prevent aggregation.
Triton X-100 is a nonionic surfactant and is known to adsorb to the surface of polystyrene.
Adding surfactant will therefore have two main effects on the particles. First, because it ad-
sorbs to the surface, it will block some of the surface charge. This is confirmed by comparing
the zeta potential measurements with and without surfactant in Table 3.3. Values for both
particle sizes decrease significantly upon addition of surfactant, reflecting their lower effective
charges. Second, the surfactant changes the hydrophilic properties of the particle. The nonpo-
lar chain will attach to the nonpolar polystyrene surface, allowing the polar head to interact
with the aqueous environment and increasing the overall hydrophilicity. Consequently, the ra-
tio and distribution of hydrophobic and hydrophilic pockets on the surface will likely change
upon addition of surfactant. This could have important implications not only for the inter-
facial structure, but also for the polarizability of the solvation environment and the response
of the particle to local charge variations. Therefore, comparing particle behavior with and
without Triton using the same channel may provide interesting insight into the mechanism of
selectivity. The dependence of the three characterization parameters on surfactant addition is
shown in Table 3.8.

One interesting conclusion can immediately be drawn. When the surfactant is removed,
the detection frequencies of both particle sizes actually decrease. However, the reverse size se-
lectivity increases, with 80% of detection events attributed to large particles compared to 76%
with surfactant. This is consistent with the behavior observed when screening is reduced by
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lowering the electrolyte concentration, suggesting that either the double layer thickness or the
effective charge is key to determining the overall detection frequency. The observed changes in
particle behavior could be due to several different factors. First, similar to the low electrolyte
concentration case discussed above, the higher effective charge could result in competing con-
sequences. Increased electrostatic repulsion between the particles and the negatively charged
walls should decrease the detection frequency, but at the same time the increased contribution
from the electrophoretic force should push particles into the channel at a higher rate. Inter-
estingly, the translocation times are slightly faster for the particles without surfactant, which
could be due to the latter effect. In addition, the selectivity difference could also be a result of
changes in the solvation environment due to decreased screening, unique interactions with the
solvent caused by the non-homogeneous hydrophilic properties of the particle, or the block-
age of surface group interactions by the adsorbed surfactant. These changes might affect the
structure and interactions of the solvation shell, which could allow it to respond differently to
charge.

3.2.16 pH Dependence

The silanol groups on the silica nanochannel walls have two pKa values at∼4.5 and∼8.5.240–242

Therefore the pH of the solution will determine whether these groups are protonated or de-
protonated. Experiments were performed at five different pH values ranging from 2.2 to 12
in 10 mM phosphate buffer with 0.1 M KCl and 0.1% Triton X-100 using the same channel.
The particles are expected to remain negatively charged throughout this pH range due to the
low pKa of sulfuric acid. However, its second pKa is right around 2, meaning that they will
be somewhat less negatively charged at the lowest pH value tested. The characteristic param-
eters are plotted in Figures 3-12a and b. It is important to note that the ionic strength of the
buffer solution at each pH value is not the same, since the relative concentrations of HPO2−

4

and H2PO−4 ions are different (even though the total phosphate buffer concentration is the
same). As we have already seen above, the ionic strength affects the selectivity. Therefore,
differences in ionic strength could be contributing to any observed pH trends. However, the
buffer concentration is much smaller than the overall KCl concentration, meaning that these
effects should be fairly small. Comparing the selectivity percentages of the polystyrene parti-
cles for the same channel in 0.1 M KCl and 0.1% Triton X-100 (∼ pH 6) with those in the buffer
solution adjusted to pH 6.25 shows that they are the same for both particle sizes (65% large /
35% small), confirming that the effect of slightly different ionic strengths is minimal.

The detection frequencies for both particle sizes generally decrease with increasing pH.
This trend is consistent with electrostatic repulsion effects. As the pH increases, the nanochan-
nel walls become more negatively charged, which should lead to increased repulsion of the
negatively charged particles. This repulsion is expected to be greater for the large particles
due to their larger surface area, and this is in fact what we see, with the detection frequency
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FIGURE 3-12: Comparison of characterization parameters for polystyrene particle detection as a func-
tion of pH. Experiments were performed with 175 nm and 356 nm polystyrene particles in 0.1 M KCl
and 0.1% Triton X-100 using a 646-nm-diameter channel (L = 16 µm).

decreasing by ∼1.8X from pH 2 to pH 12, compared to a decrease of ∼1.3X for the small parti-
cles. However, even at pH 12, when the silanol groups should be mostly deprotonated and the
repulsive forces should be the strongest, the large particles are still detected more frequently
than the smaller ones. Additionally, at pH 2, when the majority of the silanol groups should
be protonated and electrostatic interactions should be minimal, the larger particles are still de-
tected more frequently than the smaller ones. In fact, while the size selectivity remains nearly
the same for pH 6 through pH 12, it is slightly enhanced at pH 2. This strongly suggests
that electrostatic repulsion effects between the particles and the channel walls are not caus-
ing size selectivity. However, this does not rule out the possibility that charge distribution
or dynamical charge effects are contributing. As mentioned previously, the contribution from
electroosmotic flow should be very small at pH 2 due to the low surface charge on the channel
walls. Therefore, if electroosmotic flow was involved in the mechanism, the selectivity would
decrease at pH 2 rather than increase.

While the exact mechanism responsible for the unusual reverse size selectivity is not clear,
the results above suggest that charge effects are significant. However, they do not appear
to be simple electrostatic effects and may instead be more dynamical charge effects result-
ing from polarization of the particles themselves or their surrounding solvation shells. The
inhomogeneous hydrophobic/hydrophilic nature of the polystyrene surface likely produces
a non-uniform solvation environment that is more loosely held and more easily polarizable,
while the hydrophilic silica particles likely have a tightly held solvation shell that is harder
to polarize. This could change their response to local charge effects in solution or near the
nanochannel walls, altering their transport behavior. Different solution temperatures were in-
vestigated to gain additional mechanistic information and gather further evidence to support
these suggestions.
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FIGURE 3-13: Comparison of characterization parameters for polystyrene particle detection as a func-
tion of temperature. Experiments were performed with 175 nm and 356 nm polystyrene particles in 0.1
M KCl using a 715-nm-diameter channel (L = 10 µm).

3.2.17 Polystyrene Temperature Dependence

Adding energy to the system in the form of heat can affect thermodynamically sensitive nanoscale
processes. Therefore, we performed detection experiments at five different temperatures be-
tween 15 ◦C and 54 ◦C using the polystyrene particles in 0.1 M KCl (no surfactant) in order
to gain further insight into the energy dependence of the relevant processes contributing to
size selectivity. The characterization parameters are plotted in Figures 3-13a-c. It should be
noted that the highest temperature data point represents fewer overall detection events and
will consequently have a larger error. Interestingly, except for an anomalous point at 34 ◦C, the
detection frequency varies minimally with no particular pattern for the large particles and de-
creases very slightly for the small particles with increasing temperature. This is somewhat sur-
prising, since it is expected that the detection frequencies of both particles would increase with
temperature, as the fluid should be moving faster. The translocation times, on the other hand,
do decrease with increasing temperature, indicating that the particles are moving through the
channel faster at higher temperatures once they enter—they just aren’t entering any more fre-
quently. While the 34 ◦C data could be significant, there may have been some systematic effect
in this particular run that made the total detection frequencies lower for both particle sizes.
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FIGURE 3-14: Comparison of characterization parameters for silica particle detection as a function of
temperature. Experiments were performed with 172 nm and 361 nm silica particles in 0.1 M KCl using
a 715-nm-diameter (L = 10 µm) channel.

However, the selectivity percentages (which essentially normalize all runs against anomalies)
demonstrate that the reverse size selectivity is actually enhanced at higher temperatures, with
the large particle selectivity % increasing to 90% at 54 ◦C. This suggests that the selectivity
mechanism is energy dependent and may involve some sort of thermodynamic process, such
as solvation shell reorganization or charge redistribution.

3.2.18 Silica Temperature Dependence

The same channel was used to investigate the temperature dependence of silica particles from
12 ◦C to 53 ◦C. The characterization parameters are plotted in Figures 3-14a-c. The detection
frequencies of both particle sizes vary somewhat with temperature, but there is no clear trend.
Similar to the polystyrene particles, the translocation times generally decrease with increasing
temperature as expected from the faster fluid flow. Curiously, the small particles translocation
times do begin to increase again at the highest two temperatures. However, the size selectivity
is the same at all temperatures, except for 33 ◦C and 41 ◦C, in which 100% of detected particles
were large. It is unclear why no small particles were detected at these two temperatures.
Therefore, although there is some variation, the silica size selectivity does not show a clear
trend with temperature like polystyrene does, suggesting that the selectivity mechanism for
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silica is not temperature dependent. This would be the case if it was solely based on geometry.

3.3 Conclusions

We have used resistive-pulse sensing to explore surprising material-dependent size selectivity
in polystyrene and silica nanoparticle transport through silica nanochannels. When two differ-
ent particle sizes are present in equal concentrations in solution, geometric constraints predict
that smaller particles will be detected more frequently than larger ones. While this behavior
is indeed observed with silica particles, when the particle material is switched to polystyrene
a reverse size selection is exhibited, with larger particles passing through the channel much
more frequently, suggesting that chemical identity plays a key role in determining transport.
We determined that selectivity occurs outside of the channel and that simple driving forces
(diffusion, pressure, electrophoresis) are not responsible. However, other more subtle charge
effects do appear to play a role. For the polystyrene particles, reverse size selectivity increases
at low electrolyte concentrations, low pH values, without surfactant, and when a more polar
solvent is used. While it is not clear exactly what is responsible for the unusual size selectiv-
ity, these results suggest that charge effects are significant, possibly due to dynamical changes
related to differences in the polarizability or hydrophilicity of the particles or the interfacial
solvation environments. These could alter particle transport behavior by influencing their re-
sponse to local charge fluctuations or structure variations in the surrounding environment,
including near the nanochannel walls. Most importantly, these surprising results demonstrate
that nanoscale effects and interactions can substantially influence mesoscale transport behav-
ior when the size of the transported species approaches the size of the transport channel. This
has important implications not only for gaining a better fundamental understanding of inter-
facial behavior under confinement, but also for leveraging these effects to design more efficient
separation techniques and tunable transport systems.

3.4 Methods

Chemicals and Materials

All aqueous solutions were prepared using >18 MΩ•cm water from a Barnstead Nanopure
water purification system. Triton X-100 (Sigma-Aldrich), potassium chloride (KCl, JT Baker),
monopotassium phosphate (KH2PO4, JT Baker), dipotassium phosphate (K2HPO4, JT Baker),
phosphoric acid (H3PO4, Mallinckrodt), and potassium hydroxide (KOH, JT Baker) were all
reagent grade and were used without further purification. Polystyrene microspheres (d= 120
nm, 175 nm, and 356 nm) and poly(methylmethacrylate) (PMMA) microspheres (d = 281 nm)
were purchased from Polysciences Inc. Silica microspheres (d = 172 nm and 361 nm) were
purchased from Corpuscular, Inc. Quartz capillary tubing (o.d. = 1.0 mm, i.d.= 0.3 mm) was
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obtained from Sutter Instrument Company and silica microcapillaries (o.d. = 0.35 mm, i.d. =
20 µm) from Polymicro Inc.

Fabrication of Silica Nanochannels

Silica nanochannels were prepared in a multi-step process as reported previously.208 Briefly, a
small piece of a silica microcapillary (o.d.=0.35 mm, i.d.= 20 µm) is first sealed inside a larger
silica capillary (o.d. = 1.0 mm, i.d.= 0.3 mm) using a laser-based micropipette puller (P-2000,
Sutter Instrument Company). The diameter of the inner capillary is then decreased to ∼5 µm
through a series of heating and cooling cycles under vacuum, after which the capillary ensem-
ble is pulled into two ultrasharp nanotips. Larger borosilicate holders are produced using a
filament-based micropipette puller (P-97, Sutter Instrument Company) by pulling borosilicate
capillaries (o.d. = 2.0 mm, i.d.= 1.16 mm) into blunt tips with large openings. In the second
step, a nanotip is inserted into this larger borosilicate holder under an optical microscope until
the end of the nanotip protrudes from the holder opening by about 5-10 µm. It is then passed
very quickly through a natural gas flame to seal a small section of the nanotip to the walls of
the holder, after which the unsealed remainder of the tip is removed, leaving only the small
sealed segment containing the silica nanochannel. The protruding end piece is then cut off
under the optical microscope using a razor blade.

Measurement of Electrical Resistance

The current-voltage response of each silica nanochannel was measured using a Chem-Clamp
potentiostat (Dagan, Inc.) and a PAR 175 universal function generator (Princeton Applied
Research). The potentiostat was interfaced to a Dell computer through a PCI-6251 data ac-
quisition board (National Instruments) via a BNC-2090 analog breakout box (National Instru-
ments). The data was recorded using an in-house instrumentation program written with Lab-
View 8.5 (National Instruments). All measurements were conducted inside a Faraday cage in
a one-compartment, two-electrode cell with a Ag/AgCl working electrode inside the support-
ing nanochannel pipette and a Ag/AgCl reference electrode in the outside solution.

Microscopy

Optical images were acquired using a BX-51 microscope (Olympus) connected to a CCD cam-
era.

Resistive-Pulse Sensing of Single Nanoparticles

Detection of polystyrene particles was performed in a custom-built Lucite pressure cell con-
taining a small sample chamber with an opening for nanochannel positioning. A diagram of
this cell is shown in Figure 3-1. Each nanochannel was secured in a vertical orientation with
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the tip immersed in the polystyrene particle solution. Particles were added only to the out-
side solution in the sample chamber. A Ag/AgCl electrode was placed inside the supporting
nanochannel pipette, and another one was placed in the sample chamber to act as the refer-
ence electrode. All voltages were applied to the working electrode inside the nanochannel
pipette. Constant pressure was delivered to the cell via a Femtojet Microinjector (Eppendorf).
Current-time traces were acquired using an Axopatch 200B high-impedance amplifier (Molec-
ular Devices, Inc.) and a Digidata 1440A digitizer (Molecular Devices, Inc.) interfaced to a
Dell computer. A 1.0 kHz low-pass filter was applied to the amplifier during data acquisition,
but no further filtering was performed.

Resistive-Pulse Analysis and Gaussian Peak Fitting

Resistive pulses from the amperometric traces were counted and characterized using Mini
Analysis software (Synaptosoft, Inc.). OriginPro 8 data analysis software was used to generate
a particle size histogram for each trace and to fit each peak in the histogram with a Gaus-
sian function. Translocation times were measured using the Clampfit program from the Axon
pClamp 10.4 software package (Molecular Devices, Inc.).

Dynamic Light Scattering and Zeta Potential Measurements

Dynamic light scattering (DLS) and zeta potential measurements were carried out using a
Zetasizer Nano ZS instrument (Malvern Instruments).
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CHAPTER 4
Gold Nanoelectrode Fabrication
Methods

4.1 Introduction

ELECTROCHEMICAL TECHNIQUES are particularly well-suited for investigating nanoscale
catalysis, as an increased temporal and spatial understanding of electron-transfer dy-
namics is key to the optimization of existing catalysts and the development of new

ones. Traditionally, studies have focused on analyzing the behavior of an ensemble of nanocat-
alysts, but heterogeneity of individual nanoparticles limits the usefulness of this approach.243

Thus, ideally these processes would be measured at a single-molecule level in real time in or-
der to accurately correlate nanocatalyst structure with function. Gold can be easily modified to
attach these nanostructures, making it an attractive material for these types of investigations.

This chapter focuses on using two unique gold nanowire fabrication techniques to produce
individual, electrically insulated gold nanoelectrodes of controllable dimensions. The ultimate
objective is to create a simple and reproducible method for the quick preparation of these
electrodes for use in single-nanoparticle catalysis studies.

4.2 Gold Nanoelectrode Fabrication by Nanoskiving

The first fabrication method is based on a clever technique known as nanoskiving.176, 244, 245

This process, developed by George Whitesides, takes advantage of the unique ability of a mi-
crotome to section samples with nanoscale precision. While this instrument is typically used
to prepare sample slices for optical or electron microscopy, it is used here to achieve nanoscale
wire dimensions. The basic procedure is as follows: epoxy is first poured over a nanopat-
terned PDMS mold to create a template. A thin film of gold is then deposited on top of this
template, which is subsequently covered by another layer of epoxy, yielding a thin gold sheet
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FIGURE 4-1: Diagram of gold nanoelectrode fabrication by nanoskiving.

sandwiched between two epoxy layers. A microtome is used to slice a thin section of this
epoxy-gold assembly, which is transferred to a flat substrate and freed from the epoxy matrix
using oxygen plasma, leaving behind an array of tailored nanostructures. This method has
several advantages compared to traditional lithography methods. First, the dimensions of the
nanostructures can be tuned by controlling the thickness of both the deposited Au layer and
the microtomed section. Second, ordered, uniform arrays of many different shapes, including
wires, rings, and squares, can be made by simply altering the original template. In addition,
each slice can be easily manipulated and positioned and can even be stacked to create layered
3D structures,246, 247 and the same epoxy block can produce many slices, lowering the overall
fabrication time. At the time of this work, this technique had never been used to fabricate
an individual nanoelectrode. However, O’Riordan and coworkers published a similar paper
shortly after,248 although the surface area of their electrode is much larger than the wires de-
scribed here due to differences in geometry.

Gold nanoelectrodes were fabricated using the nanoskiving technique according to the
scheme shown in Figure 4-1. A thin film of gold (∼100 nm) is first thermally evaporated onto
a flat epoxy substrate and then cut into thin strips (∼2 mm wide). One of these gold strips is
embedded in the middle of an epoxy block, which is sectioned using a microtome to produce
nanometer-sized wires. One major advantage of this method is that the diameter and height
of the wire can be controlled by the thickness of the original evaporated Au film and the width
of the microtomed piece, respectively. To fabricate a gold nanoelecrode, a microtomoed slice
is transferred to a glass substrate that has been coated with epoxy. Electrical contact is made
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FIGURE 4-2: Characterization of a gold nanoelectrode prepared by nanoskiving. a) SEM images after
microtome sectioning. b) Photograph of nanoelectrode after polishing. c) Cyclic voltammogram of the
nanoelectrode shown in a) in 5 mM ferrocene in 0.1 M TBAPF6 at a scan rate of 20 mV/s.

to the wire using conductive Ag paste before insulating the entire electrode with a top layer of
epoxy. Electrodes are then polished using fine-grit sandpaper to expose the surface of the wire
and characterized using cyclic voltammetry. Ideally the electrode can be re-polished to renew
the surface while maintaining the same diameter, which is not possible with other fabrication
methods that produce a tapered wire, such as the laser pulling or etching methods described
previously.

Several challenges were encountered during this fabrication process, including bending of
the gold strip inside the epoxy block during the heat curing step. When a bent strip is cut with
the microtome, the resulting wire has a larger diameter than expected from the deposition
thickness. Figure 4-2 shows SEM images of a wire cut from a 100-nm-thick gold strip with
a diameter above 200 nm. Other problems include making good electrical contact to such a
small wire and getting consistent cutting thicknesses using a glass knife, since it dulls quickly.
In addition, the microtomed slices are very fragile, and the epoxy support can sometimes
detach from portions of the wire, leaving the small wire vulnerable to breaking. In addition,
since the length of the wire is so short, it is difficult to polish the electrode to expose the
wire without overpolishing and hitting the conductive Ag paste. Many electrodes showed no
electrical conductivity during polishing until the conductive Ag paste was exposed, indicating
that either the wire itself was discontinuous or the electrical contact was not successful.

Of about one hundred nanoelectrodes fabricated in this manner, only a few were success-
ful. One representative cyclic voltammogram is shown in Figure 4-2b. Although the surface
area of this electrode is rectangular, an approximate diameter can be calculated using the equa-
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FIGURE 4-3: Gold nanoparticle functionalization of a nanoelectrode prepared by nanoskiving. a) Dia-
gram showing the functionalization of the Au nanoelectrode in Figure 4-2 with 27 nm Au nanoparticles.
3% 1,6-hexane dithiol was used as a linker molecule between the electrode surface and the nanoparti-
cles. b) Cyclic voltammograms of the nanoelectrode before and after each functionalization step in 5
mM ferrocene in 0.1M TBAPF6 at 50 mV/s.

tion for the steady-state limiting current at a disk electrode, iss = 4nFDC∗a, where iss is the
steady-state limiting current, n is the number of electrons transferred per redox molecule, D
and C∗ are the diffusion coefficient and bulk concentration of the redox molecule, and a is
the radius of the electrode. The calculated diameter of 216 nm is within the expected range
based on the SEM images shown in Figure 4-2a. Stability proved to be an issue with all of the
successful electrodes. When the electrode shown in Figure 4-2 was re-tested after a few days,
the current decreased substantially. This was observed with other electrodes as well, with
the current sometimes decreasing within minutes of the initial scan. This could be partially a
result of degradation of the insulating epoxy in the acetonitrile solvent used for cyclic voltam-
metry. Any degradation products or shrinking of the epoxy itself could result in either partial
fouling of the electrode surface or recessment of the gold due to separation and detachment of
the wire from the surrounding epoxy. Aqueous redox solutions would be a better choice for
future experiments.

As a proof-of-concept experiment, the electrode in Figure 4-2 was functionalized with 27
nm Au nanoparticles using 1,6-hexane dithiol as a linker molecule (shown in Figure 4-3).
Cyclic voltammograms were taken after both functionalization steps in order to assess the
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FIGURE 4-4: Diagram of gold nanoelectrode preparation by lithographically patterned nanowire elec-
trodeposition (LPNE). A sacrificial aluminum layer is first covered with photoresist and patterned us-
ing a mask. The exposed photoresist is then removed, and the aluminum is etched along this new edge,
creating a nanotrench. Gold is deposited into this trench from a solution of 6 mM HAuCl4 in 0.1 M KCl
using the aluminum layer as a working electrode. The aluminum layer and remaining photoresist are
then removed, and electrical contact is made to the resulting nanowire using conductive Ag paste.

success of the procedure. As can be seen in Figure 4-3b, the current decreases after dithiol
functionalization, as expected due to coverage of the electrode surface. However, after at-
tachment of the conductive Au nanoparticles, the current decreases to almost zero rather than
increasing again as it should. These results indicate that either the first or second step of the
functionalization procedure was unsuccessful, or, given the previous pattern of electrode in-
stability, that part of the gold may have detached and broken off.

Therefore, while this technique can produce gold nanoelectrodes with a good electrochem-
ical response, the success rate is currently too low to make this a practical technique for mass
production.

4.3 Gold Nanoelectrode Fabrication by Lithographically Patterned
Nanowire Electrodeposition (LPNE)

The second approach is based on a nanowire fabrication technique developed by the Penner
group called lithographically patterned nanowire electrodeposition (LPNE).177, 178, 249–251 In
this method, illustrated in Figure 4-4, a sacrificial metal layer is deposited onto a flat substrate,
patterned with photoresist, and subsequently etched to produce a horizontal nanotrench be-
neath the overhang of the photoresist. Metals such as gold can then be electrodeposited into
these trenches to create nanowires of different diameters by controlling the etching and depo-
sition times. The photoresist and sacrificial metal are then removed, yielding the patterned
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FIGURE 4-5: Optical microscope images of gold nanowires synthesized by LPNE. Bright-field (a) and
pseudo dark-field (b) images of a nanowire formed using a rewriteable CD containing a thin aluminum
film. Au was deposited from a solution of 6 mM HAuCl4 in 0.1 M KCl at -1.25 V for 1 s, followed by
-0.95 V for 30 s. Bright-field (c) and pseudo dark-field (d) images of a microwire formed as a result of a
longer aluminum etching time.

nanostructure array. Like nanoskiving, this method has also been used to produce nanowire
arrays of many different shapes.

Single nanoelectrodes were fabricated according to the scheme shown in Figure 4-4. Rewrite-
able CDs (CD-RW) contain a thin, uniform aluminum layer (∼100 nm) on top of a polycarbon-
ate substrate, which serves as a convenient starting material for LNPE, although other metal
films and substrates can also be used. This film is first covered with photoresist and patterned
using a mask to expose only half of it. The unexposed photoresist, along with the aluminum
layer underneath, are then removed with a developer solution, producing a nanoetrench un-
derneath the edge of the photoresist where the aluminum has been etched slightly further. An
electrical connection is made to the aluminum layer, and gold is deposited into the nanotrench
by submerging it in 6 mM HAuCl4 in 0.1 M KCl at -1.25 V for 1 s, followed by -0.95 V for 30 s
to 1 min, with the aluminum serving as the working electrode. The photoresist and aluminum
are then removed with the developer solution, leaving the bare wire on the glass substrate.
Electrical contact with the wire is established using conductive Ag paste, and the whole en-
semble is insulated by spin coating another layer of photoresist on top of it. The electrodes are
exposed by simply cutting the plastic substrate with a pair of scissors.

Figure 4-5a and b show a typical wire grown by this method. The scalloped shape of the
wire is due to the mask we used, which had a curved edge. We found that it was difficult
to precisely control the etching time. Therefore, many of the resulting wires either had larger
diameters than expected (Figure 4-5 c and d) or varying diameters along their length due to
inconsistent trench dimensions. Likewise, it is somewhat challenging to determine how long
to deposit the gold. It has been noted in previous reports that once the gold reaches the end
of the trench, it begins depositing dendrites out from the base wire,177 which contributes to
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FIGURE 4-6: Optical microscope images of overgrown (a and b) and broken (c) gold wires synthesized
by LPNE. Bright-field (a) and pseudo dark-field (b) images showing large gold dendrites grown from
the main wire when the deposition front reached the edge of the trench. c) Bright-field image of a
broken wire.

diameter variation, and this is indeed what we see with many of our wires (Figure 4-6a and b).
Unfortunately, after making electrical connection, insulating with epoxy, and polishing, none
of the nanoelectrodes demonstrated good electrochemical performance. Most cyclic voltam-
mograms showed very tiny currents, suggesting that either there was a discontinuity in the
wire itself, or electrical connection to the wire was not successfully established. On the other
hand, some displayed a very high current, indicating that the photoresist insulation was in-
complete or broken somewhere. Observations of optical microscope images, such as the one
shown in Figure 4-6c, indicate that many of the wires were broken in places, either due to un-
even gold growth or poor adhesion of the wire to the glass surface during subsequent removal
of the photoresist and aluminum.

The major advantage associated with this method is that the electrode can be exposed by
simply cutting through the wire and the surrounding insulating layers using a pair of scis-
sors or a razor blade, eliminating the need for troublesome polishing, which often leads to
inconsistent results. In addition, similar to the nanoskived electrodes, these electrodes can be
cut repeatedly to renew the surface without changing the diameter. They can also be made
much longer (cm) than the nanoskived wires (mm), making it theoretically easier to establish
an electrical connection and repeatedly renew the surface without contacting the conductive
Ag paste.

4.4 Conclusions

We have shown that two reported methods for making metal nanowires, nanoskiving and
LPNE, can be used to fabricate single gold nanoelectrodes for use in electrochemical studies.
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These techniques are advantageous because they allow control over the dimensions of the elec-
trode and enable repeated renewal of the surface while maintaining the same diameter, unlike
traditional pulling or etching methods that produce tapered wires. However, while some of
the nanoskived nanoelectrodes showed a good electrochemical response, the success rate was
low, and long-term stability proved to be an issue. The LPNE nanoelectrodes, while produc-
ing long wires, frequently displayed discontinuities over their length, making it challenging
to successfully establish an electrical connection. More work is needed to optimize the fabrica-
tion conditions in order to increase the efficiency and reproducibility, but this work represents
a proof of concept, demonstrating that these techniques can be successfully applied to single
gold nanoelectrode fabrication.
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Preparation of Gold Nanowire Arrays

5.1 Introduction

AS DISCUSSED in the introduction, nanometer-sized electrodes provide excellent tem-
poral and spatial resolution due to high mass trasport rates and small double layer
charging times.16, 18 Therefore, nanoelectrode arrays are particularly advantageous

for electrochemical sensing applications. There are several advantages to using a bipolar elec-
trode array design. First, the potential across each nanowire can be controlled wirelessly us-
ing a single potentiostat, eliminating the need for a direct connection to each electrode. In
addition, high sensitivity and spatial resolution can be achieved by coupling electrochemical
reactions on one side of the array to more sensitive reporter reactions (such as fluorogenic
redox reactions) on the opposite end. In order to achieve the best spatial and temporal reso-
lution possible, an ideal bipolar array should consist of densely-packed, highly uniform elec-
trodes with small dimensions. Moreover, because the electrochemical reactions on both sides
of each individual electrode are coupled, the wires must be straight and well-insulated from
one another to avoid any potential cross-talk and to ensure the accuracy of the spatial infor-
mation conveyed by the reporter reaction. Decreasing the thickness of the array helps limit
this possibility. Although there are numerous different methods reported for nanowire array
fabrication, preparing arrays with these ideal characteristics remains a challenge.

In this section, we describe efforts to fabricate uniform gold nanoelectrode arrays for bipo-
lar electrochemical applications134 based on reported methods. The work presented here in-
volves the deposition of gold into the nanopores of polycarbonate (PC) and anodized alu-
minum oxide (AAO) membranes by two different mechanisms: electrodeposition and elec-
troless deposition (direct chemical reduction). A summary of each mechanism is presented
below, focusing on the challenges associated with producing uniform nanowire arrays. Al-
though both methods resulted in some nanowire deposition, the electroless deposition tech-
nique has a number of advantages and proved to be far more successful, reliably yielding
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FIGURE 5-1: Diagram of the custom-built electrochemical cell used for Au electrodeposition in porous
membrane templates.

uniform arrays of solid nanowires.

5.2 Electrodeposition

Electrodeposition of metals into nanoporous templates has been studied extensively, with
many papers reporting vastly different experimental conditions and parameters. For elec-
trodeposition to occur, direct electrical contact must be established with the template, usually
by evaporating or sputtering a thin metallic film on one side. This film acts as the working
electrode, reducing metal ions in solution at the appropriate applied potential. Establishing
uniform electrical contact can be challenging for small nanoscale templates and introduces
the potential for non-uniform electric fields, which can affect growth rates. However, this di-
rect connection offers straightforward control over the working electrode potential, which is
helpful for tuning deposition rates.

Polycarbonate Membranes

Polycarbonate (PC) filter membranes were initially chosen as the template for Au nanowire
electrodeposition because they are commercially available with a variety of nanometer-sized
pore diameters, eliminating the need for time-consuming template fabrication steps. Au nanowires
were grown in polycarbonate (PC) membrane filters (SPI) with 30 nm pore diameters and a
nominal thickness of 6 µm.
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FIGURE 5-2: SEM images from different spots on the surface of a PC membrane after DC electrodeposi-
tion at -1.1 V for 4 h. Scotch tape was used to try and remove the surface layer and the membrane was
etched 10X in 50:50 chloroform/EtOH to expose the wires. Images courtesy of Stephen Percival.

Silver was thermally evaporated onto the back of a membrane to form an electrically con-
ductive layer. The membrane was then sonicated for 1 min in water and allowed to soak in
diluted 50:50 H2O/Orotemp Au electroplating solution containing KAu(CN)2 (Technic) prior
to electrodeposition to ensure thorough pore wetting, as many papers state that a sonication
step is crucial to achieving homogeneous growth over the membrane.252–254 The silver side
of the membrane was then placed in contact with a conductive surface to form the working
electrode while the other side of the membrane was positioned in contact with the gold elec-
troplating solution in a custom-built cell (shown in Figure 5-1).

Over sixty nanowire growth experiments were conducted in PC membranes. Conditions
such as applied potential, deposition time, surface treatments, and Ag working electrode
thickness were varied in order to determine optimal conditions. Electrodeposition of Au has
been reported at many different potentials, ranging from -0.49 V to -1.4 V vs. SCE.252–255 Re-
cently, Soleimany et al. determined that the mechanism of gold reduction in polycarbonate
membranes is different depending on the applied potential.255 Additionally, although all of
the gold plating solutions in these references contain gold cyanide salts, the concentrations and
compositions of the solutions differ slightly, as do the pore diameters and membrane thick-
nesses. It is unknown how these differences affect the required deposition potential. Multiple
potentials were tested in the work presented here due to this assortment of reported values
(from -0.5 V up to -1.1 V vs.Ag/AgCl). However, since little difference was observed, most
experiments were carried out at the high end of the spectrum (-1.1 V) to try and reduce the
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FIGURE 5-3: SEM images showing the partially filled pores of a PC membrane after DC electrodepo-
sition of Au at -1.1 V for 40 min. A 20 nm Cr adhesion layer was deposited between the membrane
and the 300 nm Ag film backing to try and improve electrical contact, and the membrane was degassed
under vacuum for 45 min prior to electrodeposition to improve wetting.

overall deposition time. Reported Au deposition times are also highly variable, ranging from
minutes252, 254, 255 to hours.46 Deposition was initially carried out for between 1 and 15 min, but
the time was increased to 24 hours with several time points in between to see if this improved
deposition homogeneity. While it perhaps resulted in a bit more wire growth, there was no
significant improvement in uniformity with longer deposition times.

Consistency, both within the same membrane and between membranes, proved to be the
single most troublesome problem with nanowire array deposition. Even membranes where
wires were observed also contained other spots with empty pores, partially filled pores, and
areas of dense surface coverage or large, oddly-shaped surface crystals (as seen in Figure 5-2).
Reproducibility of wire growth between membranes was also highly variable. The exact same
electrodeposition conditions used for the membrane shown in Figure 5-2 were repeated five
times in subsequent trials with different results, none of which showed wires extending out of
the membrane. The most likely causes of this low reproducibility are non-uniform electrical
contact and insufficient pore wetting.

Each of these possible causes was explored further. A 50 nm silver layer was used as
the conductive membrane backing for the majority of experiments, similar to other published
procedures.255, 256 However, since several papers report using a thicker conductive layer,252–254

the thickness was increased to 200 nm to see if poor contact with the working electrode was
the cause of observed inconsistencies. No significant difference was detected in wire growth
or quality. However, it is possible that the Ag backing is still not making adequate electrical
contact between the pores and the working electrode. Valizadeh et al. mentioned that using a
20 nm Ti adhesion layer before the Ag coating was necessary for good adhesion.254 Recently,
we tried applying a 20 nm Cr adhesion layer to the back of the membrane, followed by a
300 nm Ag coating to serve as the working electrode. The sample was also degassed under
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vacuum for 45 min prior to electrodeposition to try and improve wetting. SEM images in
Figure 5-3 reveal that the homogeneity across the surface seems to have improved. Many of
the pores are partially filled, and there appears to be a much more uniform fill percentage
compared to past trials. However, the origin of the surface structures is still not understood,
and the deposition time needs to be increased to completely fill the pores.

With the inconsistencies observed in the electrodeposition of Au in PC membranes, efforts
were re-focused on other methods, including deposition in anodized aluminum oxide mem-
branes and electroless deposition techniques.

AAO Membranes

Given the challenges encountered growing uniform gold nanowires in PC membranes, we
also explored anodized aluminum oxide (AAO) templates. Wires grown in AAO membranes
are advantageous for bipolar applications because the pore density is much higher and much
more uniform. There has been a lot of research focused on understanding and optimizing
nanowire growth in AAO templates. It has long been known that anodic oxidation of alu-
minum produces ordered nanopore arrays, with studies dating back to the 1950s.257 Since
then, significant improvements have been made, resulting in more ordered pores and bet-
ter control over characteristics such as diameter and length.258, 259 Although the process is not
fully understood, pores are formed under steady-state conditions when equilibrium is reached
between field-assisted dissolution at the electrolyte/oxide interface and oxide growth at the
oxide/metal interface.259 While commercial AAO membranes are available, we were unable
to purchase them at the time of these experiments, opting instead to fabricate our own. There-
fore, much of this work concerns the preparation of the AAO templates themselves and the
related challenges associated with achieving uniform gold deposition.

We first tested different anodization potentials and times to determine the optimal pa-
rameters for fabricating reproducible porous membranes in two different types of aluminum.
Flattened Al pellets of 99.99% purity (Kurt Lesker) used in initial experiments were anodized
at 30 V in 0.3 M oxalic acid for ∼20.5 h in an ice bath. However, the majority of experiments
were done using thinner (0.004 in) Al sheets of 99.99% purity (ESPI Metals), which eliminated
defects caused by the stress of flattening the pellets and required shorter anodization times
(∼7.5 h at 40 V in 0.3 M oxalic acid, also in an ice bath).

Depositing gold nanowires into the pores of these membranes presented new challenges
stemming from the presence of an inherent insulating barrier layer between the pores and the
bulk aluminum beneath. The structure of an ideal AAO membrane is illustrated in Figure 5-
4. This barrier layer presents a significant obstacle to electrodeposition, as the bottoms of the
pores need to be conductive in order for this method to be successful. Barrier layer thickness is
related to the applied potential. Therefore, many papers report a sequential voltage decrease at
the end of the anodization to thin the barrier layer, although specific conditions of this decrease
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FIGURE 5-4: Structure of an ideal anodized aluminum oxide membrane (A) and cross-section of the
pore structure (B). Taken from ref. 259.

vary.259–261 We performed this voltage decrease at the end of each anodization using condi-
tions found in a few different published methods.260, 261 Beyond this widely-reported initial
barrier layer thinning, several other techniques have been developed to enable electrodepo-
sition in the pores, and three of these methods are investigated herein: membrane separation
followed by direct current (DC) electrodeposition, alternating current (AC) electrodeposition,
and cathodic polarization followed by DC electrodeposition.

Membrane Separation Followed by DC Electrodeposition

An outline of the separation and DC electrodeposition process is given in Figure 5-5. An-
odized membranes were successfully separated from the Al base by dissolving the aluminum
layer in 50% saturated CuSO4 / 38% HCl, a mixture found by Ding and co-workers to dissolve
Al quickly without the hazardous Hg byproduct produced using the more traditional HgCl2
method.262 Although the separation was easy, handling the fragile membrane proved to be
extremely challenging, as it was very brittle and easily broken, as reported by others.262–265

Multiple membranes were broken after this removal step, but one membrane was successfully
soaked in 5% phosphoric acid at 35 ◦C for 30 min to dissolve the remaining barrier layer. It
was then coated with 60 nm of Ag to form a conductive substrate, after which electrodepo-
sition was carried out at -1.1 V for ∼3.5 h in the same commercial gold plating solution and
Teflon cell used for the PC membranes. While the porous membrane looked good, no wires
were observed in SEM images taken of the pores after deposition. It is possible that cracks
developed in the fragile membrane from the pressure of the Teflon cell, allowing the solution
to bypass the pores. Non-uniformity or delamination of the conductive Ag backing could also
have contributed to the lack of wires. Indeed, Moon and Wei found that directly evaporating
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FIGURE 5-5: Schematic of the AAO membrane separation and DC electrodeposition process.

Au directly onto the AAO membrane to create a conductive layer resulted in poor adhesion
and a >90% failure rate when Au was deposited into the pores,266 suggesting that an adhe-
sion layer may be necessary. As subsequent attempts to repeat this experiment resulted in
more broken membranes, efforts were shifted to the other two techniques instead.

AC Electrodeposition

The second method investigated was AC electrodeposition of gold. The major advantage of
this method is that it does not require removal of the barrier layer, resulting in fewer steps
and a more stable membrane. The insulating barrier layer acts as a diode, conducting cur-
rent preferentially in the cathodic direction. This rectification allows metal ions to be reduced
during the cathodic half-cycles while preventing re-oxidation during the anodic half-cycles.267

However, optimal conditions are highly dependent on solution composition and template,268

making it difficult to determine effective parameters. Thinning the barrier layer first, as men-
tioned above, does improve deposition outcomes.

AC electrodeposition was performed at 10 to 20 V peak-to-peak at frequencies ranging
from 250 to 750 Hz. Membranes were imaged using SEM to determine the efficacy of deposi-
tion. AC electrodeposition utilizing the thicker anodized flattened Al pellets was unsuccessful.
One trial of sixteen resulted in wires, shown in Figure 5-6.

The observed wires were uniform and filled the pores completely without the superflu-
ous surface coverage seen when using the PC membranes. However, only a small fraction of
the pores were filled. These roughly circular patches of wire growth were scattered through-
out the membrane, but even within these areas many pores remain empty. This phenomenon
was previously reported for AC copper wire electrodeposition,267 and the non-homogeneous
growth could be a result of inadequate pore wetting, despite sonication performed prior to
deposition. The high aspect ratio of the pores hinders mass transport, making it difficult for
solution to reach the bottom. These results could also be due to local variations in the barrier
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FIGURE 5-6: SEM images of wires grown in an AAO membrane by AC electrodeposition at 20 V (peak-
to-peak) and 250 Hz for 5 h.

layer. Gerein and Haber point out that AC electrodeposition is a complicated process because
the barrier layer structure may not be well-defined after the voltage thinning process and can
change during the course of deposition,267 thus impacting wire growth. As higher voltages
can degrade the membrane,268 this could also result in a damaged barrier layer. When these
conditions were repeated, no pores were filled. A series of new membranes of the same size
were made under the exact same anodization and pre-treatment conditions to try to promote
consistency of the barrier layer. The voltage was lowered to 10 V peak-to-peak in successive tri-
als to avoid potential barrier layer damage; however, no wires were observed. The frequency
was also increased to 500 Hz and 750 Hz in subsequent runs. While there was no resulting
wire growth at either frequency, 750 Hz proved to be too high and compromised membrane
integrity. It was thought that the additional KCl added to the Orotemp gold solution might
actually be a detriment to wire growth. However, removing this did not seem to have any ef-
fect, as wires were not produced in any of the six trials done without it. A lower concentration
of gold was also explored (25:75 Orotemp gold plating solution/H2O), but no difference was
detected. Deposition time was also increased up to 40 h with no effect.

Cathodic Polarization Followed by DC Electrodeposition

The last technique explored was cathodic polarization followed by DC electrodeposition. In
this method, the barrier layer is removed by applying a negative potential to the membrane
after anodization and stepwise voltage reduction. This generates OH− ions at the bottom of
the pores as H+ ions are reduced to H2 gas at the cathode. These OH− ions dissolve the sur-
rounding aluminum oxide according to the reaction below as they travel toward the anode.265

Al2O3 + 2OH− =⇒ 2AlO−2 +H2O (5.1)
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FIGURE 5-7: SEM cross-sections showing barrier layer removal (a-c) and top views (d and e) of an AAO
membrane after cathodic polarization at -4 V for 13 min and DC electrodeposition of Au at -1.1 V for
3.5 h.

H+ +AlO−2 +H2O =⇒ Al(OH)3 (5.2)

Unlike pore widening in phosphoric acid, which etches the bottom and side walls of the
pores at the same rate, cathodic polarization preferentially dissolves the aluminum oxide at
the bottom of the pores at a faster rate than the pore walls, enabling dissolution of the barrier
layer without destroying the structural integrity of the membrane.264 While the first attempt
using thicker Al samples resulted in visible membrane destruction, no obvious damage was
observed when the procedure was repeated in an ice bath, consistent with reported findings
that low temperatures prevent over etching of the AAO pore structure.261 Subsequent experi-
ments with the thinner Al membranes were conducted at -2.25 V for between 5 and 30 min.265

After cathodic polarization, all membranes were soaked in 5% phosphoric acid at 30-35 ◦C
for 30 min to widen the pores and remove any remaining barrier layer.264 They were then son-
icated to wet the pores prior to deposition. SEM cross-section images in Figure 5-7 reveal that
the barrier layer appears to have been successfully dissolved using the cathodic polarization
method. However, electrodeposition for 3.5 h did not produce an ordered array of nanowires.
Instead, significant surface coverage was observed in some areas of the membrane, similar to
that seen with the PC membranes. This could be a result of wire overgrowth, but the non-
uniformity again suggests inconsistency in the electric field, perhaps caused by irregularities
in the barrier layer which could have remained in some areas.

Deposition times were increased significantly (up to 48 h) after gold deposition took much
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FIGURE 5-8: SEM images of an AAO membrane showing Au wire growth after cathodic polarization at
-2.25 V for 30 min and DC electrodeposition of Au at -1.1 V for 45 h.

longer than anticipated during macroscale tests. Of twelve trials, only one produced uniform
Au wires in the pores (Figure 5-8), and it was run at a longer deposition time of 45 h. The
pore fill percentage appears to be quite high with minimal surface contamination. The same
voltage thinning, cathodic polarization, and electrodeposition conditions were repeated three
more times in an attempt to replicate the wires observed in Figure 5-8. While one experi-
ment produced areas of the membrane that were covered by possible wire overgrowth, none
resulted in the same uniform wires.

Results from another trial are shown in Figure 5-9. After Au deposition, the entire mem-
brane is completely broken down, revealing two distinct layers (Figure 5-9b). The top opaque
layer is comprised of mostly fibrous alumina wires with occasional small sections of porous
membrane (Figure 5-9c, d, g, and h), while the layer underneath contains an imprint of the
porous membrane with shallow pores (Figure 5-9). When the top membrane was lifted off
of the surface and imaged separately, it looked quite different, containing no alumina wires,
but only perfectly ordered pores (Figure 5-9e). Perhaps the wires are firmly attached to the
bottom Al surface or totally detached from both surfaces, allowing the isolated removal of
the porous membrane. Interestingly, the pores in Figure 5-9e and f appear more ordered than
those produced by the initial anodization.

Improved pore ordering was also seen in another membrane run at similar conditions,
shown in Figure 5-10. This suggests that some degree of pore rearrangement is occurring
during the deposition process, but this is still under investigation. The applied potential was
lowered slightly in subsequent experiments to avoid damaging the membrane, but breakdown
was still observed.

Membrane separation and degradation occurred in nearly all of the membranes prepared
by cathodic polarization and DC electrodeposition, suggesting that one of these steps is in-
strumental in this process. Long DC electrodeposition times are likely a major contributor
for a number of reasons. First, the only trials that did not result in this degradation were
run for shorter deposition durations but at similar cathodic polarization conditions. Addi-
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FIGURE 5-9: SEM images of an AAO membrane before (a) and after (b through h) cathodic polarization
at -2.25 V for 30 min and DC electrodeposition of Au at -1.1 V for 41 h. (b) shows two layers of the
membrane while (c) shows the edge of the top layer and (f) shows the bottom layer. (e) is the top layer
after it has been separated completely from the rest of the membrane. (d, g, and h) are top-down views.

FIGURE 5-10: SEM images of an AAO membrane before (a) and after (b) cathodic polarization at -2.25
V for 30 min and DC electrodeposition of Au at -0.9 V for 48 h, showing increased pore ordering.

tionally, SEM images of another membrane from this set, shown in Figure 5-11, indicate that
the porous membrane was still intact after cathodic polarization (Figure 5-11b), with the only
change being an increased pore size caused by the phosphoric acid pore widening step. Af-
ter deposition, however, the membrane was destroyed, leaving behind fibrous alumina wires
(Figure 5-11c). As further evidence, shortening the cathodic polarization time did not seem to
prevent membrane breakdown.

Other factors such as barrier layer and membrane composition may also play a role. Zhang
and coworkers have reported the production of alumina wires rather than pores under certain
anodization temperatures and voltages.269 They propose that under these particular condi-
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FIGURE 5-11: SEM images of an AAO membrane before cathodic polarization (a), after cathodic polar-
ization at -2.25 V for 10 min (b), and after DC electrodeposition of Au at -0.9 V for 48 h (c).

FIGURE 5-12: (1) Top-view diagram of possible formation stages of alumina nanowires. a) Porous AAO
membrane. b) Pore walls are thinned by slow dissolution. c) Perforations are formed. d) Alumina nan-
otubes (1), nanowires (2), and nanofascias (3) are created. (2) SEM cross-section images of an anodized
aluminum oxide membrane. Top left: overview, A) alumina nanowires, B) transition layer, C) alumina
nanochannels. Taken from ref. 269.

tions, the channel walls begin to break down near the surface, which results in a high electrical
field at these edges that increases dissolution. Depending on how neighboring pores dissolve,
nanotubes, nanowires, or nanofascias are produced (Figure 5-12). Although they used much
higher voltages and a different anodizing electrolyte, they report a cross-section (Figure 5-12)
similar to the structure we observed in Figure 5-9, with a layer of alumina nanowires on top
of the normally observed hexagonal pore structure, bridged by a transition layer. Since an-
odization conditions affect barrier layer and membrane characteristics, these results support
the proposed importance of these factors.

In addition, Shaban et al. mention that it is difficult to entirely dissolve the barrier layer by
cathodic polarization without destroying the membrane if it is thicker than 20 µm.264 Thicker
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FIGURE 5-13: SEM images of an AAO membrane after cathodic polarization at -2.25 V for 5 min and
DC electrodeposition of Au at -0.9 V for ∼24.5 h. This sample was anodized for a shorter time period
(3 h) to decrease the membrane thickness.

membranes also make it more difficult for the gold electroplating solution to adequately wet
the pores. Membranes grown on the thin Al are estimated to be around 20 µm thick, based on
Figure 5-9c. To explore the effect of total membrane thickness, the anodization time was cut in
half to yield a thinner membrane with smaller pores. The phosphoric acid soaking time was
doubled to further widen the pores and compensate for their small size. Electrodeposition
was done for only ∼24.5 h because of the relatively short pore length. Results are shown in
Figure 5-13. Small gold structures appear to be protruding from the surface, which could be
a result of wires overgrowing the top of the pores. There are fewer pores than in previous
membranes, which is consistent with a shorter anodization time, but there does not appear to
be any significant membrane damage even though the electrodeposition time was relatively
long, suggesting that membrane thickness and composition do play a role.

Sousa and co-workers recently published work highlighting the importance of barrier layer
thickness on DC electrodeposition.270 They tested thicknesses from 2 to 16 nm and found that
the optimal barrier layer thickness is 10 nm, with even very slight variations in thickness lead-
ing to dramatically different fill percentages, ranging from 5 to over 95%. They state that very
thin barrier layers produce local variations that cause deposition to preferentially occur in
certain pores. Conversely, thicker barrier layers require high applied potentials to penetrate
the oxide layer, leading to high current density that causes dielectric breakdown at thinner
regions. High current density in both cases can result in hydrogen evolution that inhibits
nanowire growth. Although their procedure differs from ours in that they did not completely
remove the barrier layer but only thinned it before deposition, and they used pulsed DC elec-
trodeposition, their findings still apply. It is possible that in many of our trials, cathodic polar-
ization did not completely dissolve the barrier layer in all areas but decreased it until it was
very thin, causing variations in the thickness that resulted in preferential pore filling in those
areas with little or no barrier layer. The increased current density in these pores could have led

109



CHAPTER 5 ELECTROLESS DEPOSITION BY CHEMICAL REDUCTION

to barrier layer and membrane breakdown, and hydrogen production could have contributed
to decreased nanowire growth.

From these observations, it was concluded that barrier layer removal and electrodeposi-
tion of gold into the pores of AAO membranes require a delicate balance between a number
of parameters, necessitating precise control over anodization conditions, barrier layer thick-
ness, and deposition time. Published procedures use a wide variety of starting aluminum
surface areas and thicknesses, anodization times, and barrier layer thinning conditions, any of
which could contribute to differences in barrier layer morphology or surrounding membrane
structure that can affect wire growth. In addition, many papers report using commercially pro-
duced alumina membranes from Whatman,271–273 which, while expensive, likely have much
more uniform structures than homemade ones. Many different Au deposition potentials have
also been reported,274–276 while many other papers do not state the applied potential or depo-
sition time265, 266, 275, 277–279 and use a variety of gold electroplating solutions,274, 275, 277 making
it difficult to reproduce results.

5.3 Electroless Deposition by Chemical Reduction

Electroless deposition is typically accomplished by direct chemical reduction and has several
advantages over electrodeposition. Most notably, it does not require a direct electrical connec-
tion, thereby simplifying the experimental setup and eliminating concerns about inconsistent
electrical contact between the membrane and the working electrode. It also provides an ad-
ditional benefit for the preparation of bipolar arrays in particular because the resulting array
is fully accessible to the solution on both sides without requiring the removal of a conductive
working electrode layer (as is necessary with the electrodeposition method discussed above).
However, this experimental design offers less direct control over the deposition rate due to the
absence of an applied potential. There are many reports of electroless deposition of gold into
polycarbonate membranes,47, 48, 50 but the work presented here is based on a simple technique
reported by Wong et al.,205, 206 in which solutions of a metal precursor ion and a reducing agent
are added to opposite sides of a PC membrane template and allowed to meet inside the pores.
The metal ions are reduced on contact, and growth continues until the pores are blocked or
transport becomes too hindered to allow the solutions to mix freely.

As noted earlier, wetting the membrane is key to achieving homogeneous deposition.
Therefore, the membrane was first sonicated in methanol for 1 min and then soaked in methanol
and water for 15 min each to facilitate solution transport. It was then inserted between two
halves of a homemade diffusion cell in a vertical orientation, using an O-ring to provide a
leakproof seal (Figure 5-14a). The reduction reaction was initiated by adding 50 mM HAuCl4
to one side of the cell and 0.25 M NaBH4 (in water) to the other. The relative concentrations
of metal ion precursor and reducing agent are important in determining the integrity of the
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FIGURE 5-14: a) Diagram of the diffusion cell used to fabricate gold nanowire arrays via direct chemical
reduction. b) Photograph of a membrane after a successful deposition.

FIGURE 5-15: (a-d) SEM images of wires grown by direct chemical reduction of 50 mMHAuCl4 by 0.25
M NaBH4 (in water) for 1 h inside the 100-nm-diameter pores of a PC membrane. The surface layer
was removed, and the membrane was etched for 20 min using oxygen plasma before imaging. e) SEM
image of hollow nanowires produced by the same method using 0.5 M NaBH4 instead.
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wires, as noted by Wong and coworkers.205 If the concentration of NaBH4 is too high, there are
too many nucleation sites, and growth proceeds quickly through the pores, producing porous
nanowires like those shown in Figure 5-15e, for which 0.5 M NaBH4 was used. We found that
concentrations of 50 mM HAuCl4 and 0.25 M NaBH4 provide an appropriate ratio for solid
nanowire growth. Deposition is allowed to proceed for ∼1 h, after which the membrane is re-
moved from the cell and washed several times with water. Figure 5-14b shows a photograph
of a completed nanowire array. A relatively homogeneous overgrowth of gold can be seen on
the top surface, confirming the success of the deposition. This layer can easily be removed by
wiping the surface with a Kimwipe.

SEM images of a gold nanowire array deposited for 1 h are shown in Figure 5-15a-d. Af-
ter removing the overgrowth, the membrane was etched for 20 min using oxygen plasma to
enable clear observation of the nanowire array. These images reveal a uniform array of closely-
packed nanowires. Almost every pore is filled, and magnified images confirm that the wires
are solid. Since the PC membrane pores are somewhat randomly distributed, this method
would benefit from the use of a more ordered starting template. In addition, uniformity could
likely be improved by applying an electric field during the growth process (as described in
Chapter 2 for a single wire), which would provide greater control over the deposition rate
by tuning mass transport. However, we have shown that this technique is fast, simple, and
reproducible and is a good choice for array fabrication.

5.4 Conclusions

Controlling mass transport is essential for producing uniform nanowire arrays. Inhomoge-
neous electric fields caused by irregular working electrode surfaces or inadequate pore wetting
can significantly affect the transport of metal ion precursors to the deposition site and require
careful attention. We tested many different experimental parameters for gold electrodeposi-
tion in nanoporous templates. While some nanowires were produced by electrodeposition in
both PC and AAO membranes, wire growth in both materials suffered from widespread in-
consistency, likely due to asymmetries in the electric field associated with a nonuniform tem-
plate and/or working electrode structure. Conversely, preparation of gold nanowire arrays by
electroless deposition proved to be quite successful. We were able to produce uniform arrays
with high fill percentages by employing a previously reported method in which solutions of a
metal ion precursor (HAuCl4) and a reducing agent (NaBH4) are placed on opposite sides of a
PC membrane and allowed to mix inside the pores, depositing gold by chemical reduction on
contact. Improvements to the uniformity of the starting template and control over the deposi-
tion rate via application of an electric field during growth should yield gold nanowire arrays
capable of measuring electrochemical processes with high spatial and temporal resolution for
a variety of bipolar sensing applications.
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Conclusions

IN SUMMARY, the work presented in this dissertation has explored the interplay between
electrochemistry and transport dynamics under confinement. As the characteristic length
scale of electrochemical investigations decreases, transport behavior becomes increas-

ingly important, necessitating a better fundamental understanding of the forces and prop-
erties that govern it. However, electrical, material, and hydrodynamic effects are intricately
intertwined in these systems, presenting a considerable challenge for predicting, interpreting,
and controlling nanoscale behavior. We have endeavored to both probe and control transport
dynamics in cylindrical silica nanochannels and other confined spaces using electrochemical
techniques.

We first described the development of a wireless method for dynamic in situ control of
metal nanowire growth in a silica nanochannel template. Initial deposition occurs by direct
chemical reduction of a metal precursor ion by a reducing agent until the pore is blocked,
after which a bipolar mechanism enables continued growth through coupled oxidation and
reduction reactions at either end of the growing wire. While the shape and dimensions of the
template itself impose advantageous restrictions on mass transport, applying an electric field
during the growth process provides the unique ability to tune this transport and the corre-
sponding deposition rate as the wire grows. This method is highly reproducible and produces
high-quality gold nanowires that can be used as bipolar nanoelectrodes or components for
sensors and other devices.

Next, we reported the anomalous size- and material-dependent transport behavior of polystyrene
and silica nanoparticles traveling through silica nanochannels. Interestingly, in a solution
containing equal concentrations of two different particle sizes, small silica particles are de-
tected far more frequently than large ones, as expected from geometric limitations, while large
polystyrene particles show the opposite trend. We examined the roles of several different fac-
tors, including driving forces and charge effects, in order to better understand the mechanism
of this observed selectivity, concluding that selection happens outside the channel and is not
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caused by simple driving forces. While we are uncertain as to the exact cause of this behavior,
our results indicate that subtle charge effects likely play a role, perhaps as they relate to the in-
terfacial structure surrounding the particle and the channel walls or the relative polarizability
of the particles. These properties are quite different for silica particles, which are hydrophilic,
and polystyrene particles, which possess a mixed hydrophilic/hydrophobic surface. Most im-
portantly, this investigation demonstrates that nanoscale effects can have a significant influ-
ence on mesoscale transport behavior when the particle diameter is comparable to the channel
diameter. This has significant implications for controlling transport in natural and synthetic
nanoporous systems, which are important in many different fields, including biology, separa-
tion science, geochemistry, and energy materials.

We also summarized efforts to develop new methods for the fabrication of gold nano-
electrodes based on two reported techniques—nanoskiving and lithographically patterned
nanowire electrodeposition (LPNE). These methods offer many practical advantages for both
the synthesis and applications of gold nanoelectrodes, and we were successful in producing
a few functional electrodes. However, the reproducibility was low and remains an issue. The
last chapter discussed the preparation of uniform gold nanowire arrays for bipolar sensing
applications, focusing on the challenges surrounding traditional electrodeposition techniques
in polycarbonate and anodized aluminum oxide membranes and the success of using a pub-
lished electroless deposition technique. We were able to achieve uniform arrays by placing
solutions of HAuCl4 and NaBH4 on opposite sides of a polycarbonate template and allowing
them to meet inside the pores, depositing gold on contact. Further improvements could be
made by employing a more ordered template and using a potential to control the transport
dynamics during growth (as we did for the single wire in Chapter 2).

Nanoscale transport dynamics involve the complex coordination of several different com-
peting and cooperating forces, and much remains to be understood concerning these interac-
tions. However, this work demonstrates the immense potential for leveraging these unique
effects to precisely tune mass transport, with a dual purpose of gaining a deeper fundamental
understanding of confined electrochemical behavior and developing exciting new methods
for nanostructure synthesis and characterization.
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APPENDIX A
Silica Nanochannel Fabrication

THE MAJORITY of the work described in this dissertation (Chapters 2 & 3) was performed
using cylindrical silica nanochannels. These channels are robust, reproducible, and
can be controllably fabricated with a variety of dimensions. While the nanochannels

used in our experiments typically had diameters between 200-700 nm and lengths between
6-40 µm, channels with diameters as small as 20 nm can be made using this method. These
properties make them ideal for investigating nanoscale transport in confined spaces. There-
fore, in this appendix, we provide a detailed description of the fabrication method used to
produce these nanochannels.

A.1 Nanopipette Preparation

To simplify this section, we first state that the silica microcapillary was purchased from Polymi-
cro, Inc., and all other capillaries and both micropipette pullers were obtained from Sutter In-
strument Company. Figure A-1 illustrates the steps involved in nanochannel fabrication. To
begin, the polymer coating is burned off of a section of silica microcapillary (o.d. = 0.35 mm,
i.d.= 20 µm) by passing it through the flame of a Bunsen burner. A small piece of this micro-
capillary (∼ 2 cm) is then inserted into the middle of a larger silica capillary (o.d. = 1.0 mm,
i.d.= 0.3 mm) and placed in a laser-based P-2000 micropipette puller. The mechanical arms
of the puller are prevented from moving using a homemade aluminum clamp, allowing the
heat from the laser to melt the glass without pulling it. One end of the outer capillary is sealed
using the following program: heat = 830 / filament = (blank) / velocity = 100 / delay = 255 /
pull = (blank). Next, a hole is poked in a small rubber pipette bulb, which is attached to one
end of the outer capillary and connected via a hose to a vacuum pump. Multiple heating and
cooling cycles (typically 30 s on, 40 s off) are then performed under vacuum in order to seal the
inner capillary and shrink its diameter using the following program: heat = 870 / filament = 5
/ velocity = 100 / delay = 255 / pull = 255. The number of cycles required varies depending
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FIGURE A-1: a) Schematic of the silica nanochannel fabrication method. b) Optical microscope image
of a microcapillary sealed inside a larger outer capillary before pulling. The inset shows an optical
microscope image of the nanopipette after pulling. c) SEM image of a nanopipette tip. d) Optical
microscope image of a completed nanochannel.

on the desired final diameter but is usually around four. The inner capillary diameter can be
checked after several cycles using a portable microscope. When the diameter has decreased to
about 5 µm (or smaller depending on the desired channel dimensions), the vacuum line and
aluminum clamp are removed and the capillary ensemble is pulled into two sharp nanopipette
tips using the following program: heat = 870 / filament = 3 / velocity = 80 / delay = 140 / pull
= 220. A representative SEM image of one of these nanopipettes is shown in Figure A-1c.208

A.2 Nanochannel Fabrication

A portion of this nanopipette tip is next sealed inside an outer microcapillary for stability.
This support capillary is created by pulling a larger borosilicate capillary (o.d. = 2.0 mm, i.d.=
1.16 mm) into a blunt tip using the filament-based P-97 micropipette puller according to the
following program: heat = 520 / pull = 0 / velocity = 8 / delay = 225. A nanopipette tip is
then carefully inserted into this larger support capillary under the microscope until it is seen
protruding from the other end by about 5 µm. The whole ensemble is passed quickly through
a Bunsen burner flame to seal a small piece of the inner nanopipette to the walls of the support
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capillary. The remainder of the nanopipette is then removed, leaving a short section containing
the nanochannel sealed inside the larger outer capillary. The protruding end of the channel
is easily removed by contacting it gently with a razor blade. Figure A-1d shows an optical
microscope image of a finished nanochannel. While these steps require practice and a certain
degree of finesse, nanochannels of different aspect ratios can be reliably produced using this
method.
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