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My research focuses on electrokinetic transport. Particularly, in this dissertation,
we focus on fabrication and testing of micro electrodes with nanostructured surfaces to
minimize the electrode polarization (EP) effects for biosensor applications. In the first
study, electrochemical deposition of gold nanoparticles on to planar gold electrodes was
used to generate rough surfaces. Dendritic nanostructures that reduced EP up to two orders
of magnitude was obtained by optimizing the deposition conditions. These structures also
enhanced dielectrophoresis (DEP) response of our bio-chips, making them usable in
physiological buffers. In further studies we discovered a universal scaling of EP in the
frequency domain, which reduced hundreds of dimensional impedance vs frequency
experimental data to a single nondimensional equation. This finding is crucial, since one
can now determine EP effects for any electrode size and buffer conductivity before
electrode fabrication and experimentation. We also showed that the universal scaling
applies to the dendritic nanostructured electrodes, which behaves like planar electrodes in

much lower conductivity solutions with larger electric double layer thickness.
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Chapter 1

INTRODUCTION

When a solid surface is in contact with a polarizable electrolyte solution, surface charges
form at the liquid/solid boundary. The electrical state of a charged surface is determined
by the spatial distribution of ions in its vicinity. Such a distribution of charges at
electrode/electrolyte interface has traditionally been called the electrical double layer
(EDL). Understanding the time-dependent formation of EDL in response to varying
external effects is a fundamental problem in diverse fields such as electrochemistry [1],
colloid sciences [2], biophysics [3], and micro/nanofluidics [4]. The properties and
structure of EDL determine the feasibility of applications including biosensors [5],
supercapacitors [6, 7], desalination devices [8-10], blue engines [11], and thermocapacitive
heat to current converters [12]. These applications are used for impedance spectroscopy
[13, 14], micro/nanoparticles detection [15], fuel cells [16], capacitive energy storage [17],

capacitive deionization of water [18], and energy harvesting technologies [19].

Impedance characterization at the electrode/electrolyte interface is of great importance in
the fields of impedance-based biosensing [20-27], neuro prostheses [28], vitro
communication with electrogenic cells [29], rechargeble lithium-ion batteries [30, 31], and
most recently for in vivo energy sources to power implantable devices [32, 33]. Due to low
cost, low power, non-invasive, and ease of miniaturization, impedance based sensors pose
many advantages for applications, where decreasing size and cost are crucial, such as in
point-of-care diagnostics and biowarfare agent detection. Moreover, they can be easily
integrated into microfluidic platforms [34-38].
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Microfluidics based impedance spectroscopy offers many advantages over the
conventional methods for detection of cells, pathogenic bacteria, toxigenic substances, etc.,
in food and water matrices [23, 24, 39, 40]. In addition to cell detection, impedance
measurements over a wide frequency range can provide information on membrane,
cytoplasm, and nucleoplasm dielectric properties [41, 42]. Despite all these advantages,
microelectrodes are often limited in performance at the low frequency spectrum in
biologically relevant media, which are of predominant interest in physiological research.
This limitation arises from the well-known electrode polarization (EP) phenomenon [43-
45]. Application of an electric potential to the electrodes induces ion accumulation on
electrodes that are in contact with an electrolyte. EP is the large interfacial impedance that
forms at the electrode/electrolyte interface, which results in a large electric potential drop
and decrease in the overall sensitivity and accuracy of the measurements [46, 47]. In the
case of miniaturized electrodes, this effect can lead to small capacitance values causing
enormous impedances which deteriorate the measurements, particularly at low AC

frequencies.

It is well-known that the interfacial impedance is influenced by the geometry and surface
morphology of the electrode, as well as its chemistry (reactive surface groups or atoms)
[48, 49]. Due to their simple geometry and common use, several research groups have
focused on the characterization of EP for circular (disk) electrodes. Newman provided a
relation for the impedance response of disk electrodes, where the capacitance and Ohmic
resistance are functions of the applied frequency [50]. Ahuja et al. [51] confirmed this
relation by performing impedance measurements using different diameter platinum disk

electrodes and have shown that impedance scales inversely with the diameter in the high



frequency spectrum (~ 1MHz). Hasni et al. [52] also investigated the electrode size effects
on impedance spectra using gold disk electrodes immersed in phosphate buffer saline (PBS,
opgs = 1.5 §/m) solution and their results were also consistent with Newman’s relation.
The influence of electrode surface morphology on the impedance spectra was studied by
Alexander et al. [53-55] using finite element simulations, and the surface enlargement
factor obtained by dividing the effective polarizable surface area by the electrode foot-print
area was shown to directly affect the electric double layer (EDL) charging time.
Optimization of electrode geometry and its surface morphology have been the subject of
much research with the interest of diminishing the EP effect [56, 57]. Since the EP effect
can be very diverse, there is no widely accepted simple correction method to minimize it
and various techniques are used such as variation of the inter-electrode separation [43, 44,
58], four electrode designs [59, 60], and high surface area electrodes [46, 49, 61]. One of
the methods to minimize the EP effect is to utilize large electrodes but this results in
increasing the device size and sample volume required for the measurements [62].
Therefore, the most effective and reliable way to reduce the EP effect is maximizing the
interfacial surface area by generating complex nanostructures on the smooth electrode
surfaces so that small electrode sizes suitable for microfluidic applications are maintained.
Among a wide variety of techniques, electrochemical deposition has become an attractive
nanofabrication technique for many emerging fields of technology with the recent
developments because of its ease of control, highly pure depositions, and simple operation
[63-66]. In electrochemical deposition, the growth rate can be readily and independently
controlled by deposition potential without changing the concentration of the reactants [67-

74].



Due to their unique physical and chemical properties, gold nanostructures (GNs) have been
used in many diverse fields such as biosensors, catalysis, nanoelectronics, plasmonics,
biomedicine, surface-enhanced Raman scattering (SERS), impedance spectroscopy,
dielectric spectroscopy, and dielectrophoresis [75-78]. GNs enhance nanoscale topological
complexity on the surface of electrodes and reduce EP effects by increasing the effective
surface area [46]. Recently, it has been shown that GNs can preserve their mechanical and
electrical characteristics under mechanical contact for long term electrical measurements
[46]. Moreover, the good bio-compatibility characteristics of GNs make them an excellent
material for biological measurements compared to other chemically deposited nano-
materials [46]. The intrinsic properties of GNs largely depend on their size and shape, and
these properties can be tuned through control of morphology and structure [64, 79-85].
Among the many morphologies investigated, the dendritic shaped nanostructures have
attracted great attention over the last decade due to their unique properties originating in
their shape and their potential impact on new technologies [86, 87]. Because of their higher
structural complexity, compared to nanospheres, nanowires and nanodiscs, these branched
nanostructures are expected to have a wide range of technological applications. Effective
manufacturing of GNs is an essential step towards applying nanoscale fabrication to
complex functional devices. However, growing dendritic nanostructures effectively is still
a challenge [88-90]. In order to address this challenge, optimization of the deposition

conditions is required by changing the applied potential and duration time.

Electrodes with nanostructures and tailored morphology hold great promise to enhance the
energy and power densities of electrical energy storage devices [91, 92]. Therefore, in the

past few years, much effort has been devoted to generate well-ordered arrays of low-



dimensional nanomaterials such as nanorods with high density and aspect ratio. Many
different methods, which involve vacuum evaporation [93], magnetron sputtering [94],
electroplating [95], ion beam chemical vapor deposition [96], nanolithography [97],
electro-spinning [98], electrophoretic deposition [99], mechanical drawing [100], and
template assisted electrochemical deposition [101, 102], have been applied for fabrication
of metallic nanorods. Among these, the template assisted electrochemical deposition
approach seems to be the most appropriate method for the fabrication of highly ordered,
vertically aligned nanorod arrays in a fast and cost effective fashion [102]. The great
advantage of the template assisted electrodeposition technique is its ability to control the

length, diameter and chemical composition of the nanorods [102].

There is also a growing demand to understand the dynamics of EP. The equations used to
investigate the EP behavior are highly nonlinear and contain multiple time scales due to
the different physical effects. The starting point for analytical models of EP dynamics in
electrolytes are the Poisson-Nernst-Planck (PNP) equations, a set of coupled partial
differential equations that capture the time-varying electric potential and ionic
concentrations [103-106]. The distribution of electrical potential and ion concentrations in
the diffuse layer for an ideally polarizable electrode was derived originally by Gouy [107]
and Chapman [108] assuming equilibrium, although several important aspects of physics
of electrode/electrolyte interfaces were elucidated much earlier by Helmholtz [109]. The

two most natural relaxation times controlling the evolution in electrochemical parallel plate

systems are the Debye time (AZ/D) and bulk time scale (LZ/D), where D is the diffusion

coefficients of chemical species, and A and L correspond to Debye length and bulk length

scales, respectively. The seminal paper of Bazant et al [110] considers a situation when an



electrode is subject to a suddenly applied DC potential. The authors show that the system
initially behaves like an RC circuit with a response time of A,L/D, where A, is the Debye
length, L is the electrode separation distance, and D is the ionic diffusivity. Later studies
have considered electrode porosity [111], electrode heterogeneities [112], adsorption
[113], and Faradaic reactions [114] at the electrode surfaces. Furthermore, various
analytical and numerical techniques have been used to study the PNP equations at large
applied potentials which are of interest for supercapacitor applications [115]. In contrast,
the present study focuses on electrodes subjected to an applied AC potential smaller in
amplitude than the thermal voltage (Vinermar = 25 mV). The low applied potential limit is
relevant for most biomicrofluidic applications [116-118] [119] which justifies
consideration of the problem using the linear approximation for the underlying evolution
equations. Under the low applied potential condition, the linearization of the PNP equations
leads to the Debye-Falkenhagen (DF) equation [120]. An important advantage of this
approach is that one can solve for the space charge density instead of solving for ion
concentrations and potential distribution separately. Furthermore, linearity of the

governing equations opens up the possibility of using analytical methods [110].

However, the EDL charging time scale needs to be modified for porous electrodes. The
elements that affect time scales for porous electrodes are the structural factors including
thickness, composition, porosity and tortuosity [30, 121]. Porous electrode theory,
pioneered by J. Newman and collaborators, provides the standard modeling framework for
electrochemical cell simulations [122]. Porous electrode theories utilize a number of
assumptions regarding the morphology of the electrochemical cells. The electrode

materials are assumed to be made out of spherical, cylindrical or planar particles with



predetermined sizes [110, 123-126]. The porous electrode theory equations were derived
using mass and charge conservation equations combined with the Nernst-Planck equation
and a modified form of the Butler-Volmer equation [121]. Although much progress has
been made in distinct communities, the porous electrode theory is not yet widely adopted,

and it may not be appropriate for randomly grown nanostructures presented in this study.

In this thesis, the EP effect is investigated and its characteristic time scales for planar and
porous gold electrodes are presented for biosensor applications. | present the theory of
charge equilibrium models in section 2. In section 3, | first present the materials and
methods, followed with the theory of microfluidic impedance spectroscopy. Then, the
optimization of electrochemical deposition conditions in terms of EP reduction is discussed
using constant phase element (CPE) model parameters. Changing of the shape and density
of GNs at different applied voltages are explained using Nernst equilibrium. Wettability of
electrodes coated at different electric potentials is examined using contact angle (CA)
measurements. The sequence of dendritic shape GNs growth is investigated using scanning
electron microscopy (SEM). The effects of electrode size and surface morphology on EP
are discussed, and enhancement of device performance is shown by generating the Jurkat
cells suspension spectrum. Finally, conclusions are presented. In section 4, | first describe
the charging time scale and experimentally proved that EP exhibits a universal trend, when
normalized by a proper impedance magnitude and time scale, resulting in a self-similar
behavior for parallel plate capacitor configuration. Next, we performed unsteady one
dimensional finite element simulations of the fully coupled PNP equations and numerically
verified our experimental observations. | investigated the behavior of porous gold

electrodes and showed that EP of porous electrodes in high conductivity buffers behave



like EP of planar electrodes in low conductivity media. Finally, a constant phase element
(CPE) model is used to account for the self-similar impedance spectra. The resulting
formula can be used for different channel heights and solution conductivities having prior
information on electrodes configuration and effective electric Debye layer thickness. In
section 5, an analytical model based on the DF equation is developed and shown to be
applicable for a wide range of frequencies. In the limit of thin EDL, the well-known
relaxation timescale (z. = ApL/D) is recovered. We then nondimensionalize the
experimental data based on the conclusions of the model and show that universal behavior
for space charge density and impedance expressions is observed over many orders of
magnitude in the applied electric field frequency. The analytical results are in excellent
agreement with numerical and experimental findings for various channel heights and
solution concentrations. Based on the results, one can obtain the space charge density for
a given applied AC voltage and construct a relation between experimentally measured
impedance and corresponding space charge density. In section 6, the influence of electrode
geometry on the impedance response was investigated and the characteristic time scale was
defined in terms of the electrode diameter, Debye length, ionic diffusion coefficient, and
surface enlargement factor for the planar and nanorod structured disk electrodes. This study
focuses on validating proposed time scales to obtain self-similar impedance spectra using
both experimental measurements and numerical simulation. The last section is organized
as follows: the Materials and Methods section outlines the electrode fabrication processes
and impedance measurements. Next, unsteady 2D axisymmetric fully coupled Poisson-
Nernst-Planck (PNP) equations were solved using COMSOL for planar and nanorod coated

electrodes. Cyclic voltammetry (CV) was used to attain the surface enlargement factor for



nanorod structured disk electrodes. Finally, a constant phase element (CPE) model was
used to demonstrate self-similar behavior of normalized impedance spectra, which can be
used for different potassium chloride (KCI) solution conductivities, electrode sizes and

nanostructured electrodes with no EDL overlap.



Chapter 2

THEORY

In this section, the basic theory behind electrode polarization (EP) is explained.

2.1. Equilibrium Models

2.1.1. Helmholtz Model

Helmholtz [109] was the first to introduce the concept of electric double layer (EDL). He
comprehended that electrodes immersed in electrolyte solutions repel the co-ions while
attracting counter-ions to their surfaces. The compact layer of charges forming at the
electrode/electrolyte interfaces was defined as EDL. Figure 2.1a shows a schematic of the
EDL structure formed near the surface of a positively charged electrode as envisioned by
Helmholtz [127-129]. In the Helmholtz model, all the counter-ions were assumed to be
attached at the electrode surface and they were treated as immobile ions [129]. This
structure is equivalent to that of conventional dielectric capacitors with two planar

electrodes separated by a distance H [129].
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Stern Layer Diffuse Layer
1,1}5 Diffuse Layer

(a) Helmholtz Model (b) Gouy — Chapman Model (c) Gouy — Chapman — Stern Model

Figure 2.1. Schematics of the EDL structure showing the arrangement of solvated anions
and cations near the electrode/electrolyte interface. (a) Helmholtz model, (b) Gouy-
Chapman model, and (¢) Gouy-Chapman-Stern model.

Therefore, the capacitance per unit surface area of the Helmholtz EDLS denoted by CH

(F/Im?) is given by [130, 131],

Eoér (2.1)

where ¢, and &, are the free space permittivity and the relative permittivity of the
electrolyte solutions, respectively. The thickness H of the Helmholtz EDL can be

approximated as the radius of solvated ions [132].

2.1.2 Gouy-Chapman Model

Gouy [133] and Chapman [108] considered the EDL model proposed by Helmholtz

accounting for the fact that the ions are mobile in the electrolyte solutions and are driven
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by the effect of both diffusion and electrostatic forces [132]. The layer which contains the
mobile ions was described as diffuse layer shown in Figure 2.1b. In this model, the ions
are treated as point-charges and the equilibrium concentration c; of ion species "i" is

obtained by the Boltzmann distribution as [134, 135] ,

—Zl-el/J) (2.2)

B

«:n

where z; and c;,, are the valence and bulk molar concentration of ion species “i",
respectively. The temperature is denoted by T, v is the potential, e is the electron charge,
while kg is the Boltzmann constant (kg = 1.381 x 10723 m?kgK ~'s~2). In the Gouy-
Chapman model, the formation of the local electric potential is governed by the Poisson-
Boltzmann (PB) equation assuming constant electrolyte permittivity [135]. For binary,
symmetric electrolytes, valances and concentration of ions can be written as, z; = —z, =

zand c; = C200 = Co. Then, the PB equation is expressed as [135],
V- (g0&. Vi) = 2zeN,csinh (%) (2.3)
where N, is the Avogadro's number (N, = 6.022 X 1023 mol™1).

For planar surface electrodes and constant electrolyte properties, the exact solution of
Equation (2.3) was derived by Debye-Falkenhagen for the direct current (DC) potential
case by applying the following boundary conditions (i) ¥(0) = ¥ and (ii) ¥ (o) = 0.

Then, the specific capacitance corresponding to the diffuse layer C2is given by [135],

D _ 45 _ 4zeNgColp . zeyp (2.4)
Cy = e en sinh (—ZkBT)
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where g, is the surface charge density and A, is the Debye length for symmetric

electrolytes defined as A, = (go6,kpT/2e22%N,co,)/? [135].

2.1.3 Gouy-Chapman-Stern Model

Stern [92] combined the Helmholtz model and the Gouy-Chapman model and described
the EDL as two layers (Figure 2.1c), namely: (i) the Stern layer (or Helmholtz layer or
compact layer), referring to the immobile ions attached to the electrode surface, and (ii) the
diffuse layer where the ions are mobile as Gouy-Chapman model [Equation (2.3)] states
[135]. The total EDL consists of the Stern layer and diffuse layer capacitances in series [2].
Gouy-Chapman-Stern (GCS) model for symmetric electrolytes is expressed as [136] for

grounded and sinusoidally excited electrodes ,

0 (2.5)

V- (g5, Vi) = {ZZeNAcoosinh (ﬂ)
kgT

2.1.4 Modified Poisson-Boltzmann Models

The point-charge assumption associated with the PB equation [Equations (2.3) and (2.5)]
is only valid for relatively low ion concentration c., and low electric potential [129]. In
fact, the ions have finite size and hence, a maximum ion concentration c,,,, eXists
corresponding to the closed packing of ions. The maximum ion concentration can be
obtained by c,,., = 1/(N4a®) which corresponds to cubic packing of ions with effective

diameter a [137].
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Many studies have been reported to comprise the effect of finite ion size in the electrolyte
solution [138, 139]. Among all of them, the modified Poisson-Boltzmann (MPB) models
based on the local-density and mean-field approximations are relatively convenient both
mathematically and numerically [139]. Bikerman [140] established the first equilibrium
MPB model including finite ion size. This model pertains to electrolytes with anions and
cations having different volumes but symmetric valence. Borukhov et al. [141] and Silalahi
et al. [142] developed MPB models valid for binary electrolytes with asymmetric valence
for same ion diameters. Later on, they extended the models to binary asymmetric
electrolytes with unequal ion diameters [143, 144]. Biesheuvel and co-workers [144, 145]
and Alijo et al. [146] created more general MPB models valid for even asymmetric
electrolytes and/or multiple ion species with different ion sizes and valencies. This was
achieved by considering an excess chemical potential term based on the Boublik-Mansoori
Carnahan-Starling-Leland equation-of-state. It relates the excess chemical potential to the
local ion concentrations, effective diameters of ions, and their volumes [146]. Moreover,
Tresset [147] developed a more general model, which is called as Poisson-Fermi model,
for asymmetric electrolytes and multiple ion species based on the Lattice-Boltzmann
approach by assuming different volumes of ions. In addition, Li and co-workers [148, 149]
expanded the model for asymmetric electrolytes based on the variation principle while
considering the finite sizes of both ions and solvent molecules. Alternatively, Horno and
coworkers [150, 151] developed a MPB model for asymmetric electrolytes by directly
applying a “Langmuir-type” correction to the equilibrium ion concentration given by the

Boltzmann distribution.
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For binary and symmetric electrolytes, the MPB models were reduced by M. Bazant and

his coworkers to [141, 152],

ZzeNAcoosinh<IZ;T1g) (2-6)

V- (ge VYY) =
( 0er l/)) 1+2vpsinh2<%)

where the packing parameter is defined as v, = 2a*N¢o = 2€e0/Cmax [152]. The term
“MPB model” will be used to refer to Equation (2.6). As it can be understood by equation
2.6, for the case that a = 0 nm and v, = 0, MPB model reduces to the Gouy-Chapman
model given by Equation (2.3). For planar surface electrodes and constant electrolyte
properties, the surface charge density and diffuse layer specific capacitance are given by

[137],

D _ 9 _ 2zeN 4CooAD 2 . 4o (zeYyp (28)
Cy = e vn \/Up log [1 + 2v,sinh (—ZkBT)]

Note that when ¥, = 0, Equation (2.8) predicts an extremum for the diffuse layer
capacitance, i.e.,C2 = g,¢, /2, (based Tylor expansion). This capacitance could be either
a maximum or a minimum value depending on the packing parameter v,, as discussed in

Refs. [139, 153].

2.2 Dynamic Models

Equivalent RC circuit models have been widely used to investigate the performance of
biosensors. However, equivalent RC circuit models require prior knowledge of

macroscopic parameters such as the resistance and capacitance of the device which are
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typically determined experimentally or by other methods. In fact, these models are
typically used to fit the experimental data [154-156] rather than predict the performance of
biosensors. Moreover, the classical RC circuit models inherently neglect ion diffusion and
non-uniform ion concentration in the electrolyte [110, 157, 158] which are significant for
high concentration of electrolyte and high applied voltages. Therefore, the aforementioned
models can be used for biosensor application where the applied voltages is quite low and
concentration of physiological solutions are still in the range of mathematical models.
However, they may not be valid for supercapacitor applications due to high applied

voltages and concentration of ions[157-159].

2.2.1 Poisson-Nernst-Planck Model

The classical Poisson-Nernst-Planck (PNP) model governs the transient electric potential

and ion concentration profiles in the diffuse layer [127, 160, 161]. It is expressed as,

N
V- (208, Vi) = —Z ZN,c; (2.9a)
i=1
% =V (D-Vc + Zi—DiFC-Vz/) - c-u) (2.9b)
ot Ve R,T i i .

where t is time and c; is the molar concentration for ion species i, respectively. Here, D; is
the mass diffusion coefficient of ion species i (m?/s), F = eNA = 9.65 x 10* C/mol is
the Faraday constant, R,, = kzN, = 8.314 J/(K mol) is the universal gas constant and u
is the velocity vector of the ions' bulk motion. The three terms in the mass conservation

equation given by Equation (2.9b) correspond to [129]: (1) ions' diffusion to their
16



concentration gradient, (2) ions' migration due to electrostatic force, and (3) advection in
the electrolyte due to the bulk motion of ion species, respectively. Note that the Poisson-
Nernst-Planck model [Equation 2.9] reduces to the Gouy-Chapman model in steady state

and when advection is negligible [162].

The PNP model neglects the finite size of ions and treat ions as point-charges [163, 164].
This assumption breaks down when either the electrolyte concentration or the electric
potential is large [164]. Therefore, the PNP model is not valid for practical electric double
layer capacitors with typical electrolyte concentration larger than 1 mol/L and potential

window larger than 1 V.

2.2.2 Modified Poisson-Nernst-Planck Models

Recent efforts have been made to account for the effect of finite ion size in modeling ion
transport in concentrated electrolyte solutions and/or under large electric potential [165-
169]. For example, Kilic et al. [160] derived a modified Poisson-Nernst-Planck (MPNP)
model valid for binary and symmetric electrolytes under large electrolyte concentration
and electric potential. The authors added an excess term accounting for the entropic
contribution due to finite-size ions in the expression of the Helmholtz free energy. This
resulted in an excess term in the expressions of the chemical potentials and mass fluxes
[158, 170]. Assuming identical diffusion coefficient D; = D, = D; and negligible

advection effect, the MPNP model is expressed as [170],

V- (g9, ViP) = —eNyz(c, — C3) (2.10a)
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dc; z;D; DN a3c;V(c; + ¢
—‘=v-<DivCi+#Fciv¢— 40V (Cy 2)> (2.10b)

ot RuT 1-— NAa3(C1 + Cz)
This MPNP model reduces to the PNP model [Equation (2.9] for vanishing ion diameter,

i.e., for a = 0. Moreover, the MPNP model reduces to the MPB model [Equation (2.6)] in
steady state. Note that this MPNP model does not apply to asymmetric electrolytes or to

multiple ion species [163].

Alternatively, several authors [171, 172] incorporated the finite ion size in ion mass fluxes
using the activity coefficient to account for the deviation from ideal electrolyte solutions.
However, these studies [172, 173] were limited to binary and symmetric electrolytes. Note
that the MPNP model developed by Kilic et al. [160] [Equation (2.10)] can be also

formulated in a form equivalent to that based on the activity coefficient [158].

Davidson and Goulbourne [173] extended the MPNP model to multiple ion species but
with symmetric ion diameter and valency. Eisenberg and co-workers [167] developed a
MPNP model for binary asymmetric electrolytes based on the variation of principle. Horng
et al. [169] later extended this model for asymmetric electrolytes with multiple ion species.
However, these MPNP models were expressed as integral-differential equations, thus
making the numerical solution procedure highly involved particularly for three-

dimensional geometries.

2.3 Conclusion
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The present chapter first summarized the definitions of integral and differential
capacitances as well as their calculation formula in different experimental techniques.
Then, it presented an overview of the existing models in the literature for equilibrium and
transient simulations of supercapacitors. Limitations associated with these models were
also discussed. Simulations of supercapacitors will be performed based on new numerical
tools capable of capturing important electrochemical and transport phenomena in
supercapacitors and will also be validated with experimental data. Scaling laws governing
the performances of EDLCs will also be presented by performing dimensional analysis of
the physics-based continuum modeling. Note that more detailed background and current

state of knowledge on specific topics will be introduced in the subsequent chapters.
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Chapter 3

EFFECT OF ELECTRODE SIZE AND SURFACE MORPHOLOGY ON ELECTRODE
POLARIZATION IN PHYSIOLOGICAL BUFFERS

EP is inevitable in high conductivity buffers at low AC frequencies due to the accumulation
of free charges at the electrode/electrolyte interface. Electrode miniaturization increases
EP effect on impedance measurements. In this chapter, six gold planar (GP) electrodes
having different diameters (100um < ¢ < 4000um) were used to investigate the size
effect on EP with parallel plate electrode geometry. GP electrode surface was
electrochemically deposited with gold nanostructures (GNs) to minimize the EP effect. An
equivalent circuit model was used to attain electrode/electrolyte interfacial impedance. The
constant phase element (CPE) model was used to analyze the effect of the size and
morphology of electrodes on EP. The surface morphology of gold nanostructured
electrodes was examined using scanning electron microscopy (SEM), and the influence of
different applied potential on the growth of GNs was elucidated with Nernst equilibrium
condition. Surface roughness and wettability characteristics were examined by performing
surface roughness and contact angle measurements, respectively. The improvement of GNs
deposited electrode performance was investigated by analytically generated Jurkat cell
suspension spectra. The results show that the error in estimating in subcellular properties

can be drastically reduced by using GNs deposited electrodes.
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3.1. Materials and Methods

3.1.1. Microfabrication, Impedance Measurement and Surface Characterization

Photolithography supplies (photoresists, developers, and remover) were purchased from
Microchem Corp. (Westborough, MA, USA). All other chemicals used were of analytical
grade and obtained from Sigma-Aldrich (St Louis, MO, USA). Glass slides 2.5 cm x
3.75 cm (Gold Seal) were used as the substrate. They were sequentially cleaned in
deionized (DI) water, 1 M KOH, acetone, and isopropyl alcohol (IPA) for 10 min in a 25
°C ultrasonic bath (FB11201, Fisher Scientific) at 37 kHz, and finally, they were rinsed
with DI water. The glass slides were dried with Nitrogen gas following the cleaning steps.
They were then put inside a 150 °C conventional oven to fully vaporize the water residue.
The positive photoresist (S1813) was spin coated on the substrate using a two-step process
with the following rotation speeds: 1000 rpm for 10 s and 4000 rpm for 30 s, with 300
rpm/s acceleration/deceleration stages. The substrate was soft baked at 115 °C for 1 min
on a hot plate. In the next step, the substrate was exposed to Ultra Violet (UV) light using
a negative mask for 10 s at 100 mJ/cm? using a mask aligner (Karl Suss, MJB3). The
substrate was then immersed into the developer for 17 s (MF-26A). After the substrate was
gently washed using DI water and dried with Nitrogen, the substrates were sequentially
coated with chromium (Cr) (120 mA—=60 s) gold (Au) (80 mA—120 s) layers using a
sputter coater (EMS300TD, Emitech). Sputtering generated thin layers of metals on the
order of tens of nanometers thick. Finally, disk shape gold electrodes with varying

diameters were obtained to investigate the electrode effect on impedance spectra. The
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process flow of gold disk electrode fabrication and the microscopy images are shown in
Figure 3.1a and 3.1b. Copper tape (3M) was used as terminal ports and was adhered to the
gold electrodes using silver conductive epoxy (Silver Epoxy, MG Chemicals). Following
this step, the gold electrode surface was modified using an electrochemical deposition
technique. A three-electrode configuration, potentiostat system was used for
electrochemical deposition (EZstatPro, Nuvant). Gold sputtered electrodes were
electrochemically coated with GNs in 1 mg/ml Sodium Tetrachloroaurate (I11I)
(AuClyNa 2H,0) (Sigma Aldrich) solution using the deposition setup in the potentiostatic
mode. Depositions were conducted at varying durations (5-60 min) and electric potentials
ranging from -0.3V to -0.9V for 4mm diameter electrode to optimize the deposition
condition. 4mm diameter electrodes were chosen for the sake of easy fabrication and
alignment. Only the circular part of the gold electrodes was immersed in the solution in
order to have a fixed area of deposition by covering the connection pad with a dielectric
material (Double Sided Tape). Details of the electrochemical deposition were presented in
our previous study [46]. The microfluidic channel was fabricated using double sided tape
cut with 70 um channel height using a craft cutter (Silver Bullet) and it was sandwiched
between the two glass slides. Inlet and outlet ports were drilled with a diamond drill bit on
glass substrates. Alignment markers on the electrode centerline were used to align the two
electrodes on top of each other in the middle region of the microfluidic channel using a
mask aligner. Figure 3.1c shows a schematic of the assembled microfluidic device and its

connection to an impedance analyzer.

A high precision impedance analyzer (4194A, Agilent) was used to measure the impedance

spectrum of a 1.5 S/m conductive phosphate buffer saline (PBS) solution in the 100 Hz-10
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MHz frequency range. Microfluidic device was connected to the low and high terminals of
the impedance analyzer using a test fixture (HP 16047A) in a 4 terminal configuration [13].
Equivalent circuit analysis was used to extract interfacial impedance [174, 175].
Empirically, the electrode/electrolyte interfacial impedance can be represented in the form

of CPE [61, 176-179]. The CPE model is givenas Z pr = 1/K (iw)%, where K is the CPE

parameter (A~ s%), a is the CPE exponent, w is the angular frequency, and i = v/—1. The
parameter a changes from zeroto one (0 < a < 1), where « = 0 and a = 1 correspond to
purely resistive and purely capacitive impedance, respectively. The exponent a is a
function of the temperature, electrode surface characteristics, and the electrolyte type in
contact with the electrode. The CPE parameter K and exponent «a increase and decrease
respectively with the increased surface area. As a result, CPE model enables prediction of
surface area changes with examining the K and « values. The details of extracting the CPE

parameter and exponent was explained in our previous paper [46].

The equivalent circuit model for extraction of the electrical components of the microfluidic
chip is shown in Figure 3.1d. The equivalent circuit model consists of serial combination
of Z.pr andZ,,; which model the interfacial and cell suspension impedances,
respectively. These equivalent circuit elements are in series with electrode lead resistance
(Rieaq) and inductance (L;.q4). Finally, a parallel capacitance (Cr) is added to account for
stray effects. The impedance measurements were conducted with 20 mV AC signal in 100
Hz-10 MHz frequency range. Faradic effects were neglected considering the operation

conditions and electrode materials [180].

After electrochemical deposition, surface morphology of GNs electrodes were

characterized using SEM (Leo-Zeiss 1450VPSE- resolution~1 nm). Energy dispersive X-

23



ray spectroscopy (EDS, EDAX Genesis System) was used for elemental analysis and
chemical characterization. Non-contact laser profilometer (PS50, Nanovea) was used to
measure the surface roughness. Static water contact angles were measured with a high-
resolution CCD camera (QImaging, Retiga 4000R) with Navita 12 objective lenses. Digital
images were acquired using QCapture pro software (QImaging). The CA was measured
from a sessile drop formed from a 6 pl water droplet via a syringe. Determination of CA
was performed using the ImageJ software package with DropSnake plugin. CA
measurements were performed on at least five different locations on the sample surface

and then averaged for statistics.
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Figure 3.1 a) Process flow of electrode fabrication using photolithography method and b)
Microscopy images of different diameter of disc electrodes varying from 100um to
4000um. ¢) A schematic of the microfluidic device connected to an impedance analyzer d)
Equivalent circuit model used to analyze the impedance spectrum.
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3.2 Results and Discussion

3.2.1. Optimization of Electrode Surface Modification

Electrochemical deposition potential has great influence on the formation of GNs because
it is a major parameter in the kinetics of the deposition process. Increasing the electric
potential accelerates the kinetics of electrodeposition, which promotes irregular growth of
nanostructures. The effect of applied potential on the GNs growth was investigated by
Zhang et. al, and it was reported that density of GNs coated on the planer surface and the
surface roughness increased by increasing the applied potential at constant electrolyte
concentration [181]. In this part, their optimum condition for generating dense GNs (-0.3
V/-1800s) was used as an initial condition to increase the effective surface area. The surface
of 4 mm diameter gold planar (GP) electrode was modified at different conditions with
GNs to find the optimum electrochemical deposition condition for the purpose of
maximizing the effective surface area. Varying deposition time (600 s, 900 s, 1200 s, 1800
s, 2100 s, 2700 s and 3600 s) and voltages (—0.3 V, —0.7 V, and -0.9 V) were tested to
generate GNs electrodes. The SEM images of GNs at different applied potentials are shown
in Figure 3.2. At the lowest applied potential and the highest deposition time (-0.3V-
3600s), synthesized GNs consists of a large quantity of well-dispersed nanostructures. The
morphology of the GNs is revealed as stem type tectorum nanostructures (Figure 3.2a)
[67]. Increasing the applied voltage to —0.7V, a layer of fern leaf type dendritic GNs is
obtained with high density (Figure 3.2b) [79]. At -0.9 V, the GNs become rounded
structure nanoparticles (Figure 3.2c) and the density of nanostructures decreases, as

previously reported [79]. The chemical composition of the electrode deposited at -0.7 V
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for 3600s is shown in Figure 3.3 as a representation. For electrodes with GNs, the chemical
content of gold obtained was about 97%. The remaining 3% of the composition was silicon,
which is the main element for the glass substrate. The reason could be the thickness of gold
layer which is much smaller than the thickness of glass substrate. The X-ray can partially

penetrate to the glass surface and therefore, silicon material can be seen in the energy

spectra.

Figure. 3.2. SEM images of GNs electrodeposited on 4 mm diameter gold electrodes for
3,600 s and at potentials of a) -0.3 V, b) -0.7 V, and c) -0.9 V. d) The surface of the GP
electrode. The SEM images were taken at 25 kV and a 10,000 magnification factor. The
imaging conditions for inset figures are 25 kV and a 30,000 magnification factor.
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The variation of nanostructure density and shape can be explained using Nernst equilibrium
theory [182]. According to the Nernst equilibrium condition, when the growth potential is
close to the Nernst equilibrium potential, GNs dissolves easily due to the negative shift in
the reversible potential of the electrode covered by rounded shape gold nanoparticles [183].
Thus, as the growth potential approaches the Nernst equilibrium potential, the particle

density on the GP electrode surface decreases (Figure 3.2c).

On the other hand, when the growth potential is well below the Nernst equilibrium
potential, many GNs can exist without dissolving into the electrolyte during deposition and
therefore, nanostructures density increases on the electrode surface (Figure. 3.2a and 3.2b).
Furthermore, GNs can only grow at the lattice plane with the lowest energy site of GNs
when the applied potential is small enough. It leads to the formation of spiky dendritic type

GNs (Figure 3.2Db).
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Figure. 3.3. EDS analysis results for GNs deposited electrodes at three different locations.
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However, if the growth potential is large enough, the reaction would have enough energy
for gold atoms to overcome the energy difference between the lattice planes. Thus, the GNs
can grow uniformly in all directions, consequently forming spherical-like gold particles

(Figure 3.2c).

3.2.2. Surface Roughness Measurements
Even though SEM images can provide detailed topographical information about the
surface, they cannot provide any quantitative information about the surface roughness. For
the purpose of measuring the surface roughness, a non-contact laser profilometer was used
to measure the surface roughness. The profilometer used has a vertical resolution of 6 nm.
The surface roughness was expressed in terms of average surface roughness (Ra) that is
defined as the arithmetic mean of height deviations of valleys and peaks with reference to
the mean line. In Table 3.1, average surface roughness of different electrodes is tabulated.
Results indicate that average roughness increases with applied potential up to -0.7V but it
decreases at -0.9V. The results are qualitatively supported by SEM images given in Figure

3.2.

Table 3.1. Surface roughness of GNs electrodes deposited for 60 min in terms of
average surface roughness Ra.

Applied Potential (V) Ra (um)
-0.3 1.05
-0.7 1.51
-0.9 0.42
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3.2.3. Growth Mechanism of Dendrite Gold Nanostructures
Since the surface roughness and complexity of structures were the highest with dendritic
GNs at -0.7 V, 3,600s, its EP reduction performance was expected to be the best among
other configurations based on the CPE model [184] and surface roughness results. Hence,
growth of dendritic GNs were examined at different time lapses to investigate dendritic
GNs progression. Figure 3.4 shows the SEM images captured at 25 kV and a 40,000
magnification factor of dendritic GNs at -0.7 V for different coating durations. The images
were taken in the vicinity of gold disc electrode center. This figure illustrates the dendritic
GNs growth after 30 (a), 45 (b), and 60 (c) minutes, respectively. When charge transfer
takes place at the electrode/electrolyte interface, gold ions in the electrolyte move to the

electrode surface and start to grow on the active sites of the electrode. At the initial stages

of nuclei growth, growth is independent between different active sites.

Figure. 3.4. SEM images of GNs electrodes deposited at -0.7 V nucleation potential for
duration times of a) 30 min, b) 45 min, and c) 60 min. The SEM images were captured at
25 kV and a 40,000 magnification factor with the back scattering mode.

On the other hand, nuclei do not expand freely in all directions; after a certain time they

impinge on each other. Growth stops at the point of contact, resulting in a limitation in size
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of the nanostructures. This leads to coalescence which causes two touching gold
nanostructured clusters to propagate together. The distance among the GNs clusters was
large for 30 min deposition (Figure 3.4a) but it was reduced after 15 min extra deposition
(Figure 3.4b). The GNs randomly filled the gap and grew by coalescing with other clusters

at 60 min (Figure 3.4c).

3.2.4. Elucidation of Impedance Measurements Based on CPE Parameters

In order to investigate the reduction of EP by increasing the effective surface area, the
microfluidic channels with 70 um channel height were filled with PBS for all GNs
electrodes and impedance measurements were performed in the 100 Hz-10 MHz frequency
range. Impedance data obtained for each electrode was fitted to the equivalent circuit
model. The complex dielectric spectrum of solution and CPE model parameters were
extracted. CPE parameters (K and a) were calculated for each electrode using the fitting
procedure explained in our previous study [46]. K and a of the GNs deposited 4mm
diameter disc electrodes were normalized using K and a of 4mm diameter GP electrode
(Keontrol @Nd  acontro1)- The changes in normalized K and a with deposition time and
applied potential are shown in Figure 3.5. At least 5 impedance measurements were
performed for a single device and the standard deviation on the calculated K and a values
are also shown in Figure 3.5. It can be seen that the value of K significantly increased by
GNs deposition. This behavior is an indication of higher effective electrode/electrolyte
surface area which is inversely proportional to the impedance [185]. It explains the large

decrease of impedance magnitude in the low frequency region. The power factor a for GNs
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coated electrodes was decreased, in agreement with the fact that smaller values indicate a
rough electrode surface. The extracted values for the planar electrodes were also consistent
with the reported values for gold electrodes [186]. The results indicate reduction in « and
increase in K at constant potential by both increasing the deposition time and the applied
potential.

However, increase in K and decrease in a with respect to the values for GP electrode were
reduced above the critical applied potential (-0.7V). A monotonic decrease in the interfacial
impedance was observed by increasing time but the deposition time over an hour is not
feasible due to practical considerations. Therefore, the constant potential of -0.7 V and
deposition time of 60 min were the optimum parameters for decreasing the EP effect, which

was expected from the SEM and surface roughness results.
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Figure. 3.5. a) Variation of normalized CPE parameter, K/K ol and b) normalized CPE
contro

exponent, ¢ /0t niro, OF GNS electrodes with deposition time. Measurements were taken in
a chamber where channel height is 70um and the electrode diameter was 4 mm. The
chamber was filled with PBS (1.5 S/m), and measurements were taken at 100 Hz-10 MHz
range. K and o were normalized using control values obtained for planar electrode, where
Keontrol = 4.62 X 1076 £ 0.12 X 107° (Q™1s) and dacoptro1 = 0.83 + 0.006.
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3.2.5. The Effect of Wettability on Impedance Measurements
Wettability characteristics of electrodes can also play a critical role for reduction of
interfacial impedance. Surface roughness affects the wettability due to the increase in the
hydrophilicity or hydrophobicity, which can enhance or weaken the electrochemical ion

transport in the vicinity of electrode surface.

CA=87.91"+2.39° a CA=57.91"+1.73° b

- W—1

CA =85.55"+2.13°

¢ CA=176.56 +1.44" q

L

Figure. 3.6. Pictures of 6 ul water droplet on gold 4mm diameter electrodes deposited at
a) -0.3V, b) -0.7 V, ¢) -0.9 V for an hour, and d) planar. (CA stands for contact angle.)

o

Rough electrode surfaces generally tend to be highly hydrophobic, leading to poor reaction
kinetics between the electrolyte and the redox ion couples. Bubble pockets can shield the
electrode surface, which causes a high impedance value. Therefore, the contact angle
results were performed and demonstrated in Figure 3.6. The contact angle of tectorum

shape GNs deposited at -0.3V for 60 mins shows quasi-hydrophilic (CA < 90°) behavior
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with CA 87.91° + 2.39” (Figure 3.6a). On the other hand, fern-leaf like GNs (-0.7V, 60
mins) became relatively more hydrophilic and its contact angle was measured 57.91° +
1.73" (Figure 3.6b). Rounded shape GNs exhibit more hydrophobic feature (CA =
85.55" + 2.13") (Figure 3.6¢) compared to the planar gold electrode. The baseline planar
gold surface shows a water CA of 76.56 + 1.44° (Figure 3.6d). Based on the CA
measurement results, the most hydrophilic electrode surface is obtained with the electrode
deposited with fern leaf like dendritic GNs, and therefore, interfacial impedance was

obtained lower than the other electrodes deposited at different conditions.

3.2.6. The Effect of Electrode Size on Impedance Spectra
Six different electrode diameters, which are 100 um, 200 um, 500 um, 1000 um, 2000
um, and 4000 pm, and their deposited versions deposited at -0.7 V for 60 min were tested
to investigate the influence of electrode size and surface morphology on the EP effect.
First, impedance measurements were performed from 100 Hz to 10 MHz at 70 um channel
height with PBS. All impedance measurements were repeated at least three times and the
averaged impedance and phase angle spectra were reported. The normalized standard
deviation in all cases is less than 1%. Figure 3.7a and 3.7b show the impedance magnitude

and phase angle spectra of the GP electrodes.

They exhibit the systematic overall increase in impedance with decreasing the electrode
size. This can be explained by the fact that both the electrolyte resistance and the interfacial

impedance are inversely proportional to the surface area of the electrode.
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Figure 3.7. Impedance magnitude and phase angle spectrum of GP (a, b) and GNs (c, d)
electrodes with diameters varying from 0.1mm to 4mm.

EP overshadowed the impedance data in the low frequency spectrum and this behavior
shifted towards higher frequencies with decreasing the electrode size, limiting the useful
frequency range for small electrodes [52, 187]. The impedance was dominated by R,,; at

higher frequencies. For parallel plate electrodes, the magnitude of solution resistance can
be analytically calculated with, R,; = JL where L is the channel height, a;, is the solution
b

Al

bulk conductivity, and A is the geometric area of the electrode. R,,; was not altered after
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GNs deposition, since the electrolyte solution resistance is expected to be dependent on the
geometrical electrode area and not on the effective surface area. Therefore, identical sized
electrodes converged to almost the same impedance value at the high frequency spectrum.
The highest error between the experimental and analytical values was ~7% for 100um
diameter electrode. This small discrepancy can be related to the outgrowth of
nanostructures in the peripheral direction which changes the diameter of the electrode. The
results show that electrodes coated with GNs minimized the effect of EP and expanded the
usable frequency bandwidth (Figure. 3.7¢). This can be easily distinguished using Figure.
3.7d, where a clear shift of the phase angle towards less negative values was observed after
deposition of GNs. A wide and flat phase angle region with values approaching zero is
attained with electrodes coated with GNs. The inductance effect became more important
at high frequency region for coated electrode, and hence, phase angle yielded positive

values.

The normalized K and « values (K* and a*) for different diameter GP and GNs electrodes
are shown in Figure 3.8. The mean and standard deviation on K and a parameters were
calculated with consecutive measurements and uncertainty analysis was explained in our
previous study [46]. The K and a values are normalized with the Kjoo,m = (2.24 £
0.04) x 107% and a@4qoum = 0.862 £ 0.006 of the 100um diameter electrode.
According to the results, the magnitude of K™ increases with increasing the electrode
geometric area and a* decreases, which is consistent with the CPE theory. After the surface
of electrode is enlarged with GNs, the K* value drastically increases as compared to their
planar value. The a* values decreases, and hence, the characteristic of interfacial

impedance becomes more resistive. The increase in K* and the decrease in a* for modified
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electrodes are found to be greater for the largest GNs modified electrodes. The reason for
this difference can be explained with the increased volume of GNs on the planar electrode.
Both electrode size and number of GNs clusters on the surface increases with increased
electrode diameter, and hence, the amount of increase in K and decrease in « are greater

for the GNs coated 4mm diameter electrode.
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Figure 3.8. Normalized CPE parameters (K* and a*) of a) GP and b) GNs electrodes with
different diameters. The CPE parameters are normalized with K;,m = 2.24 £+ 0.05 X

1078 and a;9,m = 0.862 + 0.006 obtained for 100pum diameter electrode.

3.2.7. Device Performance Test using Dielectric Spectroscopy
In order to assess the dielectric spectroscopy response, the impedance spectra of Jurkat
cells are analytically generated for planar and rough surfaces using previously published
cell data [13, 188]. The Jurkat cells are modeled using the double shell model, which
depicts the cells as perfectly spherical particles surrounded by cell membrane that contain

the cytoplasm and a spherical nucleus separated by a nuclear envelope.
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Total impedance (Z) is a linear combination of the EP impedance (Z,,) and the cell

suspension impedance (Zg,s),

Z=LZsys* Zep (3.1)
Zep 1s modelled as CPE,
1
Zop = % )" (3.2)

where K and a are the CPE coefficient and exponent, respectively.
The Maxwell-Wagner mixture model for spherical particles is expressed as follows:

. _ 1+ 2¢fcu
Esus = Emed m

(3.3)

where med and sus stands for medium and suspension, respectively, ¢ is cell volume

fraction, and f¢,, is the Clausius-Mossotti (CM) factor given by the following relation:

Ecell ~ Emed
fom=m—"—"T5+— (3.4)
Ecell + Zemed
The complex permittivity of cell (¢,;;) is calculated using double shell model expressed
as:

I 21—y + (A + 21E;
cell = mmem 2 +y) + (1 — y)E;

(3.5)

In the above equation mem stands for the cell membrane, and the factor y; is given as,
¥1 = (1 = dpem/7)3, Where d,,., is the cell membrane thickness. The parameter Ej is

given as:

B = gyt 2(1—y2) + (1 + 2y,)E,
1

= (3.6)
Emem (2+7v2)+ (1 —y)E,;

where cyt is for cytoplasm, y, = (r;/(r — dpmem))?, and E, is given by
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gne 2(1-y3)+(1+2y3)E3
gyt (2+y3)+(1-¥3)E3

E, = (3.7)

where ne stands for nuclear envelope, y3 = (1 — dp. /71 )* , Es = &5,/ €ne , @nd dye iS

the nuclear envelope thickness. In the equation for E5, np stand for nucleoplasm.

Finally, the cell suspension admittance is calculated as,

I «
Ysus ~z = lWé&gysCo (38)
sus

where ¢, is the cell constant of the dielectric chamber that is calculated using the following

relationship,

Co = 30% (3.9)
where A and h denote the electrode surface area and the gap distance between the

electrodes, respectively. The values of parameters are given in Table 3.2 and Table 3.3.

Table 3.2. Cell and medium dielectric properties used for impedance spectrum generation
[13, 188]

O_med(S/m) Um(S/m) acyt(S/m) Gne(S/m) an(S/m) Emed Em <c:Cyt €ne Snp

1.5 3.14x10° | 0.32 0.0018 0.82 80 8.3 |60 52 | 120

During the impedance measurement, cells exhibit a dielectric dispersion at sub-MHz
frequencies, known as the g dispersion, which takes place because of the disparity between
electrical properties of the cells and the extracellular medium. Figure 3.9 shows the
generated impedance value and phase angle spectrum of 10% Jurkat cell suspension for 1
mm electrode diameter for both planar and rough surfaces. Based on this figure, GP

electrodes that measure the impedance of Jurkat cells suspended in PBS are overwhelmed
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by interfacial impedance, dominating the crucial g dispersion frequency range. On the
other hand, the S dispersion can be distinguished by using GNs electrodes and hence cell

parameter estimation is more accurate.

Table 3.3 Cell, electrode, and channel geometric parameters

Cell Cell Nucleoplasm Nucleus envelope | Electrode Channel
diameter | membrane diameter (pum) thickness (nm) diameter (mm) | height
(um) thickness (um)
(nm)
53 7 4.24 40 1 70

An inverse model based on Maxwell-Wagner and double shell model was used to extract
sub-cellular properties for both cases. The computational flow chart used for the inverse
model was given in our previous study [188]. For both cases, medium, cytoplasm, and
nucleoplasm permittivity values were fixed at 80, 60, and 120, respectively and medium
conductivity was fixed at 1.5 S/m. A non-linear least square fitting algorithm employed in
MATLAB was used to extract the membrane and nuclear envelope permittivity (e, and
&ne), and membrane, cytoplasm, nuclear envelope, and nucleoplasm conductivity (o,
» Ocytr Oner Onp), and CPE parameters (K and «). A random function was used to generate
the initial guess for the fitting algorithm and the algorithm was repeated for 10 different
initial parameters. All the data used here are the average values of the calculated cell

parameters for different initial guesses.
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Figure 3.9. a) Impedance magnitude and b) phase angle spectrum of 10% volume fraction
Jurkat cells suspended in PBS measured with Imm diameter electrode.

The percentile error in calculating dielectric property ‘a’ of the cell part ‘b’ is defined as

below:

E, = |(ab)fitted - (ab)exactl % 100 (3.10)

b (ab)exact

Table 3.4. shows the evaluated percentile error values in electrical properties for both cases.
Based on this table, the rough electrode yielded much smaller errors in calculating the sub-

cellular properties. However large errors were observed for the planar electrode.

Table 3.4. Percentile error in predicting the sub-cellular properties for 1 mm diameter flat
and rough electrodes.

Electrode type Es Es,,. Es . Es,, E, E, . K a
GP 1117.149 10.258 28.286 310.327 9.553 0.964 0.603 0.080
GNs 0.024 14.493 20.109 9.671 0.004 8545 0.002 0.000
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The following error metric (root mean square) is introduced to find out the overall error in

the cell’s properties

Egm+ES y +Egne+Egn, +E2y +Edy  +ER+EG (3.11)
Erms = )
8

Calculations show that the root mean square error for plain surface is 410% while this value
1S 9.88% for the rough surface electrodes. This clearly shows that the accuracy in extracting
sub-cellular properties can be dramatically increased by using rough electrodes for

dielectric spectroscopy.

3.3. Conclusions

In this Chapter, the dependence of electrode/electrolyte interfacial impedance on the
electrode size and surface morphology is investigated. Different morphological GNs
coated electrodes were developed to minimize the interfacial impedance at the
electrode/electrolyte interface using electrochemical deposition technique. The effect of
deposition potential on shape of GNs was investigated at a constant deposition time. Well
dispersed, uniform, tectorum shape GNs morphology was obtained at the lowest potential
(-0.3V). Fern leaf type self-similar dendritic structures were obtained with high density at
relatively higher applied potential (-0.7V). Density of GNs formed on the planar surface
decreased above the threshold potential and the shape of GNs became rounded (-0.9V).
The reason for change in the density and shape of GNs were elucidated using Nernst
equilibrium theory. The exponent (a) and parameter (K) of the CPE for GNs electrodes

were calculated using equivalent circuit analysis for each of the modified electrodes. The
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optimum deposition potential and time were found -0.7 V and 3,600 s for decreasing the
EP effect. The results were verified with surface roughness measurements and SEM
analysis. The EP effect decreases with increased electrode area. Modified gold electrodes
decreased the EP effect and expanded the usable frequency bandwidth. The performance
of electrodes with deposited GNs compared to the GP electrodes was dramatically
increased while estimating subcellular properties. In the future, we plan to investigate the
methods to fabricate dendritic GNs in a more controlled way to fully understand the physics
underlying the interfacial impedance for porous surfaces. We believe that this information

will lead to more accurate impedance sensor designs in the future.
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Chapter 4

SELF-SIMILAR INTERFACIAL IMPEDANCE OF ELECTRODES IN HIGH
CONDUCTIVITY MEDIA

The occurrence of EP due to accumulation of ions at the electrode/electrolyte interface, is
an inevitable phenomenon while measuring impedance spectrum in high conductivity
buffers and at low frequency spectrum. Well-characterized time scales elucidating the EP
effect are important for the rational design of microfluidic devices and impedance sensors.
In this Chapter, interfacial impedance at the electrode/electrolyte interface is investigated
considering channel height and Debye length effects on characteristic the time scaleof the
EP effect in a binary electrolyte solution using parallel plate electrode configuration.
Experimental results reveal self-similarity of normalized electrical impedance as a function
of the normalized frequency. The experimental results also match with numerical solutions
obtained by finite element simulation of the unsteady fully coupled Poisson-Nernst-Planck
(PNP) equations. Furthermore, dendritic shaped gold nanostructured electrodes are
examined, and it has been proven that EDL formed on porous electrode surfaces acts as a
thick EDL and modifications to the characteristic time scale is necessary for porous
electrodes. Finally, a CPE model is proposed to account for the self-similar impedance

spectrum, which can be used for different channel heights and solution conductivities.

4.1. Materials and Methods

4.1.1. Microfabrication, Characterization and Impedance Measurement
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Glass slides were cut into 2.5 cm X 2.5 cm pieces using a diamond cutter. The glass pieces
were cleaned ina 25 °C ultrasonic bath (FB11201, Fisher Scientific) at 37 kHz sequentially
in deionized (DI) water, 1 M KOH, acetone, and isopropyl alcohol (IPA) for 10 min,
followed by a rinse with DI water. Following the cleaning steps, the substrates were dried
using Nitrogen gas flow. The glass slides were then placed inside an oven at 150 °C to fully

evaporate any water residues. Fig. 1a-h show a schematic of microfluidic chip fabrication.

Firstly, a masking tape was used to generate the electrode patterns (Figure 4.1a). The
masking tape was cut using a craft cutter (Silver Bullet) to obtain circular electrode
patterns. After the masking tape was adhered to the glass substrate, the slides were
sequentially coated with 20 nm thick chromium “seeding” layer, succeeded by a 60 nm
thick gold layer using a sputter coater (EMS300TD, Emitech) (Figure 4.1b). Following
the sputtering process, the masking tape was removed and electrodes were rinsed in DI
water (Figure 4.1c). Copper conductive tapes (3M) were used for terminal leads. The tapes
were bonded using conductive silver epoxy (MG Chemicals). In order to fabricate porous
electrodes, the gold planar (GP) electrodes were immersed in a 1 mg/mL sodium
tetrachloroaurate (111) (AuClsNa2H20; sigma Aldrich) electrolyte for electrodeposition of
gold nanostructures (GNs). A three-electrode potentiostat/ galvanostat system was used for
electrochemical deposition (EZstatPro, Nuvant) in potentiostatic mode (-0.7V) [46]. In this
setup, electric current flows between a platinum counter electrode (MW-4130, BASI) and
the working electrodes (Cu/Au sputtered electrodes), where the potential at the working
electrode is controlled in reference to the AgQ/AgQCI electrode (MF-2052, BASI).
Electrochemical deposition of gold resulted in formation of dendritic fern leaf type gold

nanostructured electrodes.
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Figure 4.1. Microfluidic chip fabrication process: a) generating electrode patterns using
masking tape, b) metal sputtering, ¢) removing masking tape, d) three electrode system
configuration for electrochemical deposition, e) formation of gold nanostructures, f)
microchannel fabrication using double sided tape (DST), g) aligning and assembly, h) a
schematic of the assembled microfluidic device used for impedance measurements, and i)
equivalent circuit model used to extract lead resistance and inductance.

The substrate was then heat treated in a convection oven at 200 °C for 30 min to increase
the bonding strength of nanostructures on plain gold surfaces (Figure 4.1d-e). The
microfluidic channel was fabricated using double sided tape (DST) cut with a craft cutter
(Silver Bullet) and sandwiched between the two glass slides (Figure 4.1f). Inlets and outlets

were drilled with a diamond drill bit on glass substrates. Two electrodes were aligned on

45



top of each other in the middle region of the microfluidic channel using KarlSuss MJB-3
mask aligner (Figure. 4.19). Fig. 1h illustrates a schematic of the assembled microfluidic

device.

KCI solutions with different conductivities were used in the microchannel for impedance
measurements. The conductivity of the prepared solutions was measured using a
conductivity meter (Conll, Oakton). For GNs electrodes, the surface morphology of
electrodes was characterized with scanning electron microscopy (SEM Leo-Zeiss
1450VPSE- resolution~1 nm) operated at 25kV and varying magnification factors (12-
40k). Non-contact laser profilometer (PS50, Nanovea) was used to measure the thickness

of GNS electrode.

A high precision impedance analyzer (4194A, Agilent) was used to measure the impedance
of different concentration of potassium chloride (KCI) solutions in 1 kHz-40 MHz
frequency range. For all of the measurements, the voltage signal of the impedance analyzer
was fixed at 20 mV which ensures the absence of the faradic reactions. Electrical ports of
the microfluidic device were connected to the high and low terminals of the impedance
analyzer through a test fixture (HP 16047A) in 4 terminal configuration. The impedance
measurement was performed using an auto-balancing bridge method explained in[189].
The binary electrolyte used in this study was KCI purchased from Sigma Aldrich with
varying conductivities ranging from 0.25 S/m to 1 S/m. The impedance of the device filled
with the KCI solution was modeled using serial combination of Zz, to model EP effect and
parallel combination of (R,,;) and (Cs,;) to model the electrolyte impedance. These are in
series with resistance (R;.,4) and inductance (L;.,4) Of the electrode leads. These elements

are connected in parallel to a stray capacitance (Cr). The equivalent circuit model proposed
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in Figure. 4.1i was used to extract the leads resistance and inductance. More information
on lead resistance and inductance extraction can be found in our previously study [46].
Faradaic effects were neglected considering the magnitude of the applied voltage (0.2 V),

frequency range (1kHz-40MHz), and electrode materials [180, 190, 191].

In the normal electrode-electrolyte system, impedance in 1-10MHz frequency range is
purely due to solution resistance. Beyond the EP regime (Typically f > 1 MHz for high
conductivity media), the impedance response would be a horizontal line. For parallel plate
electrodes, the value of resistance, commonly referred to as the spreading resistance, is

determined by the following equation:

= (4.1)

where L is the electrode separation distance or the bulk length scale (channel height), g}, is
the solution bulk conductivity, and A is the geometric area of the electrode. The relaxation
time for charging of the double layers is known to depend on the electrode separation
distance via bulk resistance, and double layer thickness. The harmonic mean of the Debye
and bulk time scales (t. = AL/D) is the primary time scale for diffusive-charge dynamics,
where A is the Debye length, and D is the diffusion coefficient. For planar surface
electrodes, the dimensionless frequency is expressed as f* = f X t., where fis the

frequency.

4.1.2. Numerical Procedure
The computational domain is one-dimensional and contains a dilute, completely

dissociated electrolyte between two parallel electrodes located at x = 0 and x = L. The

47



concentrations of ions inside the electrolyte (K* and Cl™) are described by the Nernst-
Planck equation
aCi

ot
where c¢; and J; are the ionic concentration, and flux term of species i. The flux term

+V-J;=0 (4.2)

consists of diffusive and electro-migration terms and is defined as

Ji = —=DiVec; — zjuy F e VY (4.3)
where D; and z; are the diffusion coefficient and valence of i*" ionic component. 1 is the
electric potential and w,, ; is the mobility of species i, defined by the Nernst-Einstein

relation as follows

Umi =BT
where R and T denote the universal gas constant and absolute temperature, respectively.

(4.4)

Electric field induced by electric potential and charge density distribution in the media is

governed by Poisson equation

V-¢E = pg (4.5)

In this equation, E is the electric field (E = —Vy), ¢ is dielectric permittivity and pg is the

space charge density defined as

PE = FX ZiC; (4.6)
l

where F is the Faraday’s constant (F = 96485 C/mol).
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The simulation parameters and the boundary conditions for the binary electrolyte case are
as follows. The operating temperature is 300 K and diffusivities of K* and Cl~ ions are
fixed at 1.7 x 10 ~9m?/s. The relative permittivity of medium is considered 80. The
boundary at x = L is grounded and the boundary at x = 0 is subjected to a sinusoidal
electric potential
Y = P4 sin(wt) 4.7)

Y4¢ is the amplitude of AC electric potential (0.02 V), and w is the angular frequency
(w = 2rf, where f is the frequency). Both boundaries at x = 0 and L are considered as

ideally polarizable without Faradic processes, so the ionic fluxes vanish at these boundaries

(n.J; =0).

The coupled PNP equations are solved numerically in 1D using Finite Element (FE)
package, COMSOL Multiphysics 5.2. A finer mesh is introduced near the electrode
boundaries to resolve transport in the thin EDL near the surface. In all cases, the initial
cation and anion concentrations are set to bulk concentrations and initial potential is set to
zero, such that the system is at rest when t = 0. From t = 0 onward, we use a time stepping
routine in combination with direct solving method (MUItifrontal Massively Parallel sparse
direct Solver (MUMPS)) to compute the time dependent behavior of the system. Current

density (4/m?) at each time step is calculated using the following equation at electrodes

J=F Z ziJ (4.8)
i
Current density is then represented as a sinusoidal function with the same frequency as the

AC voltage but with a phase shift which can be written as
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j = jsin(wt — @) (4.9)
where j is the current density amplitude and ¢ is the phase angle. The specific impedance

(Qm?) of the system at each frequency is then calculated by complex ratio of the voltage

to the current density

z=2-
J

where |Z| is the impedance value.

ll}AC
—| 29 = |Z|2¢p (4.10)

4.2 Results and Discussion

Three different KCl solutions with 114, 57, and 24 mM were prepared in order to
investigate the effect of Debye length on characteristic time scale. The measured
conductivity values were found as 1.0, 0.5, and 0.25 S/m, respectively. The microfluidic
device with 70 um channel height, was filled with aforementioned solutions starting with
the lowest conductivity and impedance measurements were performed in 1 kHz-40 MHz
frequency range. All the impedance measurements were repeated at least three times and
the averaged impedance and phase angle spectra are reported. Figure. 4.2a and 2b shows
the normalized standard deviation of the impedance magnitude and the phase angle for 1,
0.5, and 0.25 S/m KCI solutions in a 70 um height channel. The normalized standard

deviation in all cases is less than 1%.
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Figure. 4.3a and 3b show the impedance value and phase angle spectrum of the GP

electrode. Frequency independent impedance response of the electrode is attributed to the

solution resistance (R,;) which was experimentally found around 1 MHz. The highest

error between experimental and analytical value (Equation 4.1) was ~5% for the lowest

conductivity medium.
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Figure 4.3 a) Experimental impedance value and b) phase angle spectrum of KCI solution
having 1, 0.5, and 0.25 S/m conductivity in a 70 pm channel height. c) Experimental
impedance value and d) phase angle spectrum of 1 S/m KCI solution in micro-channels
having 70, 140, 210, and 280 pum height.

52



This small discrepancy is related to the inductive part of solution impedance, which plays
a minor role at low conductivities [192]. Additionally, the phase angle at 1 MHz is near
zero, which means the system is completely resistive. Therefore, the impedance value
measured at 1MHz was taken as the solution resistance. Figure. 4.3a shows the systematic
decrease in impedance with increasing conductivity at the high frequency range where R,;
dominates the impedance spectrum. This is explained by the fact that electrolyte resistance

is inversely proportional to the conductivity of solution.

On the other hand, EP overshadowed the impedance data in the low frequency spectrum
and this behavior shifted towards higher frequencies for increasing solution conductivity.
Electrode diameter (¢ = 4mm) and solution concentration used for impedance
measurement (114 mM,o = 1 S/m) were Kept constant and impedance measurements
were performed at different channel heights varying from 70 um to 280 um. The
impedance value and phase angle spectra are shown in Figure. 4.3c and 3d. The impedance
value increased in proportional to the channel height and phase angle shifted to higher
values, which is consistent with theory. Impedance value increased after a certain
frequency for different conductivities (Figure 4.3a) and channel heights (Figure 4.3c). This
was caused by the parasitic effect of a stray capacitance in the high frequency spectrum.
This effect is clearly noticed from the corresponding phase angle figures (Figure 4.3b and

Figure 4.3d)[52].

Impedance values given in Figure. 4.3 were normalized with Ry, in order to better
visualize how EP is affected by conductivity of solution and channel height at low

frequency range. The charging time, 7., was used to make the frequency domain
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dimensionless and the results are shown in Figure. 4.4a and 4.4b. Debye length (1) was

calculated using the following equation

a= |- KT (4.11)

N 2R2
i=1Zi°F%cio

The Debye lengths were calculated 0.96 (4,), 1.27 (4,), and 1.97 (13) nm for 114, 57, and
24 mM KCI solutions, respectively. A rescaling of Figure 4.3 as a function of
dimensionless frequency (f*) reveals a universal impedance behavior for the current
measurement system. The impedance value and phase angle of each measured data were

collapsed to a single line, revealing the self-similarity of normalized impedance spectra.

Time dependent numerical simulations of fully coupled PNP equations were performed in
1 kHz-1 MHz frequency range for 10 time periods and each time period was divided to 40
equal time steps. First, the numerical simulations were performed by fixing the channel
height (70 um) and changing initial ionic concentrations (114, 57, and 24 mM) representing
1, 0.5, and 0.25 S/m KCl solutions, respectively. Then the initial concentration of positive
(K*) and negative (CL™) ions were fixed at 114 mM which corresponds to 1 S/m KCl
solution and the channel height was changed from 70 pum to 280 um. The impedance value
at each frequency was normalized with constant high frequency impedance value and the
same scaling (t.) was used to obtain dimensionless form of the impedance results for
different KCl solution conductivities and channel heights. Figure 4.4c and 4.4d show the
normalized numerical impedance values and phase angles versus the dimensionless
frequency (f*) for the same conditions with the experiments. Figure 4.4c and 4.4d illustrate

that all impedance and phase angle curves obtained at different channel heights and
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conductivities complied with the same time scale (z..), and their behaviors are consistent

with the experimental results.
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Figure 4.4. a) Normalized experimental impedance and b) phase angle spectrum as a
function of the normalized frequency. ¢) Normalized numerical impedance and d) phase
angle spectrum as a function of the normalized frequency.

Furthermore, comparing experimental and numerical results show that unsteady, 1D, fully
coupled PNP equations without Faradic reactions successfully predict the electrical
impedance behavior of micro-electrodes at different channel heights and solution

conductivities. It also shows the power of this numerical tool for further investigation of
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other aspects of micro-electrodes such as surface roughness by extending it to two or three

dimensional geometries.

SEM image of GNs surface is given in Figure 4.5a. After electrochemical deposition, fern
leaf type dendritic gold nanostructures were obtained with high density. Figure 4.6
represents the root mean square height of GNs electrode which is equal to 2.55 um.
Impedance measurements were repeated with GNs electrodes in a 70 um channel height
for 1, 0.5, and 0.25 S/m KCl solutions. Based on the normalized impedance spectra (Figure.
4.5b), the results show that electrodes coated with GNs decreased the EP effect and
expanded the usable frequency bandwidth. Moreover, Rg,; remains constant after GNs
deposition since the electrolyte solution resistance is dependent on the geometrical
electrode area not the effective surface area. Normalized Impedance spectra for different
conductivities of KCl solution are given in the Figures 4.7a, 4.8a, and 4.9a. It is observed
that the universal impedance behavior was altered for GNs electrode for all conductivities.
Hence, transport properties must be modified to account for the effective length scales for
porous electrode surface. Empirical formulations were developed by Newman to find the
effective diffusion coefficient for porous electrodes [122]. However, there is no well-
defined theory to predict ion transport for porous electrode surfaces. We scaled the
charging time, 7. with a constant to maintain the universal impedance behavior for different
conductivity impedance measurements, and defined a new time constant z,, for GNs
electrodes as
T, = Ct, (4.12)

where C is a dimensionless coefficient, which might be a function of porosity, thickness of

nanostructures, tortuosity, or combination of these parameters.
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Figure 4.5. a) SEM images of GNs electrodes surface. b) Normalized impedance spectra
obtained with GP and GNs electrodes with 1 S/m KCI solution. ¢) Normalized impedance
spectra obtained with GP and GNs electrodes with 0.007 S/m and 1 S/m KCI solutions,
respectively. d) The combination of Fig. 4b and Fig. 4c using normalized frequency, f°
considering thickening of double layer. ) Normalized impedance value and f) phase angle
of all KCI solutions with respect to f.

57



I1SO 25178
Height Parameters
Sq 255 ym

pm A

10 il e e T i T T I B T T i |
= RMS = 2.55 um
7.5 - -

2.2- A I-M Al

0
-2.5 A W ”I L

-5 - L
75 - L
S ———— S —— S —

=)
o
n
—
—
n
N
N
o
w
3V

Figure 4.6. Root mean square height measurement of electrochemically deposited electrode
using non-contact optical profilometry.

The new time constant z,, can be written as a function of an effective EDL thickness A, ¢
and effective diffusivity D.sf, and given as

4.13
Dos, D (4.13)

Since the channel height was kept constant for GP and GNs electrodes, equation (4.13) can

be simplified and an effective Debye length can be obtained as,

Derr
D

Aesr = C yl (4.14)
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Figure. 4.7. a) Normalized impedance spectra obtained with GP and GNs electrodes with
1 S/m KCI solution. b) Normalized impedance spectra obtained with GNs scaled with
coefficient C. c) Normalized impedance spectra obtained with GP and GNs electrodes with
0.007 S/m and 1 S/m KCI solutions, respectively. d) The combination of Figure b and ¢
using normalized frequency, f* considering thickening of double layer. €) Normalized
impedance value and f) phase angle of all KCI solutions with respect to f.
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Figure. 4.8 a) Normalized impedance spectra obtained with GP and GNs electrodes with
0.5 S/m KCI solution. b) Normalized impedance spectra obtained with GNs scaled with
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0.0035 S/m and 0.5 S/m KCI solutions, respectively. d) The combination of Figure b and
¢ using normalized frequency, f* considering thickening of double layer. €) Normalized
impedance value and f) phase angle of all KCI solutions with respect to f.
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Figure. 4.9. a) Normalized impedance spectra obtained with GP and GNs electrodes with
0.25 S/m KCI solution. c) Normalized impedance spectra obtained with GP and GNs
electrodes with 0.001 S/m and 0.25 S/m KCI solutions, respectively. d) The combination
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According to Bruggeman’s empirical relation, = €%5, where € is the porosity; and

Defy
D
this relation is widely used in porous electrode models [121, 193]. Therefore, A, can be

rewritten as:

Aepr = Ce®3, (4.15)

which shows alteration of the Debye length for GNs electrodes.

Impedance spectra obtained with GNs electrode were scaled for all conductivities with a
single coefficient C to maintain the universal impedance behavior. All the curves were
collapsed to the universal line by multiplying f* by 15 (C = 15) (Figure 4.7b, 4.8b, and
4.9b). Image analysis was performed to find the porosity of GNs electrode using ImageJ
[194] software. The procedure for image analysis was extensively explained in our
previous study [195]. The porosity is found to be 0.81 based on the SEM images given in
Figure 4.5a. The effective Debye lengths for GNs electrode obtained for 114, 57, and 24

mM KCI solutions were calculated from equation (4.15) and they were found to be

13.11 (Aeff1), 17.34 (Aefs2) and 26.89 (A5 r3) nm, respectively.

Using these effective Debye lengths, concentrations of corresponding KCI solutions were

calculated from equation (4.11) in order to prove the thickening of double layer on porous
electrodes. The concentrations of solutions for 13.11 (Aeffl), 17.34.05 (Aeffz)
and 26.89 (Aerz)nm  are  found to be ¢ =05mM (o, =0.007 2), c, =

0.3mM (o, = 0.003S/m), and c; = 0.1 mM (o5 = 0.001 S/m), respectively. Based
on these concentrations, KCI solutions were prepared to perform impedance measurements
with GP electrodes. Figure 4.5¢ shows normalized impedance spectra obtained with 114

mM KCI solution for GNs and 0.5 mM KCI solution for GP electrode. Normalized
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impedance spectra and phase angles for other KCI solutions are given in the Figure 4.7¢ —
4.7d, Figure 4.8¢c-4.8d, and Figure 4.9c-4.9d. The results showed similar behavior between
GP and GNs electrodes and the highest error in the dimensionless impedance values were
3.20%,7.6%, and 3.25% for 1,0.5, and 0.25S/m in 1 kHz-1 MHz frequency range,
respectively. Figure 4.5d shows the normalized impedance value with respect to
normalized frequency for GP and GNs electrodes considering the thickening of double
layer for porous electrodes based on equation (15). Figure 4.5e and 4.5f represents the
impedance spectra of all KCI solutions. The figures for each specific conductivity are
shown in Figure 4.7e-4.7f, 4.8e-4.8f, and 4.9e-4.9f. These figures show all dimensionless
impedance and phase angle spectrum acquired with GP and GNs electrodes, which
collapsed in to a single line. According to the results, the double layer formed on porous
electrode surface acts as a thick double layer, and the universal impedance behavior was
achieved after scaling the dimensionless frequency with a constant C that is specific to the

GNs electrode properties.

A CPE model in series with solution resistance was used to model this self-similar behavior
at low RF spectrum [196]. The normalized total impedance of electrode/electrolyte

interface and solution resistance is given as

T KGaoHa
where K and a are CPE coefficient and exponent, respectively, w* is the normalized
angular frequency (2rf"), and i is v/—1. The parameter a changes from zero to one (0 <
a < 1), corresponding to purely resistive (¢ = 0) and purely capacitive (« = 1) EDL

in the two limits [197]. For the fitting procedure, non-linear least square algorithm was
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employed in MATLAB to find the best K and «a that yields the least difference between

the real and imaginary parts of the model and experimental data[42].
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Figure 4.10. normalized impedance value (a) and phase angle (b) versus normalized
frequency for the model and experimental data.

Since all the impedance spectra collapse to the same ling, the highest conductivity spectrum
was selected as the self-similar experimental result. For presentation purposes, only one
experimental data point out of ten discrete frequency values is shown in the Figure 4.10,
while the fitting is performed using all measured frequency values. Based on the fitting
results, the following equation can be used for all channel heights and solution
conductivities in the case of planar and porous electrodes by having the information of

electrode geometry and double layer thickness.

i 2.551
=1+ W (17)

Figure 4.10 shows the normalized impedance value and phase angle versus

nondimensionalized frequency for the model and experimental data. This figure clearly
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illustrates that the proposed model follows both normalized impedance value and phase

angle variations in the nondimensionalized frequency spectrum.

4.3.Conclusions

In this Chapter, characteristic time scales of EP effect for planar and porous electrodes are
explained. In order to measure the electrical impedance at the electrode/electrolyte
interface, a microfluidic device with 4 mm circular parallel plate electrodes was used.
Impendence spectra for different solution conductivities and micro-channel heights were
experimentally measured and it was shown that the charging time constant (harmonic mean
of the Debye and bulk time scales) is the primary time scale of EP behavior. Furthermore,
unsteady one-dimensional finite element simulation of Poisson-Nernst-Planck (PNP)
equations were performed and same behavior as the experimental results was shown.
Electrochemical deposition technique was used to deposit gold nanostructures on planar
electrodes. The results revealed that GNs electrodes decreased the EP effect and expanded
the usable frequency bandwidth. Normalizing impedance results of porous electrodes
proved that characteristic time scale is increased by the same factor for all solution
conductivities. We hypothesized that this increase is basically due to the thickening of the
double layer. Further impedance measurements with GP electrodes using solutions with
the same effective Debye length as the porous electrodes showed the similar universal
behavior confirming our double layer thickening hypothesis. According to the results of
this study, the self-similar impedance and phase angle spectra can be made dimensional to

interpret the electrode behavior at various electrode separations and medium
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conductivities. Therefore, one can identify the limitations of design and predict the system
behavior for both planar and porous surface electrodes prior to fabrication and
experimentation. A well characterized, fully understood interfacial impedance will lead to
the design of optimized electrode systems. In the future, we plan to fabricate well-ordered
nanostructures with different size and porosity to identify the dimensionless coefficient (C)
used in equation 12. We will also focus on developing analytical and numerical methods

to verify the double layer thickening hypothesis.
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Chapter 5

UNIVERSAL RESPONSE OF ELECTRODE POLARIZATION IN PARALLEL PLATE
CAPACITOR SYSTEMS

Classical electrochemistry problem of polarization of an electrode immersed in a
symmetric binary electrolyte and subjected to a small external AC voltage is revisited. The
Nernst-Planck equations are simplified to the Debye-Falkenhagen (DF) equation, which is
solved together with the Poisson equation, leading to analytical formulas for the space
charge density and impedance of the system for two parallel plate electrodes. We then
define a limit of a thin electrical double layer and illustrate the emergence of the
characteristic time scale, T, = A,L/D, a function of the Debye length, A, the electrode
separation distance, L, and the ionic diffusion coefficient D. Normalizing the impedance
magnitude with the solution resistance, and making the frequency dimensionless with the
7., we show that all analytical, numerical, and experimental data for different solution
conductivities and electrode separation distances collapse onto a universal curve. To
account for the Stern layer effects, we conducted numerical simulations based on the
modified Poisson-Nernst-Planck model and showed that the results agree with our
analytical solution for a range of concentrations, with small discrepancies observed only
above 0.1 M. Based on the proposed model, experimental impedance spectroscopy results
at AC potentials can be used to obtain detailed knowledge of the corresponding surface

(and space) charge densities on the electrodes.
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5.1. Materials and Methods

5.1.1. Setup
For the analytical model, we focus on blocking electrodes because it complies with a
common experimental realization of electrodes. We consider a parallel plate capacitor
containing a dilute, completely dissociated 1:1 electrolyte at constant temperature. In this
configuration, two parallel flat electrodes are located at x = 0and x = L as shown in
Figure 5.1a. The electrodes are assumed to extend to infinity to facilitate a description in
which physical quantities depend only on the coordinate x, perpendicular to the electrode
surface. The electrolyte is treated as a homogenous dielectric material of constant
permittivity thus ignoring the possibly complex dependence on local ionic concentration
near surfaces or when subjected to external fields [198]. If the charge content is high in the
electrolyte, the effect of the finite size of ions has to be taken into account. This is usually
accomplished by introducing the Stern layer [163]. Since our consideration is restricted to
small applied voltages and relatively low concentration of solution, the Stern layer is not
included in our analytical solution. However, the validity of this assumption was tested by

numerically solving the Modified PNP (MPNP) equations.

Microfluidic device fabrication and experimental procedure for measuring the impedance
spectra of electrolyte between parallel disk electrodes were explained in Chapter 3 and 4
[199]. Briefly, 4mm diameter disk shape gold electrodes were fabricated using standard
photolithography technique. The microfluidic channel was fabricated using double sided
tape and sandwiched between the two glass slides where the gold electrodes are sputtered.

Inlets and outlets were drilled very close to the disk electrodes which were aligned on top
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of each other (Figure 5.1b) and this meets the 1D analytical condition. Potassium chloride
(KCI) solutions with varying conductivities and different microchannel heights were used
for impedance measurements. Then, the microfluidic device is connected to the impedance
analyzer (HP Agilent 4194A) to record the impedance spectrum. Each impedance

measurement proceeds for 401 discrete logarithmically spaced frequencies from 1kHz to

40 MHz.
() R
a ~ b c © AV
.lp:VeiaJt 1,[1:0

Figure 5.1. a) Sketch of the parallel plate capacitor. AC potential is applied to two parallel
plate blocking electrodes, separated by distance L, and between the electrodes is filled with
dilute, totally dissociated 1:1 electrolyte. b) Schematic of the microfluidic device used for
impedance measurements. ¢) Equivalent circuit model.

The equivalent circuit model is often used to extract the electrical characteristics of
microfluidic chip (Figure 1c). The equivalent circuit model consists of serial combination
of interfacial (Zgp = Rgp + 1/iwCgp) and solution impedances (Cg,; and Ryyp),
respectively. These elements are in series with electrode lead resistance (R;..q) and
inductance (L;.qq). Finally, a parallel capacitance is added to account for stray (parasitic)
(Cy) effects. For highly a conductive medium, the resistance (Rgp) and capacitance (Cs;)
parts of the interfacial and solution impedance can be neglected, respectively. Therefore,

the microfluidic domain was modeled by EDL capacitance (Cgp) and solution resistance
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(Rso1)- The extraction of stray capacitance, resistance and inductance of the lead using
equivalent circuit analysis was explained in our previous article [46]. After eliminating
those components, the impedance data can be represented by an RC circuit. While the
parameters of the RC circuit are often estimated based on the experimental data, we take a
different approach here by developing a detailed mathematical model of the physical
processes taking place at the electrode-electrolyte interface and in the liquid electrolyte and
then use that model to calculate the impedance without the need for any adjustable

parameters.

5.2. Theory

5.2.1. Solution of PNP Equations in Linear Regime

In the absence of species generation and ionic drift velocities, ionic transport is described

by the Nernst-Planck equation given by

aCl'
_ ] = 5.1
T +V-J;,=0 (5.1)

where c; and J; are the ionic concentration and ionic flux, respectively, for ionic species i.

The flux can be expressed as

_ Zl'DiFCi
RT

Ji =—-D;V¢; vy (5.2)

where D; and z; are the diffusion coefficient and valence of i*" ionic component.  is the
electric potential and F is Faraday’s constant (F = 96485 C/mol). R and T denote the

universal gas constant and absolute temperature, respectively. Electric field induced by the
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applied electric potential and charge density distribution in the media is governed by the

Poisson equation,

V:¢E = pg (5.3)
In this equation, E is the electric field (E = —WV), ¢ is dielectric permittivity and pj is

the space charge density defined as

PE = Fz ZiC; (5.4)
B

We consider a symmetric electrolyte with two types of ions, e.g. K* and Cl™ (z, = —z_ =
z) and having the same diffusion coefficients (D, = D_ = D). We also assume D to be
independent of the local ionic concentrations. The system is assumed to be homogenous in
the beginning, and hence, the initial ion concentration does not depend on the spatial

coordinate.

We investigate a completely dissociated electrolyte placed between infinite flat electrodes.
Therefore, the system is described by a simple one-dimensional (1D) geometry. In the
linear regime, the Nernst-Planck equations transform to a 1D Debye-Falkenhagen (DF)
equation, which governs the diffuse double layer (with relatively weak electric field region

compared to compact layer) dynamics,

apE asz 2
= — 55
at D ( axz K”pg ( )

Here k is the inverse of the Debye length (1) defined by

2,2
. =i= 2z%e“Nyc (5.6)

Ap ERT
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where e is the electron charge and N, is the Avogadro number. A significant role is played

by the boundary conditions. The electrode located at x = 0 is stimulated with ¢ = Ve'®t

and the one located at x = L is grounded (¥ (L) = 0). The ionic flux, J; = —D% -

Y .
k%De %, is assumed zero on the electrodes’ surfaces (J; = 0 at x = 0 and x = L).

Given the linear nature of the equations and the sinusoidal time forcing through applied
voltage, the space charge density and electrical potential are expressed as pp = pye’®t
and 1 = e’®t. As a result, the DF equation and the Poisson equation are modified to the

following formulas,

d?p iw
zi = (2 5) e 679
d%y
_gd_x‘/z’ _ 5, (5.7h)

where is w angular frequency (w = 2rf). It is convenient to introduce nondimensional
variables

, p=LE (5.8)

X =—, E:—’ 1Ij=
Ppc

=
h
<|<

Here the charge density is scaled by its value found for the DC response,

1 1
Ppc = —ESVE (5.9)
The governing equations then take the form
d’p -
oz = (1+2i0)p (5.10a)
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N

5 (5.10b)

N| =

2:

Q
=

where Q = wl,?/2D. These equations are solved with the prescribed values of the scaled
potential and zero ionic flux at the two electrodes, leading to four boundary conditions.
The solution procedure and resulting formulas for the space charge density and electric
potential are discussed in detail in Appendix A. Let us focus on two key quantities here,
the charge density amplitude (p,) near the electrode surface (x = 0) and the electrical
impedance (Z). Based on the results from Appendix A, these quantities are given in

dimensionless forms by

1+ 2iQ

Po =

1+ iQL(a + if)coth [(a +ip) %] (5.11)

1 o= (a + i) tanh [(a +ip) %] 6.12)

1+ 2iQ)

7 =

Considering the limit of small Q (Q « 1), the expression for charge density simplifies to

I (5.13)
po=1+ iﬂ<2 - Zcoth§>

which is consistent with the well-known formula of Bazant et al [110]. In the vast majority
of experimental studies, the Debye length is much smaller than the key length scales in the
geometry of the problem, so we consider the limit of large L (L > 1) to further simplify
the results to

_ [
po =1—iQL, Z7=1-— of (5.14)
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The remarkably simple formula for the impedance from Eq. (5.14) is found to be in
excellent agreement with the experimental data, as discussed in more detail below.
However, it is important to note that in contrast to our general expressions (5.11)-(5.12),
the formulas (5.13)-(5.14) are limited by the assumption of small Q and thus may not be
applicable at high frequencies. For example, suppose the Debye length of a certain
electrolyte is near 3 nm, while the diffusion constant is near 10~° m?s~1. Then, for AC
frequencies of 100 MHz, realized in a number of experiments, the value of € is near 0.5,
making the predictions of the approximate formulas questionable. To further illustrate this
point, we plot the results for the magnitude of the impedance in Figure 5.2 as predicted by
different models. The approximate model, shown by the blue line, only matches the
general expressions given by (5.14) when Q is below 0.05. For larger values, we propose
a different approximate model, based on the assumption of large L but not necessarily small

Q, resulting in

1 (5.15)

7 =
1+ 2iQ

The result in the Figure 5.2 shows that the approximate formula matches the full expression
over a range of frequencies. However, it breaks down when the frequency is small enough

so that the term QL can no longer be assumed large.
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Figure 5.2. The magnitude of the impedance for L = 100 found based on our general
formula, Eq. 5.12, red dashed line, the approximate result of Eq. (5.14), blue solid line, and
the thin double layer approximation, Eq. (5.15), green dotted line.

Let us now discuss the approximate formulas given by (5.14) in more detail. It is

convenient to express them in dimensional terms,

Br = — s eV [1 4 i (222 th(L>‘1 5.16
. AAL 2iD
Z = 1- 5.16b
eD ( a)L/lD> ( )

The scaling of frequency in our formulation is based on the inverse Debye time scale (z, =

2
%D), but the results clearly show emergence of another, intermediate time scale (7, = %)

through the term QL = wA,L/(2D). We refer to this scale as intermediate since it is
typically larger than diffusion time scale but it is still smaller than the bulk time scale (tz =

L?/D) in the bulk electrolyte. The Debye time scale describes the initial evolution of the
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system but it is very small, and consequently, it does not affect the charge accumulation
characteristics. In the intermediate time scale regime, space charge density formula

describes how the system achieves its stationary behavior.

5.2.2. Numerical Procedure
Numerical procedure was described in the previous study of Koklu et al.[199]. Briefly, the
coupled PNP equations are solved in 1D using the Finite Element (FE) package, COMSOL
Multiphysics 5.4. A finer mesh is introduced near the electrode boundaries to resolve
transport in the thin EDL near the surface. In all cases, the initial cation and anion
concentrations are set to bulk concentrations and the initial potential is set to zero, such
that the system is at rest when t = 0. From t = 0 onward, we use a time stepping routine
in combination with direct solution method (MUMPS) to compute the time dependent
behavior of the system. Current density (4/m?) at each time step is calculated at the

electrodes.

For MPNP, the electrolyte solution consists of three regions corresponding to a
combination of Stern layers of thickness H and diffuse layers near the electrode surfaces
and bulk medium between them. Governing equations and boundary conditions are given
in the Appendix B. More detailed information about the MPNP analysis can be found in

Wang and Pilon article [163].

5.3. Results and Discussion
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In our previous experimental study, the impedance spectra of 4 mm diameter gold
electrodes in contact with different concentrations of KCI solution (24-114 mM and
corresponding conductivities are 0.25-1 S/m) were measured in the 1 kHz-40 MHz

frequency range at different channel heights (70-280 um) [56].
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Figure 5.3. Normalized experimental impedance magnitude (a) and phase angle spectrum
as a function of the normalized frequency (b) (Figures (a) and (b) are adapted from #7).
Experimentally (dotted light blue line), numerically (dashed dark blue line), and
analytically (red solid line) obtained universal impedance magnitude (c) and phase (d)
spectra for parallel plate electrode geometry.
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Experiments were conducted at 20mV, which is lower than the thermal voltage. This avoids
any Faradaic reactions and also satisfies small voltage conditions used in the analytical
models. Each measurement was repeated at least three times and the average impedance
magnitude and phase angle were reported. A universal scaling of the impedance spectra for
all experiments was obtained when the impedance magnitude was normalized by the
solution resistance and the frequency domain was nondimensionalized using the
intermediate characteristic time (z, = ApL/D) (Figure 5.3a and 5.3b). Details of
experimental setup and procedure can be found in Koklu et al.[56]; these detailes are not
repeated here. Instead, we focus on comparison with the newly developed analytical model
and uncovering the universal scaling suggested by this model. For the parameter values
corresponding to the experiment and the frequencies below 10 MHz, Q « 1 and thus the
approximate formulas (5.14) are expected to be accurate enough to describe the
experimental data (Figure 5.3c and 5.3d). As expected from the analytical equations,
impedance magnitude increased with channel height and phase angle shifted to lower
negative values. This behavior is consistent with experimentally and numerically obtained
results. Below a certain frequency, the impedance magnitude increases with decreasing
frequency and the phase angle approaches to —m/2 radians. These changes are indicative
of a transition toward capacitive charging processes at the electrode/electrolyte interface.
It is commonly accepted that frequency-independent impedance response of a
microelectrode is attributed to the resistance of solution, which can be seen from the
analytical results, where the phase angle approaches zero. Nondimensional impedance
spectra obtained from equation 5.14 predicts the universal impedance behavior of

electrodes at different channel heights and solution conductivities.
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As discussed in the Introduction, one of our core objectives is to determine the transient
space charge density. Equation 5.16a represents main features of the charge accumulation
on the electrode surface. The applied potential drives the ions to move, which is reflected

by a change of the ion concentrations near the electrodes.
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Figure 5.4. The profile of space charge density (pz(C/m?)) near the electrode excited at 1
kHz. The solution concentration is 114mM and channel height is 100nm. Data is shown at
the highest applied voltage of 20 mV.

The change of space charge density near the electrode is shown in Figure 5.4 for a typical
parallel plate capacitor system characterized by KCI (D = 1.7 10~° m?s~1, 1, = 1nm,
L =100nm, V =20mV and f =1 kHz). This figure shows the space charge density
distribution within 10 nm from the electrode. Our numerical and analytical results depict

the same behavior, which shows the accuracy of the analytical model.
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Figure 5.5. The magnitude (a) and phase angle (b) of space charge density on the excited
electrode for different channel heights and electrolyte concentrations obtained using
equation 5.16a. The magnitude (c) and phase angle (d) of dimensionless space charge
density on the electrode (x = 0).

Space charge density cannot be directly obtained experimentally using impedance
spectroscopy. Since analytically calculated impedance spectra is in well agreement with
experimentally obtained one, equation (5.16a) can be used to define the corresponding

space charge density. As a result, measurements of the impedance can be used as an indirect
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way to quantify the surface charges. Figures 5.5a and 5.6b show the magnitude and phase
of space charge density calculated by equation (5.16a) on the sinusoidally excited electrode
(x = 0) for frequencies ranging from 100 Hz to 10 MHz, and for cases with different
channel heights and solution concentrations. It is evident that the space charge density
versus frequency curves differ significantly from one case to another. Increasing the value
of L by a factor of four was found to have no effect at the low frequency regime (f <
1 kHz) for 114 mM KCI solution, whereas the values of space charge density predicted at
large frequencies were found to decrease with increasing L. This can be attributed to the
fact that the charge storage or charge relaxation took longer as the domain length L
increased under large frequencies. Then, the charge storage at large frequencies were
limited as it could not follow the fast variation in the electric potential. Moreover, the space
charge density becomes smaller for low concentration of solutions because the DC
component of space charge density decreases with increasing the Debye length. Figure 5.5¢
consolidates all data as those shown in Figure 5.5a but ploted in terms of p as function of
f*. Similarly, Figure 5.5d is the same data used in Figure 5.5b but the frequency domain
is normalized. First, it is remarkable that all curves in Figure 5.5a and 5.5b collapsed on a
same curve irrespective of the different values of channel heights and solution
concentrations. Second, Figure 5.5¢ and 5.5d indicate that two regimes can be clearly
identified: (i) f* « 1 corresponds to the quasi-equilibrium or ion diffusion independent
regime and (ii) f* > 1 corresponds to the ion diffuison limited regime. Unlike in the
diffusion limited regime, ion transports in the diffusion independent regime are fast enough

to follow the change of the surface potential.
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Figure 5.6. The magnitude (a) and phase angle (b) of surface charge density on the excited
electrode for different channel heights and electrolyte concentration obtained using
equation A12. The magnitude (c) and phase angle (d) of dimensionless surface charge
density on the electrode (x = 0).

Same procedure was also applied for surface charge density on the excited electrode and
its universal behavior for the same electrode separation distances and concentrations used
for space charge density is shown in Figure 5.6. As it can be understood from equations

A7, the magnitude of surface change density alters with Debye length. It is worth noting
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that this analysis is valid in the case of binary and symmetric electrolytes. To the best our
knowledge, the present study is the first in identifying self-similar behavior of space and

surface charge density with binary symmetric electrolytes.

The validity of the proposed method for different concentration of solutions was
investigated by numerically solving the MPNP equitation. So far, we have not considered
the finite size of ions and treat ions as point-charges. Numerical simulations were repeated
by accounting for the effect of finite ion size in modeling ion transport for concentrated
solutions. Kilic et al. derived a MPNP model valid for binary and symmetric electrolytes
for large electrolyte concentration [153, 158, 160]. They added an excess term in the
expression of the electrochemical potential to account for the finite ion size. They solved
the MPNP model numerically for a planar electrode and predicted the profiles of electric
potential and ion concentrations in the diffuse layer. Their results demonstrated that under
large electrolyte concentration, the predictions of the PNP model deviated significantly
from the MPNP model due to the point charge assumption. We analyze numerical solutions
of MPNP equations on our model and compare the outcome to that of the standard PNP
equations. The length of the overall computational domain was L = 100 nm for all
electrolyte concentrations. At low concentration of solutions, the results obtained with PNP
were exactly same with those obtained with MPNP (Figure 5.7). After a critical solution
concentration value, MPNP provides higher impedance and therefore, the numerical results
start deviating from the analytical solution. The reason can be explained by considering the
Stern layer. In MPNP, a Stern layer is added to account for finite size of ions and it
generates an extra impedance at the electrode electrolyte interface, and hence, overall

impedance of the system is increased. The critical concentration is approximately 100 mM

83



which corresponds to a ~1 S/m conductivity solution. We can conclude that the proposed

normalized analytical equations can be wused to determine

impedance of
electrode/electrolyte system, where the electrodes are excited at and below the thermal

voltage limit in 100Hz to 10MHz frequency range and the electrolyte concentration is kept

below 100mM.
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Figure 5.7. Impedance magnitude (a) and phase angle (b) obtained for varying
concentration of solutions. Analytical solution (solid lines), and numerical solution of PNP
(filled symbols), and MPNP (hollow symbols) results are shown.

5.3. Conclusions

We found the universal response of EP in parallel plate capacitor systems based on
experimental, numerical, and analytical results for a number of conditions and electrode
separation distances. We derived dimensionless analytical expressions for the impedance
of parallel plate capacitor systems and showed that they agree with experimental and

numerical results. Space and surface charge density equations were also analytically

84



derived by solving the PNP equations. The universal space and surface charge density
behaviors were obtained after normalizing the magnitudes with their DC components and
making the frequency spectrum dimensionless with the intermediate time scale, 7, =
ApL/D. The validity of proposed analytical model for high concentration of solutions was
investigated by numerically solving the MPNP equation which includes the Stern layer.
The analytical model can successfully predict the impedance behavior when the critical
concentration of solution is below 100mM (o~ 1S/m) and the electrical potential
amplitude is less than the thermal voltage. The current analytical solutions in
nondimensional form will enable prediction of the EP effect, space and surface charge
density behaviors of parallel plate capacitor systems with different electrode separation and
electrolyte concentration. In future work, the analytical solution will be extended for single
disk electrodes where experimental and numerical data in reference [200] have shown EDL
charging time scale based on electrode diameter, EDL thickness, and the diffusion

coefficient.

5.4. Appendix
5.4.1. APPENDIX A: Derivation of Dimensionless Space/Surface Charge Density and

Impedance

The solution of the ordinary differential equation for the scaled space charge density, Eq.
(10a), is written as

p = Ae"* + Bel?¥, (A1)
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where the complex numbers y;, (y; = a +if, y, = a — iB) are the solutions of y? =

1 + 2iQ. By solving the Poisson’s equation, Eq. (10b), we obtain

) = A V1X B XL Cx+C
ll}—z—ylze +2—y228 + 1x+ 2

(A2)

Application of the four boundary conditions (for the potential and the ionic fluxes) at the
endpoints of the interval leads to a system of linear equations for the four unknown

coefficients in the solution,

(A+B)
=—F7—+C,
Aenil  Bevel —
O=——+—+CL+C
2 2y (A3b)
—— 4+2C, = (a+iB)(A—B)
a+ip (A3c)
0= A(e"f —1) — B(e” — 1) (A3d)
Solving this system gives the values of the coefficients,
A= _Be—(a’+i[)’)z
=(1
(Ada)

+2iQ){1 — e@HAL — QL (a

+ip)(1 + el@rip)} !
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iQA

€, =1+l —— Adb
1= +e )a+i,8 (A4b)
e@+ip)L _ 1
C=1+———F—A
g 2(1 + 2iQ) (Adc)

With these values, the solutions for both space charge density and potential as functions of
the coordinate are completely determined and can then be used to find all quantities of
interest for applications. In particular, using Eg. (Al) at x = 0 gives the value of space
charge density near the electrode, Eq.(11). To determine the complex impedance, we note

that the dimensional displacement current (D.) is found from

oy
Dc = —Ea (A5)

x=0

while the dimensional impedance is

oD, *
V( - ) (AB)

Let us now introduce nondimensional complex impedance Z scaled by the solution

2
resistance R,; = 'LD—DL. Using (A5 — A6) together with the known solution for the potential,

Eq. (A2), we find the result for Z given by Eq. 5.12.
We also note that surface charge density (x = 0) can be calculated from the following

equations

~

Osgur = — E— (A7a)
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Ve (1+iQ4,)(1 + 2iQA,) (1 — iQLAp)

. ATh

Tsur = 790, (1+ 0212) (ATb)
1 1

Opc = _EEVE (A?C)

Dimensionless surface charge density is

_ A+ +2i0) (1 - i0L)
%0 = 1+ Q2%

(A8)

5.4.2. APPENDIX B: Governing Equations and Boundary Conditions for MPNP

The local electric potential ¥(x,t) and ion concentrations c;(x,t) in the electrolyte
solution were computed by solving (i) the Poisson and MPNP 1D model in the diffuse layer

for large electrolyte concentration,

Ja dyY _{ 0 for 0<x<Handfor L-H<x<L (Bla)
ax o) = eNyz(cy — ¢3) for H<x<L-H
dc; 0 dc;  ziD d vDc; d(ci +c
9a_ 9 (0 4D, 0%, . Hate) (B1b)
gt dx\ odx R,T d 2¢, —U(c; +¢3) Ox

The packing parameter is defined as v = 2a3N,c,, Where a is the effective ion diameter,
takenasa = 0.66 nm and H is the Stern layers thickness. It represents the ratio of the total
bulk ion concentration to the maximum ion concentration c,,, = 1/N,a® assuming a simple
cubic ion packing. Therefore, v should not be larger than unity for the model to be

physically acceptable. It is clear that the equations given above reduce to the classical
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Poisson-Nernst-Planck model when v = 0. The associated boundary and initial conditions

were given by

Y(x =0,t) = PACsin(wt) (B2a)
0y 0y
Yly=p- = lplx:H"' and  £y&, a et = gogra et
0
lplx:(L—H)‘ = lplx:(L—H)*‘ and gogra—x ~
x=(L=H) (B2b)
0y
E0Er =
0T ox x=(L-H)*
dc; z;D oY vDc¢; d(c1+¢2) 0 at (B2c)
ox R,T ‘i3 2c —U(c; +¢c;) 0x - arx
=Handx=L—H
Yx=L1t)=0 (B2d)
Y(x,t=0)=0 and ci(x,t=0)=cy for0<x<L (B2e)

Note that the surface electric potential ¥ (t) in equation (B2a) was used for the analytical
derivation. Equation (B2b) states that the electric potential and displacement were
continuous across the Stern/diffuse layer interface located at x = H. Equation (B2c)
indicates that the mass fluxes vanish for both ion species at the electrode surface since there
are no reactions on the electrode surface. Equations (B2d) and (B2e) are the initial
conditions. The electrolyte concentration was varied from 1mM to1M so that the classical

PNP model remained valid for low concentration and lost validity for high concentration
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cases. In addition, the Stern layer thickness H was approximated as the radius of solvated

ions, i.e., H = a/2 = 0.33 nm.
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Chapter 6

SELF-SIMILAR INTERFACIAL IMPEDANCE OF ELECTRODES IN HIGH
CONDUCTIVITY MEDIA: Il. DISK ELECTRODES

EP effects were investigated using impedance spectroscopy measurements for planar and
nanorod-structured gold disk electrodes in the100 Hz - 1 MHz frequency range and in 0.25
S/m to 1.5 S/m conductivity KCI solutions. The diameters of the planar electrodes were
varied from 50 um to 2 mm to examine the effect of electrode size on impedance spectra.
Normalizing the impedance magnitude with the spreading resistance, and frequency with
the characteristic time scale, all experimental data collapsed on to a universal curve,
proving self-similarity. Experimental impedance results were compared well with those
obtained from the numerical solution of Poisson-Nernst-Planck equations in an
axisymmetric domain. The influence of surface morphology was also investigated by
generating cylindrical nanorods on a planar electrode. The 500 um diameter electrode
surface was covered with cylindrical nanorods with known height, diameter, and separation
distance, which were characterized using scanning electron microscopy. The characteristic
time scale for the nanorod-structured electrode increased by the surface enlargement factor
obtained by cyclic voltammetry measurements. Self-similar interfacial impedance of
electrodes was modeled using a constant phase element model. Current findings describe
the coupled effects of electrode diameter, electrolyte conductivity, and electrode surface
morphology on the impedance spectra of electrode/electrolye system, when the electric

double layer between the nanorods does not overlap.
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6.1. Materials and Methods

6.1.1. Planar Electrode Fabrication
Gold electrodes were fabricated using standard photolithography technique as previously
described in Chapter 2 [5]. Briefly, glass slides, which are 2.5 cm x 2.5 cm, were cleaned
using standard cleaning procedure. After the cleaning, the substrates were dried using
Nitrogen gas flow. Then, the disk electrodes at different diameters (50um, 200um, 500um,
and 2000um) were patterned using standard photolithography techniques. After which, the
substrates were coated with chromium (120 mA—60s) and gold (80 mA—120 s) layers
using a sputter coater (EMS300TD, Emitech), respectively. Finally, copper tape (3M) was
used as terminal lead for impedance measurements. The tape were bonded using

conductive silver epoxy (MG Chemicals).

6.1.2. Nanorod Patterning of Planar Electrodes
The nanopatterning of the surface of the gold electrodes was performed using the template-
assisted electrodeposition method reported in ref [102]. Here, a nanoporous anodic
aluminum oxide (AAO) previously transferred to the planar gold electrode surface was
used as a template during the electrodeposition of nickel and gold. Segmented composition
nickel (105 £+ 12 nm) /gold (105 + 12 nm) nanorods were grown within the pores of the
AAOQO template by electrodeposition using a CHI 660 electrochemical working station in a
three-electrode configuration. The initial nickel segment was electrodeposited using a
nickel sulfamate solution (Technic Inc.) at a constant potential of -0.935 mV for 15
seconds. The sample was rinsed with deionized (DI) water and dried with Nitrogen gas.

The gold segment of the nanorods was electrodeposited using an Orotemp 24 RTU Rack
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(Technic Inc.) solution at a constant potential of -0.9 mV for 50 seconds. The coverage of
the electrode and the shape of the nanorods were verified by scanning electron microscopy
(SEM). The nanorod average diameter (d), height (h), and separation distance (I) were
determined using a Microscopy Image Segmentation Tool (MIST) [201]. We have found

that the deposition of an initial nickel segment improved the adhesion and coverage of the

gold electrode with nanorods as shown in Figure 6.1.
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Figure 6.1. SEM analysis of the nanorod patterned electrodes. a) Top view of the array of
nickel (Ni) (~105 + 12 nm)/ gold (Au) (~105 £ 12 nm) nanorods. b) Magnified-in view of
the nanorods. c) Statistical analysis of the array of rods performed by MIST. d) The
histogram of average nanorod diameter. €) The average shape of the nanorods is shown as
a well-defined cylindrical rod. f) Tilted view of the nanorods. Inset shows the dimensions
used in the theoretical model. Nanorod dimensions are height (h=210 £ 12), diameter
(d=85 + 8 nm) and separation distance (I=21 + 8 nm).

To have consistent notation in the following sections, we denote the nanorod electrodes
with N and planar with P. Process flow of fabrication of P and N electrodes is shown in

Figure 6.2 with the relevant dimensions.

93



UV Expose

a b CY VYV V¥ v v v v v
Spin Coating L \ViasK
e

Glass Glass Glass

d Developing e Cr & Au Sputtering )  Lift-Off

=— — =
Glass Glass Glass
AAO Transfer Ni Electrodeposition Au Electrodeposition
9 LI b LLLLLLLLLLLLLLL i) LLLLILLELLLLLL]
Glass Glass Glass
K ) | |
. AAO Removal h
)
................ A
Gl ass Electrode n-conductive- - G 0 I d

Connection Pad transparent substrate G Ia SS S U bst ra te

Figure 6.2. Process flow of electrode fabrication (a-j) and schematics of gold disc electrode
with relevant dimensions (k). The electrode surface is coated with cylindrical nanorods
with known height (h), diameter (d) and separation distance (1) (I). A is the Debye length.

6.1.3. Impedance Measurements
After the 50 um, 200 pm, 500 pm, and 2000 um diameter electrodes were fabricated, their
connection pads were encapsulated with a dielectric material (double sided tape) to keep
the electrode/electrolyte interfacial area constant. A polycarbonate cylindrical chamber (2
cm diameter, 3 cm height) was attached to the substrate using epoxy and the electrode was
centered in the chamber. After cleaning the electrodes with DI water and drying with

Nitrogen, impedance measurements were carried out in a two-point electrode configuration

94



using a platinum wire (MW-4130, BASI) as a counter electrode [52]. The counter electrode
was mounted on a vertical shaft through a linear rail guide used to fix the distance between
electrodes. The counter electrode was immersed 2 cm above the working electrode for all
measurements. Before each measurement, an open-short compensation of the analyzer was
performed. The impedance spectra of different concentration KCI solutions were measured
using a high precision impedance analyzer (4194A, Agilent) in a frequency range of 100
Hz-1 MHz. The working and counter electrodes were connected to the low and high
terminals of the impedance analyzer using a test fixture (HP 16047A) in a 4-terminal
configuration. An alternating voltage signal of 20 mV peak to peak amplitude was applied,
where Faradaic reactions and electrolysis of water at the electrode/electrolyte interface can

be neglected.

6.1.4. Normalization Parameters
In the electrode-electrolyte systems, impedance a the high frequency range (~ 1 MHz) is
purely due to solution resistance (R,;). For disk electrode geometry, the value of
resistance, commonly referred to as the spreading resistance, is determined by the

Newman’s relation [50]:

1

R = %

(6.1)

where ¢ is the electrode diameter and o is the electrolyte conductivity. The relaxation time
for charging of the EDL is considered to depend on the electrode diameter, and EDL
thickness [196]. Therefore, the primary characteristic time scale for a disk electrode in

contact with an electrolyte can be written as:
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T, = Ap/D (6.2)

A is calculated using the following equation:

eRT

N 2R2

1= (6.3)

where ¢ is the dielectric permittivity, z; and c; are the valance and ionic concentration of
i*" ionic component, F is the Faraday’s constant (F=96485 C/mol), R and T denote the
universal gas constant and absolute temperature, respectively. For planar surface

electrodes, we present the impedance spectrum using a dimensionless frequency:

fr=fxz, (6.4)

where f is the applied AC field frequency.

6.1.4. Numerical Simulations
Experimental results are related with theory using numerical simulations. The
computational domain is 2D axisymmetric and contains a dilute, completely dissociated
electrolyte between a working and a counter electrode. The simulation domain is illustrated

in Figure 6.3.

The concentrations of ions inside the electrolyte (K* and CI) are described by the Nernst-

Planck equation:

aCi
E +V- (—DiVCi -

vy) =0 (65)

where D; is the diffusion coefficient of species i and 1 is the electric potential. The electric

field in the media is governed by Poisson equation:
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V- (¢E) = FZZiCi (6.6)
i
where, E is the electric field (E = —V).

Yy=20 Ci = Co

n.D

Il
(=]

C; = Cy

Axi Symmetric

Y = PACsin(wt) nD=0
n]=20 nj=0

Figure 6.3. Computational domain and the boundary conditions for gold planar electrodes.
Yellow region represents the electrode.

The simulation parameters and the boundary conditions are as follows. The operating
temperature is 300 K and diffusivities of K*and CI- ions are fixed at 1.7 x 10° m?%/s. The
relative permittivity of medium is taken to be 80. The top boundary is grounded, and the

electrode boundary is subjected to a sinusoidal electric potential:

Y = P4 sin(wt) (6.7)
PA¢ is the amplitude of AC electric potential (20 mV), and w is the angular frequency

(w = 2mf). All other boundaries have zero charge except the left boundary, which is
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axisymmetric. The bottom boundary is considered ideally polarizable without Faradic
processes, so the ionic fluxes vanish at this boundary (n-J; = 0), while all the other
boundaries are subjected to bulk ionic concentrations except the line of symmetry in the
middle. The initial cation and anion concentrations are set to the bulk concentrations and
the initial potential is set to zero. The domain height is large enough so that the current is
not changing with further increase of the domain size. COMSOL Multiphysics software
was used to solve the coupled PNP equations. Current at each time step was calculated
using the following integral equation at any cross section. Then, it was represented as the

AC voltage with a phase shift:

J= Ffzziji =] sin(wt — ) (6.8)

where | is the current amplitude and ¢ shows the phase angle. Impedance of the system at

each frequency is then calculated by complex ratio of the voltage to the current:

Z:f:

J

l/)AC

] <o =|Z|zp (6.9)

6.1.5. Cyclic Voltammetry (CV)
CV was used to attain the ratio of the effective to geometric surface area, which is relevant
for quantifying the surface area enhancement in N electrodes. Ultrapure DI water (EMD
Millipore) was used to prepare the electrolyte for CV measurements. The solution
concentration was 2 mM potassium ferricyanide (KsFe(CN)e) in 0.1M KCI and the scan

rate was kept at 10 mV s*. The CV measurement was performed using a potentiostat
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(EZstatPro, Nuvant) in a three-electrode setup where the studied electrode is the working
electrode, a platinum wire is the counter electrode and Ag/AgCl electrode (MF-2052,
BASI) is the reference electrode. EZstat pro software was used to record the current versus

potential spectra during the CV measurements.

6.2. Results and Discussion

Four different gold P disk electrodes with 50 um, 200 um, 500 um, and 2000 um

diameters were fabricated to investigate the effect of electrode diameter on the ..
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Figure 6.4. Normalized standard deviation of a) impedance magnitude, and b) phase angle
for 50 um planar gold electrode in contact with 1.5 S/m KCI solution.
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The chamber was filled with 137 mM KCI solution (¢ = 1.55/m), and impedance
measurements were carried out in a frequency range of 100 Hz - 1 MHz. In the next step,
electrode diameter was kept constant at ¢ = 50 um, and the impedance measurements
were conducted using KCI solutions with 137, 100, and 25 mM concentrations. All the
impedance measurements were repeated at least three times and the averaged impedance
magnitude and phase angle spectra are reported. Figure 6.4 shows the normalized standard
deviation of the impedance magnitude and the phase angle for the 50 um diameter electrode

in contact with 1.5 S/m KCI solution which gives the highest standard deviation.

The normalized standard deviation in all cases is less than 1%. Figure 6.5a and 6.5b show
the impedance value and phase angle spectrum of the P electrodes. As the electrode size
decreases, the magnitude of the impedance increases, which is consistent with the
impedance behavior of a capacitor. At frequencies below 100 kHz, the impedance
magnitude increased with decreasing frequency and the phase angle value shifted towards
—m/2 radians. These changes are indicative of a transition towards capacitive charging

processes at the electrode surface.

It is commonly accepted that frequency-independent impedance response of a
microelectrode is attributed to the R,,; where the phase angle approaches zero. Impedance
magnitudes given in Figure 6.5a were normalized with the analytically calculated R,,,; for
each case, and the characteristic time 7, was used to make the frequency domain

dimensionless.

Debye lengths were calculated using equation (6.3), resulting in 0.82, 0.97, and 1.90 nm

for 137, 100, and 25 mM KClI solutions, respectively.
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Figure 6.5. (a) Experimental impedance value and (b) phase angle spectrum at various KCI
concentrations and different electrode diameters. (c) Normalized experimental impedance
magnitude and (d) phase angle spectrum as a function of the dimensionless frequency.

The normalized impedance spectra are shown in Figure 6.5c and 6.5d. A rescaling of
Figures 6.5a and 6.5b using the dimensionless frequency (f*) reveals a universal

impedance behavior for the current measurement system. The impedance magnitude and
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phase angle of each measured data collapses to a single line, revealing self-similarity of the

normalized impedance spectra.

Recently, Hasni et al. investigated the electrode size effect on the impedance spectra of
PBS (opgs = 1.5 S/m) using gold disk electrodes via the two-electrode system described

in the impedance measurement section [52].
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Figure 6.6. Self-similar impedance spectra obtained with disc electrodes in phosphate
buffer saline solution (PBS, ¢ = 1.5 S/m) from 100 Hz to 1MHz. Using the experimental
data in REF [52].

Their electrode diameters varied from 20 um to 320 um with a systematic increase in the
impedance by decreasing the electrode size. Their data were extracted using the plot
digitizer software [202] and dimensionless impedance spectrum for their experiments is
given in the Figure 6.6. The impedance magnitude and phase angle spectra converged to a
single line, similar to our observations. The dependence of impedance spectrum on disk

microelectrode diameters was also examined by Ahuja et al. in PBS (gpps = 1.54 S/m).
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They fabricated platinum microelectrode arrays of different diameters on a single substrate
and impedance measurements were performed over a wide frequency range, from 0.01 Hz
to 100 kHz [51]. To maintain the lowest frequency limit consistent with our study,
impedance magnitude and phase angle results were extracted from 100 Hz to 100 kHz.

Their results also collapsed to a single line after our proposed normalization (Figure 6.7).
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Figure 6.7. Self-similar impedance spectra obtained with disc electrodes in phosphate
buffer saline solution (PBS, ¢ = 1.5 S/m) from 100 Hz to 1MHz Using the experimental
data in REF [51].

Time dependent numerical simulations of fully coupled PNP equations were performed
using a frequency range of 100 Hz to 1 MHz in COMSOL Multiphysics 5.3a. First,
numerical simulations were conducted by fixing the concentration of the solution at 137
mM and varying the diameter of the electrodes from 50 um to 2000 um, equivalent to the
electrode sizes used in the experiments. Then the diameter of the electrode was fixed at 50

pm and the solution concentration was changed from 25 mM to 137 mM. The impedance
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magnitude at each frequency was normalized with R,,;. Figures 6.8a and 6.8b show the

normalized numerical impedance magnitudes and phase angles versus the dimensionless

frequency ().
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Figure 6.8. (a) Normalized numerical impedance magnitude and (b) phase angle spectrum
as a function of the dimensionless characteristic frequency. Dimensionless impedance
magnitude is shown in inset figure in logarithmic scale.

Upon proper normalization, all impedance values and phase angles calculated for the
various electrode diameters and conductivities reduce to a universal line. The impedance
magnitudes attained with the numerical simulation were very close to the experimental
results in all frequency spectra, however a discrepancy was observed at low frequency
between the numerically and experimentally obtained phase angles. Specifically, a phase
angle shift towards zero happens at lower normalized frequencies in the simulations
compared to that of the experiments. Numerical simulations were also conducted for 20
nm, 40 nm, and 60 nm diameter electrodes in 137 mM KCI solution to further investigate
the validity of self-similar impedance spectra at nano-scales. The impedance spectra of
nano size electrodes are shown by the black symbols in Figure 6.8a and 6.8b, and they

maintain the universal impedance behavior. Normalized impedance values for the nano-
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electrodes are three orders of magnitudes larger than that of the micro-electrodes, and the
normalized impedance amplitude drops exponentially for f* < 1072. Comparing the
experimental and numerical results show that unsteady, 2D axisymmetric, fully coupled
PNP equations without Faradic reactions can successfully predict the electrical impedance

behavior of microelectrodes at different electrode diameters and solution conductivities.

Reduction of the EP effect due to increased surface area was investigated using the N
electrode. The surface morphology of 500 um diameter N electrode was characterized by
SEM at 5kV and varying magnification factors. SEM images of N surface are shown in
Figure 6.1. After electrochemical deposition, nanorods were obtained with high density
and they covered almost 50% of the P electrode surface. The characteristic dimensions of
nanorods defined in the inset of Figure 1d, were measured SEM and analyzed by MIST as
d=85+ 8nm, h=210 + 12nm, and [ =21 + 8nm, respectively. The average
nanorod height was obtained from SEM images taken at 45 degree inclination at various

locations on the electrode. The total height of the nanorod was calculated using

trigonometry as shown in Figure 6.9.
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Figure 6.9. SEM image of nanorods taken at a 45° angle with a depiction of nanorod
viewing angle for height determination.

To obtain a statistically meaningful value, 46 fully exposed nanorods where the top and
bottom could be easily ascertained were measured, resulting in an average total height of
210 = 12 nm. The error value corresponds to the standard deviation of the measurements.
The height of both the Au and Ni segments were calculated in the same manner as above

and respectively are 105 £ 12 nm.

Knowledge of these dimensions enables accurate surface area calculations. The surface
enlargement factor was calculated using the standard unit cell for a hexagonal array as
illustrated in Figure 6.10a. Microscopy Image Segmentation Tool (MIST) software [201]
statistically analyzes SEM images to determine the average diameter, center-to-center
nanorod distance and unit cell area Figure 6.10b). The average nanorod diameter (d) was
85 £ 8 nm and the average nanorod separation (I) of 21 = 8 nm was calculated by
subtracting the nanorod diameter from the center-to-center distance. The unit cell area
(Aynie) (indicated with a red parallelogram) obtained by the MIST histogram was 9800+
550 nm? Figure 6.10c). The area of the nanorod side (4,4noroq) 56100 = 2100 nm? was
calculated by multiplying the nanorod height by the circumference, which was calculated

using the MIST diameter Figure 6.1c. The surface enlargement factor (C) is calculated by:

C= Aunit + Ananorod (610)

Aunit
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C = 6.71 £ 0.40 which is close to the experimentally obtained enlargement factor C =

6.51. The error is calculated at ~2.98%.

Unit Cell Area
c) —
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Figure 6.10. a) Unit cell diagram. b) SEM image of selected nanorods for MIST analysis.
c) Unit cell area analysis.

Impedance measurements were repeated for N coated electrodes using 137 mM KCI (1 =
0.82 nm) solution which induces a thin EDL. The separation distance used and
concentration of solution ensure that the EDL does not overlap between the nanorod
surfaces. Figure 6.11 shows comparison of the impedance magnitudes (a) and phase angles
(b) obtained for P and N electrodes in a 1.5 S/m (137 mM) KCI solution. Based on the
normalized impedance spectra, the results show that N electrodes the decreased the EP
effect and extended the practical frequency range. Moreover, R,,; remains constant for the
N electrode since the solution resistance is dependent on the foot-print area, not the

effective surface area.
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Figure 6.11. Normalized impedance values (a) and phase angles (b) obtained with 500 pum
diameter P (solid line) and N (dashed line) electrodes in 137mM KCI solution.

Data shows a nearly 4.65 fold reduction in the interfacial impedance for the N electrode
compared with P electrode at the lowest frequency. The universal impedance behavior was
altered for the N electrode. We scaled the charging time, ., with a constant to maintain

the universal impedance behavior, and defined a new time constant t,, for N electrode as:
7, = CT, (6.11)

where C is the ratio of the effective polarizable surface area to the electrode foot-print area
(i.e., the surface enlargement factor). This approach is valid for cases where the EDL
around the nanorods does not overlap. The C was obtained by CV. Figure 6.12 shows the
CV plots corresponding to 500 pum diameter P (solid line) and N (dashed line) electrodes
measured in 2mM Ks[Fe(CN)s] + 0.1M KCI at a scan rate of 10 mV s. The potential

window of gold is determined typically between 0.15 and 0.7 V [203]. The values of EDL

capacitances were derived from CV according to formula Cy4; = Ai/2v where Ai is the
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difference between the cathodic and anodic currents at the open circuit potential, and v is
the scan rate [204]. The P electrode exhibits a double layer capacitance of 24.42 uF cm™2

whereas N electrode shows a double layer capacitance 158.64 uF cm™2.
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Figure 6.12. Cyclic voltammograms of 500 pum diameter P (solid line) and N deposited
(dashed line) electrodes. The solutions are 2mM Kz[Fe(CN)e] in 0.1 M KCI. Scan rate is
10 mV s%. Inset figures show the surface morphology of P and N coated electrodes.

Since the capacitance is directly proportional to the surface area, the ratio of EDL
capacitances provides C and it is C = 6.50. This number is reasonably consistent with the
analytically calculated number as the surface enlargement factor (C = 6.71 £+ 0.40) . The
error is calculated to be 2.98%, which may arise from the non-uniformity of relevant
dimensions. In addition, location of the current peaks in Figure 6.11 is shifted to the left
for N electrode compared to the P electrode. The reason for this can be the nickel base layer

of the N electrode.

109



Further nondimensionalization of the frequency axis using t,, for N and . for P electrodes,

interfacial impedance spectra collapsed on the same line (Figure 6.12a and 6.12b).
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Figure 6.13. Normalized impedance values (a) and phase angles (b) after the dimensionless
frequency of N is multiplied with the surface enlargement factor (€C=6.5).

A discrepancy was observed in the phase angle spectrum at low frequencies (< 1 kHz).
The phase angle of the P electrode shows an inflection point and then it tends to be more
resistive at low frequencies. This behavior was observed for all P electrodes except the 2

mm diameter electrode, and hence, it is considered to be an electrode size dependent

behavior [51].

The impedance of the 85 nm diameter P and N electrodes in a 137mM KCI solution was
simulated to investigate the coupled effect of surface enlargement factor and electrode
diameter. Nanorod dimensions were kept the same with those measured using MIST. The

boundary conditions and simulation domain are shown in Figure 6.13.
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Figure 6.14. Computational domain and boundary conditions for gold nanorod (a) and
planar electrodes. (b)Yellow region represent the electrodes in contact with an electrolyte.
Figure 6.14 shows the normalized impedance magnitude (a) and phase angle (b) before the
characteristic time scale is multiplied with the C.

As expected, the impedance magnitude for the N electrode at low frequency ranges is
smaller than the impedance of the smooth P electrode. On the other hand, the obtained
phase angle of the N electrode was greater than the phase angle of P electrode. This
behavior is consistent with the experimental results. Then, the characteristic time was
scaled with the surface enlargement factor for the N electrode, while it was kept as a unity
for P electrode. The use of the surface enlargement factor in the scaling is confirmed by

the collapse of the impedance spectra at all normalized frequencies (Figure 6.14c and 14d).
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The CPE model, in series with solution resistance was used to model this self-similar

behavior for disk electrodes [46].
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Figure 6.15. Normalized impedance values (a) and phase angles (b) obtained with P
(circles) and N (triangles) electrodes at 137mM KCI solution. Normalized impedance
values (c) and phase angles (d) after the dimensionless frequency of N is multiplied with
the surface enlargement factor (C=6.5).

The normalized total interfacial impedance and solution resistance are given as
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+ -

K(iw*)*
where K and « are the CPE coefficient and exponent, respectively, w* is the normalized
angular frequency (2rf"), and i is v/—1. The parameter a changes from zero to one (0 <

a < 1), corresponding to purely resistive (¢ = 0) and purely capacitive (# = 1) EDL

in the two limits [197].

For the fitting procedure, a non-linear least square algorithm was employed in MATLAB
to find the best K and a values that yields the least difference between the real and
imaginary parts of the model and experimental data [42]. Based on the fitting results, the
following equation can be used for all electrode diameters and solution conductivities for

both the P and N electrode cases.

. 5.291

Figure 6.15 shows the normalized impedance magnitude (a) and phase angle (b) versus
dimensionless frequency for the model and experimental data. The proposed CPE model
predicts normalized impedance magnitude over the entire frequency spectrum. On the other
hand, phase angle shows variations due to the alteration of its characteristic at low
frequency spectrum. The highest error in the model happens for the phase angle, and it is

9.33% at the lowest dimensionless frequency.
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Figure 6.16. Normalized impedance magnitude (a) and phase angle (b) versus
dimensionless frequency for CPE model and experimental data.

6.3. Conclusions

Electrical impedance measurements were conducted for P and N disk electrodes to
investigate the coupled effects of electrode diameter, electrolyte conductivity, and surface
morpholgy on the EDL charging time scale and to assess the EP. The impedance magnitude
scales with the spreading resistance that is inversely proportional to the electrode diameter
and electrolyte conductivity. All impedance data converges to the spreading resistance
values at high frequencies, while the EP induces further increase in impedance at low
frequency, which is amplified with increased ionic conductivity and reduced electrode size.
The EP is affected by the EDL charging time, which is proportional to the electrode
diameter and Debye length, and it is inversely proportional to the ionic diffusivity.

Nanorods increases the EDL charging time by the surface enlargement factor, when the
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surface morphology does not allow EDL overlap. This study validates the importance of
spreading resistance on electrical impedance of electrodes, and introduces a relevant EDL
charging time scale. It also presents self-similarity of properly normalized impedance,
where all data collapses on to a single curve that can be modelled using a constant phase
element model. This universal behavior will enable further theoretical predictions and
practical outcomes. For example, limited experiments can be performed using larger
electrode size but at high ionic conductivity media to obtain impedance data with EP effect.
After creating a dimensionless impedance versus frequency model one can predict the
behavior of impedance for any other electrode diameter or ionic conductivity. Future work

will include investigation of the nanorod effects under EDL overlap.
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Chapter 7

SUMMARY AND FUTURE RESEARCH

This chapter summarizes the main contributions of the presents study and makes

recommendations for future work beyond the results reported in the thesis.

7.1 Summary of the current work

EP at the electrode/electrolyte interface is often undesirable for bio-sensing applications,
where charge accumulated over an electrode at constant potential causes large potential
drop at the interface and low measurement sensitivity. In this dissertation, the electrode
polarization effect is deeply investigated experimentally, numerically and analytically by
considering electrode shape, size, surface morphology, solution type and channel height.
Different diameters of electrodes were used to investigate the size effect on EP with a
parallel plate electrode configuration. Surface of electrodes were electrochemically
deposited with distinct shape gold nanostructures to reduce the EP effect and the best
performance was obtained with using dendritic shape fern leaf like gold nanostructures.
Then, impedance spectra of disk electrodes with different electrode configurations were
normalized with R,,; and the frequency was nondimensionalized with the characteristic
charging time scales. The results revealed a universal impedance behavior for both parallel
plate capacitor and single electrode configurations. A crucial aspect of this finding was the
similarity between the impedance spectra for rough and planar electrodes in high and low

conductivity media, respectively. Mainly, the nanostructured electrodes in high
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conductivity electrolytes with thin electrical double layer (EDL) behaved similar to planar

electrodes in low conductivity medium with thick EDL.

The models and results given here are useful to build the design of microfluidic biosensors
and to provide strategies for optimizing the electrode geometry and surface morphology
for a selected conductive media. A scaling law can be used to predict the frequency
limitation of microfluidic device prior to fabrication and it can be useful for designing

various practical electrochemical systems for a wide range of applications.

7.2 Future Research

In the future work, analytical solution will be extended for single disk electrodes. The
analytical solution will be extended for high applied voltages and the results will be
compared with those obtained solving MPNP. Surface charge density will be measured
using the atomic force microscopy method and results will be compared with the derived
analytical expression. Furthermore, impedance measurements will be repeated to
investigate the EDL overlapped on impedance spectra. These measurements will be
conducted using electrodes with different nanorod separation distances and at various ionic
concentrations chosen to induce a thin EDL that does not overlap on the nano-rod surfaces.
This will test the effects of electrode-area increase compared to the planar electrodes; using
ionic conductivities that enable the EDL overlap due to the fine nanorod spacing, we will

test the “thickened EDL” hypothesis.
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