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Abstract

In this work, electrochemical impedance spectroscopy (EIS) measurements were carried out on an
increasingly complex distribution of cylindrical pores with well-defined geometries. The desired
pores were made via drilling on graphite surfaces. The pore structure complexity was gradually
increased starting with the evaluation of single pore impedances followed by drilling multiple
pores with uniform pore dimensions and finally generating pore size distributions (PSD) having
distributed pore radii or depth or a combination of both. The impedance response was interpreted
using ZView fitting and a graphical approach and was found to be well described by the existing
theory. The impedance response of the resulting porous electrodes was characterised with varying
geometrical and electrochemical parameters - pore depth, pore radii, pore density, and electrolyte
conductivity. The obtained results suggest a possibility to use measurements on drilled cylindrical
pores to interpret more complex PSD as measurements of PSD were successfully modelled by
adding the impedance response of single pores.
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Lay Summary

Porous materials are widely used either as electrodes or to promote mass transport, for example
in fuel cells and supercapacitors. The porosity of a material influences the overall performance,
and Electrochemical Impedance Spectroscopy (EIS) is one of the very few techniques that is
sensitive to the pore geometry. Although EIS is sensitive to pore geometries, the impedance
response for non-uniform pore arrays in porous materials is hard to understand due to the wide
pore size distributions. In this thesis, an experimental framework is demonstrated to verify the
impedance spectra for progressively more complex pore size distributions with well-defined
structure. Pore arrays, both of uniform pore dimensions and non-uniform pore dimensions can be
successfully represented as a sum of experimental responses of single pores. This approach can
be used to verify the pore impedance for non-uniform ordered pore arrays with well-defined
geometry.
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1. Introduction
1.1 Research Background and Motivation
Porous carbon materials have many applications and have been applied to catalyst supports,
electrochemical double layer capacitors, and fuel cells [1][2]. The characterization of porous
materials is important in order to understand the overall performance of the materials [3]. For
example, the porous structure influences the transport of gases [4].
The characterization of the porous structure of porous carbon electrodes is rather challenging due
to the lack of precise characterization methods and detailed studies that correlates the size and
shape of the particles with device performance. Gas adsorption methods such as BET (Brunauer–
Emmett–Teller) method provide information about the total surface area, but do not allow the
measurement of the pore size range of the electrodes [4,5]. In addition, by employing the nitrogen
adsorption technique, it is difficult to detect pores larger than 0.1 μm [6]. Mercury intrusion
porosimetry (MIP) is not suitable for soft materials since its operation at high pressure leads to
deformation of pore structure, altering the electrode porosity [4,6]. The focused ion-beam
scanning-electron microscopy such as used by Gunda et al. [7] to generate 3D microstructures of
porous material with resolutions of nanometres is another characterization technique, however it’s
a destructive technique just like MIP. X-ray micro computed tomography (microCT) is an
emerging and a non-destructive testing method [8]. It has been able to provide great insight into
the 3D structure and heterogeneous porosity distribution of gas diffusion layers used in fuel cells
[9–11]. However, it can also be time consuming, uneconomical and only allows for a
representative sample measurement.
Electrochemical impedance spectroscopy (EIS) is a well-established analysis technique used to
characterise the dynamic behaviour of electrochemical systems including porous carbon substrates
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[2,12–17]. EIS is a non-destructive technique that has been successfully applied to study porous
electrode/electrolyte interfaces [4,18]. Electrochemical impedance is the response of an
electrochemical system to an applied ac potential. The frequency dependence of this impedance
can help to identify the contributions from different components or processes to the total
impedance of a porous electrode [19]. Impedance studies are of interest in several areas of
electrochemistry including corrosion [20], electrocatalysis [21], photoelectrocatalysis [22], and
nanostructured semiconductor electrodes [23,24]. Through fitting of the impedance spectra, more
information about kinetic and electrode interfaces can be obtained than from alternative
electrochemical methods, particularly by fitting data to equivalent electrical cicruits [25]. The
kinetics of double layer charging/discharging as a function of the pore size distribution (PSD) of
the porous carbon electrodes has been studied by the researchers by employing EIS [26–28]. The
advantage of EIS lies in the fact that it can potentially measure both total surface area (through
overall capacitance measurements) [12,29] and contains information about the pore dimensions
through the frequency dependence [6].
Although EIS is sensitive to porosity [30,31] and pore geometry [32–35], the pores in real porous
materials are non-uniformly distributed having varying pore sizes and shapes [31,36] making
analysis complicated. Often, an equivalent cylindrical pore structure is proposed to model the
experimental impedance data yielding average values for the pore geometry. Thus, this approach
does not provide accurate information about pore dimensions or shape. Preferably, a porous
material could be characterized by the pore depth, pore diameter, the number of pores, the specific
area, and the degree of uniformity of the porous structure [37].
This dissertation discusses the EIS measurements carried out on increasingly complex distribution
of cylindrical pores with well-defined geometries made via drilling on graphite surfaces. The
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complexity of the system was increased by stepping up from a single pore to multiple pores with
uniform pore depth and radii followed by generating pore size distributions. The impedance
response of the resulting porous electrodes was characterised with varying geometrical and
electrochemical parameters - pore depth, pore radii, pore density (number of pores per unit area),
and electrolyte conductivity.

1.2 Impedance of porous electrodes
1.2.1. Electric double layer
In an electrochemical system in which any electrode is immersed in an electrolyte, charge
separation occurs at the electrode-electrolyte interface due to either an excess or deficiency of
electrons at the electrode surface. In order for the interface to remain neutral, the charge held on
the electrode is balanced by the redistribution of ions (from electrolyte) close to the electrode
surface. This specific interfacial region is called the electric double layer [38,39]. Electric double
layer capacitors (EDLCs), commonly known as supercapacitors store energy through the
formation of an electrostatic double-layer of electronic and ionic charge accumulated on each side
of the electrode/electrolyte interface [40,41]. The electrical properties of such a layer are
important, since they significantly affect the electrochemical behaviour [38]. In an electrical circuit
used to measure the current that flows at a particular working electrode, the double layer can be
viewed as a capacitor. From the materials point of view, porous carbon materials have been
commonly used as supercapacitor electrode materials [40,42].
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1.2.2 Electrochemical Impedance Spectroscopy (The technique)
Impedance (Z) is the amount of resistance to the flow of current through an electronic component,
circuit, or system, and it is measured in ohms (). Impedance is measured by comparing the input
signal, a voltage or current at a given frequency, to the corresponding output signal, which has
passed through an electrical system that maintains its equilibrium or steady state. Repeating this
measurement at a range of different frequencies provides a series called an impedance spectrum.
Since this method is a frequency domain measurement technology, it is known as impedance
spectroscopy (IS). When an electrochemical reaction (or so-called Faradaic process) is involved
in the IS, the technique is referred to as Electrochemical impedance spectroscopy (EIS).
Impedance treatment is based on linear systems theory [43]. In general, the response of
electrochemical systems is very nonlinear. Therefore, a small amplitude (~10 mV) AC sinusoidal
perturbation, (ΔE = E0exp(jωt)) is applied on top of the controlled DC polarization potential so
that the cell's response is pseudo-linear. In a linear (or pseudo-linear) system, the current response
(ΔI = I0exp[j(ωt+ϕ)]) to a sinusoidal potential will be a sinusoid at the same frequency but shifted
in phase. The ac impedance of the system is defined by Eq. (1) which is the ratio of Fourier
transforms of the potential and current, and is equal to the ratio of the corresponding phasors [36].
Thus, the magnitude and phase shift depend on frequency.
𝑍(𝑗𝜔) =

Δ𝐸 F(𝐸(𝑡)) Ẽ
=
=
Δ𝐼
F(𝐼(𝑡))
Ĩ

(1)

Two methods are most commonly used to represent impedance data graphically:
1. When the impedance values are drawn on a complex plane, i.e. the real values on x-axis
(Re(Z)) and a negative imaginary values on the y-axis (-Im(Z)), the plot is called a Complex
plane plot or Argand diagram, but commonly used in electrochemical literature by the
4

name of Nyquist plot. Each point on the plot represents the impedance value at a particular
frequency.
2. Bode plots. There are two types of Bode plot:
(a) log |Z| (magnitude) versus log f (frequency)
(b) Phase angle ϕ versus log f

The ac impedance measurements can either be performed in potentiostatic or galvanostatic mode.
In potentiostatic mode the potential is controlled, where on the other hand in galvanostatic mode
the current is controlled. In this work potentiostatic mode is applied.

1.2.3 Equivalent Electrical Circuit
EIS data is commonly analyzed by fitting it to an equivalent electrical circuit (EEC) model. Most
of the circuit elements in the model are common electrical elements such as resistors, capacitors,
and inductors. To be useful, the elements in the model should have a physical meaning in the
physical electrochemistry of the system [44]. As an example, most models contain a resistor that
models the cell’s solution resistance.

Table 1.1 Impedance of Common Electrical Elements

Component

Current vs Voltage

Impedance

Resistor

E=IR

Z=R

Inductor

E = L dI/dt

Z = jωL

Capacitor

I = C dE/dt

Z = 1/jωC

5

Table 1.1 lists the common circuit elements, the equation for their current versus voltage
relationship, and their impedance.
Impedance of a resistor is independent of frequency and has no imaginary component. The current
through a resistor stays in phase with the voltage across the resistor. The impedance of an inductor
increases as the frequency increases and vice-versa in case of a capacitor. Both inductor and
capacitor have only an imaginary impedance component. The current through an inductor is phaseshifted -90° with respect to the voltage while the current through a capacitor is phase shifted 90°
with respect to the voltage. From now on, the symbol L will be used only for pore depth.

When n linear impedance elements are in series, the equivalent impedance is given as:

𝑍eq,series = 𝑍1 + 𝑍2 + ⋯ + 𝑍𝑛

(2)

For a parallel combination of circuit elements, the equivalent impedance can be represented as:

1
𝑍eq,parallel

=

1
1
1
+ +⋯+
𝑍1 𝑍2
𝑍𝑛

(3)

1.2.4 Impedance of cylindrical pores
An important reference point in the porous impedance studies is the work of De Levie [45,46] for
cylindrical pores. De Levie developed a one-dimensional theory to calculate the impedance of
electrodes consisting of cylindrical pores by the transmission line technique. This theory shows
that the impedance spectrum of a porous electrode, with identical cylindrical non-connected pores
having no faradaic reaction exhibits two features: a straight line with 45° slope at high frequencies
6

followed by a vertical capacitive straight line on the complex plane plot at low frequencies. This
is shown graphically in Fig. 1.1 where arrow points the direction of increasing frequency. The
assumptions of De Levie’s model include cylindrical pore shape, electrolyte conductivity and
interfacial impedance being independent of the location in a pore, and no curvature of the
equipotential surface in a pore. The last assumption is not applicable to a rough surface with
shallow pores.

Fig. 1.1 Typical Nyquist plot for an ideal porous electrode

The total impedance of a porous electrode in the absence of DC current can be described as [45] :

𝑍t = 𝑅sol + 𝑍pore = 𝑅sol +

𝑅Ω, p 𝜆
𝐿

𝐿(𝑗)1/2
coth (
)
𝜆

(4)
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where
𝑅Ω, p =

𝜆=(

𝜌𝐿
𝑛π𝑟 2

𝑟
2𝐶dl 𝜔𝜌

1/2

)

(5)

(6)

Rsol is the solution resistance of the electrolyte outside the pores, r and L are the radius and length
of a pore, ρ the resistivity of the electrolyte, 𝑅Ω, p the electrolyte resistance in the pore, n is the
number of pores, and Cdl refers to the specific double layer capacitance. The penetration depth
denoted by λ is a quantity characterising the fraction of the pore effectively involved in the ac
measurements [46]. It is a significant indicator when trying to understand the charging and
discharging process for electric double layer capacitors (EDLCs) in porous carbon electrodes
[17,28].

1.2.5 Transmission Line Equivalent Circuit Model
The porous capacitive electrodes cannot be represented by a simple connection of the resistor,
capacitor, or inductor elements. It can be represented only by a semi-inﬁnite series of distributed
R-C(resistor-capacitor) elements called transmission line [36,45,47], as represented in Fig. 1.2.
This representation is equivalent to Eq. (4) given by De Levie. This type of distributed
characteristic exists even when all system properties are homogeneous and space-invariant [6].
Some authors [28,48] tried to use the transmission line circuit to approximate experimental data
using a sufficient number of RC elements and verifying whether the number of these parameters
was sufficient. This procedure can approximate experimental impedances and is more tedious, but
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the use of Eq. (4) is more appropriate as it allows for the direct estimation of certain parameters
and their standard deviations.

Fig. 1.2 Distributed Resistance and Capacitance in a Pore Represented by the Transmission Line
Model

1.2.6 Influence of Pore Geometry on Impedance
In practice, the pore geometry influences the impedance spectra. The effect of pore geometry was
first modelled in detail by Keiser et al. [32], following on closely from the work of De Levie [45],
where a pseudo-3D numerical model was used to generate impedance spectra for a range of close
pore geometries. They reported that the impedance curve in the Nyquist plot changes with the
shape of a pore in the intermediate frequency region while being similar to that of a cylindrical
pore at extremely low or high frequencies. Eloot et al. [33,34] developed the matrix method to
calculate the impedance of a non-cylindrical pore by extending Keiser’s model. They drilled pores
into stainless steel surfaces and found that the one-dimensionality condition is satisfied for
length/radius ratio larger than two. The current distribution over the pore section becomes nonuniform for smaller ratios resulting in smaller virtual pore radii (compared to the real pore
dimensions). This aspect makes the porous surfaces differ from rough surfaces as for porous
9

electrodes the length/radius ratio is important. In addition, a few articles by Lasia and his coworkers [31,36,49] stressed the contribution of flat part of porous electrodes should be added to
the isolated pores impedance. They also showed its effect on the shape of impedance spectra at
high frequencies by comparing different ratios of flat part to porous part capacitances.

1.2.7 Impedance Spectroscopy for Porosimetry Studies
Electrochemical impedance spectroscopy (EIS) has been applied to characterize carbon electrodes
in other studies and has been found to be a useful tool in the design and characterization of these
electrodes [15,50–52]. Candy et al. [29] reported the impedance of gold-powder and Raney gold
and found that the overall impedance could be represented by an equivalent cylindrical pore
electrode with average values of pore radii, pore depth and the number of pores. In the case of pore
radii distribution, this problem was treated by Song et al. [6,53] and demonstrated by successfully
fitting experimental impedance data for a gold powder electrode [29] and a carbon membrane [12].
A recent study by Cericola and Spahr in 2016 [4] analysed the effect of particle size, shape and
orientation on the performance of graphite electrodes and found that material particle shape
strongly affected the pore resistance.

1.3 Significance
Most of the works discussed in the section 1.2 try to probe real porous materials directly through
De Levie’s TLM formula for impedance and propose an equivalent cylindrical pore structure, i.e.,
equivalent pore radii, pore depth and number of pores. However, this approach does not provide
reliable information about pore dimensions or shape as it only provides averages for the pore
parameters. More complex distributions of pore parameters (pore radii or pore depth) make it
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difficult to confirm the applicability of the TLM experimentally. In this work, a simple and
systematic approach is adopted to understand the distributed pore impedance by creating scaled
up cylindrical pores with known pore dimensions obtained via Computerized Numerical Control
(CNC) drilling. The pore structure complexity was gradually increased starting with the evaluation
of single pore impedances followed by drilling multiple pores with uniform pore dimensions and
finally generating pore size distributions (PSD) having distributed pore radii or depth or a
combination of both. The approach demonstrated in this work allows for the comparison between
the experimental and theoretically predicted impedances without assumptions about electrode
structure (the pore dimensions and number of pores are well-defined.) The effect of geometrical
and electrochemical parameters, i.e., pore depth, pore radii, number of pores, and electrolyte
conductivity are investigated in detail.

1.4 Objectives
There are two main objectives of this work. The first aim is to demonstrate an experimental
framework to verify the pore impedance for increasingly complex geometric systems based on
modified De Levie’s transmission line model by a systematic approach yielding physically
meaningful parameters. The second is to correlate graphite electrode geometrical parameters –
pore depth, pore radii, and pore density and electronic parameters – electrolyte conductivity, with
the impedance response of the electrode by decoupling each parameter and studying them one at
a time.
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1.5 Thesis Layout
This thesis compiles the results achieved throughout the course of this research, and discusses
them in the form of two chapters following introduction and experimental methods chapters. The
objectives of this research were achieved through a series of well controlled experimental work
carried out at the University of British Columbia (UBC).

The information gathered is presented as follows:
Chapter 1: Presents a general background on the research topic. Provides a comprehensive
literature review about the impedance of porous electrodes. Research objectives are articulated and
the significance of this research is addressed in this chapter. The layout illustrating the thesis
organization is also discussed in this chapter.
Chapter 2: Provides detailed description of the experimental plan and research methodology as
well as all the assays and analytical techniques employed in this study.
Chapter 3: Provides the results obtained by carrying out electrochemistry on the pores created on
graphite, glassy carbon electrodes along with the surface characterization results. The impedance
results for single pore, ordered uniform pore arrays were analyzed using ZView fitting and a
graphical approach in order to verify porous impedance and get physically meaningful parameters.
The pore geometry and conductivity of electrolytes were varied in order to verify the theoretically
predicted outcomes of their variations on the impedance response of the porous structure.
Chapter 4: Presents overall conclusions, summarizes the key findings of the work, and provides
recommendations for future research.
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2. Experimental Systems and Experimental Methods
In order to achieve the desired objectives of this research, electrochemistry was initially performed
on pores made on Glassy carbon discs followed by performing electrochemical measurements on
pore structure created on graphite samples. The detailed methodology of sample preparation and
electrochemical results obtained are discussed in this and the following chapter. It is worth
mentioning here that results for the former were not so promising, after which all the experiments
were performed on pore arrays created using graphite as a substrate. Hence, most of the discussion
is centred on the graphite electrodes in this work.

2.1 Sample Preparation
2.1.1 Preparation of Glassy Carbon Samples
Glassy carbon (GC) disc with 10 mm diameter, 2 mm thickness (Sigradur G from HTW
Hochtemperatur-Werkstoffe GmbH) was used as substrate initially. Prior to any treatments, the
bare GC disc was polished to a mirror finish with 1 μm monocrystalline diamond suspension
(Allied High Tech Products Inc.) on a polishing cloth. The polished GCs were successively cleaned
with acetone, isopropyl alcohol, and deionized (DI) water for 20 min each in an ultrasonic bath.
The GC sample surface was covered with Kapton tape (CHR® Polyimide Adhesive tape, SaintGobain) leaving an area of 1 mm × 1 mm uncovered at the centre of the GC disc. An attempt was
made to create an ordered, uniform pore array (11 × 11 pores) consisting of cylindrical pores with
pore diameter = 45um, pore depth = 400 um on this GC sample by employing laser
micromachining workstation (IPG Photonics, IX-280-ML) in the exposed area. The Solidworks
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design of the pore array was exported to IPG’s Chroma.NET software which performed the
required laser process.

2.1.2 Preparation of Graphite Samples
For the graphite samples, an isostatically pressed Graphite plate (Grade GM-10) obtained from
Graphtek™ LLC was used. Firstly, for each experiment graphite piece (2.1 cm × 2.1 cm × 7.2
mm), a fine finish was obtained with the help of Roland MDX-40A High Precision CNC
(Computer Numerical Control) Milling Machine. The bare graphite piece was first cleaned with
acetone followed by isopropyl alcohol and milli-Q water (resistivity 18.2 MΩ cm) to remove any
organic contaminants. The top surface of graphite (2.1 cm × 2.1 cm cross-section) was covered
with the Kapton tape (CHR® Polyimide Adhesive tape, Saint-Gobain). The desired cylindrical
pores were then created in the direction perpendicular to the top surface using different sizes of
‘Wire Gauge Size Quick-Change Carbide Drill Bits’ (diameters of 0.46 mm, 0.66 mm, 0.74 mm,
1.02 mm, 1.32 mm) supplied by McMaster-Carr using the CNC milling machine. Thus, the Kapton
tape surrounding the top surface area around the pores ensured that only the pore wall area (drilled
pore area) was exposed to the electrolyte while performing the experiments.

2.2 Experimental Setup
All the measurements reported in this work were done using a three-electrode cell made with the
help of Acrylic sheets (McMaster-Carr) (shown in Fig. 2.1). In a three-electrode setup, the working
electrode (WE) is the electrode whose interface is under investigation. The potential of the WE is
monitored relative to a separate reference electrode (RE). The counter electrode (CE) is used for
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measurement of the current flowing through the cell. It is usually chosen to be an electrode that
does not produce substances by electrolysis that will reach the working electrode surface and cause
interfering reactions there [54]. The graphite piece with the drilled pores surrounded by the Kapton

Fig. 2.1 Sketch of Experimental Setup
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tape was fixed to an acrylic piece (3.9 cm × 3.9 cm × 6 mm) at the bottom with the help of 3M™
9087 High Performance Double Coated Tape. This graphite sample connected to a copper current
collector served as the WE. The dimensions of the acrylic sheet used for the top portion of the
setup (shown in Fig. 2.1) were 3.9 cm × 3.9 cm ×1.8 cm. Graphite rod (Graphtek™ LLC) served
as the CE and a commercial Ag/AgCl (3.8 M KCl) electrode (Pine Research) was used as the RE.
The distance between the RE tip and the WE was kept fairly constant (1-2 mm). The area of the
CE is much larger (∽12.8 cm2) than the area of WE to ensure kinetics of the reaction occurring at
CE do not interferes with the measurement at the WE. The air bubbles in the pores were removed
by poking pores gently with a graphite pencil leads (Pentel) having a radius slightly smaller than
the pore radius. The electrolytes used for the experiment consisted of 1.0 M H2SO4, 0.1 M H2SO4
solutions prepared from concentrated sulphuric acid (reagent grade, 95% purity, Sigma Aldrich),
1.0 M HClO4, 0.1 M HClO4 solutions prepared from concentrated perchloric acid (70% purity,
Veritas® Double Distilled, GFS chemicals), 1.0 M NaOH and 5.0 M NaOH solutions prepared
from sodium hydroxide pellets (ACS reagent, 97% purity, Sigma Aldrich). Milli-Q water
(resistivity 18.2 MΩ cm) was used for preparation of all the solutions. A similar setup was used
for electrochemical measurements done on pores created via laser micromachining on glassy
carbon substrate with the GC sample being connected to a copper current collector serving as the
WE, and using the same RE, CE as were used in the case of graphite. The electrolytes used in the
case of GC pores were 0.5 M H2SO4 solution, 0.5 M HClO4 solution.

2.3 Electrochemical Characterization
Electrochemical measurements were performed for the graphite samples using a BioLogic VMP3
potentiostat and for the GC samples using a Biologic SP-150 potentiostat. A potentiostat is used
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to accurately control the potential of the interface under investigation (working electrode) and to
accurately measure the current flowing to the working electrode (WE). In both the cases,
measurements were carried out at room temperature (20 ± 2°C). For each sample, the open circuit
potential (OCP) was recorded for 15 min to allow steady conditions to be reached. Cyclic
Voltammograms (CV) were first run in a potential window of 0.3 to 0.5 V vs Ag/AgCl Ref for
acids and -0.2 to 0.0 V vs Ag/AgCl Ref for bases at a scan rate of 50 mV/s and 50 cycles to confirm
that the electrode surfaces were kept clean and were stable over several cycles. Electrochemical
impedance spectroscopy (EIS) measurements were then carried out in the frequency range from
100 kHz to 100 mHz by applying a sinusoidal perturbation signal of 10 mVrms amplitude, at a
potential of 0.4 V vs Ag/AgCl in case of acidic and -0.1 V vs Ag/AgCl in case of alkaline solutions.
The sampling frequency was such that the measurements points were equally spaced in a
logarithmic scale taking 10 points per decade. The potential for EIS measurements was chosen to
avoid faradaic reactions as was evident by the quasi-rectangular shapes of Cyclic Voltammograms
(CVs) in the potential window measured. At this potential, the impedance response has
contributions only from ohmic resistance, the distributed resistance of electrolyte inside pores, and
electric double layer capacitance. Thus, the EIS response can be understood in terms of these
processes. The CV, EIS measurements were done at time t = 0 and t = 1 hour for the graphite
samples and compared to check their repeatability and stability of the sample. The measurements
for t = 0 and t = 1 hour were compared to check whether they were similar (fitted parameters
standard deviation < 10 %) else measurements were performed on a new set of drilled pores. The
GC samples had to stay in the electrolyte for a longer time, around 4 hours to see the quasirectangular shape of CV, or in other words nearly complete electrolyte percolation to the bottom
of the pores. The plot of CVs obtained for various cases are shown later in chapter 3.
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The experimental framework for the proposed work (for graphite electrodes) is summarised in
Table 2.1 while Fig. 2.2 shows the schematic of the experimental framework. Although the pores
investigated in this work are of micrometer size (pore radii ≥ 230 μm), the obtained results for the
pore radii and pore depth variation on the impedance response should be similar for smaller pores
as long as the ion migration is not restricted by the pore radii (< 10 nm). [55]

Table 2.1 Summary of the experimental framework
Experiment

Pore Dimensions
Pore Diameter (mm)

Pore Depth (mm)

1.00

3.00

0.74

3.00 3.80 5.20 6.60

0.46 0.66 1.02 1.32

5.20

0.74

3.70

Single pore (Verify electrolyte choice)
(0.1 M HClO4, 1.0 M HClO4)
(0.1 M H2SO4, 1.0 M H2SO4)
(1.0 M NaOH, 5.0 M NaOH)
Single pore: same pore radii, different pore
depths (1.0 M H2SO4)
Single pore: same pore depth, different
pore radii (1.0 M H2SO4)
Multiple pores: Uniform pore array
(1.0 M H2SO4) : 1 pore, 4 pores, 8 pores
Multiple pores: Non-Uniform pore array

a) Vary pore radii b) Vary pore depth

(1.0 M H2SO4)

c) Vary pore radii + pore depth
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Fig. 2.2 Schematic of Experimental Framework

2.4 Surface Characterization
The surface characterization of the samples (both glassy carbon and graphite) was done by
employing X-ray micro computed tomographic (Micro-CT) microscopy. A Micro-CT specimen
scanner (Scanco Medical µCT 100) was used to obtain high-resolution 3D reconstruction of the
pores. The resolution of the Micro-CT scanner used was 10 um per voxel side (for each of the X,
Y, Z axis) for the graphite samples which was good enough for the pore sizes considered in this
work. In the case of GC samples, resolution of the Micro-CT scanner used was 7.4 um per voxel
side. The Micro-CT scan images were analyzed using the Amira Software for FEI Systems 6.0.1
(Thermo Fisher Scientific) to obtain the pore dimensions and confirm the pore shape for the
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cylindrical pores drilled. This imaging software also allowed to obtain 2D images in the throughplane direction (cross-section parallel to the direction of pores drilled) to verify the pore
dimensions.

2.5 EIS Data Interpretation
Two methods were used to extract the distributed resistance and capacitance values from the
impedance data, ZView fitting and a graphical method. Notably, the electrodes did not exhibit
ideal capacitive behavior. This is expected and the electric double layer (EDLCs) show frequencydependent capacitance even though it should ideally be independent of frequency.[17,53,56]
Experimental impedance plots of porous electrodes do not necessarily exhibit perfect 45° slope at
high frequencies and 90° phase angle at low frequencies compared to the ideal case discussed by
De Levie, and this was indeed the case in this study. Following this, constant phase elements
(CPEs) are commonly used to fit impedance data to compensate for the ideality [31,36,57] and the
impedance of a CPE is given by Eq. (7)
𝑍CPE =

1
𝑄(j)

(7)

Here Q is the CPE parameter, α is the CPE coefficient, ω is the angular frequency. Notably, if α =
1, the CPE element is equal to an ideal capacitor.

2.5.1 ZView Fitting (1st approach)
This approach consists of a fitting procedure based on Complex Nonlinear Least-Squares Analysis
technique in ZView software (Version 2.90, Scribner Associates) that allows the fitting of
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Fig. 2.3 (a) Example of fitting impedance data with ZView for a single pore, inset-high frequency
data (b) Determination of RΩ,p value by the graphical method for pore diameter = 0.74 mm, pore
depth = 5.20 mm

impedance data by constructing an appropriate model. Essentially, ZView has an inbuilt DX Type
12-Bisquert #3 element[58,59] that allows us to obtain fitted resistance and CPE parameter Q value
per unit depth, the CPE coefficient α to characterise inhomogeneity wherein values of pore depth
and solution resistance Rsol are fixed. The former is already known and the latter determined
graphically from the experiment by measuring the intercept on real axis by extrapolating the high
frequency data. In this model, the contribution of the bottom part of the pores to the impedance is
neglected since for the chosen pore sizes, the pore with smallest aspect ratio (L/D) has a ratio of
curved to bottom part area ∽ 16 which accounts for 6.25% of the total pore area. All other pores
with higher aspect ratios account for less than 5% of the total pore area in the area normalised
calculations of electrochemical parameters.
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Since Q has the unit µF cm-2 s-1, it is hard to compare the results for different α values. Therefore
the Brug’s formulae[60] was used to calculate the equivalent capacitance with the approach
suggested by R. Jurczakowski et al.[31] using the sum of Rsol and RΩ,p. The Brug’s formulae in
this form is presented in Eq. (8).

𝐶dl =

1
𝑄𝛼

(𝑅sol +

𝑅Ω, p
3

1−𝛼/𝛼

)

(8)

Note that while evaluating 𝐶dl by the Eq. (8) , Q and RΩ,p are expressed in absolute values and then
absolute capacitance normalized by pore wall area to give 𝐶dl values. An example of the ZView
fitting procedure is demonstrated in Fig. 2.3(a).

2.5.2 Graphical Method (2nd approach)
In this method, both the RΩ,p and Q values are obtained by using a graphical approach. The plot of
the logarithm of the imaginary part of the impedance vs. the logarithm of frequency is fitted by a
straight line for a frequency range one order of magnitude lower than the transition frequency
(transition frequency same as the breakpoint frequency defined in R. Jurczakowski et al.[31])
where the plot is sufficiently linear and gives us the CPE coefficient α. This is based on the
graphical approach suggested by Orazem et al. [61]. The transition frequency is defined as the
frequency below which the EIS response begins to exhibit capacitive behaviour, with a nearly
straight line parallel to the imaginary impedance axis in a Nyquist (Complex) plot [62,63]. An
example is shown in Fig. 2.4(a) with calculated data and the best fitted straight line. Fig. 2.4(b)
shows the value of Q calculated using Eq. (9) given by Orazem et al. [61] at various experimental
frequencies, the frequency range being the same as used for finding α.
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𝛼π
1
)
2 (−Im(𝑍))𝜔 𝛼

𝑄 = sin (

(9)

These values are all within 2.6 % of its average value, which is shown as a stippled line in Fig.
2.4(b) at 389.64 µF cm-2 s-1. In order to calculate effective capacitance from CPE parameters,

Fig. 2.4 Analysis of experimental data by graphical method (a) imaginary part of impedance vs
frequency plot (b) frequency dependence of CPE parameter Q

Eq. (8) was used, as was the case in the 1st approach. Similarly, to calculate RΩ,p, the low frequency
portion of the impedance data at frequencies an order of magnitude lower than the transition
frequency was extrapolated down to the real axis and the corresponding intercept on the real axis
equals Rsol + RΩ,p/3 [64,65]. Since Rsol is known from the high frequency experimental data as
explained earlier in the 1st approach, RΩ,p can be evaluated. This approach is illustrated in Fig.
2.3(b).
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3.1 Results
3.1 Initial Trials on Glassy Carbon Samples
In this section, the impedance studies done on an exposed top geometrical area of 1.21 mm2 of the
GC sample consisting of the 11 × 11 cylindrical pore array (r = 22.5 um, L = 400 um) and flat part
of the GC are discussed. Fig. 3.1 shows the Nyquist plot obtained experimentally using 0.5 M

Fig. 3.1 Nyquist plots for experimental data of 11 × 11 pore array (r = 22.5 um, L = 400 um) in
1.1 mm × 1.1 mm area of Glassy carbon sample for two different electrolytes
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H2SO4 and 0.5 M HClO4 solutions. The corresponding Nyquist plots looked quite similar when
compared at the high frequencies with a slight shift in the low frequency region. This was as
expected since the conductivities of 0.5 M H2SO4 and 0.5 M HClO4 are not too different
(K = 0.396 -1cm-1 and K = 0.358 -1cm-1 respectively). Hence, the impedance response should
be similar for the same porous morphology and flat part area. However, the shape of the Nyquist

Fig. 3.2 Nyquist plots for experimental data and ZView fitted plots of 11 × 11 pore array (r = 22.5
um, L = 400 um) in 1.1 mm × 1.1 mm area of Glassy carbon sample
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plot deviated from the expected behaviour seen for a typical cylindrical pore arrangement. This
was illustrated through the ZView fitting results shown in Fig. 3.2, which were obtained in two
ways: considering flat part contribution to the impedance and ignoring its contribution in the other
case. In the former case, the capacitance of flat part (considering the CPE behaviour) Qflat was
added in parallel to the porous impedance as shown in Fig. 3.3 where Zpore is same as given by

Fig. 3.3 Equivalent circuit used to fit impedance of 11 × 11 pore array in 1.1 mm × 1.1 mm area
of Glassy carbon sample

Eq. (4) with the CPE parameters included. In the latter case, the equivalent circuit used was the
same as shown in Fig. 1.2 with the incorporation of CPE. The fitting curves with and without the
flat part in Fig. 3.2 show similar results, at least at low frequencies, indicating that the flat part
capacitance contribution to the total impedance is minimal. The GC drilled pores showed
discrepancy from ideal behavior, therefore, the pores were imaged using Micro-CT scanning, and
the results are shown in Fig. 3.4. These images show that the pore cross section becomes narrower
after a certain depth and does not remain cylindrical throughout from the pore orifice to the bottom.
In addition, the pore volume of a single pore was obtained by summing up the individual
contributions of segmented slices (at various cross-sections) by using image analysis tools in
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Fig. 3.4 Micro-CT scan images of 11 × 11 pore array in 1.1 mm × 1.1 mm area of Glassy carbon
sample (Resolution 7.4 um / voxel side)

Fig. 3.5 Segmented slices of the pores created by laser micromachining on Glassy carbon sample

Amira software as shown in Fig 3.5. The analysis showed that the volume enclosed by a pore was
around 75.79 % of that of a cylindrical pore (πr2L) with perfect shape. Hence, the effect of pore
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geometry could explain the lack of good fit obtained by using TLM model based on cylindrical
pore shape. Thus, the laser micromachining technique did not give satisfactory results for a
uniform pore array due to its inability to create idealized cylindrical pore shape. Since further
experiments were supposed to be conducted on non-uniform pore arrays based on the former’s
impedance response, it was decided not to use this technique any longer and all the subsequent
experiments were performed with the drilling technique. In addition, the GC disc being used was
only 2 mm thick so graphite plate substrate was alternatively chosen to create deep enough pores.
The results obtained through the latter method are discussed in details in the following sections of
this chapter.

3.2 Verification of Pore Geometry (Graphite Samples)
The pore dimensions and shape of the cylindrical pores drilled on graphite pieces were confirmed
by using Micro-CT scan technique. Fig. 3.6(a) shows the 2D images for varying pore depths for a
single pore with same diameter (D = 0.74 mm) in the through-plane direction of the drilled
cylindrical pores. Fig. 3.6(b) shows the 2D images for the case of varying pore radii for a single
pore having the same pore depth (L = 5.20 mm) with the pore dimensions specified in respective
figures. The 3D images of the pores for the case shown in Fig 3.6(a) are illustrated in Fig. 3.6(cd). From Fig. 3.6, it is evident that the drilled pores are cylindrical with a slight offset at the pore
bottom due to point angle of 135°.
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Fig. 3.6 Micro-CT scan images of cylindrical pores drilled on graphite piece (a) 2D image of pores
with same pore diameter (0.74 mm) (b) 2D image of pores with same pore depth (5.20 mm) (c),
(d) 3D images of pores with same pore diameter (0.74 mm) and varying pore depths
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3.3 Selection of Electrolyte
As a first step to approach the problem, single pore impedance measurements were performed with
6 different concentrations of 3 different electrolytes on a single pore with 1.0 mm diameter and
3.0 mm depth as shown in the Fig. 3.7(a), 3.7(b) . The criteria for choosing the best electrolyte was

Fig. 3.7 Comparison of electrolytes (a) Nyquist plots (b) Bode Plots

the one which shows the sharpest transition from high frequency to low frequency behaviour in
the Nyquist plot (normalised by pore wall area), and where the CPE coefficient was closest to 1,
i.e. the one with more ideal capacitive behaviour at low frequency. The α values were evaluated
using the graphical method (method 2). 1.0 M H2SO4 was deemed the best electrolyte (α = 0.971)
and showed a sharp transition. The other electrolytes had lower α values, α = 0.958 for 5.0 M
NaOH, α = 0.956 for 1.0 M HClO4, α = 0.950 for 1.0 M NaOH, although all were in acceptable
range (0.9 < α <1). Also, the electrolytes with lower concentration, i.e., 0.1 M HClO4 (α = 0.942)
and 0.1 M H2SO4 (α = 0.947) perform poorly compared to high conductivity electrolytes as they
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show a significant departure from 45° slope in the high frequency portion and lower CPE
coefficients as compared to electrolytes with higher conductivities. Thus, all the subsequent
experiments were performed with 1.0 M H2SO4. Next, the effect of varying pore depth, pore radii,
number of pores (pore density) and electrolyte conductivity is discussed.

3.4 Pore Depth Variation

Fig. 3.8 Nyquist plots for effect of varying pore depth (Single pore)
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Fig. 3.8 shows the Nyquist plot of pore depth variation for a single pore with increasing aspect
ratios (L/D) varying from 4.04 (L = 3.00 mm) to 8.89 (L = 6.60 mm) with a constant pore diameter
(D = 0.74 mm) in 1.0 M H2SO4 solution. It can be seen from the inset of Fig. 3.8 that as the pore
depth is increased, the transition frequency (marked by *) shifts to lower frequencies. As the
frequency is decreased from high to low frequencies, the equipotential lines to which the electroactive ions can penetrate move from the orifice to the pore bottom. [40,66]. At very high
frequencies, based on Eq. (3), penetration depth of the ac signal is very small compared to the pore
depth (λ << L), and the ac signal cannot enter deeply into the pore because of the IR drop and a
very low impedance of the pore walls. On the other hand, at much lower frequencies, λ >> L, and
the ac signal can penetrate to the bottom of the pore [36]. Hence, the whole pore wall area,
including the bottom of the pore, becomes electrochemically accessible [34,45,56]. In other words,
if all other geometrical (r, pore density) and electrochemical parameters (Cdl, K) are constant, a
deeper pore requires lower frequencies to access the whole pore volume [55]. In addition, the
absolute value of impedance in the low frequency range decreases with the increase of pore depth
simply because surface area of inner pore wall increases with the pore depth increase.

Table 3.1 Change of the pore depth on transition frequency
Pore Depth (L)

Transition Frequency (ft) Hz

(Ln+1/Ln)2

ftn/ftn+1

mm
1

3.00

286.9

-------

-------

2

3.80

179.6

1.604

1.597

3

5.20

89.0

1.873

2.018

4

6.60

55.6

1.611

1.601
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An expression for the transition frequency, ft was obtained by R. Jurczakowski and coworkers [31]
by comparing the real parts of asymptotes of high and low frequencies portion of the impedance
plot. This expression is given in Eq. (10).
𝜔t =

9𝑟
4𝜌𝐿2 𝐶dl

(10)

Here, ft is related to 𝜔t by ft = 𝜔t /2π. Table 3.1 shows the quantitative effect of change of pore
depth on the transition frequency. From Eq. (10), the squared ratio of pore depths ((Ln+1/Ln)2)
should be equal to the ratio of the inverse of the corresponding transition frequencies (ftn/ftn+1).
These calculated values are shown in Columns 4 and 5 respectively in Table 3.1, and confirm this
within the variability of the measurements. Notably, the transition frequency was obtained by

Table 3.2 Comparison of electrochemical parameters by ZView fit (Method 1 / M1) and
Graphical approach (Method 2 / M2) for same pore diameter (0.74 mm) and varying pore depth
Pore
Depth
(mm)
M1

RΩ,p

Cpore

Q

Cdl

α

()

(µF)

(µF cm-2 sα-1)

(µF cm-2)

Dimensionless

M2

M1

M2

M1

M2

M1

M2

M1

M2

3.00

128.55 135.49 19.21 16.73 358.42 330.71 274.61

239.27

0.959

0.951

3.80

201.32 200.33 26.53 23.79 384.04 352.39 299.46

268.58

0.958

0.955

5.20

271.69 254.71 39.39 35.34 433.07 389.65 324.91

291.48

0.948

0.947

6.60

348.21 336.20 46.62 40.71 390.35 343.74 302.96

264.59

0.949

0.949

300.48

265.98

0.954

0.951

±20.60

±21.38

±0.006 ±0.003
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choosing the experimentally measured frequency in the middle of the transition zone, and this adds
some uncertainty to the reported values.
The distributed resistance and capacitance values for a single pore depth variation obtained by the

Fig. 3.9 Pore diameter = 0.74 mm (a) Area normalized pore capacitance values vs pore depth (b)
CPE parameters Q and α vs pore depth (c) Electrolyte resistance in pores vs pore depth (d)
Absolute values of pore capacitance vs pore depth
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two methods are summarized in Table 3.2. It shows that the average Cdl values obtained by both
methods are slightly different with the graphical method giving 12.9% lower values than ZView
fitting (method 1) with standard deviations of 6.86% and 8.04% by methods 1 and 2 respectively.
Some of the discrepancy between the two methods is due to the fact that method 1 assumes a single
α value for the whole frequency range (including the high frequency portion) while method 2 gets
the α value only from the low frequency portion. Thus depending on the behavior at high
frequency, the two methods may show slightly different values where method 2 is preferred as it
is a reliable method of determining capacitance from impedance measurements [67]. However, the
RΩ,p values from method 2 are obtained by linear extrapolation of the low frequency data so that
method 1 is likely to be better at estimating this value from an overall least square fitting of the
parameters.
Thus, each approach has its limitations. Despite the differences between the two methods, the
average α values are comparable: 0.954 ± 0.006 (method 1) vs 0.951 ± 0.003 (method 2) which is
also evident from Fig. 3.9(b). The area normalized capacitance values in Table 3.2 have a standard
deviation of < 10% by both methods as mentioned above in this section. This shows that the
specific double layer capacitance values are fairly constant (Fig. 3.9(a)) when varying the pore
depth as assumed while applying the De Levie’s model. As observed in Fig. 3.9(b), the Q values
(µF cm-2 s-1) follow a similar trend as Cdl.
The plot of RΩ,p () vs Pore depth L, or in other words the pore wall area in Fig. 3.9(c) exhibits a
linear relationship as described by Eq. (5). Similarly, the plot of Cpore (µF) vs Pore depth in Fig.
3.9(d) with Cpore defined by 𝐶pore = 𝐶dl (2π𝑟𝐿) [31] also shows a linear relationship confirming
that that the specific capacitance of our samples is constant. Stated differently, the absolute
capacitance scales linearly with the pore depth and the pore wall surface area as expected.
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Fig. 3.10 shows the Cyclic Voltammetry (CV) curves for the same set of samples with varying
pore depths (single pore) with the current normalized by the respective pore wall area. These CV
curves are quasi-rectangular in shape along the current–potential axis without obvious redox peaks.
This indicates that all the samples exhibit ideal capacitive behaviour [68,69] when compared at the

Fig. 3.10 Cyclic Voltammetry curves for pore depth variation for a single pore
(Pore diameter = 0.74 mm)

same scan rate. Further, the total charge (area) enclosed by the CV curves gives a measure of
double layer capacitance [70]. Since all the area-normalized curves in Fig. 3.10 look nearly similar,
this confirms the specific capacitance of the samples is constant and absolute capacitance of pore
wall area increases linearly with the pore depth at a constant pore radius, thus supporting the same
observations made by EIS.
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Overall, the experimental results for varying pore depth show that the impedance response is well
described by theory (i.e., Eqs. (4)-(6) and Eq. (10)), and illustrate that the fitting methods used in
this work give reasonable values.

3.5 Pore Radii Variation

Fig. 3.11 Nyquist plots for effect of varying pore radii (Single pore)
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The Nyquist plot for pore radii variation for a single pore is shown in Fig. 3.11 wherein the aspect
ratio (L/D) is varied from 3.94 (D = 1.32 mm) to 11.30 (D = 0.46 mm) at a constant pore depth
(L = 5.20 mm) using 1.0 M H2SO4 electrolyte solution. Fig. 3.11 inset shows that the transition
frequency (marked by *) shifts to lower frequencies with the decrease of pore radii as the solution
resistance in the pores increases with the decrease of cross sectional area [55]. At each frequency,
the ac electric signal penetrates pores of different radii to a different extent. Thus, the smaller or
narrow pores need lower frequencies than the wider ones for electrochemically accessing all the
available surface area [26,40,56,71]. Mathematically Eq. (6) shows λ ∝ r1/2, other parameters
remaining constant, a smaller pore radii results in smaller penetration depth as compared to the
larger ones at similar frequencies. In addition, large values of impedance seen for smaller pore
radii is due to the low surface area of pore walls in this case.

Table 3.3 Change of the pore radii on transition frequency

(rn+1/rn)

ftn+1/ftn

70.4

-------

-------

0.33

89.0

1.434

1.261

3

0.37

89.0

1.112

1.000

4

0.51

142.1

1.545

1.601

5

0.66

179.6

1.294

1.264

Pore Radii (r)

Transition Frequency (ft)

mm

Hz

1

0.23

2
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Similar to the pore depth variation for a single pore, the quantitative effect of pore radii on the
transition frequency was investigated. Based on Eq. (10) for the transition frequency, it should
scale linearly with the pore radii. Table 3.3 shows the ratio of pore radii and transition frequencies
in columns 4 and 5 respectively. The ratio of experimental transition frequencies for two different
pore radii is almost the same as the ratio of values of corresponding pore radii, with all other
electrode parameters remaining constant. The experimental values of transition frequency for pore
radii 0.33 mm and 0.37 mm were found to be equal because of pore radii values being too close.
As described by Eq. (10), the transition frequency is expected to be linearly dependent on the pore
radius and inversely dependent on the square of the pore depth. This was verified experimentally.

Table 3.4 Comparison of electrochemical parameters by ZView (Method 1 / M1) and Graphical
approach (Method 2 / M2) for same pore depth (5.20 mm) and varying pore radii
Pore
Radii
(mm)
M1

RΩ,p

Cpore

Q

Cdl

α

()

(µF)

(µF cm-2 sα-1)

(µF cm-2)

Dimensionless

M2

M1

M2

M1

M2

M1

M2

M1

M2

0.23

917.18 866.84 21.35

20.54 522.59 409.36 279.65 274.97 0.875

0.919

0.33

438.16 418.71 37.36

32.63 464.27 413.81 346.22 302.37 0.941

0.939

0.37

271.69 254.71 39.83

35.34 433.07 389.65 324.91 291.48 0.948

0.947

0.51

139.72 134.57 51.37

47.22 440.78 391.69 309.49 284.49 0.938

0.945

0.66

104.55 94.82

64.87 431.39 384.44 294.27 300.62 0.944

0.958

310.91 290.78 0.929

0.942

67.49

±25.98 ±11.41 ±0.031 ±0.014
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The distributed resistance and capacitance values for a single pore radii variation obtained by the
two methods are summarized in Table 3.4. In this case, again by employing both methods, the
average Cdl values fall in the same range (Fig. 3.12(a)) as was the case with pore depth variation
with standard deviation of 8.35% and 3.92% by methods 1 and 2 respectively.

Fig. 3.12 Pore depth = 5.20 mm (a) Area normalized pore capacitance values vs pore radii (b) CPE
parameters Q and α vs pore radii (c) Electrolyte resistance in pores vs r -2 (d) Absolute values of
pore capacitance vs pore radii
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A small exception is the smallest pore radii which shows a comparatively lower value of Cdl as
shown in Table 3.4. This may be because of incomplete wetting of the pore wall area by the
electrolyte especially near the bottom of the pores resulting in lower electrochemically accessible
surface area. Such a situation is typically observed in narrow pores as the capillary forces oppose
the uniform intrusion of the electrolyte. Fig. 3.13 shows the typical CV plots obtained for the same
samples at a scan rate of 50 mV/s with the current axis being normalized by the pore wall area.
The quasi-rectangular CV curves with the absence of redox peaks indicate the capacitive nature of
these samples arising from double layer charging process [68,69]. Nevertheless, these curves
confirm once again the specific capacitance of the chosen samples is constant. This minimizes any

Fig. 3.13 Cyclic Voltammetry curves for pore radii variation for a single pore
(Pore depth = 5.20 mm)
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complications arising in our calculated trends due to variation in its values obtained
experimentally.
In addition, α values obtained by both methods are comparable and with little variations (standard
deviations of 3.34% and 1.48% by methods 1 and 2 respectively), as can be seen from Fig. 3.12(b).
1

It is found that the plot of RΩ,p () vs 𝑟 2 in Fig. 3.12(c) exhibits a linear relationship as predicted
by Eq. (5) for a constant pore depth. Besides, the plot of Cpore (µF) vs pore radii or pore wall surface
area shows a linear relationship as seen in Fig. 3.12(d). The reported data exhibit trends for RΩ,p,
and Cpore which are consistent with the theory, as well as consistent Cdl values for our working
electrodes using both methods. The relationships obtained above form the basis for verifying the
impedance data for a discrete PSD, again with well-defined geometry.

3.6 Uniform Pore Array (Uniform Pore Radii & Depth)
After doing experiments for a single pore depth variation and single pore radii variation, EIS
measurements were performed on a single pore, 4 pores and 8 pores with equal pore depth and
radii. From the Nyquist plot in Fig. 3.14(a), it can be seen that the absolute value of ohmic corrected
impedance for both real and imaginary parts follow the relation in Eq. (11)
𝑍1,p ≃ 4𝑍4,p ≃ 8𝑍8,p

(11)

This is expected because these drilled pores in an electrode can be represented by an equivalent
electrical circuit as a parallel combination of single pore impedances [4]. Hence, when evaluating
impedance of n single similar pores, 𝑍n,p =

𝑍1,p
𝑛

. Fig. 3.14(b) shows the impedance normalized by

the exposed geometric area (2π𝑟𝐿) while the Bode plot in Fig. 3.14(c) shows the magnitude of
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area normalized absolute values of impedance and phase angle with respect to frequency. As can
be seen, the uniform pore arrays normalized by the number of pores have comparable magnitude
and phase angles to the single pore experiments. Furthermore, the transition frequency for a pore
array of identical pores is the same as it is for a single pore. These results verify the theoretically

Fig. 3.14 (a) Nyquist plots (absolute values of impedance) (b) Nyquist plots (area normalized
impedance) (c) Bode plots for uniform pore arrays
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predicted outcome and show that the pores are homogeneous. The corresponding CV curves in
Fig. 3.15 with the current axis being area normalized also implies similar specific capacitance
values for a single pore and the uniform pore arrays. Before showing the results for different PSD,
we briefly look at the effect of varying electrolyte conductivity on the fitted parameters.

Fig. 3.15 Cyclic Voltammetry curves for uniform pore arrays

3.7 Effect of Electrolyte and Conductivity
From Fig. 3.16, it was clear that higher conductivities gave higher CPE coefficients and a high
frequency slope closer to 45°. In order to assess the effect of conductivity and electrolyte
composition, the impedance data for a single pore (d = 1.0 mm, L = 3.0 mm) was fitted using the
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ZView software (method 1) for the six electrolytes considered in section 3.3. Fig. 3.16(a) shows
the trend of RΩ,p vs electrolyte resistivity (inverse of conductivity) and this is fairly linear which

Fig. 3.16 Trend of (a) Electrolyte resistance in pores vs inverse of electrolyte conductivity (b)
Area normalized pore capacitance values vs electrolyte conductivity (Pore diameter = 1.0 mm,
Depth = 3.0 mm)

should be the case ideally for a constant pore depth and radii. Both the low concentration
electrolytes i.e. 0.1 M H2SO4 (K = 0.043 -1cm-1) and 0.1 M HClO4 (K = 0.039 -1cm-1) have
around 8 times lower conductivity values [72] than 1.0 M H2SO4 (K = 0.369 -1cm-1), 1.0 M
HClO4 (K = 0.321 -1cm-1), and 5.0 M NaOH (K= 0.345 -1cm-1), all having conductivities value
in the same range. Thus the two lower conductivity electrolytes yield higher values of RΩ,p. From
Eq. (5), higher conductivity should yield lower values of RΩ,p and this is confirmed in Fig. 3.16(a).
Besides, the plot of Cdl values vs electrolytes conductivity in Fig. 3.16(b) shows that the higher
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conductivities give slightly higher values and are almost constant which can be attributed to their
CPE coefficients closer to 1, however all electrolytes gave Cdl values in the range of 180-250 µF
cm-2. The concentration of H2SO4 was investigated at three different concentrations i.e. 1.0 M, 0.1
M, and 0.01 M to see the effect of a wider range of conductivities on the impedance spectra as well

Fig. 3.17 Nyquist Plots for effect of varying electrolyte conductivity (Single pore)
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as the fitted parameters. From Ref. [72], the corresponding conductivities are 0.369 -1cm-1
(1.0 M H2SO4), 0.043 -1cm-1 (0.1 M H2SO4), and 0.006 -1cm-1 ( 0.01 M H2SO4). Nyquist plot
in Fig. 3.17 shows that the transition frequency (shown by *) shifts progressively to the lower side
as the conductivity of H2SO4 is decreased because the solution resistance in the pore increases [55].
The transition frequency in the impedance plot becomes indistinguishable and the length of the
high frequency portion is more prolonged as the concentration is decreased by an order of 10.
Further, there is significant departure from 45° slope at higher frequencies for lower conductivities,
particularly at frequencies above 0.578 kHz for 0.01 M H2SO4 solution.

Table 3.5 Summary of electrochemical parameters for varying electrolyte conductivity
Concentration

Rsol / 

RΩ,p / 

Q / F cm-2 sα-1

α

Cdl / µF cm-2

1.0 M H2SO4

35.72

128.55

0.00035841

0.959

243.80

0.1 M H2SO4

209.59

1621.89

0.00033368

0.913

174.07

0.01 M H2SO4

1438.16

7183.20

0.00019856

0.906

109.73

The fitted results using ZView are summarised in Table 3.5. Here, it was found that the Cdl values
drop progressively as the conductivity of H2SO4 is lowered, the value for 0.01 M H2SO4 solution
is only around 45% of the value for 1.0 M H2SO4 solution at similar frequencies. A similar trend
for Cdl values was observed by Bai and Conway [73] in their work on high-area platinized Pt
electrodes when the electrolyte conductivity was varied and their model-system electrode behaved
like a porous carbon electrode. A plausible explanation to account for this change of Cdl values is
through Eq. (8) according to which there is very little contribution of the resistive term as its
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exponent approaches to 0 as α → 1 for high α values and small values of the term
(Rsol + RΩ,p/3)(1-α)/α. This is the case for high conductivity electrolytes wherein this resistive
contribution becomes substantially diminished at sufficiently high conductivities [40], while it is
just the opposite for the case of low conductivity electrolytes as seen from the experimental results
in Table 3.5. Further, based on the corresponding CVs for 1.0 M H2SO4 and 0.1 M H2SO4 solutions
in Fig. 3.18, the area enclosed by both of them looks quite similar, however Table 3.5 shows the

Fig. 3.18 Cyclic Voltammetry curves for effect of varying electrolyte conductivity (single pore)
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Cdl value for 0.1 M H2SO4 solution is around 71% of the value for 1.0 M H2SO4 solution at similar
frequencies, which clearly shows the role of RΩ,p and α becomes significant while evaluating Cdl
values at lower conductivities. In other words, the role of CPE in the equivalent circuit diminishes
with higher conductivities and leads to Q values of the same order as Cdl. (more ideal capacitive
behaviour as α → 1) In addition, the ionic mobility is larger at higher electrolyte concentration.
The higher concentration gradient results in an enhanced mass transfer rate of ions from the bulk
solution to the electrode surface during the charging process [74]. The characteristic double layer
(diffuse layer) thickness ( d ), also referred to as the Debye length, can be approximated using the
Debye-Hückel parameter ( Ƙ ) given in the following equation [54]:
1

𝑑≃Ƙ

−1

Ɛo Ɛr 𝑘B 𝑇 2
= ( 2 0 2)
𝑒 Ʃ𝑐i 𝑧i

(12)

Here Ɛo is the vacuum permittivity, Ɛr is the relative electrolyte permittivity 𝑘B is the Boltzmann
constant, T is the temperature, 𝑐i0 is the bulk electrolyte concentration, Zi is the valency of ion i,
and e is the elementary charge. Since the ionic properties of the electrolyte, temperature, and the
parameters Ɛo ,Ɛr can be considered constant for the present system, thickness of double layer is
inversely related to the square root of concentration.
Thus, a thicker double layer results in lower capacitance value for lower concentrations due to the
inverse relationship of the capacitance with the thickness. In other words, the electrolyte of low
concentration contains an insufficient number of ions for effective charging of the double layer
[74,75] Therefore, the measured capacitance is greater at higher electrolyte conductivities in the
case of porous electrodes.
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3.8 Pore Size Distributions (PSD)
It was shown in earlier in sections 3.4 and 3.5 that the single pore impedance data for either pore
radii or pore depth variation accorded well with the theoretical formula given for evaluating the
impedance of a single pore. It was possible because the obtained Cdl values were almost constant
for the material used in this work. As the procedure of adding single pore impedances worked well
for uniform pore arrays, experiments were performed on non-uniform pore arrays, i.e., generated
discrete PSD, and a similar procedure was adapted. Mathematically, the single pore impedances
were added to give the impedance of a pore array through Eq. (13) and observed how well it
compared with the experimental impedance measurements for some non-uniform discrete pore
arrays. In Eq. (13) 𝑍p,i is the impedance of ith pore, 𝑍p,total is the summation of single pore
impedances.
1
𝑍p,total

=Σ

1
𝑍p,i

(13)

Further, for all the cases of PSD considered here, the solution resistance was subtracted from the
experimental impedance measurements of single pores and PSD to give only the impedance
response of the pores. Firstly, pore arrays with varying pore depths or pore radii were considered.
Fig. 3.19(a) shows the Nyquist plot of a pore array with two different pore radii and same pore
depth, and vice-versa for Fig. 3.19(b) while Fig. 3.19(c) and Fig. 3.19(d) show slightly more
complex pore arrays having same pore depths with three and four different pore radii respectively.
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Fig. 3.19 Nyquist plots for four cases of non-uniform pore distributions (a) 6 pore array, 2 different radii: 0.33 mm (3 pores), 0.66 mm
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(3 pores) (b) 6 pore array, 2 different depths: 3.8 mm (3 pores), 5.2 mm (3 pores) (c) 6 pore array,
3 different radii: 0.23 mm (2 pores), 0.33 mm (2 pores), 0.66 mm (2 pores) (d) 4 pore array, 4
different radii: 0.33 mm, 0.37 mm, 0.51 mm, 0.66 mm (1 each)

Fig. 3.20 Nyquist plot for a non-uniform pore array: 6 pore array, 3 different radii: 0.23 mm, 0.37
mm, 0.51 mm, 2 different depths: 3.80 mm, 5.20 mm

A pore array with both variable pore depth and pore radii was investigated and the result is shown
in Fig. 3.20. This was the most complex PSD considered in this work with three different pore
radii and two different pore depths, i.e. six pores that are all different. A good similarity can be
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seen between the experimental impedance measurements of the non-uniform pore arrays and the
summation of single pore impedance data for all the plots in Fig. 3.19 and Fig. 3.20 over the entire
range of frequencies. The comparison is noticeably good for the case of combinatory variable pore
depth and radii in Fig. 3.20. All the experimental and single pore impedance summation plots in
Fig. 3.19 and Fig. 3.20 look quite similar when compared in the high frequency regime. However
little deviation can be seen in the impedance values at low frequencies, which is most likely due
to experimental variations.
In addition, it can be concluded from either the sum of single pore equivalent impedance or
experimental data for PSD that the transition frequency in Nyquist plots is not clearly
distinguishable in value when compared to the single pore impedance plots. This observation can
be ascribed to the fact that differently sized pores will have different transition frequencies, hence
non-uniformly distributed pore arrangement is expected to show this feature [66].
Thus, the experimental impedance response of pore arrays, both of uniform pore dimensions as
well as non-uniform pore dimensions were successfully represented as a sum of experimental
impedance response of single pore. This was one of the main objectives of this work along with
the confirmation of expected results according to the theory.

3.9 Comment on the nature of CPE behaviour
The exact origin of the dispersion of capacitance noticeable in the porous electrodes is still a matter
of debate in the literature. A few works [6,67] found straight line with slopes lower than π/2 at
lower frequencies for a PSD with no faradaic reactions and distribution of double-layer capacity
was proposed to be the consequence of distributed pore sizes. However, they ignored the
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contribution of the term (Rsol + RΩ,p/3)(1-α)/α appearing in Eq. (8). After doing the impedance
experiments on a single pore followed by uniform pore arrays and non-uniform pore arrays, it
seems more plausible that the nature of CPE is due to inhomogeneity along the inner pore walls of
the graphite electrode than that of homogeneous inside interface with a distribution of pore sizes.
This is supported by the experimental findings of previous works [76–79] since the slope of the
high frequency portion for our experimental data is slightly smaller than 45° which cannot be
explained by a distribution of pore sizes but by internal inhomogeneity leading to a diminished
slope angle by the factor (1-α). According to these works, the microscopic roughness caused CPE
behaviour indirectly through energetic inhomogeneities which in turn affected the kinetics of the
omnipresent ion adsorption processes [57].
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4. Conclusions and Future Work
4.1 Conclusions
In this work, an experimental framework was demonstrated to verify the impedance spectra for
progressively complex pore size distributions with well-defined structure. Cylindrical pores were
made via drilling on a graphite plate substrate. The experimental EIS measured on the pores
exhibited characteristic porous behaviour with a slight deviation from ideal capacitive behavior
that could be successfully described by using a CPE element. The experimental data was
interpreted using ZView fitting and a graphical approach yielding physically meaningful
parameters. The expected behavior from the theory was observed when changing pore depth, pore
radii, pore density, and electrolyte conductivity.
Pore arrays, both of uniform pore dimensions and non-uniform pore dimensions, could be
successfully represented as a sum of experimental responses of single pores. This approach of
modeling pore arrays as a sum of single pores represents an approach to verify the pore impedance
for non-uniform ordered pore arrays with well-defined geometry.

4.2 Recommendations for Future Work
The approach demonstrated in this work can be extended to other pore geometries, provided the
theoretical formulation for their impedance is known. Recently, a simulation tool [80] was
developed to predict diffusive impedance response of several idealized pore geometries with
varying cross-sections. In addition, a fast and accurate open-source computational platform [81]
exists to characterize big datasets (>108 voxels) derived from modern tomographic imaging
technique. A combination of approaches: large scale tomography and single pore impedance
measurements represents a possible approach for characterizing porous materials.
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