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In human affairs of danger and delicacy successful conclusion is sharply
limited by hurry. So often men trip by being in a rush. If one were
properly to perform a difficult and subtle act, he should first inspect
the end to be achieved and then, once he had accepted the end as
desirable, he should forget it completely and concentrate solely on

the means. By this method he would not be moved to false action

by anxiety or hurry or fear. Very few people learn this.

JOHN STEINBECK
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Abstract

In this thesis we study the impact that the geometry and topology of nano-electrodes have over the
structure of the electrical double layer, through the analytical solution of the linearized Poisson-
Boltzmann equation, with the Stern restriction (LPBS). Both, solid and hollow electrodes are con-
sidered to be in contact with a symmetric electrolyte. Here, we refer to the solid electrodes as
solid nano-electrodes and to hollow electrodes, as nano-pores. In particular, the LPBS is solved for
different electrical charges and geometrical and/or topological parameters of the nano-electrodes, in
contact with an electrolyte at different concentrations and temperatures. The differential capacitance
of such system is calculated as well. While the case of large electrodes is also studied here, the emphasis
is given to the nano-scale. Three different geometries of the nano-electrodes are considered: planar,
cylindrical and spherical, whereas for the nano-pores we consider slits, cylindrical, and spherical shells.
The three nano-pores geometries considered are topologically different among them, and with respect
to the solid nano-electrodes. The three solid nano-electrodes are, of course, topologically equivalent.
The charge fluid is an electrolyte modeled as punctual ions, in an uniform solvent, which is charac-
terized by a dielectric constant. The ions’ size is only considered on the interaction with electrodes
(Stern correction). The dielectric constants of the nano-electrodes and nano-pores are assumed to be
the same dielectric constant as that of the solvent, to avoid the image potential.

The linear Poisson-Boltzmann (LPB) equation is solved and the analytical solution of the distribu-
tion of co-ions and counter-ions (density profile), the mean electrostatic potential, the induced surface
charge density, and the differential capacitance are obtained, and calculated, for different parameters
of the systems. The LPB density profiles of the distinct nano-electrodes are compared against those
of the hypernetted-chain/mean spherical integral equations formalism, to determine the range of their
validity. Then, with the LPB, the behavior of the electrical double layer (EDL) is studied for different
values of the nano-electrodes’ radius and surface charge, and the molar concentration and temperature
of the electrolyte. The electric potential, the induced surface charge density in the fluid, ionic concen-
tration profiles as well the capacitance of these systems are calculated. An important dependence of
these quantities with the geometry and/or topology of the nano-electrodes is found.
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Chapter 1

Introduction

In the development of big renewable energy projects, supercapacitors (SCs) play a relevant role. Due
to the intermittence of renewable energies, such as solar and wind energy, the electric grid cannot rely
on them as a base load. However, they are an excellent choice to keep up with the demand of the grid
in peak hours, i.e., to work as a backup energy source. Hence, highly efficient energy storage systems
are needed to stock and deliver this energy whenever the grid needs it. There are three main energy
storage systems used worldwide: batteries, capacitors, and supercapacitors. Because of the technical
requirements that the grid needs, that is to quickly deliver high quantities of energy in a rather short
time, SCs are the best way to keep up with such demand. Other applications of SCs are in hybrid
cars. They are used to boost the capabilities of batteries or fuel cells while accelerating, as well as in
regenerating braking. Hence, it is seen that SCs are widely used in applications where high specific
power and energy are needed, and that work with fluctuating loads, such as those used in construction
cranes, and electric, aero, and medical industries. Supercapacitors, also referred as electrochemical
capacitors (ECs), are divided into three main categories (electric double layer capacitors, pseudoca-
pacitors, and hybrid capacitors) depending on the passive components in which they store energy.
Electric double layer capacitors (EDLCs) store energy in the surface of an electrode-electrolyte inter-
face. Whereas, pseudocapacitors store energy by a reversible redox reaction at its surface. Meanwhile,
hybrid capacitors store energy by a combination of the two methods.

In this thesis the first results of the linear Poisson-Boltzmann equation with the Stern restriction
(LPBS) [1, 2] is obtained for hollow electrodes of different topologies, and the results of the LPBS
for solid electrodes is solved as well. The analytical results of the density profiles, and the differential
capacitance are obtained from the solutions, among other electric parameters. The thesis is divided
into five chapters. In this chapter a review of EDLCs is provided, from a quick historical background to
a revision of the components used in EDLCs, and a brief compilation of the most well known theories
that are used to describe the structure of the electrical double layer is given. In Chapters [2] and
the analytical solutions of the LPBS for solid and hollow electrodes are solved, respectively, and their
density profiles are shown. Meanwhile, in Chapter [4] the mean electrostatic potential, induced surface
charge density, and the differential capacitance are shown while different electrode’s and electrolyte’s
parameters are varied. Lastly, the thesis conclusions are found in Chapter Furthermore, two
appendixes are included, Appendix [A] details the complete analytical solutions of the LPBS for solid
electrodes, and in Appendix [B] the ‘Mathematica’ computer code used is added.
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1.1 Electric double layer capacitors

A brief history of SCs is presented ahead, as well as their different components. EDLCs as other
energy storage mechanism are composed of two electrodes separated by an electrolyte, these two main
components will be the focus of our review. Furthermore, a short inspection of the current problems
that SCs face is presented.

1.1.1 Historical background

The first patent known of a capacitor based on a high surface area dates back to 1957 by Becker
when employed by General Electric [3, 4]. Thereupon, the first commercial EDLC was made and
patented by the Standard Oil of Ohio Research Center (SOHIO) in 1961. However, due to a lack
of sales, SOHIO licensed their technology to the Nippon Electric Company (NEC) in 1971 [5]. NEC
developed and marketed the first commercially successful EDLC, which they named “super capacitor”.
Meanwhile, the Matsushita Electric Industry Co. (Panasonic) in 1978 created their own “gold capac-
ito” [6]. From the 1980s to present time several other companies have started to produce their own
electrochemical capacitors, naming them differently. Hence, after the commercial success of different
EDLCs their names have started to be used as synonyms for EDLCs, such as SCs, gold capacitors,
and ultra-capacitors, among others. Nowadays, the most well known EDLCs companies are Cellergy,
Toxus, Maxwell Technologies, Murata Manufacturing, Nanoramic Technologies, and NEC Tokin, among
others.

1.1.2 Electrodes

The principle of operation of EDLCs is based on the storage and distribution of electrolyte’s ions at
an electrode. Hence, the amount of energy stored in the electrodes is directly proportional to the
surface area of the electrode. Carbon has been utilized as a high surface area electrode material,
with a specific surface area (SSA) of up to 2500 m2g~!, ever since the development of electrochemical
capacitors began [3|4]. Not only do carbon materials have a high surface area but they are also widely
available at a low cost, and there are plenty of production technologies established for the fabrication
of electrodes. The most common carbon-based electrodes are activated carbon, carbon nanotubes, and
graphene electrodes, which are presented ahead.

1.1.2.1 Activated Carbon

Activated carbons (ACs) are the most widely used materials for electrodes in SCs because of their high
SSA, excellent chemical and thermal stability, rather good electric properties and low price [7]. ACs
are produced by either thermal or chemical activation from carbon rich organic precursor materials
(e.g. wood, coal, nutshell, etc.) [8, O, 10]. Physical (thermal) activation is performed at high
temperatures under an oxidizing atmosphere (e.g. CO2, H2O), while chemical activation is done on
amorphous carbons which were previously mixed with chemicals such as alkalis, carbonates chlorides
or acids (e.g. KOH, K2COg3) [9]. These activation processes result on the formation of a porous
network in the bulk of the carbon; namely micropores (< 2nm in size), mesopores (2nm-50nm),
and macropores (> 50nm). Longer activation time or higher temperatures tend to larger mean pore
size [11]. Depending on the activation process and the carbon precursor, the physicochemical properties
widely vary, Yan et al. [7] list the physicochemical properties of different carbon precursors in their work.
High SSA up to 3000 m?g~! are achieved with a relatively small specific capacitance < 10 pFem ™2,
which indicates that not all pores are effective in charge accumulation [I0]. Hence, despite the fact
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that the SSA is an important parameter for the performance of EDLCs, the pores size distribution,
pore shape and structure influence the electrochemical performance to a great extent.

1.1.2.2 Carbon nanotubes

Carbon nanotubes (CNTS) have been widely study due to their unique open tubular network struc-
tures, and remarkable mechanical and electrical properties. Their open ended tunnel is beneficial for
electrolyte percolation, facilitating the ion diffusion [12]. CNTs are produced by the catalytic decom-
position of hydrocarbons [9]. They are divided into single-walled carbon nanotubes (SWNTs) and
multi-walled carbon nanotubes (MWNTs), which are formed by different synthesis parameters. CNTs,
unlike other carbon based electrodes, have mesopores that are interconnected, which allow for a con-
tinuous charge distribution that utilizes nearly all the accessible surface area [§]. Even though CNTs
have a small SSA (< 600m?g~!), their specific capacitance can reach up to 50.4pFem~=2 [7]. This
gives the idea that if one were able to surpass this small SSA, the capacitance would follow. Coromina
et al. [13] proved this right, they chemically activated their CNT with KOH and reached SSA of up to
3000m?g~!, achieving a specific capacitance of 172 Fg~!.

1.1.2.3 Graphene

A remarkable electrode material is the monolayer of graphite, graphene, which can be prepared by
several methods, such as mechanical exfoliation, exfoliation of graphite in organic solvents, epitax-
ial growth and chemical vapour deposition, and the exfoliation and reduction of chemically oxidized
graphite [12]. A single layer graphene sheet is basically a two dimensional hexagonal lattice of sp?
carbon atoms covalently bonded along two plane directions [I4]. Graphene has outstanding proper-
ties, i.e., lightweight, high electrical and thermal conductivity, highly malleable surface charge, tena-
cious mechanical strength and mechanical stability [I5]. These translates into a high theoretical SSA,
2630 m2g~! [16, [17]. If the entire SSA of graphene would be fully utilized, inhibiting the agglomeration
of graphene sheets, it would achieve specific capacitance up to 550 Fg~! [I8, 8, [7]. Particularly, Chen
et al. [19] achieved an specific capacitance of 348 Fg~! for a partially reduced graphene oxide in an
aqueous electrolyte.

1.1.3 Electrolytes

The performance of a SC depends not only on the electrode material but also on the selection of the
electrolyte. The breakdown voltage of the electrolyte determines the cell voltage; and both energy
and power density, which depend on the voltage [3]. The ideal electrolyte should have a wide voltage
window, excellent electrochemical stability, high conductivity, high ionic concentration, small solvated
ionic radius, low viscosity, environmental friendliness, low cost, and easy availability [10]. Accordingly,
the ability of the SC to store charge relies on the accessibility of the ions, from the electrolyte, to
the porous surface area of the electrode. Hence, the ion and pore size must be optimal, so both
electrode and electrolyte must be picked simultaneously to enhance the capacitance [3]. Generally,
the electrolytes are divided into three categories: aqueous, organic, and ionic electrolytes, they are
presented and discussed below.

1.1.3.1 Aqueous electrolytes

The most commonly used aqueous electrolytes are KOH, HsSO4, and NaoSOy, for alkaline, acidic,
and neutral solutions [7, 20]. Aqueous electrolytes present some advantages such as low cost, non-
flammability, low viscosity, and excellent safety. Furthermore, they have smaller solvated ions, higher
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ionic concentration, and higher ionic conductivity (up to 1Sem™!) than organic electrolytes [21] [7, [].
Therefore, the aqueous electrolytes achieve a superior capacitance than organic electrolytes due to the
higher concentration and smaller ionic radius. However, they have a limited voltage window up to 1.0 V
due to the thermodynamic decomposition of water at 1.299 V, which ends up negatively impacting the
energy and power density. In addition, water corrosivity must be taken into account [20)].

1.1.3.2 Organic electrolytes

Organic electrolytes consist in a conductive salt, e.g. tetracthylammonium tetrafluotoborate (com-
monly refer to TEABF}), dissolved in the acetonitrile (ACN) or in propylene carbonate (PC) sol-
vent [20, 9]. The advantage of organic electrolytes against aqueous electrolytes is the wider voltage
window, as high as 2.5V-3.0V, giving rise to energy densities 6-9 times higher [7]. However, these
advantages do not come freely since they are more expensive; and have a smaller specific capacitance,
and a lower conductivity than aqueous electrolytes [20]. Moreover, there are also safety concerns due
to their flammability and toxicity. In the European Union, ACN is declared highly flammable and
harmful by inhalation, and in Japan its use is prohibited due to its toxicity and low flash point [20],
whereas PC is far less toxic and poorly inflammable, but it has a higher viscosity, and a lower dielectric
constant than ACN [22] 20]. Hence, when choosing one or the other a comprehensive analysis must be
made regarding its pros and cons, when applying to EDLC, to avoid unnecessary risks while keeping
a good performance.

1.1.3.3 Ionic liquids

Ionic liquids (ILs) are also known as room temperature molten salts, with melting temperatures at
or below room temperature [7]. They are usually made up of organic bulky cations and inorganic or
organic charged localized anions, such combination contributes to a low melting point [23],20]. ILs have
attracted much attention because of their non-flammability, negligible vapour pressure, high chemical
and thermal stability, and hydrophobicity [2I]. Furthermore ILs have an electrochemical stability
window of up to 4 V-6 V. Unfortunately, ILs present some drawbacks, such as high viscosity, low ionic
conductivity and high costs [20]. Nonetheless, due to their wider voltage window and non-flammability
it is expected that many future SCs electrolytes will be ILs or IL-based.

1.1.4 Problems to overcome

Since the use and application of EDLCs is relatively new there are some issues that need to be fixed,
and probably others that still remain a mystery. These problems are presented in both theory and
experiments, as well as in the commercial applications. Vatamanu and Bedrov [24] made a brief
review on the molecular simulations of electrode-electrolyte interfaces, electric double layer structure,
differential capacitance, and the nano-confined room temperature ionic liquids (RTILs); how they work
and in which cases there is room for improvement. Whereas, Zheng et al. [25] investigated the cycling
stability and aging of a famous commercial SC (Neescap, 2.7 V/10 F) under various currents and
voltages. They found that the capacitance decreases with the increase of the current, and the pore
structures and composition diminishes. To minimize the losses of aging components and the over- and
underestimation of the electrical properties of EDLCs, works on these topics are essential. Furthermore,
works in the pairing of electrodes and electrolytes, with a sustainability approach, needs to be more
extensive and universal for comparison issues.
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1.2 Theoretical models

In this section, the general principles of capacitors, the EDL theory, and of EDLCs are presented.
Afterwards, some of the most well known theories that try to explain the charge storage mechanism
in the EDL are outlined.

1.2.1 Electric double layer capacitor principles

EDLCs or SCs are devices capable of achieving higher power rates than conventional batteries. Despite
the fact that EDLCs can provide hundred to thousand times higher power rates in the same volume,
they are unavailable to store as much energy as batteries, between three to 30 times lower. Hence,
EDLCs are suitable for applications in which power burst are needed but high energy storage capacities
are not.
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Figure 1.1: Ragone plot. Shows the available energy of an energy storage device for fixed power.
Characteristic times correspond to lines with unity slopes. Data taken from Pandolfo et al [26].

The power output of EDLCs is lower than that of electrolytic capacitors, and the specific energy
is several orders of magnitude higher. EDLCs are of interest in various electric applications because
they build up the gap between electrolytic capacitors and batteries. This is graphically observed
in the Ragone plot of Fig. [I.I] Fuel cells, batteries, electrochemical capacitors, and capacitors are
located in the power-energy plane. Internal losses and/or leakages confine the reach of the regions [27].
Furthermore, the characteristic or charge/discharge time, which is the energy to power ratio (E = Pt),
is shown in the diagonal lines.

Not only can EDLCs be charged in a few seconds, but they can also be discharged in the same
time. This is of great use for energy recovery systems, such as regenerative braking. In Table a
comparison between an electrolytic capacitor, an EDLC, and a battery is made.

One of the biggest advantages of EDLCs is their life cycle. They can withstand millions of cycles due
to their storage mechanism, that does not involve faradaic reactions. EDLCs store charge physically at
the electrode-electrolyte interaction on the electric double layer. However, the main disadvantage they
affront is their low operational voltage, that needs to stay low to avoid the chemical decomposition of
electrolytes, specially for aqueous-based electrolytes. In Table a comparison is made of the main
differences between batteries and EDLCs.
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Characteristics Capacitor EDLC Battery
Specific energy (Whkg™1) <0.1 1-10 10-100
Specific power (Wkg™1) > 10000 500-10000 < 1000
Discharge time 107%t010™%s stomin 0.3-3h
Charge time 107%t010™%s stomin 0.3-3h
Coulombic efficiency (%) ~100 85-98 70-85

Cycle-life (cycles) Infinite > 500000  ~ 1000

Table 1.1: Comparison of different electrochemical energy storage technologies. Taken from Pandolfo
and Hollenkamp [28].

Property Battery EDLC
Storage mechanism  Chemical Physical
Power limitation Reaction kinetics, mass Electrolytic conductivity
transport
Energy storage High (bulk) Limited (surface area)
Charge rate Kinetically limited High, same as discharge
rate

Cycle life limitations Mechanically stability, Side reactions
chemical reversibility

Table 1.2: Comparison of properties of batteries and EDLCs. Taken from Miller and Simon [29].

An EDLC cell is made up of two electrodes with a separator in-between them, which is soaked in
an electrolyte to prevent the electric contact between the electrodes. Moreover, the separator should
allow the ionic charge transfer, while having a high electric resistance, high ionic conductivity, and a
low thickness in order to achieve the highest performance.

As mentioned before, depending on the storage mechanism, three ECs are distinguished: EDLCs,
pseudocapacitors and hybrid capacitors. The components of EDLCs are discussed in detail in Sec-
tion Meanwhile, pseudocapacitors are based on conducting polymers or metal oxide based elec-
trodes, and sometimes in functionalized porous carbons, that combine electrostatic and pseudocapac-
itive charge storage mechanisms, that relies on fast redox reactions occurring on the electrode surface
but not in the bulk like batteries. However, as in batteries, the redox reactions lead to mechanical
changes shrinking and swelling the electrodes, giving rise to mechanical instability. Therefore, lower
cycle lives are a major disadvantage of pseudocapacitors. Meanwhile, hybrid capacitors are conformed
of an EDLC and a pseudocapacitor electrode, leading to an electric performance that is in between
both electrochemical capacitors.

ECs are charged by applying a potential difference (voltage) across the electrodes, which causes
positive and negative charges to migrate toward the surface of opposite polarity. When charged, an EC
(as any capacitor) connected in a circuit will act as a voltage source for a short time. Its capacitance,
C, which is measured in farads, F, is the ratio of electric charge on each electrode, @), to the potential
difference between them, AV, so that
= @ (1.1)

AV

Furthermore, since at a macroscopically level ECs work as regular capacitors. Their capacitance, C,
also depends on the dielectric constant of the electrolyte, &, the effective thickness of the double layer,

C
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d (distance between charges), and the accessible surface area, A,

ereg A
C= 1.2
¥ (1.2)
where ¢ is the dielectric constant of vacuum.
The energy stored in an ECs is,
1
E=3C V2 (1.3)

where V' is the cell voltage. As seen in Eq. ([1.3)), when the voltage and/or the capacitance is increased,

the energy density follows as well.
The maximum instantaneous power, P,q,, that an EC is able to deliver, depends on the voltage

and on the equivalent series resistance (ESR),

V2
maxr — 1.4
4FESR (1.4)
The electric current of the EDLC is v
I=C— 1.5
g” (1.5)
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Figure 1.2: Constant current discharge EC cell test. Taken from Gonzalez et al. [9].

The main characteristics of EDLCs are obtained from constant current tests [9]. From the capaci-
tance calculation (integral of the area during the discharge), the ESR, and the equivalent distributed
resistance (EDR), which represents the ESR and the resistance in the pores are derived. They are
calculated with the notation of Fig. [I.2] as,

Idis tdis
C=—— 1.6
U U (1.6)
ESR= (L.7)
Idis
EpR= (1.8)
Idis

where the subscript dis means discharge. These electric properties and others are mainly determined
by electrode materials, electrolytes, separators and current collectors.
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1.2.2 Electric double layer theories

The interaction between a solid electrolyte and a liquid electrolyte in any surface is governed by
a phenomenon called the electrical double layer. “The electrical double layer consist of a layer of
electrons, a layer of adsorbed ions, and a diffuse double layer consisting of an ionic atmosphere in
which ions of one sign are in defect. This atmosphere of abnormal concentrations of ions falls off
rapidly as one recedes from the surface, the half-thickness of the charge density being seldom over 100
A and usually much less. Finally, there may exist at the interface a thin layer of neutral molecules
which, whether they are orientated or not, exert an influence on the thermodynamics properties of the
interface (Grahame, 1947)[30].” Therefore, the double layer is the result of an uneven distribution of
negative and positive ions or charges that are submerged in-between two layers.

Throughout the years there have been many models that have tried to numerically explain the be-
havior of the double layer. Beginning with the pioneer works of Helmholtz [31], and Gouy-Chapman [32),
33|, to well founded statistical mechanical theories, such as the first principles method (FPM) and the
asymptotic method (AM). These are defined and described below.

1.2.2.1 Helmholtz model

The first model of the electric double layer was proposed by Helmholtz [31] in 1879. He considered
the ordering of positive and negative charges in a rigid fashion on both sides of the interface, with no
interactions stretching any more into the solution. He also assumed that the charge of the electrode is
neutralized by the charge of the electrolyte at an atomic distance d from the plane, so the dependence
of the mean electrostatic potential and the surface distance is considered to be linear. The model is
similar to that of a two-plate conventional electrolytic capacitor. Unfortunately, even though this is the
simplest model, two principal defects are found. Firstly, the interactions that occur further from the
electrode are neglected. Secondly, it does not take into consideration the dependence of the electrolyte
concentration. Therefore, this model catastrophically fails to explain the electrode-electrolyte interface.

1.2.2.2 Gouy-Chapman model

In contrast, the model of the diffuse layer or the Gouy[32] and Chapman|33] model, which was de-
veloped independently, considered a double layer model in which the applied potential and electrolyte
concentration was taken into account. The model originates from the assumption that the charge of
the electrode is not rigid and that the co-ions and counter-ions in the double layer are subject to an
electric and thermal field. As a result, the counter-ions tend to accumulate on the surface and once its
distribution is restored, the co-ions re-establish the homogeneity of the charge. This model is based
on the Maxwell-Boltzmann distribution and on the Poisson law, hence it is commonly referred as the
Poisson-Boltzmann model. However, the model fails since it does not consider the size of the ions in
its formulation, regarding them as point charges, and hence, allowing them to approach excessively to
the surface of the electrodes, at such degree that it is not physically possible, because of their specific
size.

1.2.2.3 Stern model

Stern [34] proposed a hybrid model, combining the Helmholtz model and the Gouy-Chapman model.
He took into consideration the ions size by recognizing two regions of ions distributions. A rigid
one, close to the electrode (also known as the compact layer of Helmholtz or the inner Helmholtz
plane (IHP)); and a diffusively spread one throughout the concentration (called the diffuse layer or
the outer Helmholtz plane (OHP)). Therefore, the capacitance at an electrode-electrolyte interface in




Chapter 1: Introduction Theoretical models

the electrical double layer, Cy, is regarded as a two component capacitance, the compact double layer
capacitance, C'y, and the diffuse double layer capacitance, Cy;;;. Hence, the conjugate of the overall
double-layer capacitance is the sum of the conjugate components

1 _ 1 n 1
Ca Cy Cdiff

(1.9)
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Figure 1.3: EDL models, (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern model. Taken
from Gonzalez et al. [9].

In Fig. the models explained above are illustrated, where W represents the potential, and ¥, is
the electrode potential. As we discuss later the Gouy-Chapman model, with the Stern correction is a
good model for some specific systems conditions.

1.2.2.4 First principles method

In the construction of statistical mechanical theories for the electrical double layer at a charged, planar
interface of infinite extension, two methods, based on the well established integral equations approach,
are commonly used. Both are based on generalizations of existing electrolyte theories [35] 36].

The first principles methods consists of the following steps:

(a) The system study is defined as a fluid formed by N charged particles, composed by n different
species, immersed in a solvent of dielectric constant €. So they are next to a hard, charged wall
of infinite length, that is regarded as an external field.

(b) The interaction potential of the system Uy is composed as
N N
Uv=> U;+>_ U (1.10)
i<j i=1

where U,; is the interaction potential between particles 7 and j and Uj is the interaction potential
between particle ¢ and the external field.

(c) Now, following one by one all the steps employed in the derivation of a given ionic solution theory,
but applying the new potential Uy, an electrical double layer theory is obtained.
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(d) Finally, the potential U, is almost always taken as

4 .
U=-—57,14 (1.11)
(3

where e is the electronic charge, z; is the valence of ion ¢, ¢ is the charge density on the wall,
x is the perpendicular distance from the ion to the wall and A is an arbitrary constant which
depends on the choice of the zero potential.

1.2.2.5 Asymptotic method

The other method used in the derivation of the electrical double layer equations is the asymptotic
method, which consists of the following steps [35]:

(a) The system of study is thought as a fluid formed by N small, charged particles, of n different
ions species, next to a large spherical particle, which is uniformly charged on its surface. Such
that the NV + 1 particles are immersed in a solvent of dielectric constant e.

(b) The interaction potential is
N+1

UN:ZUU (112)
i<j

where U,; is the interaction potential between particles 7 and j

(c) Now, this electric potential Uy is no different than the existing in an ionic solution. Hence, any of
the ionic solution theories can be used to study this system. Although, if the sphere is sufficiently
large, in principle it should be seen by the ions as a planar wall. Therefore, by taking the limit
of an infinite radius and zero concentration for one of the species in a given ionic solution theory,
one can obtain an electrical double layer.

1.2.2.6 Integral equations

The Poisson-Boltzmann equation (PBE) for inhomogeneous charged fluids is a charge balance. Quite
generally, in the soft condensed matter physics, different balance equations are solved to obtain the
structure of the charged fluid (electrolyte), next to an external field of a given geometry. In this thesis we
will solve the linear Poisson-Boltzmann equation, for a point ion electrolyte which is next to electrodes
of different topologies and geometries. To test the validity of our results we will compare them with
published integral equation solutions of the restricted primitive model (RPM) for an electrolyte, where
the ionic size is considered [37, [38]. Sometimes we will also compare our results with existing Monte
Carlo computer experiments.

In the RPM the particles are taken to be charged, hard spheres, with different charges. A general-
ization of this model is the primitive model (PM), where different ionic sizes are considered, and such
that one of the species is much larger than the other two, in order to model a macroions dispersion at
finite concentration [39] 40}, 41, [42].

One way of calculating the structure of the ionic distribution is through the multicomponent
Ornstein-Zernike (OZ) equation. The multi-component Ornstein-Zernike (OZ) equations for a ho-
mogeneous fluid of n + 1 species are

n+1

hi;(r,,) = ci(r2) + ; P /V hi(r1s) cji(ras) drs, (1.13)

for 4,7=1,2,....,n+1

10
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where, p, is the number density of species [, while, h;(r;s) = ¢,;(ri2) — 1 is the total correlation
function, and ¢;;(r5), is the direct correlation function, both for particles 1 and 2, of species ¢ and j,
with position vectors r; and r,, respectively. And, g;;(r;,) is the pair correlation function, also referred
to as the radial distribution function (RDF), which gives the probability density of finding a particle
2, of species j, at the distance ry,, from the central particle 1, of species ¢, -3 r;, =r, —r;. The
OZ equation is a probability balance conservation condition, which also guaranties a constant chemical
potential in the whole system [43]. To solve Eq. , closure relations for the direct correlation
functions, ¢;;(ry,) and ¢;(ras), are needed. These functions are basically approximations for a quasi-
particle, in the context of many-body theory [44]. Among others, two different closure approximations
can be employed for ¢;;(r;,), i.e, the hypernetted-chain (HNC),

Cij(T12) = hij(r12) + Bui;(r12) — In(g;;(r12)), (1.14)

and the mean spherical approximation (MSA),

Cij(r12) = _5uij(r12)- (1'15)

In particular a mixture of these two closures has been successfully used in the past [45] 46, 36], i.e.,
with the HNC approximation in the first right hand side term of Eq. (L.13), for |ris| > a;;, and the
MSA in the convolution integral. In such case Eq. is called the HNC/MSA equation. The MSA
is defined as follows, h,(ry,) = —1, for |ri5] < ay;, and ¢ (ri2) = —fu;(ra), |rw| > a;, where
a;; = (a; + a,)/2, and a, and a; are the diameters of the particles of species i and j, respectively.

In Eqgs. (1.14]) and (1.15)), 8 = 1/k T, being k the Boltzmann constant and 7" the absolute temperature.
Meanwhile, u,; is the direct electrostatic potential, i.e.,

o0 r < a;; . .o
ul(r) = o / s with 1,] = 1,---,” +1 (116)
J 9 45 > Qs
er =

where r is the particles’ distance. Equation (1.13)), together with Eqgs. (1.14) and (1.15), are the
HNC/MSA integral equations for a homogeneous fluid. Notice however, that the expression for ¢;;(rss3),

in the convolution of Eq. , considers also the region of |ry,| < a,;. we will come back to this point
in a few lines. For a n + 1 species, homogeneous fluid, Eq. become (n + 1)? coupled integral
equations. However, taking into account that h,;(r,) = h;(r,,), the total number of equations is
reduced by n(n + 1)/2, and we end with (n + 1)(n + 2)/2 independent, coupled, integral equations.

Now, using the fact that particles and fields are equivalent, it has been shown [35] [47, [48] [36], that
many-body correlations, inhomogeneous fluids equations, can be obtained directly from equations for
homogeneous fluids, by simply considering one of the species in the fluid, at zero concentration, as the
source of the external field. Hence, choosing the species (n + 1), as the source of an external field,
renaming it as v = n + 1, and taking p, — 0, Eq. become

hij (1'12) = Gy (1‘12) + Z Y] / h’il(r13) le(r23) dr; (1.17)

=1 14

with ¢,7 = 1,2,...,n,, and where the summation over the convolution now runs only up to n, and
we have (n + 1)? — 1 equations. However, considering the symmetry relation h,;(ri,) = h;;(r21), the
total number of equations is reduced by n(n+1)/2, and we end with (n+1)(n+2)/2—1 independent,
coupled, integral equations, of which n(n 4+ 1)/2 equations, correspond to the bulk, i.e., away from the
external field:

11
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h”(r12) - Cz](rlQ) + ; pl /‘/v hil(r13) le(r23) dr3 (1.18)

for 4,j=1,...n

and n equations are for the inhomogeneous part, i.e., for the fluid structure close to the external field:

hoyj(riz) = cyy(re2) + ;Pz /V hoi(r13)c;i(ras) drs (1.19)

for j=1,...,n,v

where it is taken into account that, at infinite dilution of the 7-species, h..(r,,) = 0. The species v
can be a particle/electrode of any geometry, such as a planar, cylindrical or spherical electrodes, or a
slit, cylindrical or spherical pores.

If in the bulk equations, Eq. , the MSA approximation for the direct correlation function,
¢;;(ry1), is used in both the first term of its right hand side, and in the convolution integral, they can
be analytically solved [49, [50} 51]. For this purpose, the complete definition of the MSA is needed, as
defined above. This solution will give analytical expressions for ¢, (rs;).

If ¢;;(rs,), inside the integral in Eq. , is taken to be given by the MSA, for which there is
an analytical solution for charged fluids [51], the HNC/MSA integral equations are obtained for an
homogeneous fluid of n-species. The use of the MSA allows to have analytical kernels in Eq. (1.19). A
detailed account of the derivation of Eq. is given in Manzanilla-Granados and Lozada-Cassou [41].

In this thesis we will compare our Poisson-Boltzmann results with this approach. Other approx-
imations and/or combinations for c¢;(r;,), in Eq. , are of course possible [36]. We will not
discuss them here. For the inhomogeneous equations, Eq. , the HNC closure is used, for the
¢,;(r12), in the first term of its right hand side, but the MSA closure for ¢;(rys), in the convolution
integral. Notice that the MSA direct correlation functions, ¢;;(rys), in the convolution integral of
Eq. (L.19), are obtained from Eq. (1.18), i.e., using, in Eq. (L.18), h;(rs) = —1, for |r)| < a,;, and
ci;j(r12) = —Buy(riy), |ria| > a;;. The total (n + 1)2 — 1 equations can be numerically solved with
finite elements numerical methods [52 53]. We refer to this system of coupled, non-linear integral
equations, Eqs. (1.18) and (1.19), as the HNC/MSA inhomogeneous equations, for n-species next to
an external field, and to Eq. , together with the HNC and MSA approximations, Eqgs.
and , as the HNC/MSA homogeneous equations for (n + 1) species. The homogeneous and in-
homogeneous HNC/MSA equations have been solved in the past for homogeneous and inhomogeneous
RPM [54, 36], 65| 56] and PM [57), 58, K9] electrolyte solutions, with good agreement with computer
simulations, and for inhomogeneous [60, [61], and homogeneous [39, [40] macroions solutions at finite
concentration, as a model for colloidal dispersions.

As pointed out above, using the equivalence between particles and fields, one can readily obtain
integral equations for inhomogeneous fluids from homogeneous fluids equations, by assuming one of the
species to be at infinite dilution, and as the source of the external field. The contrary is also true, one
can derive homogeneous fluids integral equations, from inhomogeneous fluids equations, by assuming
the external field as just another particle of the fluid [35], [47, [48], [62], 36]. Using this second approach to
derive integral equations for an homogeneous colloidal suspension, the HNC/MSA integral equations
for an electrolyte next to a solid electrode or a pore of different geometries can be calculated. In this
thesis we will compare our Poisson-Boltzmann solutions with HNC/MSA results from the literature.

12
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1.2.2.7 Monte Carlo methods

Monte Carlo (MC) methods are a branch of mathematics concerned with experiments on random
numbers. There are of two types called probabilistic or deterministic, according to whether or not
they are directly concerned with the behaviour and outcome of random processes. The simplest MC
approach, for a probabilistic problem is to observe random numbers, chosen in such a way that they
directly simulate the physical random processes of the original problem, and to infer the desired solution
from the behavior of the random numbers. This artificial data may suit better if it is easier to amass,
or if it lets us vary the statistics to an extent that our phenomenon will not permit [63].

On the other hand, the MC approach to deterministic problems is to exploit the strength of the-
oretical mathematics while one avoids its associated weaknesses, by replacing theory by experiment
whenever the former falters. As an example, we may have a deterministic problem which can be for-
mulated in theoretical language but it cannot be solved by theoretical means. Despite the fact that
the problem has no direct association with random processes, the theory exposes its underlying struc-
ture, we may recognize that this structure or formal expressions also describe some unrelated random
process, and hence it may be solved numerically by MC simulations of this concomitant probabilistic
problem. This technique of solving a given problem by MC simulations of a different problem has
sometimes been called sophisticated MC.

It is worth noting, that MC answers are uncertain because they arise from raw observational data
consisting of random numbers but they can nevertheless be useful if we can manage to make the
uncertainty fairly negligible. Although, the basic procedure of the MC method is the manipulation of
random numbers, they should not be employed prodigally. Each random number is a potential source of
added uncertainty in the final result, and it is useful to scrutinize each component of the MC experiment
to see whether that part can or cannot be replaced by an exact theoretical analysis. Here, we will not
get into any further details of the Monte Carlo method. However, we point out that this technique
has been successfully tested, since long time ago, for charged homogeneous [64) [65] and inhomogeneous
systems [66, [67, [46], and in particular for spherical [68, [69], and cylindrical |70} [7T), (72} [73] electrodes.

Of course, the accuracy of the experiment improves significantly by increasing the statistics, i.e.,
by augmenting the number of particles in the simulation, while assuring the conservation of the charge
electroneutrality of the system.

1.2.2.8 Geometrical topology

In general, the properties of the electrode-electrolyte interface strongly depend on the geometry of the
electrode, alongside other parameters of the system. This strong dependency originates from the ions’
confinement due to the electrodes topology, as an open topology do not constrain the ions as a close one
does. Therefore, all the electric parameters of an electrode-electrolyte interface are influenced by the
electrodes’ topology. In particular, the capacitance strongly depends on the shape and structure of the
electrodes. This is the case of planar, cylindrical and spherical nano-electrodes, which having different
geometries, nevertheless all are topologically equivalent. This is not the case of the slit, cylindrical
and spherical nano-pores, all of which belong to a different topology. Here we will briefly review
some concepts of geometric topology, and give a simple topological classification of the nano-electrodes
studied in this thesis.

Topology (from the Greek 7dmos, ‘place’; and Advyos, ‘study’) is a branch of mathematics, with
several subbranches such as differential, algebraic, combinatorial and geometric topologies. Geometric
topology must not be confused with geometry, though the two are akin to each other in many aspects.
Geometry studies the geometric properties of objects, such as lines, planes, circles, cubes, cylinders,
various types of curves and surfaces, and so on. In order to define a geometric property it is needed to
recall the concept of congruence: Two objects A and B are said to be congruent to each other if there

13
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exists a bijection f : A — B which preserves all distances in the sense that d(z,y) = d(f(x), f(y)) for
all pairs {z, y} of points in A, where d is used to denote the distance between points. Such a bijection,
when it exists, is called a congruence. Therefore, a geometric property is invariant under congruence,
such as volume, area, and curvature. Meanwhile, in topology the ‘objects’, called ‘topological spaces’,
are classified by means of homeomorphism: Let A, B be subsets of euclidean spaces. A homeomorphism
from A to B is a bijection f : A — B such that both f and its inverse are continuous. When such
f exists, A and B are said to be homeomorphic to each other. Hence, a property or an attribute of
an object, which is invariant under homeomorphisms, is topological in character |74 [75]. It is now
clear that the difference between geometry and topology is wraped up to the comparison of congruence
and homeomorphism. Therefore, two straight lines of lengths 1 and 2 are homeomorphic to each
other but not congruent. Thus these two objects that look distinct for a geometer are the same for
a topologist. Loosely speaking, stretching or shrinking does not affect the topological properties of
the object although they undoubtedly change its geometric properties. However cutting or gluing
(or piercing or cutting, for higher dimensions) some portions of the original object does change its
topological properties, and therefore such object becomes different from the original one.

The word homeomorphism comes from the Greek words duotos (homoios) ‘similar or same’ and
popdry (morphe) ‘shape or form’, was introduced to mathematics by Henri Poincaré in 1895. Other
important topological concepts are homotopic (from Greek 6uds, ‘same or similar’ and 7émog, ‘place’),
and genus (latin word for origin, birth).

Two functions are said to be homotopic if one can be ‘continuously deformed’ into the other. In
general, homeomorphism is a more basic topological equivalence than homotopy. Genus refers to the
number of holes in a surface, i.e., a sphere or a bowl have no holes (genus 0), a coffee cup or a
doughnut have one hole (genus 1), a pair of spectacles has two holes (genus 2), a pretzel can have
three holes (genus 3), etc. To see the difference between homeomorphism and homotopy is a bit more
mathematically elaborated. However, in general homotopy equivalence is a coarser relationship than
homeomorphism; for example the letters ‘A, R’, ‘D, O’; and ‘P, Q’ are correspondingly homeomorphic,
but the letters ‘A, R, D, O, P, Q’ are all homotopic. All these letters are genus 1, whereas, for example,
the letter ‘B’, is genus 2, and is not homeomorphic, and not homotopic to any of the letters ‘A, R, D,
O,P Q.

Thus, in a very simple way, topology is concerned with the properties of a geometric object that are
preserved under continuous deformations, such as stretching, twisting, crumpling and bending, but not
tearing or gluing. A topological space is a set endowed with a structure, called a topology, which allows
defining continuous deformation of subspaces, and, more generally, all kinds of continuity. Fuclidean
spaces, and, more generally, metric spaces are examples of a topological space, as any distance or
metric defines a topology. The deformations that are considered in topology are homeomorphisms and
homotopies. A property that is invariant under such deformations is a topological property. Basic
examples of topological properties are: the dimension, which allows distinguishing between a line and
a surface; compactness, which allows distinguishing between a line and a circle; connectedness, which
allows distinguishing a circle from two non-intersecting circles. A topological space X is said to be
disconnected if it is the union of two disjoint non-empty open sets. Otherwise, X is said to be connected.

Hence, with these definitions, clearly, the solid planar, cylindrical and spherical nano-electrodes
are homeomorphic and homotopic, of genus 0, and thus, they are topologically equivalent, whereas the
cylindrical nanopore, the spherical nanopore and the slit, they are all topologically different among
them, and with the solid nano-electrodes. The cylindrical nanopore is genus 1, while the spherical
nanopore is a 3D annulus, i.e., one sphere, within another sphere, such that the shell is a connected
space, and the slit are two disconnected topological spaces.
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Chapter 2

The single electrical double layer for solid
electrodes

The interaction between a solid electrode and a liquid electrolyte in any surface is governed by a
phenomenon called the electrical double layer. The EDL consists of a distribution of positive and
negative charge. Next to the surface of a positively charged electrode, mainly negative charges are
adsorbed, which follows by a diffusely spread distribution of positive and negative charges. This
diffuse layer of ions are predominantly negative ions, until this distribution is symmetrical far enough
from the plane, i.e., after the electrode’s electrical field is canceled by the ionic induced charge. This
EDL generates an electric potential profile, all the way from the electrode surface up to the bulk of
the electrolyte solution. Therefore, the electrical double layer is the result of an uneven distribution
of negative and positive ions or charges that are submerged in-between two layers, i.e., between the
electrode’s surface of a given charge, and the bulk solution of zero charge.

In this chapter the linearized Poisson-Boltzmann equation with the Stern restriction (LPBS) for the
single electrical double layer (SEDL) is solved for solid planar, cylindrical and spherical electrodes, to
obtain the co-ion and counter-ions distribution functions, i.e., the positive and negative ions reduced
concentration profiles (RCP). With the RCP, the mean electrostatic potential, the surface charge
density, and the differential capacitance are obtained for different system’s parameters. In addition,
for the solid planar electrode, the non-linearized Poisson-Boltzmann equation with the Stern restriction
(nLPBS) is solved as well.

2.1 The single electrical double layer of a solid planar electrode

The SEDL for a solid planar electrode is obtained from the Poisson-Boltzmann equation with the
Stern restriction for a plane electrode (p-PBS). Its model is shown in Fig. The p-PBS is solved
for a symmetric electrolyte by two different approaches. The linear p-PBS (p-LPBS) and non-linear
p-PBS (p-nLPBS) are solved analytically, assuming a small and any potential, respectively. The
analytical expressions of the mean electrostatic potentials, the charge densities, the co-ion and counter
ion distribution functions, and the capacitances of the p-LPBS and p-nLPBS are found, and numerically
calculated for some system’s parameters.
The Poisson-Boltzmann equation (PB-eq) is given by [2, [76]

_47rpel(77)

- (2.1)

V2(7) =

where 1) is the mean electrostatic potential distribution [statV], p., is the electric charge concentration
given in CGS units and ¢ is the dielectric constant of the medium. Equation ({2.1)) is a charge balance,
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i.e., it is the differential form of the Gauss’ law, where the enclosed charge, at the distance 7 away from
the electrode, is given by the Boltzmann distribution of charge, in the canonical statistical mechanics
ensemble, and gives the probability of finding the charge density at an arbitrary point, .

/e W) On

Figure 2.1: Geometry of a solid planar electrode.

2.1.1 The linear PB equation for the single electrical double layer of a solid planar
electrode

The PB-eq can be linearized at different stages. That is, it can be linearized directly from the PB-eq
at any step when solving the equation, or from the solution itself. Here, the linearization is performed
on the formulation of the PB-eq.

By symmetry, the mean electrostatic potential that is formed in the interaction between an elec-
trolyte and a planar electrode depends only on the x axis. From the Stern restriction, the mean
electrostatic potential is divided into two intervals 0 < z < % and x > %, as seen in Fig. . The
first interval is ruled by the Laplace equation, whereas the second follows the PB-eq. Hence, the mean
electrostatic potential is characterized by,

d%y 0 fo<z< 2
2,0 ( @) — — - 2
\ %Z)(T)—@— {47rpez(z) if 2> 2 (2.2)
- >
where the electric charge concentration is given by
pa(r) = ze(n(x) —n_(z)) (2.3)

while z is the valence of the ion, e is the electron charge, and n, (x) and n_(x) are the charge concen-
tration profiles of co-ions and counter-ions, and they are given by the Maxwell-Boltzmann distribution

by,

n_(z) = nexp(z_e(z)/kT) } (2.4)

n. () = nexp(—z,e(x) [k T)
The Maxwell-Boltzmann distribution is used in order to take into account the thermal equilibrium

of co-ions and counter-ions. By the assumption that the average concentration of co-ions and counter-
ions at a given point can be calculated by the mean electrostatic potential at the same point. In order
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Chapter 2: The SEDL for solid electrodes The SEDL of a planar electrode

to simplify the solution of the mean electrostatic potential, we will delimit our problem to symmetric
electrolytes. Hence, z = 2z, = z_, and n[cm ™3] = n, = n_ is the ions concentration away from the
surface, i.e., it is the salt bulk concentration, and it is given by n = p, x 1073 Ny, where p, is the
molar concentration of the electrolyte, and Ny is the Avogadro number. Thus, Eq. (2.2)) becomes
VA(7) =

d2 0 if 0 < a
¢:{ R (2.5)

da? 8Tnze ginh (£%4(x)) ifx >3

In Eq. (2.5)), the symmetry of the system in the y and z coordinates has been considered in the
Laplacian operator. Now, the linearization is performed by assuming that we have a mean electrostatic
potential that is small enough (ze(x)/kT < 1), such that Eq. (2.2 is almost equal to,

d? 0 ifo<z<g
@g:{Q I (2.6)
K= (x) if v >3
where & [em™!] is the inverse Debye length and it is given by
87 py X 1073 Ny €2 22
_ 2.7
" \/ ekT (27)

The four boundary conditions needed to solve Eq. (2.5)) are the same for the different solid electrodes
with slight modifications, i.e.,

e The mean electrostatic potential at the surface of the electrode, x = 0, is equal to ¥, (¥(0) = 1),).

e The mean electrostatic potential at the distance of maximum approach for the ions, x = 3, is

equal to ¥y (V(5) = ¥n).
e The mean electrostatic potential at infinity is zero (¢(c0) = 0).

e Irom the Gauss’ law we have that at the distance of maximum approach, z = 5, the derivative
of the potential against the distance is % = —4”%. Which involves that the induced surface

charge density at such distance is equal to the surface charge density of the electrode (o(5) = ou).

Solving Eq. (2.6) with these boundary conditions we find that the mean electrostatic potential is given
by,

1 2 fo<zx<$g
play = U Dontg ool 0 <w <y 29
Yy etz ifx > 4§
where 1 [statV] is given by
4o
Yy = —— (2.9)
EK

Meanwhile, the surface charge density, at the distance x from the coordinates’ origin, op(x), within
the Poisson-Boltzmann approximation is

op(x) =— /oo pa(t)dt = % Yy e (572) (2.10)

Whereas, for the Laplace interval, the induced surface charge density is equal to zero due to the ion’s
size restriction. Hence, using the relation of Eq. (2.9)), the induced surface charge density is

0 if 0<z<
op(z) = { . BE=TSy (2.11)

oy (377 if >3
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The SEDL of a planar electrode Chapter 2: The SEDL for solid electrodes

Notice that op(z) = ¢p + f /2 pa(t) dt, i.e., the electrode’s surface charge, ¢p, plus the induced charge,
in the surrounding electrolyte, from t= a/ 2tot=ux.

The co-ion and counter-ion distribution functions in the Laplace interval is equal to zero due to
the ion’s size restriction. Whereas, for z > g, the co-ion and counter-ion distribution functions are
obtained from the mean electrostatic potential in Eq. by

g.a) = exp( 2557 ) (2.12)

kT

g_(z) = exp <Z ekwT(x) ) (2.13)

Hence, substituting ¢ (x) and simplifying, we obtain

0 if 0<z<3g 514
9+(@) = exp(——eT Vi e”(%_l‘)) if >3 (2.14)
() 0 ifo<z<g (2.15)
9-(z) = e , . :
exp(kT@ZJHe )) if >3

The total differential capacitance is the sum of the differential capacitances in both intervals and

it is given by
47 kay] !
Cr= |28 (2 7> 2.16
. [am * 2 ] (2.16)

2.1.2 The non-linear PB equation for the single electrical double layer of a solid
planar electrode

Now, the non-linear PB-eq in Eq. (2.2)), is directly solved using the boundary conditions of Section m
As derived in Appendix the solution of the non-linear Laplace and Poisson-Boltzmann equations

are,
2212T5m<2k )(%_ ) + Uy f 0<z<$§
0= $ o (ool B) e lonfis )00 A
ze n ze H ze H a af) 1 x 2 5
(e (5 4 ) +1) = (exp (5 4) 1) (8
where x [em™!] is the inverse Debye length in Eq. (2.7)), and v [statV] is given by
2kT 2mzeo
= inh 1 =————X 2.18
Va ze O ( ekkT ) (2.18)

Meanwhile, the surface charge density, at the distance z from the coordinates’ origin, op(x), within
the Poisson-Boltzmann approximation is
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Whereas, for the Laplace interval, the induced surface charge density is equal to zero due to the ion’s
size restriction of the Stern model. Hence, the induced surface charge density is

" if 0<x<§
7= enr (eo( 5 v)1) - . 220
mTze (exp(]fi ¢TH)+1>§T[(6XP(;7@ 1/’TH)_1> en(%,z)]Q if x> 5

With the mean electrostatic potential given by Eq. (2.17)), in the PB interval, one can easily obtain the
co-ion and counter-ion distribution functions for z > §, given by Eqgs. (2.12)) and ({2.13). Meanwhile,

for the Laplace interval, the co-ion and counter-ion distribution functions are equal to zero due to the

ion’s size restriction. Hence, substituting ¢ (x) in Eqgs. (2.12) and (2.13)) and simplifying, we obtain

0 if0<z<g
00(0) = § [ (e ) o) (o 2) ) 0] 0 221)
O T D E ] B
0 if0<zr <3
g_ (l’) = (exp(ﬁ w%)-i—l)-&—(exp(% wTH)—l) es(5-2) ? o> a (2.22)
(oo o) )T

While, the total differential capacitance is the sum of the differential capacitances in both intervals
and it is given by

ar  (2+79)

Or= ok 2
Vit ()

(2.23)

2.2 The single electrical double layer of a solid cylindrical electrode

The Poisson-Boltzmann equation for an electrolyte next to a charged electrode of cylindrical geometry
is given by

d?y  1dy 0 ifR<r<R+2

V2i( ) = . — = 2 2.24

w(r) dr? + rdr —747rp;l(r) ifr>R+ 5 ( )

where R is the cylinder radius, and in the Laplacian operator the symmetry of the system has been
taken into account. The model of the solid cylindrical electrode is shown in Fig.[2:2l The upper part of
the right-hand side of Eq. corresponds to the Laplace equation, since due to the Stern correction,
for R <r < R+3%, pa(r) = 0, whereas for r > R+, p.,(r) gives the concentration profiles. Hence, the
electrical potential of the solid cylindrical electrode is obtained by solving Eq. 7 for Vr > R+ 3.

In this geometry, the expression for the linearization of Eq. is the same as that for the linear
PB-eq of a plane electrode. That is, the electric charge concentration is given by

2ne? 22
pa(r) = ———v(r)
Hence, using the definition of k given in Eq. (2.7)), the linearized version of Eq. (2.24]) becomes
d? 1d 0 fR<r<R+3%
V(i) = S0 1d0 HRST<RTy (2.25)
dr rdr K2 (r) ifr >R+ 9
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The SEDL of a cylindrical electrode Chapter 2: The SEDL for solid electrodes

Figure 2.2: Geometry of a solid cylindrical electrode.

Now, the boundary conditions needed to solve Eq. (2.25) are equivalent to those of Section
with some slight modifications. That is

e The mean electrostatic potential at the surface of the electrode, r = R, is equal to ¢z (Y(R) =
Ur).

e The mean electrostatic potential at the distance of closest approach for the ions, r = R + g, is

equal to Yy (Y(R+ %) = Yu).
e The mean electrostatic potential at infinity is zero (1(c0) = 0).

e From the Gauss’ law, at the distance of closest approach (r = R + §), the derivative of the

_dmom
1>

potential with respect to the distance is % = , i.e., the induced surface charge density

atr =R+ 5iso(R+§) =oy.

Therefore, as derived in Appendix when we solve Eq. (2.25)) with these boundary conditions

we find that the mean electrostatic potential is,

Ki(k(R+%)) a_ a
o) = ¢HK[1(+)/-; Ro(a(r2)) (R+% 7’)] if R<r<R+ 3§ (2.26)
(e 7] frzfies

where K, and K, are the modified Bessel functions of second kind of zero order and first order, and

Yy [statV] is given by
_Amoy K,(k(R+9%))  ka
e i ie (22)

Meanwhile, the surface charge density, at the distance r from the coordinates’ origin, o (r), within
the Poisson-Boltzmann approximation is

1

ser) ==+ [ pattyear = S5l

K (s (R +9)

Whereas, for the Laplace interval, the induced surface charge density is equal to zero due to the ion’s
size restriction. Hence, the induced surface charge density is

. (2.28)

r
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0 if R<r<R+§

oc(r) = ex_ Ki(kr) : a
T Ro(n(R12)) Yy if r>R+ 3

(2.29)

Notice that oo (r) = ¢ + f;/2 pa(t) dt, i.e., the electrode’s surface charge, ¢q, plus the induced charge,
in the surrounding electrolyte, from t = R+ a/2 to t = r.

The co-ion and counter-ion distribution functions in the Laplace interval are equal to zero, due to
the ion’s size restriction. However, the co-ion and counter-ion distribution functions for » > R+ § are

given by Egs. (2.12)) and (2.13)). Hence, with the mean electrostatic potential given in Eq. (2.26)), for
the PB interval, one can easily obtain the co-ion and counter-ion distribution functions

0 if R<r<R+§
g+(7”) = ze Ko(kr . a (230)
eXp<_w[(o(HO((]%+)g))¢}H> 1fT2R+§
0 if RST<R+%
(2.31)

g_(?“) - ze Ko(kr . a
exp<kT 7KO(H()((}%+)%)) wH> if r>R+§

In the meantime, the total differential capacitance is the sum of the differential capacitances in
both intervals and it is given by

o |4 (21{0 (k (R+2)) +/<ca>] (232

er \ K, (k(R+ %)) 2

2.3 The single electrical double layer of a solid spherical electrode
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Figure 2.3: Geometry of a solid spherical electrode.

The linear Poisson-Boltzmann equation with the Stern correction for an electrode of spherical

geometry (s-LPBS), shown in Fig. is obtained from Eq. (2.1]), with the Laplacian in spherical
coordinates. Hence, the electric potential profile for an electrolyte around a solid spherical electrode
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The SEDL of a spherical electrode Chapter 2: The SEDL for solid electrodes

of radius R, because of the symmetry of the system, depends only on the r-distance to the center of
the electrode. From the Stern restriction, the mean electrostatic potential is divided into two intervals,
when R <r < R+ § and when r» > R+ §. The first interval is ruled by the Laplace equation, whereas
the second follows the PB-eq. Hence the mean electrostatic potential around a spherical electrode is

V2 (7) =

2 if R < a
42y 2(11/1_{0 fR<r<R+4 (2.33)

dr2 Tpdr | -Amea) e > R

where the electric charge concentration is the same as the c-LPBS. Hence, Eq. (2.33)) is rewritten as,

2 2 0 if R < R+ ¢
a2y dw_{ fR<r<R+$% (2.3

dr2 T dr | k2¢(r)  ifr> R+ 4

Our boundary conditions for the spherical electrode are exactly the same as those of the cylindrical
electrode in Section Therefore, as derived in Appendix the solution of Eq. (2.34) with those
boundary conditions yields,

b = ﬁﬂ”(“fﬁ%) (R+$-n)] R<r<R+s

R (2.35)
"2 gy e (BH57) if r>R+ 4
where 1, [statV] is given by
Aoy R+ 3
_ 2.36
Y B (1 +r (R+2) (2:36)

Meanwhile, the surface charge density, at the distance r from the coordinates’ origin, o5(r), within the
Poisson-Boltzmann approximation is

1 o0 2 g d}H a (1 + K T) a __
== at) P dt = —= (R —) T e (Rtg) 2.37
7)==z [ pa)itae= "2 (R §) S (237)
Whereas, for the Laplace interval, the induced surface charge density is equal to zero due to the ion’s
size restriction. Hence, the induced surface charge density is

0 if R<r< R+ 2
os(r)—{ HRsr<hity (2.38)

Tole (R4 g) Ut s (RE5r) > Rg

r2
Notice that o4(r) = ¢s + f;/Q pa(t) dt, i.e., the electrode’s surface charge, ¢g, plus the induced charge,
in the surrounding electrolyte, from t = R+ a/2 to t = r.

The co-ion and counter-ion distribution functions in the Laplace interval are equal to zero, due to
the ion’s size restriction. However, the co-ion and counter-ion distribution functions for the Poisson-
Boltzmann interval are given by Egs. and . Hence, with the mean electrostatic potential
given by Eq. , in such interval, one can easily obtain the co-ion and counter-ion distribution
functions.

0 if R<r<R+§ 5 39
g+(7') - exp(—% Q/)H R‘:f eH (R—‘—%—T‘)) lf r Z R+% ( . )
0 if R<r<R+§ 510
9-(r) = exp(,’z—% by R—:f e”(R+%_T)) if r>R+§ (2:40)
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In the meantime, the total differential capacitance is the sum of the differential capacitances in both

intervals and it is given by
4 2(R+ %) o
A I G VA + @ (2.41)
e \1+x (R+%) 2

2.4 The co-ion and counter-ion distribution functions of the single
electrical double layer for different solid electrodes

CT:

In this section, results of the co-ion and counter-ion reduced concentration distribution functions for
the different solid electrodes geometries are shown and discussed. Firstly, a comparison between the
concentration profiles of the linear and non-linear p-PBS is made. Afterwards, a comparison of the con-
centration profiles obtained with the linearized Poisson-Boltzmann equation, on cylindrical (c-LPBS),
spherical (s-LPBS), and planar (p-LPBS) electrodes is presented, for equal electrode’s electrical field
or surface charge density, which as it will be shown below are not equivalent. Lastly, the dependence
of concentration profiles on the surface charge of the electrode, o,;, and the molar concentration,
po, and temperature, T', of the electrolyte, are shown and discussed for the different solid electrode’s
geometries, at various radius.

2.4.1 The concentration profiles for the linear and non-linear PBS of a solid planar
electrode

The co-ion and counter-ion reduced concentration distribution functions of the p-LPBS, and the p-
nLPBS are given by Egs. (2.14) and (2.15) and Egs. and (2.22)), respectively. It is seen from
Egs. (2.14), (2.15), (2.21)) and that the co-ion and counter-ion distribution functions depend
on Yy, but from the relations between o,, and ¥y in Egs. and we can directly vary the
values of 0,, and consequently the value of ¥;. In Fig.[2.4] the concentration profiles of the linear and
non-linear p-PBS, and the HNC/MSA integral equations theory of a plane electrode (p-HNC/MSA)
of Lozada-Cassou et al. [46] are shown for different surface charges of the electrode, o, and for two
molar concentrations of the electrolyte.

From Fig. it is seen that in general the p-LPBS equation is a good qualitative approximation of
the p-nLPBS equation, and is even a reasonable quantitative approximation for surface charges up to
0.015C/m? and 0.05C/m? for molar concentrations of 0.01 M and 0.1 M, respectively. Furthermore,
it is observed that the p-nLPBS case is an excellent approximation of the p-HNC/MSA equations for
all the surface charges, for both molar concentrations, as both values overlap. The approximation of
the LPBS to the nLPBS case becomes better as smaller values of the surface charges of the electrode
are used, regardless of the molar concentration. Whereas, the alikeness of the nLPBS case to the
HNC/MSA equations is constant for all the values used of the surface charge of the electrode.

As expected, it is observed that because the plate is positively charged, in all the cases considered,
the counter-ions adsorb more than the co-ions, i.e., g_(x) > g, (), Vo =2 R+ a/2. This is in complete
accordance with the Gauss’ law, equal charges repeal each other while different ones attract each
other. Furthermore, for higher values of the surface charge, o,,, the intensity and thickness of the EDL
increases. There is a clear difference between the LPBS and the nLPBS; the linear case underestimates
the co-ion and overestimates the counter-ion distribution functions for the higher values of the surface
charge. Nonetheless, this overestimation depends highly on the concentrations used, as for a smaller
concentration than 0.001 M, the LPBS is a good approximation of the nLPBS, for surface charges up
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to 0.005C/m?2. Hence, for higher values of the molar concentration, a higher value of the surface charge
can be used without loosing validity between the linear case and the non-linear case.
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(a) The concentration profiles for p, = 0.01 M.
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Figure 2.4: Co-ion, g, (z), and counter-ion, ¢g_(x), distribution functions of the linear, and non-linear
PBS, and those of the HNC/MSA equations of a plane electrode, for different surface charges at two
molar concentrations. The p-LPB, p-nLPBS, and the p-HNC/MSA cases are represented by a solid

line, a dashed line, and dotted stars, respectively.
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Figure 2.5: The concentration profile functions of the linear and non-linear PBS of a plane electrode for
different molar concentrations, p,, at two surface charges of the electrode. The linear and non-linear
cases are represented by a solid and dashed lines, respectively.

are used while varying the concentration of the electrolyte.

Thus, as it is seen in Fig. as a function of the electrode’s charge, the p-LPBS equation is a
good qualitative approximation of the p-nLPBS equation, for up to electrodes’ surface charge densities
of 0.015C/m? and 0.05C/m?, at molar concentrations of 0.01 M and 0.1 M. Now, in order to find
the interval of validity of the p-LPBS, in terms of the molar concentrations, these surface charges

In Fig. we compare the p-LPBS

with the p-nLPBS, for various molar concentrations, and it is found that the linear case is a good
approximation of the non-linear case when the molar concentrations are higher or equal than, 0.01 M
and 0.1 M, for plate’s surface charge densities of 0.015C/m? and 0.05C/m?, respectively. Hence, an
interesting tendency is observed, our linear solution can withstand higher surface charges for higher
molar concentrations, without loosing validity against the non-linear solution of the PBS. Moreover, it
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is seen that the EDL intensity and thickness drastically decrease as the molar concentration increases,
which is the exact opposite as what one would naively expect. However, this can be easily explained
when one remembers the concept of molar concentration. The molar concentration represents the
amount of solutes per litre of solution, so if the molarity increases, the amount of solutes increases as
well. Therefore, if the molar concentration increases there is a higher proportion between counter-ions
and co-ions, which corresponds to a higher competition between them, so the intensity and thickness
of the EDL decrease.

In Fig. a comparison between the LPBS, nLPBS, and the HNC/MSA for a plane electrode
is made at molar concentrations of 0.01 M and 0.1 M. It was found that the LPBS case is a good
approximation of the nLPBS case for surface charges up to 0.015C/m? and 0.05 C/m?, respectively,
and that concurrently the nLLPB case is a good approximation of the HNC/MSA, in such interval.
Furthermore, Lozada-Cassou et al. |46}, [77, [73] [78] found that the nLPBS model is a valid model for
the SEDL on a plane electrode up to molar concentrations not higher than 0.5 M. This is because our
nLPBS model despite taking into account the ion’s size at the surface, it does not take it in regards for
the interactions between ions. Therefore, for low molar concentrations, the interaction between ions is
rare and consequently almost negligible. Whereas, for high molar concentrations, beyond 0.5 M, the
interactions between ions are common and cannot be neglected without jeopardizing the validity of
the results.

20 T T T T 1 T
1:1,a=4.25A, =785 T=298 K
L 0,y=0.22C/m2 po=1M |
5 L —
x
& N
2+ . 1
1t \H‘.‘__‘f:' o5
. i L 1 i L
4] 4 8 12
x(A)

Figure 2.6: Reduced concentration profiles for a monovalent electrolyte of a planar electrode. The
dots are the MC results of Torrie and Valleau [67] and the broken and solid curves the nLPBS and
HNC/MSA results of Lozada-Cassou et al. [46]. “Reprinted" adapted with permission from Lozada-
Cassou et al. [46].

Figure [2.6] shows the concentration profiles, for a molar concentration of 1M, of the nLPBS,
HNC/MSA [46], and the Monte Carlo (MC) results of Torrie and Valleau [67] for a monovalent elec-
trolyte. From Fig. it is seen that the nLPBS model is not a good fit of the Monte Carlo results for
such a molar concentration. The MC results show an oscillation of the concentration profiles, due to
the interaction between ions, which the nLPBS model is unable to detect due to the flaws on its for-
mulation, whereas, the HNC/MSA equations closely follow the behavior of the MC results. Therefore,
as the HNC/MSA is able to predict the MC results for high molar concentrations, for lower values,
there are no doubts of its reliability. Consequently, our linear results are trustworthy in the interval of
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0.01 M-0.1 M for surface charges lower or equal to 0.015C/m? and 0.05C/m?, respectively.

2.4.2 The concentration profiles for different solid electrode geometries

In order to compare the co-ion and counter-ion distribution functions for the different solid electrode
geometries, one needs first to understand how much influence does the radius have on the concentration
profiles. This influence can be analyzed for two cases: by fixing the unscreened electrode’s electrical
field or by fixing the electrode’s surface charge density.

Quite generally, by Gauss’ law, the effective or net electrical field for a charged electrode of any
geometry, E(r), at a distance r from the electrode’s surface is given by

4
E(r) = "= o(r), (2.42)
€
where o(r) is the effective charge density, i.e., the electrode’s surface charge density plus the induced

charge in the electrolyte, up to the distance r, and is given by

oo

o(r) = / pa(Y) d%y, (2.43)
Vi(r)

where p,(r), the electric charge profile in the fluid next to the electrode is given by Eq. , and

V(r) is the volume contained between the distance r, from the coordinates’ origin, to infinity. The

expressions for the net surface charge densities, at the distance r from the coordinates origin around

the different solid electrodes considered here are given by Eqs. (2.10)) and (2.19)), for op(z), Eq. ,

for o (r), and Eq. (2.37), for os(r).

In particular, in terms of surface charge density of a planar electrode, op = 0,,, the unscreened
or bare electrical field, as a function of the distance to the center of the coordinates system is

El(x) = —~ or (2.44)

where here x is the distance to the surface of the planar electrode, whereas, for an electrode of cylindrical
geometry with surface charge density oo, we have

41mR
Eé(r) = — 0o, (2.45)

and for an electrode of spherical geometry, of surface charge density og, this is

41 R?
In Eq. (2.45)) and Eq. (2.46)), r is the distance to the center of the cylindrical and spherical electrodes,
respectively.
In terms, now of the distance to the surface of the electrode, x, these two last expressions

become,

E(z) = c(1+a/R) Oc, (2.47)
and
Wi 4w
E¢(x) = mas. (2.48)
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Let us here point out again that Eqgs. (2.44) to , are for the unscreened electrical fields. Hence,
if the unscreened electrical fields of the different geometries are chosen to be equal at the distance of
maximum approach of the ions, i.e., at r = R + a/2 for the cylindrical and spherical electrodes, and
at x = a/2 for the planar electrode, the surface charge densities on the different electrodes geometries
must be chosen accordingly with the following relations

oo = (1 + %) op (2.49)
and
o5 = (1 + %)2 op. (2.50)

and thence Eq. (2.47) and Eq. (2.48), can be expressed in terms of the unscreened planar electrode
electrical field, V z, as

E(x) = m B () (251)
and
PRY
B () = m Ex) (252
In particular,
woy_ (A+3%R)
E¢(x) 0T 2/R) E¢(x). (2.53)

Thus, if we chose to compare results of a planar electrode against a cylindrical electrode, both with
the same surface electrical field, from Eq. , the surface charge density on the cylindrical electrode,
oc, must be (14 5%) larger than that for the planar electrode o», and on a spherical electrode, from
Eq. , os must be (1+ ﬁ)Z larger than op. Of course one can make a comparison with the same
charge density on all the electrodes’ geometries. For a planar electrode, there is no difference between
results obtained at constant electrical field or surface charge density, since the bare electrical field and
thus the mean electrostatic potential at the distance of maximum approach for the ions, r = §, ¥y,
do not depend on z (see Egs. and )

In Fig. 2.7 the geometry’s influence on the co-ion and counter-ion distribution functions, for equal
electric fields or equal surface charge densities is shown for different spherical and cylindrical electrodes’
radii. It is observed that as the radii of the solid cylindrical and spherical electrodes increases, their
concentration profiles’ tend to the values of the planar electrodes, as it should be, i.e., expanding
Eq. and Eq. , to first order in a Taylor series in terms of =, they become

EY(z) = (1 + %) (1 - %) EY(2), (2.54)
and
i) = (1+ %)2 (1-23) B, (2.55)

i.e., for a given value of R, the larger =, the weaker E%(z) and E¥(z) become. However, Rlim Ei(z) —
—00
E¥(x), and P}im E¥(z) — Ep(x). Hence, the SEDL of the cylindrical and spherical solid electrodes
—00

are more intense and thick as their radii increases. Also, notice the dependence of the cylindrical and
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spherical electric fields on the relation of the ionic size, a, to the radius of the electrode, R, i.e., a/R,
particularly at the electrode-ion contact, i.e., from Egs. (2.45) and (2.46])

B (r:R+%) :%%:m% (2.56)
2R
and
B (r:R+g):€4”RQaS:4W205. (2.57)
(R+%) € (1—1—%)

Thence, the larger the ionic diameter, the lower the intensity of E% (r = R+ %) and E%(r = R+ %),
and in the limit of a — oo, EY (r =R+ %) and EY (7“ =R+ %) — 0. Consequently, the larger the
spherical or cylindrical electrodes radii, the closer become their corresponding distribution functions
to those for a charged plate, and, thus, the smaller the difference between calculations at constant
surface charge with those at constant electrical potential. In this thesis, the effect of the ionic size is
not discussed.
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(¢) The concentration profiles for R = 80 A = 18.8 a.  (d) The concentration profiles for R = 200 A = 47.1 a.

Figure 2.7: The co-ion, g, (r), and counter-ion, g_(r), distribution functions of different solid electrode
geometries with distinct radii values. The lighter and darker lines are for equal unscreened electric
fields [EY(r = a/2) = %0y, = 2.4 x 1073 C/m?] or equal surface charges densities [, = 0.015 C/m?|,
respectively. The solid lines are for the planar electrode, since the unscreened electrical field, E¥ (r) =
irg V7.

€
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In Fig. 2.7 we show a comparison of the ionic distribution functions, at constant surface charge with
those for equal electrical potential, at © = a/2 for the three electrodes’ geometries considered above,
and for different radii sizes for the cylindrical and spherical nano-electrodes. Whence, accordingly
with the above discussion, it is found that the planar electrode achieves the highest contact values of
the concentration profiles, followed by the cylindrical and spherical electrodes, respectively. This is
expected, since although all electrodes have the same value of the unscreened electrical field at x = a /2,
for x > a/2 the unscreened electrical fields of the cylindrical and spherical electrodes rapidly decrease,
as 1/r and 1/r2, respectively, which, in turn, imply a smaller attraction of subsequent layers of both
counter-ions and co-ions, and therefore the net electrical fields for the three electrodes geometries satisfy
the following relation Ep(z) > Eq(z) > Eg(x)Vx > a/2, and as a consequence their corresponding
electrical double layers are weaker and narrower. On the other hand, the ionic distribution functions of
the cylindrical and spherical electrodes are weaker and narrower for the corresponding constant surface
charge density calculations, and this so, because by fixing the surface charge on the electrode, by fixing
the electrical field at # = 0, the unscreened electrical field weakens for x = a/2, as 1/(1 + %) and

1/(1+ 5%)?, respectively (see Egs. (2.47) and (2.48)).
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Figure 2.8: The concentration profile functions, g;(r), of our LPBS, and the HNC/MSA of Lozada-
Cassou for different electrode geometries. A radius of 5 A 2 1.2 a is used, while the electrode’s surface
charge, o, is varied. The prefixes "p", "c", and "s", are used for the planar, cylindrical and spherical
electrodes.

To study the impact of the solid-electrode’s geometry on the structure of the electrical double
layer, the reduced co-ion and counter-ion concentration profiles were calculated for various system’s

29



Concentration profiles Chapter 2: The SEDL for solid electrodes

parameters, i.e., electrode’s surface charge density and radii, and salt concentration and temperature.
As mentioned before, as the radii of the solid cylindrical and spherical electrode increases, their con-
centration profiles’ tend to the values of the planar electrode. Therefore, as we are interested in the
geometrical impact of the electrode alongside other system parameters we will delimit the radii size
up to 80 A, as beyond this radius the geometrical impact disappears. In all the cases presented below,
the salt is a 1:1 electrolyte, with dielectric constant, ¢ = 78.5, and such that op = 0o = 05 = 0y, i.€.,
all the electrodes have the same surface charge density, o),.

In Fig. we show concentration profiles for electrodes with a radius of R =5A, and four values
of their surface charge density, o,,, 0.005C/m?, 0.01 C/m?, 0.015 C/m? and 0.02 C/m?. These concen-
tration profiles were obtained with our LPBS, and the HNC/MSA of Lozada-Cassou et al |77, 73] [7§],
for the solid cylindrical (c-HNC/MSA) and solid spherical (s-HNC/MSA) electrodes. The results of
the HNC/MSA of the solid planar electrode were not added to Fig. , as they have been already
discussed in the previous section. It is observed that our linear solutions, compared to the HNC/MSA
of the cylindrical and spherical electrodes, overestimate the concentration profiles, due to the entropic
effect associated to the ion’s size; the additional ion-ion, repulsion due to their size, reduces the prox-
imity among them, thus reducing the local concentration profile. Nonetheless, our LPBS results still
provide a fair quantitative approximation for surface charges lower than 0.02 C/m?, and even for up
to 0.02C/m?, the LPBS provides a very good qualitative approzimation.
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(d) The concentration profiles for o,, = 0.02 C/m?.

Figure 2.9: The concentration profile functions, g;(r), of our LPBS, and the HNC/MSA of Lozada-
Cassou for different electrode geometries. A radius of 15 A = 3.5 a is used, while the surface charge,
0w, is varied. The prefixes used have the same meaning as in Fig. 2.8
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In general, our linear solution of the EDL for a solid spherical electrode is a better fit to the
corresponding EDL of the HNC/MSA equations, than that for a solid cylindrical electrode, and, in
turn, the LPBS EDL for the cylindrical electrode is a better fit to corresponding HNC/MSA| than the
analogous comparison for the planar electrode. This is because the unscreened electrical field for the
distinct electrode’s geometries, at a constant surface charge density, o,,, are - > -

Ep(z)

u
Bi(@) = a oy < Fele) = (ﬁ(ﬂ;)) < B(z) = M;M’ vz >0 (2.58)
i.e., the lower the electrical field, the better the linear approximation (see Eqgs. (2.47) and (2.48)).
Therefore, for o, < 0.02C/m? the LPBS is a good qualitative and/or quantitative approximation for
solid planar, cylindrical and spherical solid electrodes, with radius of 5 A.

In Fig. as in Fig. the LPBS co-ion and counter-ion distribution functions are compared
with those of the HNC/MSA, but now for a radius of 15 A, and various surface charge densities, o,,.
From these figures it is seen that when the radius of the electrode increases from 5 A to 15 A, the LPBS
continues being a good quantitative approximation to the HNC/MSA results of Lozada-Cassou et al,
for surface charges smaller or equal than 0.015 C/m?, and it is a very good qualitative approximation for
0.02C/m?. Once again, it is observed that the LPBS equation is a better fit of the HNC/MSA for the
solid spherical electrode than for the cylindrical electrode, and their concentration profile distribution
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(a) The concentration profiles for o,, = 0.005 C/m?. (b) The concentration profiles for o,, = 0.01 C/m?.
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Figure 2.10: The concentration profile functions, g;(r), of our LPBS, and the HNC/MSA of Lozada-
Cassou for different electrode geometries. A radius of 80 A = 18.8 ¢ is used, while the electrode’s
surface charge, o,,, is varied. The prefixes used have the same meaning as in Fig. @
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functions slightly exceed the HNC/MSA of Lozada-Cassou et al, Vr = a/2, due to z-dependence of
their corresponding unscreened electrical fields, and the consideration of the ionic size in HNC/MSA,
respectively, as discussed above. Comparatively, these overestimations are slightly smaller than those
for an electrode’s radius of 5 A, we will come back to this point bellow. Therefore, for both radii, 5 A
and 15 A, our LPBS is a good quantitative approzimation of the HNC/MSA for surface charges lower
or equal than 0.015 C/m?, and a very good qualitative approzimation for o, < 0.02C/m?.

Lastly, in Fig. the concentration profiles of our LPBS are plotted against the HNC/MSA
results of Lozada-Cassou et al, for a radius of 80A. It is observed that our LPBS still holds for
this radius, when o,; < 0.01C/m?. However, it remains a very good qualitative approximation for
oy < 0.02C/m?. Since now, when our previously used surface charge limit is utilized, the difference
between our LPBS and the HNC/MSA of Lozada-Cassou et al becomes apparent, as our s-LPBS
overlaps to the c-HNC/MSA. Therefore, it is found that the interval of validity of the electrodes’
surface charge is consistent up to a radius of 80 A. However, it is not advisable to stay very close to
the upper limit of the surface charge for a radius of 80 A.

Equations (2.51)) and (2.52)) can be rewritten as

Ei(y) = 1) Ex(y), (2.59)

Yy
(1+ o
and

Biy) = ——— EX(y), (2.60)

(1+ %)

where y = x — a/2, i.e., the distance to the first layer of adsorbed ions to the electrodes. From these
equations, is clear that the larger the electrode’s radius, the less important is the contribution of the
ionic size on the unscreened electrical field, and, hence, the better the approximation to the HNC/MSA
results, where the ionic size is considered. However, it must be emphasized that this agreement between
the LPBS and the HNC/MSA will certainly deteriorate with increasing salt valence and concentration,
since, then, the ionic size will become very relevant.

From here forward, unless stated otherwise, only the concentration profile functions of our LPBS
will be shown. In the following figures, the plots of the concentration profile functions for our three
radii, 5 A, 15 A and 80 A, are shown, while varying the electrolyte’s molar concentration. In Fig. m,
the concentration profiles functions of our three solid electrodes are shown for different molar concen-
trations, with an electrode’s surface charge density of 0.015C/m?, and a radius of 5A. Once again,
both cases, for equal electric fields and surface charges are shown. From it, one can observe that for the
lowest molar concentrations, the difference between the concentration profiles of the cylindrical and
spherical electrodes against the planar electrode is utterly different. Whereas, when the molar concen-
tration is increased the difference between each case is smaller. Furthermore, when equal electric fields
are used for the highest molar concentrations the difference between contact concentration profiles is
significantly smaller. Moreover, for equal electric fields and a molar concentration of 0.5 M, the solid
spherical electrode achieves the highest contact values of the concentration profile, followed by the the
solid cylindrical electrode and lastly by planar electrode. Nonetheless, these higher values are overrun
by the plane’s at a distance a from the surface of the electrode. At higher electrolyte concentration, the
electrical double layer becomes narrower, and for this point-ion model of the electrolyte, the decrement
of the electrical field become less relevant. Still, the EDL for the planar electrode is, nevertheless, wider
than those for the cylindrical electrode, and this last is wider than that for the spherical electrode,
when varying the other parameters, as before. The crossover of the planar EDL over the cylindrical and
spherical EDL’s results from the electroneutrality condition, i.e., the lower adsorption of counter-ions
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near the planar electrode, must be compensated by a wider EDL, to cancel the electrode’s electrical
field.
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Figure 2.11: The concentration profile functions, g;(r), of our LPBS for the different electrode’s ge-
ometries, for a radius of 5A 2 1.2 a, while the molar concentration, Do, is increased. The lighter and
darker lines represent two distinct cases, when equal electric fields and surface charges are used.

Now, in Fig. the concentration profile functions for the different solid electrodes are plotted
for a radius of 15 A and a surface charge of 0.015 C/m?2. According with our previous discussion on
the role of the electrical field, when the radius is increased from 5A to 15 A, it is observed that the
intensity of the EDL increases for all molar concentrations, and that the difference between equal
electric fields and surface charges diminishes as well. For the highest molar concentration, when equal
electric fields are used, once again the spherical electrode achieves the highest contact values followed
by the cylindrical electrode and lastly the planar electrode. Also as discussed above, this higher values
of the concentration profiles at contact, only last there, as when the distance from the surface slightly
increases, the planar electrode overtakes the spherical and cylindrical electrodes. Furthermore, for the
highest molar concentrations it is found that the concentration profiles of the cylindrical and spherical
electrodes are almost completely identical to the planar electrode, even though the radius increment
was small. This, again, is an effect of the compactness of the EDL at high salt concentration.

Continuously, in Fig. the concentration profiles of the different electrode’s geometries, for
a radius of 80 A, are plotted while the molar concentration is increased. Again, when the radius
grows from 15A to 80 A the concentration profiles of the cylindrical and spherical electrodes largely
increase for all the molar concentrations. As the case of equal electric fields is given by the relation
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of Egs. (2.49) and (2.50|), when the radius is big enough, the relation by which the surface charge of
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Figure 2.12: The concentration profile functions, g;(r), of the LPBS for the different electrode’s ge-
ometries, for a radius of 15 A 2 3.5 ¢, while the molar concentration, Po, is increased. The lighter and
darker lines have the same meaning as in Fig. m
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Figure 2.13: The concentration profile functions, g;(r), of LPBS for the different electrode’s geometries,
for a radius of 80 A 2 18.8 a, while the molar concentration, p,, is increased. The lighter and darker
lines have the same meaning as in Fig. 2.11]
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the planar electrode is multiplied is almost equal to unity. Therefore both cases (equal electric fields
and surface charges) are identical to each other. Furthermore, as it was seen in Fig. , when higher
molar concentrations are used, a small increment on the radius generates an exponential raise on the
concentration profiles of higher molar concentration. For this reason, the higher concentrations for
R = 80 A were not plotted, as the concentration profiles of the three electrode geometries overlap into
the concentration profiles of the planar electrode.

11, a= 4 A, £= 78.358, R=8 A, T=298.15 K
1 01 < o= 0.187 C/m? p,= 0.1 M

—MPB
HNC/MSA

3 4 5 6 7 8 9 10
r/a

Figure 2.14: Ion’s distribution for the restricted primitive model of the cylindrical double layer.
“Reprinted" adapted with permission from Gonzélez-Tovar et al. [73].

Gonzalez-Tovar et al. [73] did a comparison of their HNC/MSA equations of the cylindrical elec-
trode against MC simulations. They found that the validity of their cylinder’s HNC/MSA equations
certainly holds for molar concentrations of 0.1 M for symmetric electrolytes (1:1), and, in fact for up to
2 M concentration for a 1:1 electrolyte, or up to a 1 M concentration for a 2:2 salt, and unsymmetrical
electrolytes. Figure illustrates this, by showing the concentration profile for the density functional
theory (DFT), MC, non linear PB (PB), modified PB (MPB), and the HNC/MSA equations. There-

i 11a= i:S 3,0?2;?:;::2:;’ ; 1 11,a=4254, £= 78.5,T= 298 K
m= O + Po | 3 3 ay= 0.102 C/m? pe=1M

g (rfa)

4 5 6

3
r/(a/2)
(a) Results of Gonzélez-Tovar and Lozada-Cassou [78]. . ot o . .
“Reprinted" adapted with permission from Gonzélez- (b) Results of Degréve et al. [68]. “Reprinted" adapted
Tovar and Lozada-Cassou [78]. with permission from Degréve et al. [68].

Figure 2.15: Reduced concentration profiles of a monovalent electrolyte for both various sphere radii,

and a radius of 15A in Figs. [2.15a] and [2.15b] respectively. The solid and broken curves give the
HNC/MSA, PBS, and MC results.
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fore, from their work it is found that their HNC/MSA equation for of the cylindrical electrode is a
good theory. By consequence our linear Poisson-Boltzmann model with the Stern restriction is a good
approximation as well, as proved in Figs. 2.8 to [2:10

In addition, the work of Gonzélez-Tovar and Lozada-Cassou [78] found that the validity of the
nLPBS model of the spherical electrode against the HNC/MSA equations is good for molar concentra-
tions from 0.01 M to 1 M, and for small mean electrostatic potentials. However, their work does not
compare against MC results, as the data were not available. On the other hand, Degréve et al. [68]
also performed a comparison against MC results. As seen in Fig. the concentration profiles for a
molar concentration of 1 M are shown for both the non-linear PBS, the HNC/MSA, and MC results
of the spherical electrode. From it, it is observed that the HNC/MSA theory is a good approximation
of the MC results for p, = 1 M. Furthermore, another interesting result found by Gonzélez-Tovar
and Lozada-Cassou [78], [73], that we observe as well, is that the results obtained for an infinite radii’
cylindrical or spherical electrodes are almost identical to those with a radius equal to 80 A. From both
the results of Gonzaléz-Tovar and Lozada-Cassou, and Degréve et al. it is found that the HNC/MSA is
a good approximation of the EDL of the spherical electrode, and that by extension, our linear solution
of the EDL of the spherical electrode is also a good approximation.
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(¢) The concentration profiles for R = 80 A 2 18.8 a.

Figure 2.16: The concentration profile functions, g;(r), of LPBS for the different electrode’s geometries,
for three radii, while the temperature, 7', is varied.

Finally, in Fig. the concentration profiles for three geometries of the solid electrodes, with three
radii values are plotted, while the temperature is varied. A molar concentration of 0.01 M and a surface
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charge of 0.015 C/m? is used. For all the electrodes’ geometries it is seen that when the temperature
increases the intensity of the co-ion and counter-ion distribution functions slightly decreases, regardless
of the radius used. However, the most visible difference between temperatures is found at the contact
values for the highest radius. Moreover, it is observed that the contact value of the concentration
profiles is higher for the lower temperatures, for any geometry and radius. Quite generally, the Poisson-
Boltzmann equation (PB), for any geometry, is given by Egs. to , or its linear expression,
by Egs. and . Thus, it is clear that Poisson-Boltzmann counter-ion and co-ion distribution
functions, for any electrode’s geometry, exponentially decrease/increase, with increasing temperature,
respectively. In its linearized form these distribution functions increase/decrease inversely linear with
increasing temperature. Hence, increasing the temperature has a similar tendency but not in magnitude
to decreasing the ionic valence or the salt concentration, or the surface charge density.

On the other hand, if one looks closely to Fig.[2.10] at a distance close to 7 a, the previous tendency
is tenuously reversed. Such that, when the temperature increases beyond this point, the intensity of the
EDL subtly boosts. This increase in the counter-ion concentration profile, at 7 a, for say 7" = 328.15 K®
is due to the necessity of the system of maintaining electroneutrality, i.e., the lower contact value is
compensated by a thicker electrical double layer.

In general, it is found that the parameter that exerts the least influence on the EDL 1is, without a
doubt, the temperature, irrespective of the electrode’s geometry or radius size.
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Chapter 3

The electrical double layer for nano-pore
electrodes

In this chapter we study three distinct nano-pores electrodes: slit, cylindrical, and spherical pores,
through the analytical solution of the LPBS of the EDL. For this purpose, we first exactly solve the
Laplace and Poisson equations of the electrostatics, for these three topological different geometries, i.e.,
no approximations are involved in these derivations. In particular, the mean electrostatic potential,
the surface charge density, the co-ion and counter-ion distribution functions, and the capacitance are
obtained for the different nano-pores.

3.1 The electrical double layer of two parallel plates electrodes (slit-
pore)

lﬁn g \ —— ;&W: 7]
v

1 v

|
|
|
|
|
|
|
|
|
|
|
T
|
|
|

Figure 3.1: The geometry of two interacting charged symmetric plates’.

The model for two interacting charged parallel plates (slit-pore) is depicted in Fig. Both plates are
positively charged, they are separated by a distance of 2¢, and have a thickness of d. The electrolyte is
modeled as a fluid of hard spheres of diameter a, with charge in their centers. Both, the plates and the
electrolyte are assumed to have the same dielectric constant, €, to avoid image potentials. The plates
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are permeable, so the electrolyte outside and inside the plates are at the same chemical potential. As
pointed out above, we will first solve the Laplace equation, i.e.,

V2 (z) = 0, (3.1)

and the Poisson equation,

V3 (a) = =7 pa(@) (32

for this model, where p.,(x) is the charge concentration distribution function, and ¥ (x) is the mean
electrostatic potential. The solution of these equations for this model is presented below, and is quite
general, since no assumption is made at this point for, p.,(z), which for n species of charges, can be
expressed as

pa(z) = Z ez pi(x), (3.3)
i=1

where p;(z) is the species’ spacial distribution of the charges, and z; the species’ ion valence. However,
to obtain the electrical double layer structure, the Eq. (3.2]) will be solved assuming that p,,(z) is given
by the canonical Boltzmann distribution function of the ions in the electrolyte, i.e.,

pa(x) = piexplez fip(x)), (3.4)
where p;, is the bulk concentration of ions of species i, and 5 = % being k, the Boltzmann constant.

T
Thus, Eq. (3.2]) becomes the Poisson-Boltzmann equation,

Vi)(x) = —4?7T Z pioexp(e z; B(x)). (3.5)

It will be further assumed that the ions are point ions, and their size is taken into account only in their
interaction with the plates, i.e., the Stern correction. In addition, to finally obtain the EDL for the
different nano-pores, Eq. (3.5) will be linearized, and analytically solved for a two-species electrolyte.

3.1.1 The electrostatics of a slit-pore in an electrolyte

Due to the symmetry of the slit-pore, the left side and the right side of the center of the pore are
symmetrical. Hence, to solve the electrostatics, the system is divided only into five regions (see Fig.|3.1)).
In regions II, III, and IV, the mean electrostatic potential is governed by Laplace equation (Eq. ),
and in regions I and V, by the Poisson equation (Eq. (3.2)).

1. Region V: z >t +d+ 5

The boundary conditions are

235, Vel®) =0
and
tim 9%50)

Therefore, from Eq. (3.2)), we find

o) _ 4m / h pa(y) dy (3.6)
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Thus, . .
¥s(z) = —4;T/x da’ /ﬁ pai(y) dy
Namely, o
Vs(x) = 4;/$ (z —y) paly) dy
Forz=t+d+§
%VEwSG+d+;):{fLi;;G+d+;—y)%@ﬁm (3.7)

2. Region IV: t+d<z<t+d+§

If the dielectric constant, €, of the plates and the solution are considered equal, to avoid image forces,
the boundary conditions are

a
bi(t+d+3) = (3.8)
dyps(x) depy(x) B
: ( dz >t+d+% o ( dz >t+d+% - (3.9)
From Eq. ,
dy,(x) / dz = constant (3.10)

Integrating Eq. (3.10) and using Egs. (3.6) to (3.9)), we find

47 [
Ya(z) = / (x —y) paly) dy (3.11)
€ Jt+d+g
In particular,
47 [
Vi =Pt +d) = / (t+d—y)pa(y)dy (3.12)
€ Jtt+d+g
3. Region III: t <x <t+d
The boundary conditions are
w_g(t“l’d) == ¢III (313)
d d
e (m@:)) e (%@;)) = dnoy, (3.14)
dx trd dzx rd
From Eqs. (1) and (B.11) to (3.14)
4o 47 [
wle) =T d =)+ T [T a gl dy (3.15)
€ € Jttd+e
In particular,
dmo 4 [
Vi = Ps(t) = — Ld4+ — (t—y) pa(y)dy (3.16)
€ € Jt+d+2

For two plates (slit-pore) electrodes, the electro-neutrality condition is

t—35 oo
S / paly) dy — / puly) dy, (3.17)
0 t+d+2
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i.e, the total effective charge in the system must be zero. Manipulating Eqgs. (3.12), (3.16]) and (3.17)),

we find A PR
TOo T
Vi = Yrr — - Ta— / Pez(y) dy
t

€ Jitd+g

or

dro 4rd [t73
Y =Y+ - Ld + - / Pez(y) dy
0

If we make v;; = 1;;; then the inside part of the electrolyte cancels o; and the outside part cancels
o1, hence

-3
o) = — /0 puly) dy

and

O = —/ PeZ(?J) dy
t

+dtg

4. Region II: t — 3 <z <t

a
2

In this region, the boundary conditions are

Va(t) = Yus (3.18)
d), da,
e (%ﬂix))t e (ﬂiif))t = —4ro, (3.19)
From Eqs. , , and
dip, 4w 173
( wdx(w)>t = —;/0 pa(y) dy (3.20)

Integrating and using Eq. (3.18),

4 t=3
(o) = v+ (=) [ )y

In particular

a 2ma (173
Y = 1y (t - 5) =Y+ - /0 pa(y) dy (3.21)
If 1, = Y1, Eq. (3.21) reduces to the familiar term
2ma
wl = 7/111 - (%]
5. Region : 0 <z <t - ¢
Here the boundary conditions are
a
(o (t - 5) = (3.22)
and
d d
g< Wm)) —e< %(x)) —0 (3.23)
dz /), a dx g
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Integrating Eq. (3.2)) and using Egs. (3.20)) and (3.23)),

dpy(x) 4w (T2 dr [t72

= dy + — d 3.24
. = /. pa(y) dy + =) pa(y)dy (3.24)

Integrating by parts Eq. (3.24) and using Eqs. (3.21)) and (3.22])

47 t=3 4w [t73
Yi(@) = Y+ —(t - x)/o paly)dy + — / (x = y)paly) dy
In particular,

-
o = ¢1(0) =Y+ 4?71- (33 - ?/)Pez(y) dy

xT

3.1.2 The analytical solution of the LPBS for the electrical double layer of two
parallel plates electrodes (slit-pore)

In order to obtain the analytical solution of the LPBS for the electrical double layer of two symmetrical
plates electrodes, one needs to solve a system of five differential equations. Regions II, III, and IV
are governed by Laplace equation in Eq. , and regions I and IV are ruled by Poisson-Boltzmann
equation in Eq. .

In Section it was seen from Eq. that the linearization of the PB-eq (Eq. (3.5)) leads to

V(@) = 2 (a) (3.25)
Hence, the general solutions of the Laplace and Poisson-Boltzmann equations are, with their respective
derivatives

dy
Y(xr)=A+ Bz — =B (3.26)

dz

KT —RX d¢ RT —RX
Y(z) = Ae"* + Be d—:Aﬁe — Bke (3.27)
x

Now, the five regions will be treated individually with their respective boundary conditions (BC). Each
region will be introduced by their interval, and with their respective solution of the mean electrostatic
potential. Furthermore, in each region two BC will be introduced in order to find the values of their
constants. This is true for all the regions, with the exception of regions V and I, where one and three
BC are used, respectively.

1. Region V: 2 >t +d+§
Here, the solution of the PB equation is ¢ (z) = ¢; €% + ¢, e "%, and the BC is that, at x — oo, the

electric field is equal to zero. From the Gauss’ law, we know that the electric field is equal to minus
the divergence of the electric potential. Hence,

li_>m E(x)=0 Ez)=-V -¢(x)=—c ke " +cyre ™*
0
li_)m E(x)=—c, ke + ¢, 5;7({ =0 S =0 (3.28)

Thus, the mean electrostatic potential in this interval and its derivative are

d
Ps(x) = cpe” ®7 Vs _ —co ke T

dx
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2. Region IV: t+d <o <t+d+3

Here, 9,(x) = ¢35 + ¢y x, and the BC is the continuity of the mean electrostatic potential between
intervals. Thus, 5(x) and v¥,(x) are equal at their border, ¢ 4+ d 4+ §. Furthermore, if the dielectric
constant of the electrodes and electrolyte are equal, the subtraction of the derivatives of the mean
electrostatic potential (v5(x) and 14(z)) is equal to zero at their border, ¢t 4 d + §. Therefore,

bo(t4d+ ) =ui(t+d+3) = e —o e (t4d+ )

2
s = ¢ €7H(t+d+%) —c (t +d+ g) (329)
£ <W> —e <W> =0 — o =—cyre "(HHdHE) (3.30)
dz t+d+ g dz t+d+%

3. Region III: t <x <t+d

Here, ¥;(x) = ¢5+ ¢ o, and once again we have the BC of continuity, between v,(x) and 15(x) at ¢t +d.
But, the difference between the derivative of ¢,(z) and ¥5(z) is now equal to —4 7 o;;. Therefore,

P(t+d)=s(t+d) — cte(t+d) =cs+c(t+d)

Cs = C3 + (C4 - Cg)(t + d) (331)
d d 4
€< ¢4<$)> —E<¢3<$)> :—47T011 — Cy — Cg = — o
d.%' t+d dx t+d <
4
S LT (332)

4. Region II: t — 5 <x <t

Here, ¥,(z) = ¢; + cs z, and one of our BC is the continuity, between 15(x) and 1,(x) at t. Whereas,
the difference between the derivative of ¥;(x) and 1¥,(x) is now equal to —4 7 o;. Consequently,

¢3(t):w2(t) — &t et =crFcst

cr =¢5+ (cg —cs)t (3.33)
€ <d¢3(az)> —€ (d%(m)) =—4nwo;, — C4—Cs= Ama
de /, dz /, €
4
Cy = Co + —1 (3.34)

5. Region : 0 <z <t -3

Lastly, here, 1, (x) = ¢y € + ¢,o "%, and one of the final BCs is that the electric field at the center
of the plates, x = 0, is equal to zero. From the Gauss’ law, the electric field is equal to minus the
divergence of the electric potential. Therefore,

lim E(z) =0 E(xz)=-V  ¢(x) = —core" " +core "7

z—0

1 1
lim E(z) = —¢, k5 4 e /@'7"47 =0 S Cy = Cio (3.35)

z—0
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Hence, the mean electrostatic potential in this interval and its derivative are

di,

() = 2¢o cosh(k x) 1z

= 2K ¢y sinh(kz)

Furthermore, the last two BCs are of continuity between v,(x) and ¢,(z) at t — a/2, and that the
difference between the derivative of 1,(x) and 1, () is equal to zero. Hence,

(D) =0 -2) — ara(-8)2cn(s(-2)

c; =2¢q COSh(FL <t — ﬂ)) — s (t — 2) (3.36)
2 2
c(dee@y (@) ok, sinh(n (t - 9)) (3.37)
dx 4 dz —g 2
Now, from Eqgs. (3.28) to (3.37) we have ten linear equations with ten unknown variables.

Cc, = 0
Cs = Cy er(trd+s) _ Cy (t +d+ %)
€y, = —Cy ) e r(tHd+s)
C5 = C3 + (C4 - 66)(t + d)
Ce = Cy + 7471:0[[ (3 38)

C7:C5+(C6_Cg)t

dmo
C8ZCG+ 51

cj = 2¢, COSh(/i (t — %)) — ey (t _ %)
-3))

Solving Eq. (3.38]), one finds the value of ¢,, and consequently all the other constants

Cio

Cs = 2Ky sinh(/{ (t

Cy = (3.39)
1+ k(d+a)+ coth(k (£ — %))
Therefore the mean electrostatic potential is
2¢y cosh(kz) 0<z<t—3
crtcsx t—g<z<t
Y(x) =t t<az<t+d (3.40)
st t+d<z<t+d+35
c,e k% r>t+d+ 3
Meanwhile, the induced surface charge density is given by
o] € 00 d21/1 € T d2w1 € o) d2w5
o(z) /x pea(z)de i), dz? T ir ), a2 £U+47r e T )

_ € dipy e (dy;
_47r<dx>z_47r<dx>w
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Thence, it is divided into three intervals. After obtaining the derivatives and evaluating, we have that
the induced surface charge density is

[

=

cosinh(kr) 0<z<t—§
t—g<x<t+d+§ (3.42)
cye % r>t+d+ g

3

o(z) =

o O N
BN

W~
3

Meanwhile, the co-ion and counter-ion distribution functions are given once again by Eqs. (2.12))

and (.13)

exp(—% ¢y cosh(k x)) 0<z<t—2
g+(r) =40 t—g<z<t+d+$ (3.43)
so(-fpenct?)  azteded

exp(2kZTe Co COSh(H.%’)) 0<z<t—35
g_(x)=<X0 t—g<r<t+d+3 (3.44)
exp(£5 coe ") r>t+d+ 5

Finally, in order to obtain the total differential capacitance we must derive v, with respect to . Where
o =o; = o;; and 1), is the value of ¢(z) at its’ center. Such as,

1
Yo = lim ) (z) = 2¢c coshrRT) = 2c (3.45)
T—

The total differential capacitance is obtained deriving Eq. (3.45) with respect to o and using Egs. (3.38])
and (3.39)). Therefore,

2 COth(H(t—g))

8 4
du, S |ldta+

~ do sinh(x (t— %))

Cr (3.46)

3.2 The electrical double layer of a cylindrical nano-pore electrode

A model for a cylindrical, charged nano-pore, open at both extremes, is depicted in Fig. [3.2] where
the inner radius of the pore is R and its wall thickness is d. The cylinder is permeable, so that the
electrolyte inside and outside the pore is at the same chemical potential. The electrolyte ions have a
diameter a. Other model parameters are as in Section [3.I] Due to the symmetry of the cylinder, the
electrostatics of the nano-pore is divided into the five regions shown in Fig. [3.2

Since there is no charge in regions II, III, and IV, the mean electrostatic potential is governed by
Laplace equation, in cylindrical coordinates,

L9 ( ‘%) =0, (3.47)

-——|r
ror \ Or
whereas in regions I and V the PB-eq, in cylindrical coordinates, is valid

10 0 4
Lo <7’87f> =T pu) (3.48)

where 1 (r) is the mean electrostatic potential.
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Figure 3.2: The geometry of the electrical double layer in a cylindrical nano-pore.

3.2.1 The electrostatics of the cylindrical nano-pore
1. Region V: r < R+d+§
The boundary conditions are

lim 5(r) = 0

r—00

lim dvs(r) =
r—oo dr

4 ood/ o0
1/15(7"):—;[ T—C/r/ x po(x)de

Integrating the right hand side by parts

and

Integrating Eq. (3.48)), we get

¢5(T) = —4?71- (— ln(r) /OO v pez(’"l) dr’ + /oo ln(r/) r! pel(r/) dr/)
Ys(r) = —4% ; ln(§> " po(r') dr’

Atr=R+d+ 5

dm [ ln<R+d+%

v = (Rd+ ) = - . )r,pel(r,)dr,

€ JR+d+¢
2. Region IV: R+d<z<R+d+§

If the dielectric constant, €, of the electrode and electrolyte are considered equal, to avoid image forces,
the boundary conditions are

M(R+d+;>=ww
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<d¢5(7")> B (d?/)4(7‘)> —0
dr Redi g dr R+d+%_

From Eq. (3.47), and integrating once gives,

Yu(r) = ¢ + ¢, In(r)

and using the boundary conditions, yields

47 [ r
_ (2 N dy! 4
ot =2 [ (Gt ar (3.9
In particular,
4 o0 R+d
Vi = (R+d) = 7r/ ln( ; > r pa(r’)dr’ (3.50)
€ JR+d+2 r

3. Region III: R<r< R+d

The boundary conditions are

Ys(R+d) =¥ (3.51)

From Egs. (3.49) to (3.52))

Bo(r) = s + 2T (R 4 ) ln<R : d) n 4?” m(R : d) /I:d+; o)’
or
) = T2 (g ) + fres ()7 et (3.59)
In particular,
470

Y = ¢3(R) = Y+

R 4 R ©
R+d)1 + —In{ —— / "o () dr’
( )D<R+d> e n<R+d> prary A

Ao, R N R\ , N1
= d)l — In( — d
v € B+ )H<R+d> " € /R+d+§ n<T'>T pulr)dr

Using the electro-neutrality condition,

or

(R+d)o,,+Ro, = —/ ' pa(r') dr’ (3.54)
0

it can be rewritten as

4 4 R—
Ui =Y — mhos 111( f > T ln< i > / r! Pez(T,) dr’
0

wle

€ R+d € R+d
4. Region II: R— 5 <r <R

In this region the boundary conditions are

Va(R) = Y, (3.55)
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(0) L (20) iy, 50

From Egs. (3.53)), (3.54) and (3.56|) we have
d Ar (R
R <¢2(T)> = _ﬂ-/ oy pe(r') dr’
R 0

dr €

Integrating Eq. (3.47)) and using Eq. (3.55)),
4 R\ [f-3
Vy(r) = Vi + ?ﬂ 1H<T> / 7! pel(rl) dr’
0

In particular,

a 4 R R=3
P = 1, (R—g) :’(/)U—|—€1H(R_a> /0 r/pel(r/) dr’ (357)
2
Region I: 0 <r <R - §
Here, the boundary conditions are
a
(o (R - 5) = (3.58)
<d¢2(T)> - (dwlm) =0 (3.59)
dr Aeg dr r-g
Integrating Eq. (3.48]) and using Eq. (3.59))
d 47 (B3 47 (B3
r (%ﬁr)) = —g ; ’ ' p(r')dr’ + ?ﬂ ’ v p(r') dr’ (3.60)

Integrating Eq. (3.60]) by parts and using Eqs. (3.57) and (3.58])

4 R—3 4 R—-2
Vu(r) =Y + il ID(R> / ’ 7’ pel(rl) dr’ + il ’ 111(1/)7”/ Pel(T/) dr’
€ 0 € T

r T

In particular,

4r (B3 T
Yo = 1, (0) =Y + ~ ; ln(;)r’ pa(r’) dr’

3.2.2 The analytical solution of the LPBS for the electrical double layer of a
cylindrical nano-pore electrode

In Section [2.2]it was seen from Eq. (2.24) that the linearization of the Laplace and Poisson-Boltzmann
equations in cylindrical coordinates are

d2 1d
Tt =0 B61)
d2 1d

Hence, their general solutions, and derivatives are

& _B

Y(r) = A+ B In(r) e (3.63)
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O(r) = AL (k) + B K (k) % C ARIL(kr) - BrE\ (k) (3.64)

where I, and I, are the modified Bessel functions of first kind of zero order and first order, respectively.
Now, the five regions will be treated individually with their respective BC. Each region will be intro-
duced by their interval and with their respective solutions of the mean electrostatic potential. As for
the slit-pore, in each region two BC will be introduced in order to find the values of the constants.
This is true for all the regions, with the exception of regions V and I, where one and three BC are
used, respectively.

1. Region V: r > R+d+§
Here, ¢5(r) = ¢, Iy(kr) + ¢y Ko(k 7). The BC is that the electric field is equal to zero at infinity. From

the Gauss’ law, we know that the electric field is equal to minus the divergence of the electric potential.
Hence, lgn E(r) =0, and since E(r) = =V - (r) = —c, K [,(k7) + ca k K, (K1),
T o

lim E(T):—Clliwoo'i‘CgHWO:O Sooa=0 (3.65)

r—r00
Thus, the mean electrostatic potential in this interval and its derivative are
dy)s

Ps(r) = ¢ Ko(k 1) 5. = —CerKi(kr)

2. Region IV: R+d<r<R+d+35

Here, 1,(r) = cs+c, In(r). The next BC is the continuity of the mean electrostatic potential. Therefore,
Ys5(r) and 9,(r) are equal at R+ d + §. Furthermore, if the dielectric constant of the electrode and
electrolyte are equal, the difference between the derivatives of the mean electrostatic potential, 5 (r)
and v,(r), are equal to zero at R+ d + §. Consequently,

s <R+d+g) = <R+d+g) — oK, (K; <R+d+g>> — s + ¢4 ln(R+d+%>

c=c K, <I€ (R+d+g))—c4 ln(R—l—d-l—%) (3.66)
C4:_62K(R+d+%> K, (/i (R—i—d—i—%)) (3.67)

3. Region III: R<r< R+d

Here, 15(r) = ¢5 + ¢ In(r). Once again, we have the BC of continuity, between 14(r) and 15(r) at
R + d. However, the difference between the derivative of ,(r) and 1;(r) is now equal to —4mo;.
Therefore,

Yy (R+d) =¢3(R+d) — c+ciIn(R+d)=c+c¢ In(R+d)

¢s = ¢35+ (s — ¢6) In(R+d) (3.68)
4
c <d¢4(7')> . <d1/13(7“)> — Ao, — Co G _ _ATOn
dr ) s dr ) s R+d R+d €
4
co =1+ —21 (R + d) (3.69)

4. Region II: R— 5 <r <R
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Here, 1,(r) = ¢; + ¢ In(r). Again, one BC is of continuity, between 1;(r) and ¢,(r), at R. Whereas,
the difference between the derivatives of ¥;(r) and ,(r) is now equal to —4 7 o,. Hence,

s(R) =1,(R) — ¢+ ¢ In(R) =c¢; 4+ ¢5 In(R)

c: = ¢s+ (cg — ¢cs) In(R) (3.70)
dapy(r) dps (1) Cs Cs 4mo;
— — —4 _ — = —
© ( a ), Ta ), 7 R R e
4
Cs = Co + 77601 R (3.71)

5. Region : 0 <r < R- ¢

Lastly, here ¢, (r) = ¢y Io(k7) + ¢10 Ko(k7), and one of the final BCs is that the electric field at the
pore’s center, r = 0, is equal to zero. From the Gauss’ law, the electric field is equal to minus the
divergence of the electric potential. Therefore,

lir%E(r) =0 E(r)y=-V-y(r)=—corkl,(kr) + crok Ki(kT)

T—
lim B(r) = —c, k L0 4 coor Ko = 0 S =0 (3.72)
T

Thus, the mean electrostatic potential in this interval and its derivative are

dy,
Ui (r) = ¢y Iy(kT) dq/)

=cok I (kT)

Furthermore, the last two BCs are that of continuity between ¢,(r) and ,(r) at R — a/2, and the
difference between the derivatives of 1,(r) and 1, (r) is equal to zero. Therefore,

by (R—%) " <R—g) et ln<R—g) e (n (R—g))

2 2
e =cok I, (m (R— %)) — Cq ln(R— %) (3.73)
5<d¢§:r>>w_g<d¢§£r>>wzo N Rcésg:cgml(n (r-2))

Cs = Co K (R—%) I, (/—; (R—%)) (3.74)
Now, from Eqgs. (3.65) to (3.74) we have ten linear equations with ten unknown variables.

c, =0

63=C2K0(I€ (R+d+%)) —cy ln(R—l—d—l—%)
¢=—Ck (R+d+%) K, (s (R+d+ %))
¢s = ¢+ (ca — ¢s) (R +d)
C6:C4+M%(R+d)

¢ = ¢+ (¢ — ¢3) In(R)

Cs = Cg + 47‘;_0-1R

(3.75)

CIO:O
cr =cok 1y (/{ (R— )) — Cg ID(R— %)
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Solving Eq. (3.75]), one finds the value of ¢,, and consequently of all constants

4?{01 R [K(Rlog(fgin(g;);)) - IH<R§;>] ou(B+d) [N(RIOS()NEEKE;)Z)) B ln(ﬁg)} }

Kdn@+d+@)+nw+d+g)&QﬁR+d+@)[(h“wgn —mﬁiﬁﬁ]

Cy =

w(R=5) L(~(R-3))

(3.76)
Thence, the mean electrostatic potential is
(CQIO(/-H“) OSTSR—%
cr + cs In(r) R-5<r<R
P(r)=<cs+cIn(r) R<r<R+d (3.77)
cs+cIn(r) R+d<r<R+d+3§
ey Ko(k) r>R+d+ 5
Meanwhile, the induced surface charge density is given by
1 B le [>1d/ dy _1le [ dy,
o(r) = 7gK palt)tdt =o(r) = 2= | tdtGdi)mﬂ__r4w T 378)
1 e [ dys € '

+77

(s e (dun e (dds
rdm J, dt 47\ dr J, 4w\ dr /,

whence, it is divided into three intervals. After obtaining the derivatives and evaluating, we have that
the induced surface charge density is

e li(kr) 0<r<R-3%
o(r) =140 R-%<r<R+d+% (3.79)
S Ki(kr) r>R+d+ 4§

Meanwhile, the co-ion and counter-ion distribution functions are given by Egs. (2.12)) and (2.13])

exp(—é—;cglo(nr)) 0<r<R-35
g+(r) =40 R-%4<r<R+d+2 (3.80)
exp(—%czKo(/m“)) r>R+d+ 5

exp(g5 colo(kr)) 0<r<R-$%
g-(r) =40 R-%<r<R+d+% (3.81)
exp(£5 e Ko(km)) 7> R+d+ %
Lastly, in order to obtain the total differential capacitance we must derive 1, with respect of ¢. Where
o = o0; = oy and 9, is the value of ¢(r) at the cylinder’s center. Such as,
Py = }gr[l) W(r) = cgwl =c (3.82)

The total differential capacitance is obtained deriving Eq. (3.82) with respect of o. Therefore, using
Egs. (3.75)) and (3.76) we find,

in Al 171 e ) Bt €5
V2R ey hE) ()
o = W _ (T §) K (r(r a7 9)) R L(n(r-3) "\ FFarg (3.83)
fdo k(R=35) L(k(R-3)) '
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3.3 The electrical double layer of a spherical nano-pore electrode

The electrical double layer of a spherical nano-pore electrode is shown in Fig. 3.3 The radius of
the sphere is R and the sphere’s wall thickness is d. The sphere is permeable, so that the chemical
potentials outside and inside the pore are equal. The ion’s size diameter is equal to a. Other model
parameters are the same as those described in Section [3.1] Due to the symmetry of this nano-pore,
the electrostatics in Fig. [3.3]is divided into five regions.

Figure 3.3: The geometry of the electrical double layer in a spherical nano-pore.

Since there is no charge in regions II, III, and IV, the mean electrostatic potential is governed by
the Laplace equation, which in spherical coordinates is,

10 (TQEM(T)) _0 (3.84)

r20r or
whereas, in regions I and V the PB-eq, in spherical coordinates, is valid
10 oY(r) 47
Eor (7"2—@7« == palr) (3.85)

where 9(r) is the mean electrostatic potential

3.3.1 The electrostatics of a spherical pore
1. Region V: r > R+d+ %

The boundary conditions are given by

M ¥s(r) = 0
tim 205 _ g
r—oo dr

Integrating Eq. (3.85)) yields
A [ dr [
Ys(r) = —?/ 772/ 2% pa(x) de
r d

52




Chapter 3: The EDL for nano-pore electrodes The EDL of a spherical pore

Thus, .
wnlr) =2 [0 (= 1) palr) (3.86)

er
Forr:RerJr%

— ay 4m > / a / /
¢1v:¢5(R+d+2)_8 (rds1) /R+d+gr (R+d+2 T)Pel(T)dT

2. Region IV: R+d<r<R+d+ 5

To avoid image forces we assume that the dielectric constant of the spherical pore is equal to that of
the solution. Then the boundary conditions are given by

ba <R~|—d+g> =y

dzps(r)> B <d¢4(r)> ~0
dr Rid+d dr Rbdsd N

Integrating Eq. (3.84]) and applying the boundary conditions yields
d 4 &
T2 1/}4(7") _ 7T/ T2pel(7') dr

dr € JRtd+s

Integrating the above and using the continuous potential boundary conditions, we find

4 oo
Py(r) = 7T/ ' (r—1") pu(r’) dr’ (3.87)
ET JR+d+4
In particular,
47 &
Vi =i (R+d) = md /R N " (R+d—17") pa(r')dr’ (3.88)
+d+3

3. Region III: R<r<R+d

The boundary conditions are
¢3(R + d) =Y

€ <d1/z;y) > s —€ <d1€;§7’) ) s =—4d7oy;

From Eq. (3.84]) and applying the boundary conditions, we obtain

Ps(r) = _4W(R+d)2 - (1 - 1> + 47r/OO ' (r—=7") pa(r’) dr’

In particular,

2 o0
Y E¢3(R):_47T(R+d) - (1 : >+ 47T/ r (R—T/) pa(r’) dr’

B R R+d) eRJg

From Eqgs. (3.87) and (3.88]) it follows that

1 1
wII:wIII_<R_R+d)

A (R+d)? oy AT [

€ € JR+d+2

r! (R — r') pe(r') dr’
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4. Region II:R—%grSR

Here the boundary conditions are

€ 76177[)3(7’) —€ L%(T) =—4d7o;
dr " dr R
From Eq. (3.84) and the boundary conditions, we find

248:(7) _47TR201+47T(R+d)2U,,+47r/°° o
dr € € €

RA-d+%

Integrating the above and using Eq. (3.89)), we obtain

47 R%20, (1 1 47 (R+d)% oy, 1 1 47 (B2 | .
= _—— = —_ - _—— —_ d
Pa(r) . <R r) + 5 Rid r 57“/0 (" =7r) pa(r)dr

In particular,

(M)

R—
a a

A I P L

2 5R—%)

5. Region : 0 <r < R— 3

The boundary conditions are the following

n(n-) =

(), -(5), -

Integrating Eq. (3.85) and applying the boundary conditions yields

Ar [F72 dm [
Py (r) = 7 * (7“' — 7“) p(r")dr’ — ] r’ (7“' — 7“) p(r") dr’
€T Jo €T JR+d+4 (3.90)
+47TR201 11 +47T(R+d)20” 11
€ R r € R+d r

3.3.2 The analytical solution of the LPBS for the electrical double layer of a
spherical nano-pore electrode

In Section [2.3]it was seen from Eq. (2.33]) that the linearization of the Laplace and Poisson-Boltzmann
equations in spherical coordinates are given by

d?y 2 dy

ik 3.91
dr2 + r dr (3:91)

d?y 2 dy 9
— 4+ -—"= 3.92
dr? * rdr " ¥(r) (3.92)

Hence, their general solutions, and derivatives are
B d B

Yir)=A+ = dy _ -= (3.93)

T dr T

54



Chapter 3: The EDL for nano-pore electrodes The EDL of a spherical pore

err e rr dy  Aef"(kr+1)—Be ""(kr+1)
+B - =
r r dr 72

P(r)=A (3.94)

Continuously, the five regions are treated individually with their respective BCs. Each region will be
introduced through its interval and solution of the mean electrostatic potential. As for the slit-pore
or the cylindrical pore, in each region two BCs will be introduced in order to find the values of the
constants. This is true for all the regions, with the exception of regions V and I, where one and three
BC are used, respectively.

1. Region V: 7> R+d+ 5

Here, ¢5(r) = ¢, # + ¢ %, and the first BC is that the electric field is equal to zero at infinity.
From the Gauss’ law, we know that the electric field is equal to minus the divergence of the electric
potential. Hence,

e (kr+1)—ce " (kr+1)

TIL% E(r)=0 E(r)=-V - () =— r2
[e's) 0
lim B(r) = UG ;262 e FT) 0 e =0  (3.95)

Hence, the mean electrostatic potential in this interval and its derivative are

err dvs e ""(kr+1)
= —02 D — e ——

¢5(7’) = C

r dr r2

2. Region IV: R+d<r<R+d+35

Here, 94(r) = ¢; + <*. The next BC is the continuity of the mean electrostatic potential. Hence,
Y5(r) and v,(r) are equal at R +d + §. Furthermore, if the dielectric constant of the electrodes and
electrolytes are equal, the difference between their derivatives, 1;(r) and ,(r), is equal to zero at
R+ d+ 5. Hence,

o F(R+d+%) ca

Vo (Rd+3) =wi(Red+3) — “ Rrars ~Ot ErdTe

1 o Rides
o= gy (e —a) (3.96)
€<d¢5(7’)> _€<d¢4(7’)> -0
dr R+d+$ dr R+d+%
er=cpe 8] o (R d+ g) +1] (3.97)

3. Region III: R<r<R+d

Here, 95(r) = ¢s + %. Once again, we have the BC of continuity, between t,(r) and t5(r) at R + d.
However, the difference between the derivative of 1,(r) and ¥5(r) is now equal to —4 7 o;;. Therefore,

C

C
/(/]4(R+d):’(/]3(R+d) — 63+R7—|4—dzc5+R7—+6—d

C4 _CG

R+d

Cs = C3 + (3.98)
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d1/14(7“)> <dw3(7“)> Cy Ce 4o
) < & ) ey, (R+d? " (R+d? e
(3.99)

47r€aH (R+ d)2

Cg — C4 —

4. Region II: R— 5 <r <R
Here, 9,(r) = ¢; + . Again, one of the BCs is of continuity, between 15(r) and ,(r), at R. On the

other hand, the difference between the derivative of 15(r) and 1, (r) is now equal to —4 7 o;. Therefore,

Cg C
C5+£:C7+Ej

WR = b(R) — e+
e =5+ " ]_%68 (3.100)
dapy(r) dapy (1) Cg Cs 4oy
_ — 4 B A R
< o ), N\ ), TV T TRTR e
4
Co = o — % R (3.101)

5. Region I: OSTSR—%
+ ¢ &—, and one of the final BCs is that the electric field at the pore’s

el m

Lastly, here ¢, (r) = ¢y 5~ .
center, r = 0, is equal to zero. From the Gauss’ law, the electric field is equal to minus the divergence

of the electric potential. Therefore,
KT 1) — —KT 1
lim E(r) = 0 E(r) = -V () = — 2 1) € (kr+1)
r—0 r
1 1
1) — ey e KT 1)
%~ ) 0l =D S G = —cio (3.102)

lim E(r) = —
r—0 r
Hence, the mean electrostatic potential in this interval and its derivative are
dpy L cosh(kr) — sinh(k 1)

=2cy
r2

B sinh(k )
) =26 —— ar

Furthermore, the last two BCs are of continuity between ,(r) and v, (r) at R — a/2, and that the

difference between the derivative of 1,(r) and 1, (r) is equal to zero. Hence,

(RS (18) g B
c; = Ri z {2 Co sinh(m (R— %)) — cs] (3.103)
(o) (50,
G _9. K (R—%) cosh(s (R— %)) —sinh(k (R— %))
(R=9" (r—5)°
cs = —2¢ [/@ (R — 7) cosh(m (R— 7)> — smh(m (R— %))] (3.104)
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Now, from Egs. (3.95) to (3.104) we have ten linear equations with ten unknown variables.

Clzo

_ 1 —k(R+d+%)
€3 = R¥dFe <C2e ( ) C4>

c1 = ¢y e " (BFdHS) [k (R+d+%)+1]

— C4—Cp
€5 = Cs ?Hd@

e (3.105)
Cy = Cs + 6R 8
08 - CG - 471-% R2
Cog = —Cio

Ccr = R%% [209 sinh(/-{ (R— %)) — cg]
cs = —2¢ [/@ (R — %) cosh(/{ (R — %)) — Sinh(/{ (R— %))]

Solving Eq. (3.105]), one finds the value of ¢, and consequently all the other constants

ce{or R[tanh(x (R—5)) + 5] + o (R+d) [tanh(s (R = 5)) + 5 (d+5)] | (rrars)

II
= tanh(x (R —%))Jm d+a)+1
(3.106)
Hence the mean electrostatic potential is
2¢, Sinh’fﬁ’l’) OST‘SR*%
C7 + 078 R - % S T S R
P(r) =qc+ < R<r<R+d (3.107)
e+ 2 R+d<r<R+d+3§
\cze_rm T2R+d+%
Meanwhile, the induced surface charge density is given by
1 [ 9 L e [*1d/,dp), 16/2dw1
== APt = = — t dt=—— [ t
o)==z ral®) r24x ), t2 dt < at 24 at (3.108)

L L€ Fpdds e (dyn) e (dys
r2dm /. dt  4x \dr ), 47\ dr/,
Hence, it is divided into three intervals. After obtaining the derivatives and evaluating, we have that

the induced surface charge density is

k71 cosh(kr)—sinh(kr)
2

€
2
o(r)=40
e " (kr+1)

ﬁCQ r2 rzR

<R-¢
<r<R+d+% (3.109)
+d+ 35

Further, the co-ion and counter-ion distribution functions are given by Egs. and -

exp(—% Co thfm)) 0<r<R-35
gi(r) =<0 R—§<r<R+d+5§ (3.110)
exp( T Co e_:T> r>R+d+ 3
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IS

0
g9-(r) =40 R-%<r<R+d+% (3.111)
exp(%g%) r>R+d+ 3

Finally, in order to obtain the total differential capacitance we must derive v, with respect of . In
this case o = 0; = 0;; and 1), is the value of ¢)(r) at the pore’s center. Such as,

1

inh
Ya = limy(r) = 2%% =2¢, (3.112)

The total differential capacitance, Cr, is obtained deriving Eq. (3.112]) with respect of ¢ and using
Egs. (3.105) and (3.106]). Hence,

M{K, [R2 + (R—I—d)Q] _ (2R+d)tanh(f@(R—;))+R[N(d+a)]+d[ﬁ(d+g)]}

ER tanh(n(R—%))-!—m(d-ka)-&-l
o = Wa <(RAdHE) 1 (3.113)
T do K (R—%) COSh(K} (R—%)) —sinh(/@' (R—%)) '

3.4 Topological dependence of the co-ion and counter-ion distribution
functions on nano-pores’ electrodes

In this section a comparison between the co-ion and counter-ion distribution functions of the different
nano-pore electrodes topology is made. However, due to the complexity of our systems, in this thesis we
will limit ourselves to the case in which the inner and outer surface charges are equal [0 = o, = ;] or
the unscreened electrical fields, are equal [E%(r = R—a/2) = E*(r = R+d+a/2) ->- w= P,C,S5],
and the wall’s thickness, d, is always fixed to d = 5 A. Therefore, here we explore only the dependence
of these density profiles on the nano-pore’s charge and size, and the electrolyte’s molar concentration,
Po, and temperature, T. Thus, in order to compare the co-ion and counter-ion distribution functions
among the different nano-pores, we first explore the influence that the pores’ size has on the electric
double layer. As in Section for the solid nano-pores, the influence that the pore’s radius has on the
different pore’s topology also depends on whether the unscreened electric fields or surface charges are
fixed (see Fig. and Eqgs. to ), i.e., in addition to studying the constant surface charge
density boundary conditions, the following boundary conditions are also considered;

Ei(r=t—a/2)=Ep(r=t+d+a/2)
Ei(r=R—a/2)=Ei(r=R+d+a/2) (3.114)
E{(r=R—-a/2)=E{(r=R+d+a/2)

From Fig.[3.4] it can be seen that, as in Section[2.4] the higher contact values of the density profiles
are obtained when equal unscreened electric fields are used. Concretely, the difference between the
constant surface charge and the constant unscreened electrical fields reduced concentration profiles is
remarkably higher for the smaller radius, as it would be expected from the relations of Egs.
and . As the radius increases, the difference between both cases becomes significantly smaller,
such that at a pore’s radius of 200 A, they basically overlap. It is worth noting that outside the pore,
regardless of the pore’s size, the adsorption of co-ions and counter-ions follows the same tendency, the
higher values are obtained for the slit-pore, followed by the cylindrical and spherical pores. As the
radius increases the density profiles outside the pore tend rapidly to those of the plates. However, it
is only in the limit of R — oo that the inside and outside concentration distribution functions become

o8
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Figure 3.4: The co-ion, g¢,(r), and counter-ion, g (r), distribution functions of the LPBS of three
nano-pore geometries, for different pores’ sizes. The lighter and darker lines represent when equal
electric fields and surface charges are used. The vertical dashed and straight lines represent the outer
Helmholtz plane (OHP), and inner Helmholtz plane (IHP).

symmetrically equal [79], and equivalent to the solid slit nano-pore discussed in Section In general,
the EDLs inside and outside the pores are correlated; this correlation depends on the radius, R, and
the thickness, d of the pore’s wall [80]. Notwithstanding, here we will only consider the d = 5 A case,
and leave the study of this correlation with other values of d for a future work.

For a radius of 5 A, it is observed that inside the pores, i.e., for 0 <7 < (R—a/2) = (5—2.125) A =
2.35a/2, the adsorption of co-ions and counter-ions is constant, and it is highest for the slit-pore,
followed by the cylindrical and spherical pores. At this small radius, only a little more than two ions
in straight line, can be fitted. These adsorptions are higher for the constant electrical field boundary
conditions, where E(r = R—a/2), implies a higher surface charge density, as discussed in Section

When the pore’s radius is increased, the inner reduced counter-ion concentration profiles, g_(r), of
all the nano-pores, decay in the entire inner interval. The opposite is true for the co-ions concentration
profiles, g, (r), i.e., the absorption of counter-ions, inside the pores, surmount that of the co-ions, as one
could expect. For a radius of 30 A, the counter-ion concentration profile of the cylindrical pore, g° (r),
at constant unscreened electrical field, becomes higher than those for the other two pore’s geometries.
However, for both boundary conditions, i.e., constant charge and constant unscreened electrical field,
the cylindrical, g (r), and spherical, ¢g° (r), surpass that of the slit-pore, g” (r), at least in part of the
interval inside the pores. For a larger radius, R = 80A, ¢°(r) > ¢°(r) > ¢°(r), Vr ->- 0<
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r < R — a/2. If the radius is increased enough, i.e., R = 200 A, the concentration profiles of all the
pores become nearly equal to that of the solid electrode discussed in Section Vr -2 0<
r<R-—a/2 |J R+d+a/2 <r < oo, as could be expected. Nevertheless, even at this large
pore radius, for 0 < r < R — a/2, the counter-ion profile of the spherical pore slightly overcomes that
of the cylindrical pore, and this last surpass that of the slit-pore. Increasing R, implies augmenting
the charge on the spherical and cylindrical pores, while that of the slit is independent of inter-plate
distance t; with more charge on the spherical pore than in the cylindrical pore, for a given value of R,
of course. This explains the observed higher counter-ion contact values of the spherical and cylindrical
nano-pores, over that of the slit-pore. However, this effect can not explain, not only the lower counter-
ion contact values of all the pores, with increasing R, but also the lower counter-ion profiles of all the
nano-pores, for all r, inside and outside of the pores. This is a confinement effect, due to the need of
the systems to maintain the inner chemical potential equal to that outside the pore. External to the
pores the chemical potential is that of the bulk electrolyte, which is the same, of course, for all the
pore geometries here considered, since the bulk concentration profile is taken to be same for all the
pore geometries, i.e., py = 0.01 M. The Poisson-Boltzmann equation is basically a statistical mechanics
version of the Gauss’ law, where the charge density is taken from the canonical partition function of
the system. Hence this equation forces the conservation of charge, energy and probability in the system
where it is applied, and, therefore, guaranties a constant chemical potential throughout the system [{3].
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Figure 3.5: The density profiles, g;(r), of the LPBS for three pore geometries, while the electrodes’
surface charges, o = o; = 0,;, are varied for a monovalent electrolyte, and a pore’s radius of 5 A 2 1.2 a.
The lighter and darker lines, and the vertical lines have the same meaning as in Fig. [3.4]
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As seen, in Fig. 3.4 if one wishes to observe the impact that the electrodes’ charge density, and
electrolytes’” molar concentration, and temperature have on the co-ion and counter-ion distribution
functions of the different pores, one needs to choose the pore’s radius. Since we are interested in small
nano-pores, we choose three pores’ radii, 5A, 15A and 80A. With these radii, we will obtain the
density profiles for different parameters; the electrodes’ charge density, the electrolytes’ concentration
and temperature.

In Fig. the density profiles are plotted for the different pore geometries, for a pores’ radius of
5A, while the electrode’s surface charge is varied, for both the equal electric field case and surface
charge case. As expected, it is observed that for all the electrodes’ surface charges, the adsorption of
ions is higher when equal electric fields are used. Furthermore, it should also not come as a surprise,
that when the electrode’s surface charge increases, the case of equal electric fields rises more than that
of equal surface charges. Nonetheless, the equal electric fields concentration profiles of the cylindrical
and spherical pores, never reach close to that of the slit-pore, as the plates’ density profiles increase
exponentially. As in Fig. 4] the co-ion and counter-ion distributions remained constant through
the inside of the pore, regardless of the electrode’s surface charge. This behavior translates in that
due to the small pore’s radii, the pores are filled with counter-ions, with a very strong attraction to
counter-ions and a very strong repulsion to co-ions. If the ionic size had been considered in the ion-ion
interaction potential, the ionic size would be an additional obstacle for the co-ions to squeeze into the
pores.
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Figure 3.6: The density profiles, g;(r), of the LPBS for three pore geometries, while the electrodes’
surface charges, ¢ = 0; = o, are varied for a monovalent electrolyte, and a pore’s radius of 15 A =
3.5a. The lighter and darker lines, and the vertical lines have the same meaning as in Fig. [3.4]
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In Fig. [3.6] the density profiles are plotted for the different pore geometries, for a pore’s radius of
15 A, while varying the electrodes’ surface charges, for equal electric fields and surface charges. It is
observed that when the pores’ radius increases from 5A to 15 A, the slit-pore concentration profiles,
decrease considerably, and those for the cylindrical and spherical nano-pores density profiles become
closer to those of the plates. Furthermore, it is also observed that now, for higher radii, the inner
contact values of the density profiles, do not stay constant through all the pore. It is observed that
this value softly decays as it approaches the pore’s center. Therefore, the counter-ions are not as highly
compacted as before, since their concentration slightly decreases at the pore’s center. Moreover, when
Figs. and are compared, it is found out that at a radius of 15 A the pores are not large enough
for breaking down the slit-pore’ domination over the other pores’ density profiles.
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Figure 3.7: The density profiles, g;(r), of the LPBS for three pore geometries, while the electrodes’
surface charges, ¢ = o; = o, are varied for a monovalent electrolyte, and a pore’s radius of 80 A =
18.8 a. The lighter and darker lines, and the vertical lines have the same meaning as in Fig.

In Fig. the density profiles for different pore geometries, at a pore’s radius of 80 A, are shown
for equal electric fields and surface charges. Once again, as for all the other previously shown plots, it
is observed that as the electrode’s surface charge density increases the density profiles follow. However,
now the pore’s radius is large enough such that the cases of equal electric fields and surface charges are
nearly equal. Furthermore, as the radius was increased from 15 A to 80 A it was found that the density
profiles, inside the pores, of the cylindrical and spherical pores overpass the slit-pore’. However, they
do not surmount that of the slit, outside the pores. This is a confinement effect, and as we will see in
Chapter (4] the induced charge inside the slit-pore is higher than those of the spherical and cylindrical
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pores. Moreover, it is observed that for this pore’s radius there is a significant drop of the density
profile inside the pore. Therefore, there is a higher amount of counter-ions close to the pores’ wall, and
lower on its center. If the radius is increased further, the counter-ion and co-ion distributions drop will
be nearly the same as that of a solid electrode.
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Figure 3.8: The density profiles of the three pore geometries obtained for varied molar concentrations,
0o, of a monovalent electrolyte. A pore’s radius of 5A = 1.2a is used. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig. (3.4l

In Fig. [3.8 the impact that the electrolyte’s molar concentration, p,, has on the co-ion and counter-
ion distribution functions for a pore’s size of 5A is shown, for an electrodes’ surface charge density
of 0.015C/m2. The cases of equal electric fields and of equal surface charge density are presented.
It is found that the reduced concentration profiles diminish as the electrolyte’s molar concentration
increases. Furthermore, it is observed that for the lower molar concentrations, 0.001 M and 0.01 M,
the density profiles inside the pore remain constant. On the other hand, when the molar concentration
reaches values equal or higher than 0.1 M, the density profiles inside the pore start decreasing from their
inner contact value. Furthermore, it is observed that the inner density profile of the plates is overcome
by the spherical and cylindrical pores for equal electric fields and for a molar concentration of 0.1 M.
Moreover, it is also overcome for equal surface charges for a concentration of 0.5 M. Meanwhile, for
the outer pore, the concentration profiles also diminish when the concentration increases, and for the
highest bulk concentration (0.5 M), for the equal electric field cases’, the spherical and cylindrical pores’
concentration profiles overcome the contact values of the plates. Notice the ample, higher, difference
between the inner and outer contact values, implying a lower effective electric field at r = R+d +a/2,
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Figure 3.9: The density profiles of the three pore geometries obtained for varied molar concentrations,
Po, of a monovalent electrolyte. A pore’s radius of 15A =~ 3.5a is used. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig. F)E[}
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Figure 3.10: The density profiles of the three pore geometries obtained for varied molar concentrations,
po, of a monovalent electrolyte. A pore’s radius of 80 A 2 18.8 a is used. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig.

as a result of the need of the systems of satisfying their general electroneutrality. This also implies
that the induced electric field produced by the confined electrolyte goes across the pore walls, hence,
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explaining in part the correlation between the inside and outside electrical double layers.

In Fig. [3.9 the impact that the molar concentration, p,, has on the co-ion and counter-ion distribu-
tion functions for the different nano-pore electrodes is shown, when a pore’s size of 15 A is used. The
same electrode’s surface charge density used in Fig. is used for Fig. and also the equal electric
fields and surface charges are shown. Therefore, when the pores’ radii is increases from 5A to 15A it
is found that the concentration profiles intensity decreases. Also the difference between the inner and
outer contact values decrease. These phenomena are the result of a complex combination of the need of
the systems of satisfying the chemical potential and electroneutrality. Furthermore, it is found that for
the highest molar concentrations, 0.1 M and 0.5 M, both the equal electric fields and surface charges of
the cylindrical and spherical pores overcome the density profile of the slit-pore. Moreover, it is observed
that at such concentrations the inner pore resembles more a solid electrode when compared against
their respective concentrations of Fig. [3.8] The very high values of counter-ion concentration profiles,
inside and outside the pores, seen in Figs. and show that at this very low concentration the
counter-ions are very highly adsorbed to the pores walls. It is tempting to adjudicate this behavior
to the fact that in this point-ion model, the ion-ion hard-core interactions are neglected. However,
if the ionic size is considered, as for example in the Restricted Primitive Model, the qualitative and
quantitative agreement with the present results is surprisingly good (not shown). However, this study

220) —— — 100 ‘
] 11,0=425A, €=785R=5A,d=5A 17,05 4254, =785, R=15A,d=54
100 NN 55 P
T | NN =07 0.015C/m?, po=0.01M 5 I =07 0.015 C/m®, po=0.01M
50 m 27845 | \\\ I e —— e A
W 298.15 | AN i 3
m308.45 | N Geometry e T T
Two plates P i s et == W 27815
W 328.15 10 | A m 298.15
= == == Cylindrical pore = % 5
L) r———— S N | S A Spherical pore R 7 Pty \ 0615
7 poA 5.2 SESa A \  ® 32815
5 B 4 | \
X 3 Geometry
2,; BUEKELENE E N 5 wa:plfa'u |
o 8 b === Cylindrical pore
1 s 1 s Spherical pore
04] vimsrm s simis e p] s e e, o
o =——=——r= ‘ Y 0 ‘
0 0.5 1 2 3 4 5 10 20 40 80 0 0.5 1 2 3 4 5 10 20 40 80
rla/2) rla/2]
(a) The density profiles for R = 5A = 1.2a. (b) The density profiles for R = 15 A = 3.5a.
||l
8! 11,0=4254, e=785,R=80 A, d=5A ‘ T
| | 278.15
10 2
=0y 0.015 C/m?, po=0.01 M | m 208.15
' ! G_‘r“""’"yl {4 m 30815
Wo plates A mazsis

5 = == Cylindrical pore

rla/2]

(¢) The density profiles for R = 80 A = 18.8 a.
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as in Fig. 3.4
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will be left to a forthcoming investigation. On the other hand, it has been shown that at very narrow
pore’s size, the non-linear Poisson-Boltzmann equation deviates from the HNC/MSA result [81], but it
has also been shown that the non-linear Poisson-Boltzmann theory has a remarkable good quantitative
and qualitative agreement with HNC/MSA, in the calculation of transport properties of confined elec-
trolytes, at very narrow pores and very low electrolyte concentration [82]. Thus, the strong increase
in the inner reduced concentration profile is basically a confinement effect. We will come back to this
point in Section [4.2.2

In Fig. the impact the molar concentration, p,, has on the co-ion and counter-ion distribution
functions for the different pores is shown, for a pore’s radius of 80 A. From Figs. and , it
was found that when the molar concentration and the pores’ radius are increased simultaneously, the
density profiles inside and outside the pore quickly tend to that of a solid electrode. Consequently, for
a pore’s radius of 80 A we decided not to include the cases of higher molar concentration as they are
almost identical to that of a solid electrode. Nevertheless, for a low molar concentration of 0.001 M it
is found that the density profile of a cylindrical pore overruns that of the slit-pore. And for a higher
concentration, 0.01 M, the slit-pore density profiles come last, as they are overtaken by the spherical
and cylindrical pores’ density profiles.

Lastly, in Fig. the co-ion and counter-ion distribution functions of the different nano-pores
are shown for different radii, while the temperature is increased. It is found that for the smaller radii,
5A and 15 A, the density profiles inside the pore decrease as the temperature increases. On the other
hand, for a radius of 80 A, this behavior is only seen close to the pores’ walls (both inside and outside),
while away from the the wall, the tendency is inverted. Close to the pores’ wall when the temperature
increases, the density profiles decrease, but when the distance from the pores’ wall is long enough,
around 6 a, this tendency is inverted. Then, after a distance of 6a from the inside wall, toward the
center of the pore, when the temperature is increased the density profiles increase as well, for any pore.
The distribution functions are given by Eq. , thus an increase in temperature, can also be seen as
a decrease of ionic valence or surface charge. The crossover of the distribution functions, for 6a, is a
consequence of the electroneutrality condition.
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Chapter 4

Mean electrostatic potential, induced
charge density and differential capacitance

In this chapter, the results of the mean electrostatic potential, the induced surface charge density
profiles and the differential capacitance are obtained for the solid and nano-pores electrode’s geometries.
These are presented in the first and second section, respectively. The mean electrostatic potentials
and the induced surface charge density profiles are obtained for different electrodes’ radii, and surface
charge densities, and for different electrolytes molar concentration, and temperature for both solid and
nano-pore geometries. Further, the differential capacitance is calculated for different electrodes’ radii,
and for various electrolytes’ temperatures, and molar concentrations.

4.1 The single electric double layer for solid electrodes

The electrical parameters used in Chapter [2|for the different solid electrodes are merged together in the
following subsections. An analysis is performed between each geometry to find out which one performs
best.

Firstly, the mean electrostatic potential is plotted for the p-LPBS and p-nLLPBS to observe how does
our linearization behave against our non-linearized solution. The same interval of validity found for
the density profiles is used. Afterwards, a comparison is made between the linear results of the mean
electrostatic potential for all the electrode geometries. Subsequently, the same comparison against
the p-LPBS and p-nLPBS is performed for the surface charge density, as well as against other solid
electrode geometries.

Secondly, the differential capacitance is calculated and compared for the different electrodes. A
comparison between the linear (independent of o,,) and the non-linear (dependent on o,,) capacitance
is done for the solid planar electrode, while different electrolytes’ molar concentrations and temper-
atures are used. Subsequently, a comparison between the linear differential capacitances of the solid
cylindrical and spherical electrodes is performed for different electrodes’ radii, while the electrolytes’
temperature and molar concentration are changed.

It is worth noting that we consider an aqueous symmetric electrolyte (1:1) with an electric permit-
tivity of 78.5, and an ion’s size of 4.25 A, at a room temperature of 298 K, unless stated otherwise.

4.1.1 The mean electrostatic potentials of solid electrodes

In this subsection, our results of the mean electrostatic potentials are shown for different electrode’s
geometries. Firstly, a comparison between the linear and non-linear mean electrostatic potential is made
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for a plane electrode. Secondly, we perform a comparison of the linear mean electrostatic potentials
of the different electrodes. We start by varying the electrode’s size, and afterwards its surface charge
density, whereas for the electrolyte we vary its molar concentration and temperature.

4.1.1.1 The linear and non-linear mean electrostatic potentials of a solid planar electrode
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(a) ¥(z) for p, = 0.01 M. (b) ¥ (x) for p, = 0.1 M.

Figure 4.1: The linear and non-linear mean electrostatic potential, 1)(x), of a solid planar electrode
for different electrode’s surface charge densities, o,,. The linear and non-linear mean electrostatic
potentials are represented by a solid and dashed line, respectively.

In Fig. [41] the linear and non-linear mean electrostatic potentials of a solid planar electrode are
plotted for different electrode’s surface charge densities. It is observed that the linear approximation
is a good fit of the non-linear mean electrostatic potential for low surface charges. As it was expected,
from Section [2.4.1] our linear solutions of the mean electrostatic potentials are a good fit of the non-
linear ones for surface charge up to 0.015 C/m? and 0.05 C/m? for molar concentrations of 0.01 M and
0.1 M, respectively. This is due to the fact that at such limit points our non-linear mean electrostatic
potential approaches an asymptotic limit. On the other hand, the linear mean electrostatic potentials
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Figure 4.2: The linear and non-linear mean electrostatic potential, 1 (x), of a solid planar electrode
while the molar concentration, p,, is varied. The solid and a dashed lines have the same meaning as

in Fig. [1.1]

(a) ¥(x) for o, = 0.015C/m?.

(b) ¥ (z) for oy = 0.05C/m?.

68




Chapter 4: Results The SEDL for solid electrodes: Mean electrostatic potential

do not, they steadily grow, surpassing this limit. Hence, it is not advisable to work for surface charge
densities higher than 0.015C/m? and 0.05 C/m? for molar concentrations of 0.01 M and 0.1 M, when
considering the linear case, as it stops being an accurate representation of the non-linear case.

It was found for the plane’s linear mean electrostatic potentials in Fig. that the upper limits
of the electrodes’ surface charge are 0.015C/m? and 0.05C/m? at molar concentrations of 0.01 M and
0.1 M. Now, in order to find the interval of validity of the molar concentrations, these surface charges
are used while the electrolyte’s molar concentration is varied, in Fig. From this figure it is observed
that our linear mean electrostatic potential is a good approximation of the non-linear when the molar
concentrations are higher than or equal to, 0.01 M and 0.1 M, for their respective surface charge,
0.015 C/m? and 0.05 C/m?. Therefore it is observed that our linear solution of the mean electrostatic
potential can withstand higher surface charges for higher molar concentrations, without jeopardizing
the validity of the linear mean electrostatic potential against the non-linear one. Furthermore, it is
observed that the voltage is inversely proportional to the molar concentration.

4.1.1.2 The mean electrostatic potentials of different geometries

From here forward, unless stated otherwise, only the mean electrostatic potentials of our LPBS while
be shown. Firstly, a comparison between the mean electrostatic potentials of different solid electrodes
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Figure 4.3: The mean electrostatic potentials, 1(r), of the different solid electrode geometries for
various radii values. The lighter and darker lines represent two distinct cases, when equal electric fields
and surface charges are used.
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is made. Because the solid cylindrical and spherical electrodes depend on their radius, their mean
electrostatic potentials are plotted for different radii in Fig. They are plotted for the two cases
used in Chapters[2]and [3] when equal electric fields and surface charges are used. Meanwhile, the linear
mean electrostatic potential of the solid planar electrode is plotted as well for comparison purposes.

From Fig. [£.3] it is seen that the highest mean electrostatic potentials are always achieved for
the solid planar electrode. Furthermore, it is also found that when equal electric fields are used,
specially for low radii, higher values of the mean electrostatic potentials are achieved when compared
against the equal surface charge cases. Furthermore, it is seen that the mean electrostatic potentials
of the cylindrical and spherical electrodes are directly proportional to the radii size. Their mean
electrostatic potentials intensity and extension, increase when a bigger radius is used. Additionally, it
is observed that the mean electrostatic potential of the solid cylindrical electrode is always higher and
more intensive than the spherical one, for the same radii. Lastly, but not least, when the radius is large
enough, both the solid cylindrical and spherical electrodes’ mean electrostatic potentials tend to the
mean electrostatic potential of the solid planar electrode. As seen in Fig. [£.3] if one wishes to compare
the influence of the electrode’s surface charge density, and the electrolyte’s molar concentration and
temperature have on the mean electrostatic potential of different electrodes, a fixed radius must be
chosen. For this purpose, we will use three radii, 5 A, 15 A and 80 A, to see the collective impact that
the radius and other electric parameters have on the mean electrostatic potential.
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Figure 4.4: The linear mean electrostatic potentials, 1 (r), of a solid planar, a cylindrical, and a
spherical electrodes. A radius of 5A 2 1.2a is used, while the electrodes’ surface charge, o, is varied.
The lighter and darker lines have the same meaning as in Fig. @
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Therefore, in Fig. [£.4] the mean electrostatic potentials of the three solid electrodes are plotted for
different surface charges, with a radius of 5A. The equal electric field case and surface charge are
shown. It is observed that as the surface charge increases, the mean electrostatic potential intensity
and extension increase steadily, regardless of whether the electric fields are equivalent or not. The
mean electrostatic potential at r = R+ a/2, ¥(r = R+ a/2) is referred to as the Helmholtz potential
or (-potential, and often assumed as the ion’s stagnation layer under dynamical conditions. Hence, this
potential is of a major relevance in, for example, electrophoresis studies. As expected from Eqs.
and , the (-potential for the constant electric potential case overcomes that for the constant
surface charge case, for both the cylindrical and spherical electrodes. These differences increase with
increasing surface charge on the electrodes. The cylinder (-potentials are always higher than the
corresponding ones for the spherical electrode, expressing the fact that the amount of energy required
to bring an ion from infinity to the surface of an electrode, through a In(r) electric potential is higher
than that through a 1/r electric potential.
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Figure 4.5: The linear mean electrostatic potentials, 1(r), of a solid planar, a cylindrical, and a
spherical electrodes. A radius of 15A = 3.5a is used, while the electrodes’ surface charge, oy, is
varied. The lighter and darker lines have the same meaning as in Fig. @

Now, in Fig. [£.5] the mean electrostatic potentials of the three solid electrodes are plotted for
different surface charges, when a radius of 15 A is used. Once again, both cases of equal electric fields
and surface charges are shown. For this radius, it is clearly observed that the (-potentials are larger
for R = 15 A than for R = 5 A, since a larger radius implies a stronger mean electrostatic potential,
as a function of the distance to the electrode, i.e., from Eqgs. (2.54]) and ({2.55), P}gréo EY(x) — E¥(x),
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and the Rlim EY(x) — E%(z). Hence, the mean electrostatic potentials of the cylindrical and spherical
—00

solid electrodes are more intense and thick as their radii increase. Thus, when the radius increases
from 5A to 15A it is found that the mean electrostatic potential increases. However, the differences

between the cases of equal electric fields and surface charges decrease.
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Figure 4.6: The linear mean electrostatic potentials, ¥ (r), of a solid planar, a cylindrical, and a
spherical electrodes. A radius of 80 A = 18.8a is used, while the electrodes’ surface charge, o,,, is
varied. The lighter and darker lines have the same meaning as in Fig. @

In Fig. [A.6) the mean electrostatic potentials of the three solid electrodes are plotted for different
surface charges, when a radius of 80 A is used. Again, the cases of equal electric fields and surface
charges are shown. It is observed, that now, the radius is large enough such that the equal electric field
and surface charges cases overlap. Furthermore, when the radius increase from 15 A to 80 A it is found
that the mean electrostatic potential of the cylindrical and spherical electrodes are almost identical to
that of the planar electrode.

To continue our analysis, the mean electrostatic potentials for our three radii, 5A, 15 A and 80 A,
are calculated, while varying the electrolyte’s molar concentration. In Fig. [£.7] the mean electrostatic
potentials are computed for the solid planar, cylindrical, and spherical electrodes for different molar
concentrations. It is observed that for the lowest electrolyte’s molar concentration the highest mean
electrostatic potentials are achieved, while for the highest molar concentrations, the lowest mean
electrostatic potentials are obtained. Furthermore, for the highest molar concentrations the mean
electrostatic potential quickly disappears when the distance form the surface is increased. All this is a
consequence of the screening of the electrodes’ electrical field, by the induced charge on the ions, i.e.,
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Figure 4.7: The linear mean electrostatic potential, ¢ (r), of different solid electrodes, with a radius
of 5A = 1.2 A, while the electrolytes’ molar concentration, p,, is varied. The lighter and darker lines
have the same meaning as in Fig.

the higher the bulk concentration, the higher the ionic screening. Meanwhile, for the equal electric
field cases, when the molar concentration reaches 0.1 M, the (-potential of both, the solid cylindrical
and spherical electrodes, surpass that of the plate. This is due to a combination of induced charge
and the higher surface charge on the cylindrical and spherical electrodes, to keep the corresponding
electrical fields equal to that of the plate.

Comparatively, in Fig. the mean electrostatic potentials of the different solid electrodes are
shown for a radius of 15 A, for the equal electric fields and surface charges cases. It can be observed
that when the radius is increased from 5 A to 15 A, the mean electrostatic potential of the equal electric
field case does not increase as much as before. Furthermore, it is observed that for the highest molar
concentration, 0.5 M, the three geometries tend to virtually the same values of the mean electrostatic
potential. Hence, it is recognized from Figs. [£.7] and [£.8] that when the molar concentration and
the radius increase simultaneously the mean electrostatic potentials from the different solid electrode
geometries tend to the values of the mean electrostatic potential of the planar electrode. For this
reason, in Fig. [£.9) we omit to show the plots of the mean electrostatic potential for higher molar
concentrations as their values completely overlap.

So, in Fig. [£.9) the mean electrostatic potentials of the different solid electrodes geometries are
shown for a radius of 80 A and a molar concentration of 0.001 M and 0.01 M. It is found that when
the radius is increased from 15A to 80 A, the mean electrostatic potentials of the different electrode
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Figure 4.8: The linear mean electrostatic potential, ¢ (r), of different solid electrodes, with a radius of
15A = 3.5 A, while the electrolytes’ molar concentration, p,, is varied. The lighter and darker lines
have the same meaning as in Fig. @
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geometries increase rapidly. Therefore, from Figs. [£.7] to [£.9] we can observe two main things. The
radius’ size of the electrode is an important parameter to increase the mean electrostatic potential of
the electrodes. On the other hand, a high electrolytes’ molar concentration substantially decreases
the mean electrostatic potential. Hence if one wishes to obtain high mean electrostatic potentials it is
advisable to have a large radius and a low molar concentration.
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Figure 4.10: The mean electrostatic potentials, ¥ (r), for the different geometries, for three radii, while
the temperature, T, is varied.

Finally, in Fig. the mean electrostatic potentials of the three solid electrodes are plotted while
the temperature is varied, for our three radii. It is observed, that the mean electrostatic potential
intensity and extension are directly proportional to the electrolyte’s temperature. Nonetheless, it is
found that the effect that the temperature has on the mean electrostatic potential is highly influenced
by the value of the radius. For higher radius, the increase of the temperature has a higher impact
on the mean electrostatic potentials, whereas for lower radius the increment of the temperature has a
minimal effect on them. Therefore, it is observed that the planar electrode is the most influenced by the
temperature, followed by the cylindrical electrode and lastly the spherical electrode. Furthermore, due
to the small effect that the temperature has on the mean electrostatic potential, as seen from Eq. ,
there are almost no differences between the linear and non-linear planar electrode. In addition, the
circumstances under which one would have extremely high or low temperatures are not a concern, since
the electrolyte, being of aqueous base, would break or freeze on either case. Hence, it is reasonable
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to assume that the temperature can safely be varied between over the freezing and under the boiling
temperature of water.

4.1.2 The induced surface charge density of solid electrodes

Now, the results of the induced surface charge densities are shown for the different electrode’s ge-
ometries. Firstly, we compare our linear and non-linear induced surface charge densities of a planar
electrode. Secondly, a comparison between the induced surface charge densities of all the electrodes’
geometries is performed when the radii size is varied. Finally, the influence that the electrode’s surface
charge density, and the electrolyte’s molar concentration, and temperature play on the induced surface
charge density for all the electrode’s geometries, are studied.

Let us first give a little discussion on the induced surface charge density profile, o(r). From

Eqgs. (2.42)) and (2.43)), it is easy to see that

o0 V(r) o0
Oy = —/ pu(Y) Py = —/ pa(Y) Py — / pa(¥) &3y, (4.1)

V(r=R+a/2) V(r=R+a/2) Vv (r)

where o), is the electrode’s given surface charge. Thus,

e V(r) 00
B0 =at) =aut [ paF Py == [ @)y (12)

V(r=R+a/2) Vi(r)

Hence, for r = R+ a/2, o(r), indeed reduces to o,,. For the planar electrode Eqs. (4.1) and (4.2))
reduce to Egs. (A.9) and (A.12), respectively.

4.1.2.1 The linear and non-linear induced surface charge density of a solid planar elec-

trode
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Figure 4.11: The linear and non-linear induced surface charge density, o(x), of a solid electrode for
different electrode’s surface charge density, o,,. The linear and non-linear induced surface charge
densities are represented by a solid and a dashed line, respectively.

The linear and non-linear induced surface charge densities of the planar electrode are plotted for
different electrode’s surface charges in Fig. [{.11] It is observed that, for both the linear and non-
linear cases, the contact value of the induced surface charge density is equal to the electrode’s surface
charge density, as it should be, according with the above discussion. Furthermore, when the linear and
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non-linear induced surface charge densities are compared it is found that our linear induced surface
charge density is a good approximation of the non-linear one up to electrodes’ surface charge densities
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Figure 4.12: The linear and non-linear induced surface charge density, o(x), of a solid planar electrode
while the electrolyte’s molar concentration, p,, is varied. The solid and dashed lines have the same
meaning as in Fig. .11}
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Figure 4.13: The linear induced surface charge densities, o(r), of the solid electrodes, for different radii

values. The lighter and darker lines represent two distinct cases, when equal electric fields and surface
charges are used.

7



The SEDL for solid electrodes: Induced surface charge density Chapter 4: Results

of 0.015C/m? and 0.05C/m? at molar concentrations of 0.01 M and 0.1 M, respectively. When the
electrodes’ surface charge densities exceed these values, our linear solutions of the induced surface
charge densities overestimate o(z).

Of course, in Fig. the upper limits of the electrodes’ surface charge densities are 0.015 C/m? and
0.05 C/m? at molar concentrations of 0.01 M and 0.1 M. We now proceed to find the interval of validity
of the electrolytes’ molar concentration. Consequently, in Fig. [£.12]these electrodes’ surface charges are
used while the electrolyte’s concentration is varied. It is found that our linear induced surface charge
density is a good approximation of its non-linear counterpart for electrolytes’ molar concentrations
higher than or equal to 0.01 M and 0.1 M, for their respective electrodes’ surface charges 0.015 C/m?
and 0.05 C/m?2. Therefore, it is visualized that the linear induced surface charge density can tolerate a
high electrode’s surface charge and electrolyte’s molar concentration without loosing validity against
its non-linear analogue.

4.1.2.2 The induced surface charge density of different solid electrodes

From here forward, unless stated otherwise, only the induced surface charge density of our LPBS
is shown. We start with a comparison of the induced surface charge density of the different solid
electrodes, for various radii. Therefore in Fig. [{.13] these induced surface charge densities are shown
for two different cases, when equal electric fields and surface charges are used.
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Figure 4.14: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 5 A =
1.2a is used, while the electrode’s surface charge density, o,,, is varied. The lighter and darker lines
have the same meaning as Fig. [.13]
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In Fig. [£.13]it is observed that for all the electrodes geometries, the contact induced surface charge
density is the same value. This is true when the surface charge densities are equal between the
electrodes’ geometry, regardless of the radii used. Whereas, for the case of equal electric fields, the
spherical electrode achieves the highest contact values of the induced surface charge density, followed
by the cylindrical electrode and lastly by the planar electrode, no matter the radii used. Furthermore,
it is observed that the highest deviations of the induced surface charge density between the equal
electric field and surface charge density cases are obtained for the lowest radius, as a result of the
higher charge given to the spherical and cylindrical electrodes, in order to match the same electric
fields. For the highest radius it is found that both cases of the cylindrical and spherical electrodes tend
to the values of the induced surface charge density of the planar electrode as expected, since the higher
the radius the closer the electric field becomes to that of a plate. Even though the contact values of the
induced surface charge density of the spherical and cylindrical electrodes are higher than those of the
planar electrode, when low radii and equal electric fields are used, it is observed that the later still has
a thicker electrical double layer than their counterparts. This is due to the geometry of the spherical
and cylindrical electrodes and their size, as they are capable of gathering most of the available charge
at their small surface, so when the distance from the surface is increased there is only a small amount
of free charge. Therefore, when the radius is increased they loose the capability of gathering as much
charge, as before, close to the electrodes’ surface, and consequently they have more charge available
away from the electrode’s surface.
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Figure 4.15: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 15 A =
3.5a is used, while the electrode’s surface charge density, o), is varied. The lighter and darker lines
have the same meaning as Fig. [1.13]
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Whence, as seen in Fig. [£.13]if we wish to observe the influence that the electrode’s surface charge
density, and the electrolyte’s molar concentration and temperature have on the induced surface charge
density, we must choose a fixed radius. Therefore, as we are interested in small electrodes, we will
choose three different radii, 5A, 15 A and 80 A, to observe the collective impact that the cylindrical
and spherical electrodes radius with the other parameters have on the induced surface charge density.

In Fig. the induced surface charge density of the solid electrodes with a radius of 5 A is shown,
while the electrodes’ surface charge density is increased. These induced surface charge densities are
plotted for two cases, when equal electric fields and surface charges are used. It is found that the equal
electric field case achieves higher contact values than the equal surface charge case. And that both
induced surface charge densities are directly proportional to o,;. Furthermore, it is clearly observed
that when the electrodes’ surface charge density increases so does the global extension of the induced
surface charge density regardless of the case.

Continuously, in Fig. the induced surface charge density of the solid electrodes with a radius
of 15A is shown, while the electrodes’ surface charge density is increased. These induced surface
charge densities are plotted for two cases, when equal electric fields and surface charges are used. It
is found that when the radius is increased from 5A to 15A the induced surface charge density for
equal surface charges and electric fields, increases and decreases respectively. Therefore, the biggest
differences between both cases are shown for low radii, as could be expected.
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Figure 4.16: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 80 A =
18.8 a is used, while the electrode’s surface charge density, o,,, is varied. The lighter and darker lines
have the same meaning as Fig.

In Fig. the induced surface charge density of the solid electrodes is shown now for a radius

80



Chapter 4: Results The SEDL for solid electrodes: Induced surface charge density

of 80 A, for different electrodes’ surface charge densities. These induced surface charge densities are
plotted for two cases, when equal electric fields and surface charges are used. Again, it is found that
when the radius is increased from 15 A to 80 A the contact value of the induced surface charge density
for equal surface charges and electric fields, increases and decreases respectively. Moreover, as the
radius of 80 A is large enough, the induced surface charge of both cases tends to the same value since
the electric field influence blurs.
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Figure 4.17: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 5 A =
1.2 A is used, while the electrolyte’s molar concentration, p,, increases. The lighter and darker lines
have the same meaning as Fig. @

Now, in the following figures we will show the induced surface charge density of our three radii,
5A, 15A and 80 A, while the electrolyte’s molar concentration is increased, for our two cases, when
equal electric fields and surface charges are used. In Fig. the induced surface charge density
of our three solid electrodes are shown for different molar concentrations, with an electrode’s surface
charge density of 0.015C/m?, and a radius of 5A. Tt is found that as the molarity is increased, the
intensity and extension of the induced surface charge density decreases, for both cases. It is also found
that for the highest electrolytes’ molar concentration, 0.5 M, the induced surface charge density of
the case of equal electric fields is not only higher at its contact value, but has even higher values
of the overall induced surface charge than the case of equal surface charges. Furthermore, it is also
observed that the induced surface charge of the planar electrode decreases more rapidly than its other
counterparts when the molar concentration is increased. For this reason, when the molar concentration
is increased, the cylindrical and spherical electrodes tend to quickly reassemble the induced surface
charge density of the planar electrode. The higher the bulk concentration, the thinner the electrical
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double layer becomes, and, in a way it is somewhat equivalent to have a larger radius for the spherical
and cylindrical electrodes.
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Figure 4.18: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 15 A =

3.5 A is used, while the electrolyte’s molar concentration, p,, increases. The lighter and darker lines
have the same meaning as Fig.
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Figure 4.19: The linear induced surface charge densities, o(r), of solid electrodes. A radius of 80 A =
18.8 A is used, while the electrolyte’s molar concentration, po, increases. The lighter and darker lines
have the same meaning as Fig. [.13]
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In Fig. [4.1§] the induced surface charge densities are shown for the three solid electrodes with a
radius of 15A and an electrode’s surface charge density 0.015 C/m?. It is observed that when the
radius increases from 5 A to 15 A, as expected, the contact values of the induced surface charge density
of the cylindrical and spherical electrodes, for equal electric fields and surface charges, decrease and
increase, respectively. Furthermore, as noted before in Fig. [I.I7] the values of the induced surface
charge density of the planar electrode decrease more rapidly than those of the cylindrical and spherical
electrodes, when the molar concentration increases. Therefore, for the highest molar concentrations
with equal surface charges, the induced surface charge densities tend to the planar electrodes’ results.
On the other hand, when equal electric fields are used this tendency is not as marked, as both cases
are still recognizable.

Figure shows the induced surface charge densities for the three solid electrodes while the
molar concentration is increased, when a radius of 80 A and an electrodes’ surface charge density of
0.015C/m? are used. These induced surface charge densities are plotted when equal electric fields
and surface charges are used. Again, it is found that when the radius increases, now from 15A to
80 A, the induced surface charge density of the cylindrical and spherical electrodes increases as well.
Furthermore, as it was observed from Fig. if the molar concentration is large enough, and so is the
radius, the induced surface charge density of the cylindrical and spherical electrodes tend to the plane
electrode values, for both the equal electric fields and surface charges cases. Therefore, in Fig.
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Figure 4.20: The linear induced surface charge densities, o(r), of solid electrodes, while the electrolyte’s
temperature, T, is varied. The lighter and darker lines have the same meaning as Fig. @
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we do not include the higher molar concentrations as they overlap with the induced surface charge
densities of the planar electrode.

Finally, in Fig. [£.:20] the induced surface charge densities of the three solid electrodes are plotted
while the temperature is varied, for our three radii. It is found that the extension of the induced
surface charge density is directly proportional to the electrolyte’s temperature, as the contact value
of the induced surface charge density is the same for all the geometries. However, the effect that the
temperature has on the induced surface charge density is highly influenced by the radius size. As
for low radii, the raise of the induced surface charge density when the temperature increases is not
as marked as for high radii. Moreover, it is seen that the electrolyte’s temperature is the studied
parameter with less impact on the induced surface charge density of the electrodes’ geometry.

4.1.3 The differential capacitance of solid electrodes

Lastly, the results of the differential capacitances are obtained for the different electrode’s geometries,
unless stated otherwise, they are obtained for a monovalent electrolyte (1:1) with a dielectric constant
of 78.5, a molar concentration of 0.01 M, and a temperature of 298.15 K. The linear and non-linear
differential capacitances of the solid planar electrode are calculated from Egs. and . The
main difference between the linear and non-linear differential capacitances is that the latter depends
on the electrode’s surface charge density, o,,;, whereas the other one does not. Therefore, in Table
and Fig. the linear and non-linear differential capacitances are calculated, while the electrolyte’s
molar concentration increases. Consequently, for the linear case only the dependence on the elec-
trolyte’s molar concentration is shown, while for the non-linear one the dependence on the electrolyte’s
molar concentration and on the electrode’s surface charge are shown. From, Table[4.1]and Fig. it is
found that the our linear differential capacitance is, in general, a very good approximation of the non-
linear one when low electrode’s surface charges are used, except for p, = 0.001 M, and o,, > 0.005%.

Non-linear
Linear
po [M] . [%} 0.005 0.01 0.015 0.02
0.001  0.036 0.060 0.103 0.149 0.196
0.01 0.110 0.120 0.145 0.179 0.218
0.1 0.325 0.328 0.337 0.351 0.369
0.5 0.648 0.649 0.652 0.658 0.666

Table 4.1: The linear and non-linear differential capacitances, Cr[F/m?], of a planar electrode for
different electrolyte’s molar concentrations, p,.

In Table [£:2] and Fig. [£.22] the linear and non-linear differential capacitances of a planar electrode
are calculated while the electrolyte’s temperature is varied, for a molar concentration of 0.01 M. Once
again, the non-linear dependence on the electrode’s surface charge density is shown. Therefore, from
Table and Fig. it is found that conversely to the mean electrostatic potentials and the induced
surface charge density, the differential capacitance is inversely proportional to the temperature. When
the temperature increases, the differential capacitance drops. However, it is observed that for the
linear differential capacitance as well as for the non-linear one with low electrode’s surface charge, the
temperature’s effect on the differential capacitance is minimal.

Therefore, from Tables [I.1] and [£.2] and Figs. [£.2T] and [£.22]it is found that the only restriction that
our linear solution of the differential capacitance has against the non-linear one, is that at very low elec-
trolyte concentration, the electrode’s surface charge density should be lower or equal than 0.005 C/m?.
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Figure 4.21: The linear and non-linear differential capacitances, Cp, of a planar electrode against the
electrolyte’s molar concentration, p,.

Non-linear
Linear
T [K] . [%}0.005 0.01 0.015 0.02
278.15  0.114 0.125 0.152 0.189 0.231
298.15  0.110 0.120 0.145 0.179 0.218
308.15  0.109 0.118 0.142 0.174 0.212
328.15  0.105 0.114 0.136 0.166 0.201

Table 4.2: The linear and non-linear differential capacitances, Cy [F/m?], of a planar electrode, while
varying the electrolyte’s temperature. In all cases, p, = 0.01M.
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Figure 4.22: The linear and non-linear differential capacitance, Cr, of a planar electrode against the
electrolyte’s temperature, T'.

When this restriction is followed, our linear differential capacitance is a good approximation of the
non-linear one, regardless of the electrolyte’s molar concentration or temperature.

In Fig. and Table[4.3|the differential capacitanes of solid cylindrical and spherical electrodes are
obtained for four radii, 5A, 15A, 30 A and 80 A, while varying the electrolyte’s molar concentration.
It is found that the highest differential capacitance for solid electrodes, is achieved for a small spherical
electrode, followed by a small cylindrical electrode. Furthermore, as the radius increases for both the
cylindrical and spherical electrodes, their differential capacitances become more alike. And for high a
enough radius, 80 A, both electrodes tend to the differential capacitance of the planar electrode.
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R=5A~12a R=15A~35a R=30A~71a R=80A=~188a

po[M] Cylinder Sphere Cylinder Sphere Cylinder Sphere Cylinder Sphere

0.001 0.168 0.452 0.101 0.223 0.075 0.138 0.053 0.077
0.01 0.264 0.508 0.185 0.289 0.153 0.208 0.129 0.149
0.1 0.481 0.674 0.398 0.481 0.366 0.410 0.342 0.359
0.5 0.782 0.928 0.708 0.772 0.681 0.716 0.661 0.675

Table 4.3: The linear differential capacitances, Cy [F/m?], of the cylindrical and spherical electrodes,
for different radii, while the electrolyte’s molar concentration, p,, is varied.
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Figure 4.23: The linear differential capacitances, Cr, of solid electrodes against the molar concentration,
Po, for four radii.

In contrast, in Fig. and Table the linear differential capacitance of solid cylindrical and
spherical electrodes are obtained for four radii, 5A, 15A, 30 A and 80 A, while the electrolyte’s tem-
perature is varied. Once again, it is found that the differential capacitance is inversely proportional to
the electrolyte’s temperature, and electrode’s size. Therefore, to enhance the differential capacitance,
the optimal geometry is a small spherical electrode at a high electrolyte’s molar concentration, and
with a low temperature.

86



Chapter 4: Results

The SEDL for solid electrodes: Differential capacitance

=
@

e
12

1.7,a=425A,€=785, pp=0.01M

|5 Geometry
0.4 ® 30 Plane
W 80 ——-=— Cylinder
B3 m20  m—— - Sphere
| O
IS M e e Ve
S
0.2
0.1 Xty ey
0.0
200 250 300 350 400
T [K]

Figure 4.24: The linear differential capacitance, Cr, of solid electrodes against the temperature, T', for

different radii.

R=5A~12a R=15A=35a R=30A=71a R=80A=188a
T[K] Cylinder Sphere Cylinder Sphere Cylinder Sphere Cylinder Sphere
278.15 0.268 0.511 0.189 0.292 0.157 0.212 0.132 0.153
298.15 0.264 0.508 0.185 0.289 0.153 0.208 0.129 0.149
308.15 0.262 0.507 0.183 0.288 0.152 0.207 0.127 0.148
328.15 0.258 0.505 0.180 0.285 0.148 0.204 0.124 0.144

Table 4.4: The linear differential capacitances, Cr [F/m?], of a cylindrical and spherical electrodes for
different radii, while the electrolyte’s temperature, 7', is varied.

4.2 The electrical double layer for different nano-pore electrodes ge-
ometries

In here, the electrical parameters obtained in Chapter [3| for different nano-pore electrode geometries
are merged together in the following subsections. An analysis is performed between each topology
to find out which one performs the best. This analysis is made considering that the inner and outer
electrode’s surface charge densities are the same, 0 = o; = o,;, and an electrode’s constant pores’
width of 5 A is kept for all cases.

Firstly, the mean electrostatic potentials are plotted for our three nano-pores. A comparison of
the mean electrostatic potential of the slit-pore, the cylindrical and spherical pores is made while the
electrode’s radii, and surface charge density, and the electrolyte’s molar concentration, and temperature
are varied. These variances are kept inside our interval of validity, found on Chapter [2|

Secondly, the induced surface charge densities are obtained for the three nano-pores. Identically, as
for the mean electrostatic potentials, the electrode’s radius, surface charge density, and the electrolyte’s
molar concentration, and temperature are given different values to observe their impact over the
induced surface charge densities.

Lastly, the differential capacitances of the three nano-pores are calculated for different electrode’s
radii. These differential capacitances, are obtained while varying the electrolyte’s molar concentration,
and temperature. An analysis is performed to find out which topology maximizes the differential
capacitance for each variable and electrode’s radius.

As for the last section, unless stated otherwise, all our charts are obtained assuming that we are
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dealing with an aqueous symmetric electrolyte (1:1) with an electric permittivity of 78.5, an ions’ size
of 4.25 A and at a room temperature of 298 K.

4.2.1 The mean electrostatic potentials of nano-pore electrodes

In this subsection, the results of our mean electrostatic potentials are shown for different nano-pore
electrode’s geometries. Firstly, a comparison on the pore’s radii influence over the mean electrostatic
potentials is made in Fig. [£.25] for equal electric fields and surface charges. From it, two different
tendencies between the cylindrical, and spherical nano-pores and the slit-pore are observed.
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Figure 4.25: The mean electrostatic potentials, 1) (r), of the different nano-pores geometries, while the
radius, R, is varied. The lighter and darker lines represent two distinct cases, when equal electric fields
and surface charges are used. The vertical dashed and solid lines represent the OHP, and THP.

On the one hand, for the slit-pore, the highest mean electrostatic potentials at the pore’s center,
14, 18 achieved for the lowest radius, as when the radii increases, 1, decreases. On the other hand, for
the cylindrical and spherical pores, an interesting tendency is found: v, shows a non-linear behavior
with a increasing radius, at least in the case of constant surface charge. Therefore, both the cylindrical
and spherical pores achieve a peak value for ¢, between a radius of 5 A-30 A, since at such radii the
value of 1, increases, and afterwards it decreases. Remarkably, when the radius reaches 200 A, these
different tendencies between pores overlap. At such radius, it is found that the inside and outside
pores are almost identical. Furthermore, it is observed once again that the highest values of the mean
electrostatic potentials for low radius are obtained for the case of equal electric fields. However, as the
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radius increases the differences between equal electric fields and surface charge tends to zero. Moreover,
it is observed that a radius of 200 A is big enough that the mean electrostatic potential inside the nano-
pore reassembles that of the solid electrode. Therefore, as we are interested solely on the pore we will
limit to a radii equal to or smaller than 80 A, where a couple of interesting results are found. Therefore,
from this point forward the mean electrostatic potentials of the different nano-pores will be obtained for
three radii, 5A, 15 A and 80 A, while different electrode’s and electrolyte’s parameters are varied. This
is done in order to find the influence these parameters have and how the mean electrostatic potentials
can be maximized.
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Figure 4.26: The mean electrostatic potentials, 1(r), of three nano-pore electrodes. A radius of
5A 2 1.2a is used, while the electrode’s surface charges are varied. The lighter and darker lines, and
the vertical lines have the same meaning as in Fig.

Therefore, in Fig. the mean electrostatic potentials of the different nano-pore electrodes are
obtained for a radius of 5 A, while the electrode’s surface charge is varied. The cases for equal electric
fields and surface charge are shown. From Fig. it is found that for all the electrode’s surface
charges, the slit-pore always has a higher overall mean electrostatic potential than their counterparts,
regardless if they have equal electric fields or surface charges. Moreover, as for solid electrodes, the
pores’ mean electrostatic potential is directly proportional to their surface charge. The equal electric
fields cases always achieve higher mean electrostatic potentials than the equal surface charge cases. At
this small pore’s size the mean electrostatic potential is maintained constant all through the pore’s
inside, and from the pore’s walls to the pore’s outside the mean electrostatic potential drops.

In Fig. the mean electrostatic potentials of the different nano-pore electrodes are obtained for
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Figure 4.27: The mean electrostatic potentials, ¢(r), of three nano-pore electrodes. A radius of
15 A 2 3.5a is used, while the electrode’s surface charges are varied. The lighter and darker lines, and
the vertical lines have the same meaning as in Fig. [£.25]

a radius of 15 A, while the electrode’s surface charge is varied. The cases for equal electric fields and
surface charge are shown. When the radius is increased from 5 A to 15 A it is observed that the slit-pore
mean electrostatic potentials decrease, whereas the cylindrical and spherical pores mean electrostatic
potential increases. However, this decrease or increase of the mean electrostatic potentials for the slit-
pore, and cylindrical and spherical pores do not affect the overall tendencies; as the slit-pore still has
the highest mean electrostatic potentials, followed by the cylindrical and spherical pores. Nonetheless
it is observed, that the mean electrostatic potentials of the spherical pore increase more, with increasing
radius, than the cylindrical pore, for the same electrode’s surface charge densities. Once again, it is
observed that the difference between the two cases, equal electric fields and surface charges, decreases
when the radius increases. Comparatively, now in Fig. the pore’s size is big enough, so that there
is a potential drop inside the pore, which was not observed for a smaller radii.

Next, in Fig. .28 the mean electrostatic potentials of the different nano-pore electrodes are obtained
for a radius of 80 A, while the electrode’s surface charge is varied. The cases for equal electric fields
and surface charges are shown. When the radius is increased from 15A to 80 A it is observed that
the overall mean electrostatic potentials decrease for all the pores. However, now the values of v,
are higher for the spherical pore, followed by the cylindrical pore and lastly by the slit-pore. This is
due to the geometry, as for a sphere the confinement of the ions is greater than in the cylinder and
consequently than in the two plates, which translates on a higher ionic concentration inside the pore,
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Figure 4.28: The mean electrostatic potentials, 1(r), of three nano-pore electrodes. A radius of

80 A = 18.8a is used, while the electrode’s surface charges are varied. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig. [£.25

to maintain the constant chemical potential. Moreover, as the radii increase enough, the equal electric
fields and surface charge cases of the mean electrostatic potential, become closely indistinguishable.
Meanwhile, outside the pore the mean electrostatic potentials tend to the values of the solid electrodes.

Comparatively, in the following figures the mean electrostatic potentials of our pore electrodes
are shown while the electrolyte’s molar concentration is varied for three radii, 5A, 15A and 80 A.
Therefore in Fig. the mean electrostatic potentials for a pore’s size of 5A is obtained, when
the electrolyte’s molar concentration is varied, for two different cases, when equal electric fields and
surface charge are used. It is found that the mean electrostatic potential is inversely proportional to
the electrolyte’s molar concentration. Furthermore, for p, = 0.001 M it is observed that the mean
electrostatic potential inside the pore is completely constant, whereas when p, = 0.01 M the mean
electrostatic potential, despite being almost constant inside the pore, has a clear maximum at the
IHP inside the pore. At higher bulk electrolyte concentrations this maximum becomes more evident,
and the mean electrostatic potential inside the pore starts dropping from its value at the pore’s wall.
Furthermore, when the molar concentration increases, the deviations between both cases increase. In
addition, when p, = 0.1 M the equal electric fields cases of the cylindrical and spherical pores start
overcoming the mean electrostatic potential inside the slit-pore, and when the molar concentration
increases further, 0.5 M, both the equal electric fields and surface charge cases of the cylindrical and
spherical pores overcome the mean electrostatic potential inside the slit-pore.
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Figure 4.29: The mean electrostatic potentials, ¥ (r), of nano-pore electrodes, with a radius of 5 A
1.2 a, while the electrolyte’s molar concentration, p,, is varied. The lighter and darker lines, and the
vertical lines have the same meaning as in Fig. [£.25]

In Fig. the mean electrostatic potentials of pore electrodes are shown, for a pore’s size of 15 A,
while the electrolyte’s molar concentration is varied. The equal electric fields and surface charge cases
are shown. It is found that when the pore’s size increases from 5A to 15A the mean electrostatic
potential decreases. For the lowest molar concentration, 0.001 M, it is found that the mean electro-
static potential stops being constant inside the pore, but is starts to very softly dwindle from its value
on the inner pore wall. On the other hand, for the other electrolyte’s molar concentrations the mean
electrostatic potentials of the slit-pore decreases, and the cylindrical and spherical pores start increas-
ing. Such that now, for a radius of 15 A the mean electrostatic potential of the slit-pore is overcome
by that of the cylindrical and spherical pore, for both equal electric fields and surface charge, at a
molar concentration of 0.1 M. Furthermore, the increase of both the radius and molar concentration,
for 0.5 M makes the mean electrostatic potential of all the pore electrodes to compact into one single
mean electrostatic potential.

In Fig. the mean electrostatic potentials of pore electrodes are plotted, for a pore’s size of
80 A, while the electrolyte’s molar concentration is varied. The equal electric fields and surface charge
cases are shown. From Fig. it is observed that as the radius increases, the mean electrostatic
potentials, for high molar concentrations, 0.1 M and 0.5 M, tend to the same values as those of the slit,
for both the inside and outside of the pore. Therefore, the higher molar concentrations were not shown
for R = 80 A, as they simply are that of a slit, for the all the pores geometries. Nonetheless, when
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Figure 4.30: The mean electrostatic potentials, 1(r), of nano-pore electrodes, with a radius of 15 A~
3.5a, while the electrolyte’s molar concentration, p,, is varied. The lighter and darker lines, and the
vertical lines have the same meaning as in Fig.
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Figure 4.31: The mean electrostatic potentials, 1)(r), of nano-pore electrodes, with a radius of 80 A =~
18.8 a, while the electrolyte’s molar concentration, p,, is varied. The lighter and darker lines, and the
vertical lines have the same meaning as in Fig.
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the radius is increased from 15 A to 80 A one can observe that for the lowest molar concentration the
slit-pore has the highest values at the inner wall of the pore, but the cylindrical pore overpasses the
values of the slit-pore’ mean electrostatic potential at the pores’ center. Moreover, the equal electric
fields and surface charge cases almost completely overlap, as we are dealing with a large enough radius
for which their differences almost disappear. In addition, for a molar concentration of 0.01 M the slit-
pore’ mean electrostatic potential is almost equal to that of a solid electrode, followed by the cylindrical
pore. On the other hand, the spherical pore’s mean electrostatic potential is the furthest to resemble
to that of a solid electrode. As discussed earlier, due to the geometry of the sphere, the electrons are
more compacted than in either the cylinder or plates. Hence, it achieves a higher mean electrostatic
potentials than either pore.
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Figure 4.32: The mean electrostatic potential, 1(r), of three pore electrode, for three radii, while the
temperature, T, is varied. The lighter and darker lines, and the vertical lines have the same meaning

as in Fig. [£.25]

Lastly but not least, in Fig. [£:32) the mean electrostatic potentials of our pore electrodes are shown
for three radii, 5A, 15 A and 80 A, while the electrolyte’s temperature is varied for two different cases,
for equal electric fields and surface charge. It is found that as the electrical potential of the solid
electrode, the pores’ mean electrostatic potential is directly proportional to the temperature. As for
higher temperatures, the mean electrostatic potential steadily grows through all the interval.

Therefore, it is found that the mean electrostatic potential can be easily boosted by regulating
its electrode size and surface charge density. Whereas, if one wishes to decrease its intensity and
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extension one should increase its electrolyte’s molar concentration. Meanwhile, if the intention is
to increase the mean electrostatic potential throughout the entire interval one needs to increase the
electrolyte’s temperature.

4.2.2 The induced surface charge densities of nano-pore electrodes

Here, the induced surface charge densities are shown for different pores’ electrodes. Firstly, the pore’s
radius influence on the induced surface charge densities for the different pores’ electrodes, when two

distinct cases are calculated for equal electric fields and surface charge, is studied in Fig. [4.33]
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Figure 4.33: The induced surface charge densities, o(r), of pore electrodes, while the electrode’s radius
is varied. The lighter and darker lines represent when equal electric fields and surface charge are used.
The vertical dashed and solid lines represent the OHP, and THP.

In Fig. [4.33] it is observed that now the induced surface charge density is different from the elec-
trode’s surface charge density. In fact, the electrode’s surface charge density is uniformly distributed
inside and outside the pore. It is observed that the induced surface charge density inside the pore
increases when the radius increases, while the outside induced surface charge density decreases. This
is true up to the point when the radius is large enough so that the inner and outer induced surface
charge densities are equal. Furthermore, it is observed that the pore’s inner induced surface charge
density for the slit-pore is always higher than in the other counterparts, regardless of the radii size,
followed by the cylindrical pore and lastly the spherical pore. This is clearly a confinement effect, and
implies a violation of the local electroneutrality condition. Of course, the sum of the inner and outer
induced charge densities is equal and of opposite sign to that of o; + o;;.
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Figure 4.34: The induced surface charge densities, o(r), of three nano-pore electrodes. A radius of
5A = 1.2a is used while the electrode’s surface charge density is varied. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig. .

As we are studying the behavior of the induced surface charge densities for nano-pores, we will
choose three radii, 5 A, 15 A and 80 A, while varying some other electrode’s and electrolyte’s parameters.
Therefore, in Fig. the induced surface charge density of three nano-pores, with a radius of 5 A, is
shown while the electrode’s surface charge density is varied. As expected, it is observed that when the
electrode’s surface charge density increases, the induced surface charge density follows proportionally,
to guarantee total electroneutrality. It is interesting noticing that on the pore’s inside, the induced
surface charge density is close to zero for all the pores, but in particular for the spherical and cylindrical
pores. This is due to the fact that since the space inside the pore is very small, only a few number of
counter-ions can be settled inside, making the available charge minimal. Hence, although is not clearly
seen in Fig. [4.34] inside the pores the slit-pore can store more charge than the cylindrical pore, and this
last one can store more charge than the spherical pores. Furthermore, as the induced surface charge
density inside the pore is very small the differences between the two cases of equal electric fields and
surface charge are almost identical, whereas outside the pore the induced surface charge density for
equal electric fields and equal surface charge have important differences. Also notice that for the equal
electric field case, the induced surface charge at 7 = R + d + a/2 has almost the same value for three
pore geometries, and is almost identical to the induced surface charge densities of the corresponding
solid electrodes.

In Fig. the induced surface charge density of the three nano-pore electrode’s, for a radius
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Figure 4.35: The induced surface charge densities, o(r), of three nano-pore electrodes. A radius of
15 A = 3.5a is used while the electrode’s surface charge density is varied. The lighter and darker lines,
and the vertical lines have the same meaning as in Fig. .

of 15A, is plotted for different electrode’s surface charge densities. The equal electric fields and
surface charges are shown. It is observed that when the radius increases from 5 A to 15 A the induced
surface charge inside the pore increases considerably for all the geometries. Furthermore, in the outer
pore the induce surface charge density decreases for all the pores, as could be expected if the total
electroneutrality condition of the system is satisfied. This decrement on the induced surface charge is
not equal for all the pores, as the slit-pore drops quicker. Also, the induced surface charge in the outer
wall of the pore is higher for the cylindrical pore than for the slit-pore. Moreover, it is also observed
that outside the pore the equal electric fields cases achieve a higher contact value on the outer wall of
the pore than the slit-pore. Therefore, around a radius of 15 A the induced surface charge density of
the slit-pore outside starts being overtaken by that of the cylindrical and spherical pores.

In Fig. [£.36] the induced surface charge densities of the three nano-pore electrodes, with a radius
of 80 A, is shown while the electrode’s surface charge is varied, for cases when equal electric fields and
surface charges are used. Hence, it is observed that when the radius of the pore is increased from 15 A
to 80 A the induced surface charge density inside the pore increases almost to the values of the outside
pore. Therefore, the behavior of the induced surface charge density in the inner and outer pore is that
of a solid electrode.

In the following figures the influence that the electrodes’ radius and the electrolyte’s concentration
have on the induced surface charge is compared. For this purpose we will plot the induced surface
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Figure 4.36: The induced surface charge densities, o(r), of three nano-pore electrodes. A radius of
80A = 18.84a is used while the electrode’s surface charge density is varied. The lighter and darker
lines, and the vertical lines have the same meaning as in Fig. @

charge densities for the same radii and, for the two cases as before, namely for equal electric fields
and surface charges. Therefore, in Fig. the induced surface charge densities of the different pores
are obtained when the molar concentration is varied at a radius of 5A. It is found that when the
molar concentration increases, the induced surface charge densities inside the pores increase, whereas
the induced surface charge densities outside the pore diminish. Therefore, when we increase the
electrolyte’s molar concentration, we obtain a similar result that when we increase the electrodes’ size,
since a higher bulk concentration reduces the thickness of the electrical double layer, and, hence, the
confinement is reduced, as when the radius of the pore is increased. Thus, both changes have similar
physical implications in the interaction between the electrodes and electrolytes. As previously, it is
observed that the difference between induced surface charge densities of the equal electric fields and
surface charge cases, for the lowest molar concentration, are almost zero. However, as the molarity
increases these differences become more apparent. For instance, for a molar concentration of 0.5 M the
cylindrical pores’ induced surface charge density of equal electric fields overlaps to the values of the
one of the slit-pore.

In Fig. the induced surface charge densities of the different pores are computed when the
molar concentration is varied and a radius of 15 A is employed. Hence, it is observed that when the
radius size is changed from 5 A to 15 A, the induced surface charge inside and outside the pore increase
and decrease, respectively, faster when the electrolyte’s molar concentration increases. Therefore,
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Figure 4.37: The induced surface charge density, o(r), of our nano-pore electrodes. A radius of
5A = 1.2a is used while the electrolyte’s molar concentration, p,, is varied. The lighter and darker
lines, and the vertical lines have the same meaning as in Fig. @

the induced surface charge density is doubly influenced by the electrolyte’s molar concentration and
electrode’s surface charge densities. For a rather small pore size, 15 A, the pore’s inner induced surface
charge density for electrolytes’ molar concentration of 0.1 M and 0.5 M resemble a lot the behavior of
the induced surface charge densities of a radius of 80 A. That is, the induced surface charge density
inside and outside the pore start reassembling that of a solid electrode.

In Fig. [4.39] the induced surface charge density of the different pores, is shown with a radius of
80 A, while the molar concentration is varied for the equal electric fields and surface charge cases. Due
to the tendency discussed earlier, found from Figs. and the induced surface charge densities
for this radius are not calculated for the higher molar concentrations as they quickly tend to the values
of a solid electrolyte both inside and outside. Hence, in Fig. it is observed that the induced
surface charge densities inside the pore achieve higher contact values at the inner wall for the slit-pore,
followed by the cylindrical pore and then by the spherical pore, for both molar concentrations. On the
other hand, for the induced surface charge densities outside the pore, the opposite is true, the highest
contact values at the outer wall are for the spherical pore, followed by the cylindrical pore and the
slit-pore, for both molar concentrations. Meanwhile, as the radius is large enough both cases, equal
electric fields and surface charges, overlap for all the induced surface charges.

Lastly, in Fig. the induced surface charge densities of our different pores are shown for three
radii, 5A, 15A and 80 A, while the temperature is varied. Two distinct tendencies for the inner
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and outer induced surface charge densities are found. For the latter, it is observed that the induced
surface charge is directly proportional to the temperature. Whereas, the opposite is true for the inner
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induce surface charge densities, there is an indirect proportionality between the induced surface charge
density and the temperature. Both of these opposite tendencies are true for all the radii. As pointed
out before, increasing the temperature is somewhat equivalent to decreasing the charge of the pore
or the ionic valence; hence, the induced charge inside the pores reduces accordingly with a higher
temperature. Then, because of the electroneutrality condition, the reverse tendency is observed in the
outside induced charges. Why is not this effect in the opposite behavior? That is, why increasing
temperature reduces the outside induced charge and inside the pores increases? The reason seems to
be because the restriction imposed to the absorption of ions inside the pores, due to the confinement.
In any case, it is clearly shown that the temperature effect on the induced surface charge density is
minimal, as the induced surface charge density barely changes.
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Figure 4.40: The induced surface charge densities, o(r), of three pore electrode, for three radii, while
the temperature, T', is varied. The lighter and darker lines, and the vertical lines have the same
meaning as in Fig. [£.33]

As aresult, it is found that the induced surface charge density inside and outside the pore is directly
proportional to the electrode’s surface charge. However, the inner and outer induced surface charge
density are observed to be directly and inversely proportional to the pores’ radii and electrolyte’s
molar concentration, respectively. Therefore, if one changes these three parameters one can completely
vary the intensity and extension of the induced surface charge density. On the other hand, when the
temperature increases the inner and outer induced surface charge densities suffer a uniform decrement
or increment, respectively. Hence, varying the electrodes’ size, and surface charge density, and the
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electrolyte’s molar concentration and temperature one can force the induced surface charges to take
the values that one wishes, as long as the electroneutrality condition is not violated. Consequently, if
you want an inner induced surface charge density with a high contact value, you should either increase
the electrode’s size or the electrolyte’s molar concentration.

4.2.3 The differential capacitance of nano-pore electrodes

Lastly, the results of the differential capacitances are obtained for the different nano-pore electrodes for
a monovalent electrolyte (1:1) with a dielectric constant of 78.5, an electrolyte’s molar concentration
of 0.01 M, a temperature of 298.15 K, and a pore’s width of 5A, unless stated otherwise. The slit-
pore, and cylindrical and spherical pores’ differential capacitances are obtained from Egs. ,
and , respectively.

1.6
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Figure 4.41: The differential capacitances, C, of different nano-pore electrodes against the molar
concentration, p,, for four radii.

Consequently, in Fig. [£.41] and Table [£.5] the differential capacitances of the three pore electrodes
are obtained for four radii, while the electrolyte’s molar concentration is increased. Some interesting
results are found, as each pore has slightly different tendencies for different radii. Therefore, we will
first point out the common tendency that the three nano-pore electrodes have. That is, the differential
capacitance is directly proportional to the electrolyte’s molar concentration. Furthermore, if the molar
concentration is sufficiently increased, the differential capacitance of the slit-pore is always higher than
that of the other nano-pores; since, the differential capacitance values of the slit raises more rapidly
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than the one of the other nano-pores’, when the molar concentration increases. However, it is observed
that when the radii is small, 5 A, and the electrolyte’s molar concentration is lower than 0.2 M, the
highest differential capacitance is achieved for the spherical pore, followed by the cylindrical pore and
lastly by the slit-pore. Whereas, for a radius of 15 A only for molar concentrations lower than 0.03 M
do the differential capacitance of the spherical and cylindrical pores have higher values than in the
case of the slit-pore.

R=5A~12a R=15A~35a R=30A~71a R=80A=~188a
po [M] P C S P C S P C S P C S
0.001 0.036 0.174 0.502 0.040 0.105 0.236 0.047 0.081 0.147 0.080 0.077 0.096
0.01 0.112 0.276 0.579 0.165 0.212 0.324 0.280 0.238 0.274 1.477 0.743 0.546
0.1  0.400 0.510 0.782 1.347 0.848 0.794 6.544 2.933 1.967 1184 327.8 138.9
0.5 1.361 0.971 1.133 16.09 6.571 4.130 526.3 156.3 71.21 6-107 1-107 NA

Table 4.5: The differential capacitances, C [F/m?], of the slit-pore (P), and cylindrical (C) and spher-
ical (S) pores, for different radii, while the molar concentration, p,, is varied.
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Figure 4.42: The differential capacitances, C;, of nano-pores electrodes against the temperature, T,

for different radii.
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R=15A>~35a

R=30A~71a
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278.15
298.15
308.15
328.15

0.116
0.112
0.110
0.107

0.281
0.276
0.274
0.270

0.582
0.579
0.577
0.574

0.173
0.165
0.161
0.154

0.218
0.212
0.209
0.204

0.329
0.324
0.321
0.317

0.299
0.280
0.271
0.255

0.250
0.238
0.233
0.224

0.283
0.274
0.270
0.263

1.674
1.477
1.393
1.248

0.827
0.743
0.707
0.644

0.598
0.546
0.524
0.485

Table 4.6: The differential capacitances, Cy [F/m?], of different nano-pores for four radii, while the
temperature, T, is varied. The initials (P, C, S) used have the same meaning as in Table

In contrast, in Fig. [£.42] and Table [4.6] the differential capacitances of our three pore electrodes

are obtained for four radii, while the temperature is varied. It is found that the differential capaci-
tance is inversely proportional to the temperature, for any radius. However, it is observed that this
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proportionality depends on the radius size. As for low radii, the differential capacitance drops as the
temperature increases is minimal, whereas for large radii there is a more drastic drop. Furthermore,
for a radius of 30 A it is observed that the slit-pore differential capacitance is higher than the one of
the other pores for low temperatures. However, as the temperature increases to 310 K the differential
capacitance of the spherical pore overpasses the one of the slit-pore. Hence, it is observed that the
electrolyte’s temperature has a bigger impact on the slit-pore differential capacitance than for the
spherical pore. This is further observed when a radius of 80 A is used, as the drop from the slit-pore
and the cylindrical pore are higher than the one of the spherical pore.

It was found that the spherical nano-pore of 5 A achieve the highest differential capacitances for
molar concentrations lower or equal than 0.35 M. However, if either the electrodes’ radii or the elec-
trolyte’s molar concentration is higher, the slit-pore differential capacitances are larger than the other
nano-pores’ differential capacitances. Furthermore, it was found that the differential capacitance is in-
versely proportional to the temperature. However, as the radius increases this inverse proportionality
increases, specifically for the slit-pore, followed by the cylindrical pore and lastly by the spherical pore.

An ending remark of this chapter must be made. Even though we did not make a hand to hand
comparison with other theoretical results, as in Chapter 2] As in Chapter [3] we assume that the
validity of the concentration profiles of solid electrodes in Chapter [2| equally applies for the different
electric parameters of solid, and nano-electrodes.
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Conclusions

The linearized single electrical double layer of a solid planar, cylindrical and spherical electrodes was
derived from the Poisson-Boltzmann model with the Stern restriction. Moreover, for the planar elec-
trode the non-linearized SEDL was also derived for the same model. The electric parameters of the
density profiles, mean electrostatic potentials, induced surface charge densities and the differential
capacitances were obtained for each geometry and case.

Furthermore, the first results of the linearized electrical double layer of a slit-pore, cylindrical,
and spherical pore electrodes were derived as well from the Poisson-Boltzmann model with the Stern
restriction. The density profiles, mean electrostatic potentials, induced surface charge densities and
the differential capacitances were obtained and plotted for each pore.

From the results, the interval of validity of the Poisson-Boltzmann model with the Stern restriction
is found against the HNC/MSA model and from MC results. Furthermore, a thorough study of
the impact that the electrode’s size, surface charge, and the electrolyte’s molar concentration, and
temperature have on the density profiles, mean electrostatic potential, induced surface charge and
differential capacitance was performed for nano-electrodes of different and equivalent topologies.

Lastly, we also include a brief list on possible future works that could be done as a continuation
of this thesis. These works are suggested from inconclusive works performed during the elaboration of
this thesis that were not carry out due to time concerns, and from new works concerning the topic.

5.1 Interval of validity

In Chapter [2, a comparison between our linear solutions and that of the HNC/MSA model of Lozada-
Cassou for solid electrodes was performed. It was found that our solutions work for symmetrical
electrolyte (1:1) with electrolyte’s molar concentrations in the range between 0.01 M to 0.5 M. And
for an electrode’s surface charge of 0.015 C/m? and 0.05 C/m? for molar concentrations of 0.01 M and
0.1 M, respectively. Furthermore, for higher molar concentration it was observed that a higher value of
the electrode’s surface charge can be used without jeopardizing the validity of our solutions. Moreover,
it was also found that our results are a good fit of the HNC/MSA model of Lozada-Cassou when the
electrodes’ radius is lower than or equal to 80 A. However, they are a better fit when the radius is
smaller. As for a radius of 80 A the allowed electrode’s surface charge density needs to be smaller,
0.01 C/m?, for an electrolyte’s molar concentration of 0.01 M, so our linear solutions are still a viable
solution of the HNC/MSA model. Meanwhile, even though the electrolyte’s temperature effect on
the electric double layer was not compared directly against the HNC/MSA model, it was found from
our solutions that the temperature effect is minimal. As we are dealing with an aqueous symmetric
electrolyte at a normal atmospheric pressure, in between freezing and boiling temperatures of water, our
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electric double layer model holds for such temperatures due to the small impact that the temperature
has.

Meanwhile, the same interval of validity found for the solid electrodes in Chapter [2|is assumed to be
the same for the nano-pore electrodes. Owing to the fact that both models are obtained equivalently,
we expect that their intervals of validity must be comparable between one and the other.

5.2 Optimal topology and geometry

It is found that the optimal topologies for the differential capacitance is that of the nano-pore electrodes,
as they continuously achieve higher values than those of the solid electrodes. Specifically, it is observed
that the higher values are achieved for the smaller radii independently of the topology. Moreover, now
each electric parameter will be analyzed on how to modify their values. In Table[5.1]the overall behavior
of the different electric parameters is shown when the electrode’s surface charge and radius increase
and when the electrolyte’s molar concentration and temperature increase for the solid electrodes (SE)
and the nano-pore electrodes (NPE). The up and down arrows represent an overall increase or decrease
of the electric parameter behavior. For the NPE, when two opposite tendencies are found inside and
outside the pore, such different tendencies are represented with two opposite arrows, were the first
and second arrow represent the electric parameter behavior in the inner and outer pore, respectively.
Furthermore, in some cases it is observed an uneven decrement inside and outside the NPE, that is
why in some cases two down arrows are presented (/#]). Since, the differential capacitance shown
in Table is linear, it does not depend on the electrode’s surface charge, so this variable is not
applicable (N/A) for Cy.

9i (G o Cr
SE NPE SE NPE SE NPE SE NPE

TR+ LAt AT L L 1
tow + 1t 1t t t 1t N/A NA
tee L L L4 MLt
LI A A S S S A

Table 5.1: The overall behavior of the density profiles, g;, mean electrostatic potential, v, induced
surface charge density, o, and differential capacitance, Cr, for solid electrodes (SE) and nano-pore
electrodes (NPE), when the electrode’s radius, R, and surface charge density, o,,, and the electrolyte’s
molar concentration, p,, and temperature, T', are increased.

The overall behavior of the different electric parameters of the SE shown in Table are repre-
sentative of all the solid electrodes. However, it is good to remember that the planar solid electrode
does not depend on the radius, hence the observations mark when the radius increases does not apply
to the solid planar electrode. Furthermore, the influence that the different parameters have on the
density profiles, mean electrostatic potential and induced surface charge were analyzed by fixing the
unscreened electrode’s electric field and by fixing the electrode’s surface charge density. It was found
that the unscreened electric field case achieve higher values than the equal electrode’s surface charge
case for these electric parameters, where the differences between one case and the other are higher
when small radii are used, as when the radius increases these differences disappear. Moreover, it is
found that the highest values for the density profile, mean electrostatic potential and induced surface
charge are higher for the solid planar electrode, followed by the solid cylindrical and spherical elec-
trodes. Whereas, for the differential capacitance the highest values are achieved for the solid spherical
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electrode followed by the solid cylindrical and planar electrodes.

Meanwhile, for the NPE more interesting results were found due to their two component parts, the
inner and outer pore, and because of their different topologies. It is found that the density profiles
of the NPE are directly and inversely proportional to the electrode’s surface charge density and size,
respectively. Whereas, they are inversely proportional to the electrolyte’s molar concentration. On the
other hand, they have a curious behavior when the temperature increases for large radius: as we have
an inner and outer pore, the density profiles inside the pore are directly proportional to the electrolyte’s
temperature, whereas outside they are inversely proportional. All of this is true for three nano-pore
electrodes, but the one that achieve the higher values for the same parameter is the slit-pore, followed
by the cylindrical and spherical pores.

Correspondingly, it is found that the mean electrostatic potential of NPE are inversely and directly
proportional to the electrolyte’s molar concentration and temperature, respectively. At the same time,
the mean electrostatic potentials are directly and inversely proportional to the electrodes’ surface
charge density and size. This behavior is found for all nano-pore electrodes. Nonetheless, the slit-pore
achieve the highest values of the mean electrostatic potentials, followed by the cylindrical and spherical
pores. As for the density profiles, the mean electrostatic potentials of the NPE do not decrease at the
same pace inside and outside the pore for the different NPE when the radius increases. As the slit-
pore’s density profile and mean electrostatic potential drop quicker than the cylindrical and spherical
nano-pores inside the pore.

In addition, it is recognized that the overall induced surface charge density of the NPE is directly
proportional to the electrodes’ surface charge. Meanwhile, the inside and outside parts of this overall
induced surface charge density are directly and inversely proportional, respectively, to the electrode’s
radius and the electrolyte’s molar concentration. Moreover, the induced surface charge density inside
and outside the pores are inversely and directly proportional, respectively, to the electrolyte’s tem-
perature. This is true for all the nano-pore electrodes. However, the highest induced surface charge
densities, inside and outside the pore, are obtained for the slit-pore electrode, followed by the cylindrical
and spherical nano-pore electrodes.

Lastly, the differential capacitance is observed to have some fascinating properties. Firstly, it was
found that the differential capacitance is inversely proportional to the temperature, and that this factor
has the least overall impact on the differential capacitance. Hence, in Figs. and [5.2] the differential
capacitance is plotted as a three dimensional surface, where its value depends on the electrode’s radius
and electrolyte’s molar concentration. The difference between Figs. and [5.2] lies in the range of
values of both the electrode’s radii and electrolyte’s molar concentration. In Fig.[5.I]the electrode’s radii
ranges from 5 A and 80 A and the electrolyte’s molar concentration achieves values up to 0.5 M, whereas
Fig. clectrode’s radii ranges from 5A and 15 A and its electrolyte’s molar concentration achieves
values up to 0.1 M. Therefore, from Figs. [5.1] and [5.2] the differential capacitance behavior of the NPE
is observed for large and small radii, and large and small concentrations, respectively. Consequently, it
is observed that when the nano-pore electrode’s radii is increased the differential capacitance follows,
specifically the slit-pore achieve the highest differentials capacitances for larger radii. However, for
the lowest radius, 5 A, the spherical pore achieves the highest differential capacitances followed by the
cylindrical pore, when low molar concentrations are used. Therefore, the differential capacitance is
highly influenced by the electrolyte’s molar concentration and the electrode’s size.

Moreover, from the comparison between the linear and non-linear differential capacitances for solid
electrodes, it is found that the linear case is a good approximation of the non-linear one for low
electrolyte’s molar concentrations.

The main objective of this thesis was to understand the structure of the electrical double layer,
to achieve high differential capacitances. As a first main result, for this purpose, we found that the
highest possible differential capacitance depends on the specific area (m?kg=1) of the electrode. Clearly,
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Figure 5.1: The differential capacitances, Cy, of different nano-pore electrodes, from electrode’s radii of
5 A and 80 A and an electrolyte’s molar concentration up to 0.5 M, in 3D. The electrolyte’s temperature
is set to 298.15K and the pore’s width to 5 A.
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Figure 5.2: The differential capacitances, Cy, of different nano-pore electrodes, from electrode’s radii of
5A and 15 A and an electrolyte’s molar concentration up to 0.1 M, in 3D. The electrolyte’s temperature
is set to 298.15 K and the pore’s width to 5 A.

the smaller the radius of the nano-electrode, the higher the specific area, and hence the higher the
differential capacitance. Consequently, the nano-pores are more effective than the solid nano-electrodes;
however, the internal radius of the nano-pore should be large enough to allow the electrolyte solution
to get into the nano-pore. Therefore, the spherical nano-pore electrode accomplish these requirements.
Moreover, such nano-pores could be connected in an electronic array, to increase the voltage and the
capacitance, in series and in parallel, respectively, in a possible supercapacitor device.

In conclusion, given the same circumstances, the nano-pore electrodes achieve the highest differen-
tial capacitance, in comparison to the solid nano-electrodes; and the spherical and cylindrical topologies
favor the capacitance, being of course the spherical nano-pore topology the most effective. Further-
more, the differential capacitance depends on the mean electrostatic potential, which in turns highly
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depends on the nano-pore surface charge and on the ionic concentration. In consequence, the higher
the molar concentration, the lower the mean electrostatic potential and the higher the differential ca-
pacitance. Lastly, even though the temperature has the least impact on the differential capacitance
(the higher the temperature, the lower the capacitance), in a large array of nano-pores, closely packed,
as components of a supercapacitor device, its temperature during operation will increase, hence de-
creasing the differential capacitance. Therefore, the temperature must be taken into account to achieve
a high differential capacitance.

5.3 Future works

It is of interest to obtain the non-linear versions of the Poisson-Boltzmann model with the Stern re-
striction of the pores and of the remaining solid electrodes. This for comparison purposes, to find
now the interval of validity of these non-linear cases. Furthermore, it is of great interest to obtain the
HNC/MSA model or Monte Carlo results for any of the pores, both inside and outside. Currently not
much works have been done considering the inside and outside pores, which should not be considered
separately. As it was observed from our simple model, the inside and outside pores are linked. Fur-
thermore, it would be of interest to find the impact that the pores’ width has on the different electric
parameters.
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The single electrical double layer for
different solid electrodes

In this appendix, the complete derivations of the single double layer for the different solid electrodes are
shown. All of them are obtained by solving the Laplace and Poisson-Boltzmann equations in different
coordinate systems. These are solved by assuming that the electric potentials are unidirectional.
Therefore, they only depend on one axis, for the Cartesian coordinate system it is taken to be z, and
for the cylindrical and spherical coordinate systems it is taken to be r axis.

A.1 The single electrical double layer of a solid planar electrode

The electric potential is obtained from the Poisson-Boltzmann equation with the Stern restriction.
The linear and non-linear models share two common factors, the solution in the Helmholtz layer is the
same, and the boundary conditions are identical. In the Laplace’s interval the boundary conditions
are 1(0) = 1, and ¥ (a/2) = 1y, and in the Poisson-Boltzmann’s interval ¢(a/2) = ¢y and ¥(o0) = 0.
Furthermore, they also follow Gauss’ law. Therefore, the following solution of the Laplace interval is
valid for both the p-LPBS and p-nLLPBS cases.

From the first interval (0 < 2 < §) we have that the Laplace equation for a plane electrode is

_dy

The above is an ordinary differential equation which can be easily solved. We integrate both sides and

find
dey

T _C
dx !
From the Gauss’ law, when x = g, we find that the value of our first constant is
dyp _ Amoy
de €

Where o), is the electrode’s surface charge. We integrate a second time and obtain

4
bla) = ——a+ O
From the boundary condition 1(0) = 1),
thy = Co
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4oy

Y(z) = - T + o

Moreover, from the boundary condition ¢(5) = 1 we have

4oy a
2

¢H = ‘|‘1f}0

Which means that electric potential between 0 < x < § is

Aoy /a

bia) = = (S —x) +u (A1)

Equation (A.1) is valid for the p-LPBS and p-nLPBS cases, the difference lies in the value that o,,
and ¥ take for each one.
In the second interval (z > §), we have the Poisson-Boltzmann equation as

_ d* _ _47TPez($)

2
Vi) = T = (A.2)
Where the electric charge density is given by
pa(z) =ze(ny —n_) (A.3)

where z is the ion valence, e is the electron charge, and n, and n_ are the average charge concentration
of co-ions and counter-ions, and they are given by the Maxwell-Boltzmann theorem

n_=mnexp(z_e(z)/kT) }

ny = nexp(—z.e () /K T) (84)

n [em™3] is the number of ions away from the surface, and it is given by n = p, x 1073 N, with p, as
the molar concentration.

From here forward, the solution of the PB-eq is divided in two different cases; the linear case
(p-LPBS), and the non-linear case (p-nLPBS). The common constraint that both approaches use is
that a symmetric electrolyte is utilized. The p-LPBS case incorporates another assumption, that the
electric potential is very small, such that zey(z)/kT < 1.

A.1.1 The solution of the linearized Poisson-Boltzmann equation

For the p-LPBS, we have a symmetric electrolyte (z, = z_ = z) and a very small electric potential,
such that zey(x)/kT < 1, then exp(ze(x)/kT) is almost equal to 1 + zet(x)/kT. Therefore, the
electric charge density in Eq. (A.3) is

2ne? 2?2

per(T) = —Tﬂ)(l‘)

Hence, the PB-eq is

_ _ 2
T = BTREE h(a) = K (a)
9 o (A.5)
with k% = Smne 2
ekT
In order to simplify the solution, we perform the following changes of variables.
zey zey 5 8mmne?z?
= = = - = A.
Y k‘ T ’ Yu k T ) K c k’ T ’ 5 R ( 6)
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On one hand, from the change of variable of y, one realizes that it is only a function of ¥)(x), and that
ze/kT is a constant. Consequently when one derives y with respect of £, one obtains

dy d (zeyp\ zedy

d€_d£<kT)_de£
d2y_d dy\ d [zedy _zed2w
d§2_d§<d£>_d£<k7’d£>_de§2

On the other hand, the change of variable of  is more straightforward, the derivative of x with respect
of ¢ is g—? = % Through the chain rule, one finds

v _déde _dv1_1dv
d§_dxd§_dxm_f<ada:

42y dep dep B 1dy C1d%p1 1d%
d§2_d§< g) ( g) d¢ da:(md:c)dg kde?k K2 da?

Consequently, from our change of variables we have

d?>y  ze 1 d%

el 4 AT
dé?2 kT k2 da? (A7)
Substituting Eq. (A.5)) in Eq. (A.7), and simplifying we obtain
d?y
—_— = A.8

The solutlon of this differential equation is achieved through the following steps. We multiply Eq. -

by e Y and integrate
dy d?y B dy
/ d¢ dg? _/ Yae

dy\~ yf
(d&) Tty
oo

Introducing the boundary conditions of y =y’ = 0 for £ =

1 02
5'02201"_? — 61:0

2
AN
dg
Since for positive values of y the derivative (di—g is negative, x and £ are considered positive from the

surface towards the bulk of the solution. Hence

d
iy

In(y) = £+
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Applying the boundary condition of y = yy in £ = 57

KR a KR a
1n(yH> - _7 + Co —> Co = 7 +1n(yH)

In(y) = —¢ + 5 + In(yn)

y(€) = yue S e/

Substituting the values of y and y;, we obtain the solution in terms of our original variables.
11}(a7) = wH e'{(%fx)

Now we find the relation between o), and v, in order to leave Eq. (A.1)) only in terms of 1. The
definition of o, is given by the Gauss’ law as

& e [ d%y e (dy
On = _/a/2 pa(z) dz = 47T/w2 @dv’ﬂ T T an <dx>x:; (A.9)

Therefore, the derivative of our linearized Poisson-Boltzmann solution is obtained, and substituted in

Eq.

% iy e (570
_ ERKYy
oM = 4
Therefore, the value of ¥y is
by = 2T (A.10)
ER

And consequently, v, is

4oy a 4oy (1 /ia)

= (A.11)

¢0:7/)H+

Then, the mean electrostatic potential is given by

o(e) = {qu [T+ k(% —2)] 0

Yy e (377 if x

a

§93§§
a
>3

Meanwhile, the induced surface charge density is given by

0 0 J2 d
o(x) = —/x po(z)de = 457r/$ d—gjﬁdm = —i <C;£>x (A.12)

Hence, substituting the derivative of the mean electrostatic potential in Eq. (A.12), we obtain

e (52)
x) = — 1y etz
This induced surface charge density is only valid for the interval [z, 00), where > §. On the other
hand, in the interval 0 < z < § the induced surface charge density is zero, because of the ion’s size
restriction, the ions cannot get closer to the surface than half their diameter. Using the relation found

in Eq. (A.10) the induced surface charge density can be expressed as

0 if 0<z<$
J(ac):{ ) it 0<x<g

oy (577 if >3
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The co-ion and counter-ion distribution functions in the Laplace interval are equal to zero due
to the ion’s size restriction. However, in the Poisson-Boltzmann interval the co-ion and counter-ion
distribution functions are obtained from the electric potential by

0. (x) = exp<—z ‘ﬁﬁ) (A13)

g_(z) = exp<zw(x)> (A.14)

0 if0<z<3g
g+( exp(—z—% Yy e”(%*x)) if >3

0 if 0<z<§
g_((L‘) = ze K (&—x) . a

exp| ¢ Y €™ '2 if x> 5

The total differential capacitance is calculated as the sum of the differential capacitances in both

intervals.
1 1 1

[ +
C1T CLap C(PB

Where the subindexes Lap and PB indicate the Laplace and Poisson-Boltzmann intervals, they are
defined as

1 di), 47 ( Ka
Crap doy €k + 2
1 dy 477r
CPB - dO'M - ER

So, we find that the total differential capacitance is

CT_EKJ

A.1.2 The solution of the non-linearized Poisson-Boltzmann equation

Since we are dealing with a symmetric electrolyte the valencies are equal (z, = z_ = z) and the electric
charge is given by Eq. (A.3). Hence,

zE€

pa(x) =—2nze sinh(ﬁw(x))

Therefore, Eq. (A.2) is

d®>¢y S8mnze | ze
= smh(

- = ﬁw(@) (A.15)
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In order to simplify the solution of the problem, we perform the changes of variables in Eq. (A.6]).
Therefore, substituting Eq. (A.15)) in Eq. (A.7), and simplifying we obtain
d?y .
e sinh(y) (A.16)

The solution of this equation is achieved through the next steps. We first rewrite the hyperbolic sine
in Eq. 1} on its exponential form and afterwards we multiply it by g—g and integrate

&y
dg?

d?y d _n d
e Lt

2
<(§?g> =eV—(-l)eV+c¢

dy\?
<d§> =e!+e ¥+

Introducing the boundary condition of y = ¢y’ = 0 for £ = oo

— eV e

02 =e+e V4 =0c¢ =2

A\’ _ L
— = -2
<d§> e’ +e

Since for positive values of y the derivative S—y is negative, z and & are considered positive from the

surface towards the bulk of the solution. Therefore

d
—y——\/ey+e*y—2

de ~

_y), the above is

Now, since the hyperbolic cosine is equal to %

dy _ —+/2 cosh(y) — 2 = —4/2 [cosh(y) — 1]
dg
Moreover, from the relation between sinh(u) and cosh(u), sinh®(u) = % [cosh(2u) — 1], the above is

rewritten as
W= —f2 oo (4)] = -2 smn () (A17)

Once again, we rewrite the hyperbolic sinus in Eq. (A.17)) on its exponential form and perform the
change of variable, a = €¥/2, with da = %ey/ 2 dy, and with some manipulation

dy _ (ey/2 _ e—y/2)

dg
dy
ey/2 — e*y/Q o _dg
dy 2da 2da 2da

vl vl T eyl (vl —evl?) T (ev?)2 -1 a2 -1
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2da A n B  Aa—-A+Ba+B

a2—1 a+1 a—-1 a®?—1
(A+B)a=0 A= —da
—A+B=da| B=da

/ da  da _ /d§
a—1 a+1
In(a—1)—In(a+1) = =+ ¢,
ev/2 — 1
1“<ey/z+1> - tre

Applying the boundary condition of y =y in § = 5%

) evi/2 1 Ka Ka evi/2 1

n 761”_1/2_{_1 —*7+02—)CQ—7+D 76?”1/2_{_1
Hence the solution of Eq. (A.15]) in terms of our change of variables is

| ev/2 — 1 £G4 evi/? 1
. ev/?2 +1 __S—'_?—i_n evr/2 1
In order to leave this equation in terms of our original variables, we first clear our equation in terms

of y and afterwards we make the change of variables.

e¥/2 1  eyH/2 _ 1

— —£ ka/2

ey/2+l eyH/2—|—1e €
— 2 — eyH/2 —1 e—f eﬁa/Q

ey/2 11 eyn/2 £ 1
P e ez 2

evH/2 1] ev/2 11

yu/2 _q
y/2 _eTT T 6 ka/2|
(e +1) eyH/2_|_1€ e 2

yr/2 _ 1 yu/2 _ 1
2167 1 € ka/2| _o _ el ¢ ka/2
“ [1 eyH/2+1e - ] s eyH/2+1e e

eY/2 [(eyH/2 + 1) _ (6?;11/2 _ 1) e—¢ e”“/ﬂ — (eyH/2 + 1) + (6?;1{/2 _ 1) e € et a/2

/2 — (/2 +1) + (evi/? —1) e~€ere/?
(evi/2 1) — (evn/2 —1) e=€ enal2
() (o)
Y ( ym/2 4 1) (eyH/Q _ ) o€ gral2
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Now we find the relation between o), and 1y, from Eq. (A.9). Therefore, the derivative of our p-nLPBS
solution must be obtained. To do so we perform three changes of variables in order to simplify the

derivation, and for clearness we use AT = exp( ze vu ) +1and A~ = exp< o wQH > —1.

2kT
= |
Y() = = Inu)
% 2kT 1du
dx_ ze udr

v AT+ A~ e“(%_x>
w o g+ — A= enl(570)
d /v w(dv /dx) — v (dw / dx)
47<7)f

dx \w w?
j—; = —rA™ e’%(%_x)
% — /{A_ eﬁ(%ix)
du KA~ eﬁ(i_m) [A+ — A en(%—x)} + KA e“(%_w) [AJF + A~ e”(%_r)]
= - .
dx |:A+ _ A_ eﬂ(ffx):|
du kA= er(3-2) [2A+] 2k At A= eF(52)
g 0 = . .
o Jar - am el A+ — 4= enli)]
dy  2kT (AT —A- ) 2kat 4 (G0
da ze \ A+ 4 A- e“(%* ?) [+ - a- e“(%*ﬂc)}2
Ay 4KkT At A= en(572)
dr ze <A+ + A em(571)> (A+ _A- en(%fx)>

Substituting this derivative in Eq. (A.9) we obtain

€ ARkT AT A
4 ze (AT +A7)(AT-A7)

On =

_ekkT AT A~
AF)? = (A7)?)

For clearness, we now use the change of variable, vy

exkT (eyH/2+1) (eyH/Q_l)
72 (e +1)7 = (o 1Y)

Op =
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exkT eVH _ 1
mze (evn +2evn/2 41— (evn —2evn/2 4+ 1))

Onp =

evkT eV — 1
Oy = ——— (75
Tze 4evH/2

eRkT eVH/2 — e YH/2

O M

T 9nze 2
smk‘TS, L zeyy
Om = in
M7 21 ze 2kT
Therefore, the value of ¥y is
2T 2mzeo
= inh 1 =—— X A18
2 ze O ( ekkT ( )

And consequently, 1, is

Yo =Vu+ € - exkT e 2 (A-19)

d7oy a 2kT . 1<27rzeaM> 4oy a
— sinh —
2 ze

Then, the electric potential is given by

] <
el )

Meanwhile, the induced surface charge density is obtained by substituting the derivative of the electric
potential in Eq. (A.12)) and simplifying

() exkT (exp(£&vy) — 1) H(5-7)
o(x) = 5 - 5
5 ) ) (ool %) 1) 5
This induced surface charge density is only valid for the interval [z,00), where 2 > §; whereas, for
the interval 0 <z < § the induced surface charge density is zero, because of the ion’s size restriction,

the ions cannot get closer to the surface than half their diameter. Hence, the induced surface charge
density is

0 if0<z<$
o(x) = kT (exp( 2% i) —1) e*(8-2) . .
5:26 (exp(% wTH)—I—l)]?Cf[(eXp(% %‘I)—l) e"(%—z)r if x> ‘21

With the electric potential in the Poisson-Boltzmann interval one obtains the co-ion and counter-ion
distribution functions by Egs. (A.13) and (A.14). Whereas, for the Laplace interval, because of the
ion’s size restriction the co-ion and counter-ion distribution functions are equal to zero. Hence, we find

0 if0<z<g
g+(x) = (exp(% %)+1>+<exp<ﬁ wTH>71> e (§-7) -2 N
(or(er )l ) e




Appendix A

0 f0<z<g
9-@) = 3 [(ow(er ) ) s(om(zs ) 1) )"
(exp(% wTH)Jrl)f(exp(% wTH)*1> (5 —2) Z 3

Meanwhile, the total differential capacitance is calculated as the sum of the differential capacitances

in both intervals.
1 1 1

J— +
CT CLap C'PB
The subindexes Lap and PB indicate the Laplace and Poisson-Boltzmann intervals, they are defined

as

1 dp  An (145
CLap dO'M ER \/1+ 27TZ€0’M)2

exkT
1 Ay 47 1
Crp dUM’ 553V/1 2ﬂzeaM)2
exkT

So, we find that the total differential capacitance is
1 4n (1445 LA 1
Cr 553N/1 2wzeoM— 5H3N/1 2wzeoM
exkT exkT

1 4w (2+““)

ER 27r o
O em g (2rzeqn)?
ar 2+ %)

ER \/1 27rzeoM
erkT

A.2 The solution of the linearized Poisson-Boltzmann equation for a
solid cylindrical electrode

CT -

For a cylindrical electrode, the Laplacian is given by

v? 10 0 + 1 0? n 0?
=-—|r= -
ror\ Or 062 022
For the solution of the EDL in a solid cylindrical electrode, one starts from the assumption that the
electric potential, ¢, only depends on the radius. Hence, the Laplace equation for the cylindrical

electrode is N dy dy
1
2 - = —
Vo= o) ~ =0

The above is an ordinary differential equation and is solved easily by the change of variables of p(r) =
%. We rewrite the Laplace equation in terms of our new variable ¢(r) and integrate

d
do | o(r) _
dr r
dp _ ¢(r)
dr r
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_a

r

Substituting our change of variable ¢(r) = % and from the Gauss’ law in r = R+ §, we find the value
of the first constant

% _ g _ _47TO'M N _47r0M
dr r € €
% B _47rUM
dr €
Aoy
1/)(7") = — - r+ CQ
From our boundary condition ¢(R) = ¥
4oy 47oy
Y(R) = — c R+Cy=vr — Cop=1p+ R
4oy
Y(r) = ¢Yr+ (R—r)
Meanwhile from the boundary condition, (R + §) = 95, we have
a 4oy a Aoy a
(R+3) =vn— "2 =y — Y=+ —2 2

Hence, our solution for the Laplace interval in terms of ¢y is

Y0r) =ty + T (R4S )

Meanwhile, for the PB interval, we have that the electric charge density is the same as the p-LPBS
equation, given by

2,2
pulr) =~ 2= (r)

Therefore, the c-LPBS given by Eq. (A.2)), is

A2y 1dy B 8mne? 22

o ey o (O

A20
ith k2 8mmne?z? ( )
w = —
ekT
Rewriting Eq. (A.20]) one gets

a2y 1dy
7 =0 A21
T rar " ¥(r) ( )

Equation (A.21)) is a modified Bessel equation of order zero. In order to solve it, we take the modified
Bessel equation of v order from Bowman [83], which is

x —+:L‘—x—(a72+v2)u:() (A.22)
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Defining that v = 0, u = ¢(r) and x = k7, which implies that r = £ and g—; = % With these changes
of variables in Eq. (A.22)), and applying the chain rule

du _dudr _ 1du

der  dr dx kdr
Pu_d (@) d1and 181
dz?2 ~ dz\dz ) ~ dr dr  kdr2k k2 dr2

Hence, from the changes of variables, Eq. (A.22)) becomes

kdr

d? d
(1)’ 2df_+mm%é%_[mm2+oﬂ¢@):o
d? d
P S () = 0 (A.23)

When Egs. (A.21) and (A.23|) are compared it is realized that they are equivalent. Therefore, it is
recognized that Eq. (A.21) is the modified Bessel equation of zero order. In order to solve this equation
it is assumed that there exists a solution in the form of a power series, such as

=> a,r"** (A.24)
n=0

To find the values of the constants, one must obtain the derivatives of Eq. (A.24)) and substitute them

in Bq. (A.23)
oo
= Z a,(n+ s)rntsTl
n=0

d2'(/1 n+s—2
2 Zan(n+5)(n+s— 1)r
" n=0
> o0
Zan(n+s)(n+s— ”+S+Z (n+s) n+s_“22anT"+s+2:O
n=0 0
Simplifying
o0 )
Z an(n 4+ 8)2rnTs — k2 Z a, r"tst2 =0 (A.25)
n=0 n=0

In order for Eq. (A.25]) to be a solution of Eq. (A.21)) it is needed that each power series of r is equal

to zero. Then
aps® =0 (A.26)
a(s+1)>=0 (A.27)
20,,=0 (n>2) (A.28)
Since a, # 0, it is found from Eq. (A.26) that s> = 0. Therefore, there are two equal solutions
s =40,—0. If s =0, it is seen that the only way that Eq. (A.26) is true, is if a; = 0. Hence, from the

recurrence relation in Eq. (A.28)) it is seen that all the odd constants are defined by a,. Therefore, a
new recurrence relation is made for only the even constants, which are different from 0,

an(s+n)? -k

k2 a, s

(s +2)?

(n>1) (A.29)

Aoy =
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Substituting Eq. (A.29) in Eq. (A.24)), one gets

0 K2n )
1 n
ﬂ; 122142 (s+2n2

P(r) = agr?

a) For s =40

Yio(r) = ao i : (ﬂ>2n (A.30)

Equation (A.30]) is equal to the modified Bessel equation of zero order [84], such as

o0

Yoo(r) =1I(x) = 7;) (n:t)z <g>2n with z =kr (A.31)
b) For s = —0
o0 2n
Y_o(r) =ao |1 +n§:1 P (2n) 7"2"]
o ,2n
Y_o(r) =ay |1 +1; WTQ”]

W_o(r) = aoi (n1!)2 (%)2" (A.32)

Equation (A.32) is the modified Bessel equation of minus zero order, such as

bio(r) = Lo() =Y (nll)2 (5)2" with z = k7 (A.33)

From the cases a) and b) it is observed that
Iio(z) = 1o(2)

This is due to the fact that zero is an even number, and hence the relation I, (x) = I_,(z) [85] applies,
when n is an even number. Therefore, the second solution of Eq. (A.21)) is defined by [85]

[ I o(z) = Lio(z)
2 sin(0-7)

Ky(z) =

Since 0 is an even number, the modified Bessel function of second order is indeterminate in 8. To

avoid, said indetermination, the limit when n tends to 0 is used

Ky(z) = lim K, (z) = lim — (A.34)
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The L’Hopital rule is apllied to Eq. (A.34)). Moreover, it is recognised that sin(n7) = 0 and cos(n ) =
(=1)™, then

Kq(z) = z [%L"(w) _ %L“"(x)}n:o

2 7 [cos(n)],_
—1\0
ko) = G- @ = o)
Kuf) = | gelale) - ;)nhn(w)]nzo (A.35)

Now, whether K,(z) is a solution of Eq. (A.21)) and whether it is an independent solution of I,(x) is
verified. Firstly, it is verified if Iy(x) is indeed the solution of the modified Bessel equation of zero

order.
2n

(o]
X .
IO(.%') = ZW with z =kr
n=0

% B i 2nw2n—1
dr vt 221 (nl)?

o0

d?1, Z 2n(2n — 1) 2272

dz? _n:O 221 (nl)?

Substituting I,(z) and its derivatives in Eq. (A.22)) to verify if it is or not a solution.

oo oo [0.9]
2n(2n —1)z2" 2n 22" p2nt2
Z (22n<nl)g t Z 22n(nl)2 Z 22n(p)2 0
n=0 ’ n=0 ) n=0 ’
[e.e] o0 o0 oo
4’/12 x?n 2nx2n 2n$2n 1,271-1—2
Z 22n(pl)2 Z 221 ()2 T Z 22n(nl)2 Z 2n(ph)?2 0
n=0 ’ n=0 ’ n=0 ’ n=0 )
i 4n2x2n oo $2n+2
_ =0
2n ()2 2n(pl)2
22n(nl) n:02 n(nl)

n=0
The change of variable £k = n — 1 is performed in the left series, and since the factorial is not defined
for negative values, the first term when k =n — 1 is considered to be zero. Hence

Z 22 k42 0 2042
_ -0
2k (11)2 2n(pl)2
— 22k (k) =2 n(nl)
Therefore, it has been proved that
d?I dI
2 0 0 2 _
ot Ty =0
which is equivalent to
d?1 dr,
P =" 2?1, =0 (A.36)
dz? dz -
Since I, (x) = 1_,(x), I_o(x) satisfies Eq. (A.22)), such as
d?I_ dr_
z? npr—" 2%, =0 (A.37)
dx? dx 0
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Differentiating Eq. (A.36]) and Eq. (A.37) with respect of n, one gets

d? /oI d /0] al,
27 n R n _ 2 n —
T da? <8n) +xdfn<6n> T on 0 (4.38)
d? /oI d /oI ol
27 —n el —-n _ 2 —n — A
xdx2<6n>+xdx<8n> ¥ on 0 (4.39)
Substrating Eq. (A.38) from Eq. (A.39) one finds
d? /oI al, d /oI al, ol al,
2 47 -n _ Yln - o Zin ) 2 ) = A4
xdaﬂ(@n 6n>+xdx(8n 8n> v <8n 6n> 0 (A.40)

Multiplying Eq. 1) by % and evaluating for n =0
, d? d 2
x @Ko(x) + xaKo(x) —2°Ky(x) =0 (A.41)

Therefore, it has been proven that Ky(x) = Ky(kr) is indeed the second solution of Eq. (A.21)) and
that it is independent of I(x ). Hence, the solution of Eq. (A.21]) is

Y(r) = e lo(kr) + . Ko (k) (A.42)

Applying the boundary conditions (R + §) = 1y and ¢(c0) =0

el (n(R+ g)) + ek (0 (R+ g)) . (A.43)
J\/}iinoo e In(k M) + ¢, Ko(k M) =0 (A.44)

¢, s cleared from Eq. (A.43) and introduced in Eq. (A.44))

Yu — ey (r (R +35))
K (= (R+3))

Cy =

. Y — el (5 (R+5)) —
thloo [cllo(nM)+ 7 (n (R+%))2 Ko(kM)| =0
Ko(r M) Ko(s M) L, (5 (R+%))

M—o0

lim [cl I,(k M) +
Clearing for ¢,

(A.45)

€= Ko(k M) Io(n(R+2))

Ko(n(+5)

I,(k M) —

In Fig.[A.1|the functions I,(x) and K,(z) are plotted. From this figure it is seen that A}im K,k M) =
—00

0 and lim Iy(k M) = oco. Hence, evaluating the limit of Eq. (A.45
M—o00

o _‘Ko(;(?ﬂg)) Vu 0 0 _,
! _ 0lo(s(R+E)  c0—0 oo
Rl 713
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2

0

Figure A.1: Iy(z), I,(z), Ko(z) y K,(x) for 0 < x < 3. Taken from NIST Handbook of Mathematical
Functions [84].
Hence, substituting the value of ¢; in Eq. (A.43), ¢, is found as

oty (s (R 5)) +ert (s (0 5)) v — = b

Hence, substituting our constants in Eq. (A.42]), we found the solution of the electric potential in the
Poisson-Boltzmann interval is

Ky(kr)
(5 (R+3))
Now we find the relation between o,; and 1. The definition of o, is similar to Eq. (A.9)), though the

inferior limit of integration is now R+ §. Since, we are working with Bessel equations, we will use the
relation K (z) = 2 — K, [85]. Hence, Eq. (A.9) for the cylindrical electrode is

e 1 *“ 1d/d
= L / Pa(r)rdr = c < w)rdr

vlr) = Y (A.46)

— — - r
R+ 5 Jpye R+G4m Jppe rdr \ dr
e (dw (A.47)
 4r \dr r=Rto
dy kKl (k) "
dr K, (s (R+5)) "
dyp kK (kT) "
dr K (s (R+5) "
K s(Re D)
VoAr Ko (s(R+5)
Consequently, 1y is
i Ky (5 (R+ )
= — A-48
Y=oy K, (k(R+9)) om (A.48)
Hence, ¢y is
droy (ka Ko (k(R+%))
= — A.49
Y ER (2 +K1(/£(R+%)) ( )
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Then, the electric potential is given by

) wH[1+nK1(”(R+3)) (R+g—7~)] if R<r<R+$%
'lp )= 2
Ko(kr) . a
— fr>R+%
Ro(n(+5)) " :
Meanwhile, the induced surface charge density, o(r), which was given by Eq. (A.12) for a plane
electrode, is the same for the cylindrical electrode, but on cylindrical coordinates. Then, the surface

charge density for the cylindrical electrode is

1 [ 1le [~1d/ dy e (dy
U(T):_T/T palt) tdt = rdn tdt( dt>td 7T<d7“>r (A.50)

ek Kl(/@ T)
Tn R n (R4 )
This induced surface charge density is only valid for the interval [r,o0), where 7 > R 4 §. On the

other hand, in the interval R < r < R + § the surface charge density is zero, because of the ion size
restriction, the ions cannot get closer to the surface than half their diameter.

Vu

o(r) =

|0 if R<r<R+%
ag\r) = £k KI(HT . a
T Ro(w(R12)) Yy if r>R+ 3

Now, the co-ion and counter-ion distribution functions are obtained. For the Laplace interval both
distribution functions are equal to zero due to the ion’s size restriction. Whereas, in the Poisson-
Boltzmann interval the co-ion and counter-ion distribution functions are given by Eqs. (A.13)) and ((A.14]).
Hence, we have

0 if R<r<R+7§
9+(r) = exp(—z% KO(KO((,W))wH> if r>R+§
0 if R<r<R+§
exp<z%m1p1{) if r>R+ g

Meanwhile, the total differential capacitance is calculated as the sum of the differential capacitances
in both intervals.

g-(r)=

11 n 1
C1T CYLap CVPB
Where the subindexes Lap and PB indicate the interval of Laplace and Poisson-Boltzmann, they are

defined as
1 Ay, Ar (K (k(R+ ))+@
Crop doy €k ( R+ )) 2

1 dyy 47 Ko k(R+9))
Cprp doyn €k K, H(R-{—%))

So, we find that the total differential capacitance is

1 4rm <2K0 (K,(R—I—%)) +/~$a>

—~

—

—_

Cr e\ K (n(R+9) @ 2

zm<wgwm+@yﬁm”*

er \ K, (k(R+%)) 2

CT:
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A.3 The solution of the linearized Poisson-Boltzmann equation for a
solid spherical electrode

For a spherical electrode, the Laplacian is given by

s 10,0 1 0? 1 9/, 0
V= (’“ ar> T 2 sin?(4) 007 T Zsin(9) 00 (Sm%qs)

In order to solve the electrical double layer in a spherical electrode, one starts from the assumption that
the electric potential, 1, only depends on the radius. Hence, the Laplace equation for the spherical

10 [ 00 d2¢+2d¢
Sl (PO R ol I o W
r2 or or dr2 7 dr
The above is an ordinary differential equation and is solved easily by reduction of order by the change
of variable ¢ = f. We rewrite the Laplace equation in terms of our new variable, ¢, we obtain the
derivatives of ¢ in terms of ¢ by the following steps

electrode is

V3 = 0

dyp rE-¢ 1dp 1
dr r2 Cordr 2

2
de_rin—(é—f 1"2%’—27“@_1&90 2dp 2

dr2 r2 r4 Tordr2 2dr 3
Substituting this values in the original equation and simplifying
1d20  2de 2 2de 2 1d%

rdrz  r2dr 30T 2ar T B3P e
Now, this equation is easily solved by multiplying it by r and integrating on both sides

d
Tf:cl — o(r) = Cy 7+ Ch

Substituting this result in our original variable, we obtain

vir) = O+ 22

From the Gauss’ law in r = R + §, and obtaining the derivative of the above we find the value of our
first constant

%:_%02:—471-0’1\/[ R szmqﬁ
dr r €
% B _47raM
dr €
Aoy
v(r)=0Cp — r
From our boundary condition, ¥ (R) = 15, we have
Aoy 4oy
Y(R) =C1 — R=1v¢p — C1=1r+ R
4oy
Y(r) =g+ (R—r)
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Meanwhile, from the boundary condition, 1(R 4 §) = 1y, it is found

dmoy a dmoy a

G(R+35)=tn— =2 =t — tn =+ — 2

€ 2

Hence, our solution for the Laplace interval in terms of ¥y is

=0+ ()

Meanwhile, for the PB interval, we have that the electric charge density is the same as the p-LPBS
equation, given by

2,2
pulr) = =2y (r)

Therefore, the s-LPBS is given by Eq. (A.2), namely

d?y 2 dy B 8mne?z?

_ .2
& T a T ey V=0

A5l
Hh k2 8mne? 22 ( )
with k% = ————
ekT
Rewriting Eq. (A.51]) one gets

d?y  2dy
z _ =0 A.52
a rar ¥(r) ( )

From Eq. l’ one realizes that this differential equation is of the form % + f(r) % +(r)g(r) =
F(r). Hence, it can be solved by reduction of order, applying the substitution ¢ (r) = exp (— i @ dr) v(r),
which is equivalent to ¥ (r) = p(r)v(r). Therefore, one obtains

w(r) :exp<—/f(;)d7“> =exp<—/2érd7“> :exp(‘/ir)

1 1
w(r) = exp[—In(r)] = exp [ln()] ==
T r
The derivatives of p(r) are obtained
1 du 1 P 2
——— el L= A.
F=7 dr r? drz 3 (A.53)
Now that pu(r) is obtained as well as its derivatives, one obtains the derivative of 1 (r)
dv dv du d?y d?v dp dv d’u
_ hak A = — L —py— 42— — A.54
Ylr) = ulr)olr) a  Mar + Yar arz ~ Far + dr dr v 72 (A.54)
The relations in Egs. (A.53]) and (A.54]) are used in Eq. (A.52)), and one finds
1y 2 2N 2000 1Ny
rdr?  r2dr 3 r\rdr r? r)
1d%v 9 [V d?v 9
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Now, assuming that there is a solution of v in the form of v(r) = " for a constant A, the derivatives
of v(r) are % = Xer and % = A2 ¢ 7. Substituting them in Eq. (i one gets

MNAT k2T =0 — A==k
v(r) =c e + e e

From pu(r) and v(r) one obtains ¥ (r)

RT —RT
pir) = 25 tCQ : (A.56)
In order to find the values of the constants in Eq. (A.56)), one applies the boundary condition
P(o0) =0 .
Clenoo+c2¢e<r" Clelioo
0= = — =0
00

00
Therefore, substituting ¢, in Eq. |) and using the next boundary condition, v (R + %) = 1)y, one

finds the value of ¢,
R+%)

,,{(

Cy €

wH:2R7a
T2

Therefore, the solution of the electric potential for the Poisson Boltzmann interval is

o= (R YD)

R+ 3 a
+ 2 Yy e (R+§—7’) (A57)

Y=
Now we find the relation between o), and ¥ . The definition of o, is the same as Eq. (A.47)), then

1 & 1 e [ 1d dvy
Opm = _0,2/ pel(r) T2 dr = I 2471_/ 712r<'l"2d74>7"2 dr
(R+%)" JR+e (R+%) R+ (A58)
__ (W '
47 \dr r=Rt2
d R+ 3 a R+ % a
diw __ s Kby o (RH§—r) _ t 2 by ot (R+§—r)
r r
d@ZJ - a (1+I{T) H(R—i—g—r)
o= U (B g) e
e vn[l+r (R+5)]
M7 ar R+ 5
5 1
Om 4< + R+‘21> (o
Consequently, 1y is
Aoy R+ 3
= A.59
vn € (1 +r (R+9) (4.59)
And therefore, 1y is
Aoy R+ 3 a
= = A.60
vr= e <1+I€(R+g) 2) (4.60)
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Then, the electric potential is given by

o) = e 1—}—(/-{—}—#%) (R—i—%—r)] ifRSrgR—i—%
R+35 ¢H65(R+%—r) 1f7"2R+%

T

Meanwhile, the induced surface charge density o(r) given by Eq. (A.50)) for the cylindrical electrode,

is the same for the spherical electrode.

][ s 1e [®1d[,db) ., e (dy
= —— t)tedt = - — ——|t*"— |t*dt=—— | — A.61
o(r) r2 J, pa(t) r’dn ), t? dt< dt> dr \dr ), ( )

_EwH a (1+’%T) k(R+5—r
o) =2 (Rt3) e (i)
This induced surface charge density is only valid for the interval [r,cc0), where 7 > R + 5. On the
other hand, in the interval R <r < R+ § the surface charge density is zero, because of the ion’s size
restriction, the ions cannot get closer to the induced surface than half their diameter.

) = 0 ifRS?”<R+%
T s (R o) W) n(Ré5-1) i > R48

1”2
Now, the co-ion and counter-ion distribution functions are obtained. For the Laplace interval both
distributions are equal to zero due to the ion’s size restriction. Whereas, in the Poisson-Boltzmann

interval the co-ion and counter-ion distribution functions are given by Eqgs. (A.13) and (A.14)). Hence,
we have

g+ (r) =

0 if R<r<R+3%
exp<_%¢H Tzeﬂ(m%*r)) if >R+ %

0 if R<r<R+3%
g-(r) = exp (75 v TrE e () it > Rt g

T

Meanwhile, the total differential capacitance is calculated as the sum of the differential capacitances

in both intervals.
1 n 1
C1T C'La,p CPB

Where the subindexes Lap and PB indicate the interval of Laplace and Poisson-Boltzmann, they are

defined as
1 dyp  4n R+¢ a
Crap dow & \14+r (R+3) 2

1 _di/JH_ZLl R—F%
Crp doy, e \1+x (R+9)

So, we find that the total differential capacitance is

1o _dn( 2(R+3) L a
Cr € 1+x (R+%) 2
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Computer programs: Mathematica

Within the Mathematica program (Version 12.0.0.0), two subprograms, i.e. Mathematica Notebooks,
were created. In the first program “SEDL.nb” the lineal Poisson-Boltzmann equation is solved for the
single electrical double layer for solid electrodes. Meanwhile, in the second program “SNCsEDL.nb”,
with this equation, the electric double layer is calculated for the different pores. In both programs
the solutions are obtained in CGS and MKS units, and the initials of their geometry (P for the plane,
C for the cylinder, and S for the sphere) are used to differentiate between each one. In order to be
as brief as possible, for space concerns, our notebooks only displays the functions used to plot and
obtained our different electric parameters. If the reader is interested in having the full version of this
notebooks, where the user can easily plot and obtain the values of our different electric parameters feel
free to contact the author at ladsic@ier.unam.mx.
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The single electrical double layer
for solid electrodes

Preamble

In this program we solve the linearized single electrical double layer for a solid planar (P), cylindri-
cal (C), and spherical (S) electrodes in two system unit CGS (C) and MKS (M). The non-linear solu-
tion of the planar electrode (NP) is performed as well. In order, to distinguish between a mean
electrostatic potential, , from one geometry to the other (as for any other electric parameter),
the initials of the geometry and the system unit will be used. Hence, ¢yNPM is the non-linearized
mean electrostatic potential of a solid planar electrode in MKS units, whereas @wCC is the lin-
earized mean electrostatic potential of a solid cylindrical electrode in CGS units.

The first step is to clear all our variables, and to define the constants used throughout this note-
book, their units are commented for clarity.

n-= ClearAl1["Global %]
kM = 1.38064852 x 10723 (xJ/K#) ;
kC = 1.38064852 x 1071 (xergs/K«) ;
€0 = 8.85418781761 x 107 (xC?/N m?| |[F/m| |C/V mx) ;
€ =78.5;
€R = € €0 (xC?/N m?| |F/m| |C/Vmx) ;
C=2.99792458 x 10% (xm/s*) ;
z=1;
eM = 1.60217733x 1071 (xCx)
eC=10cxeM (xesu| |Fr||statCx) ;
NA = 6.022140857 x 1023 (xmol™tx) ;
a=4.25(%A*);

Now, a list of values of our variables is defined

nj- CHARGEDEN = {©.001, 0.002, 0.005, 0.01} (xC/m?x) ;
CONCENTRATIONS = {0.001, 0.01, 0.1, 0.5} (*M#);
TEMPERATURES = {278.15, 298.15, 308.15, 328.15} (*K«)}
RADIUS = {5, 30, 80, 500} (*A%) ;

Furthermore, the molar concentration and the debye length are defined. This functions are inde-
pendent of the geometry used.
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= NC[P@_] 1= p@ x 1073 NA (*cm™3x) ;
NM[p0 ] 1= pO x 103 NA (*m3x);

8 xnC[p0] eC? z2
ekCT

-1

xC[p0®_, T ]: (*cm™"x) 3

2 nM[p0] eM? z2

xM[pO_, T_]: (*m~1x) 3

eRKkMT

The mean electrostatic potential

Now, the mean electrostatic potential in the SEDL is calculated for the different geometries.
Firstly, the mean electrostatic potential at the distance of closest approach, wh or yr, are defined
from our set and unset variables. Moreover, for the non-linear case of the solid planar electrode
the variable “Z” is define for simplicity. After defining their respective gh, yr, and Z, the mean
electrostatic potential is defined in two intervals.

10 c
47 ot om
;= YhPC[pO®_, T_, om_] := ——————— (*statVsx);
e xC[p0, T]
om
YhPM[p0®_, T_, om_] := 1000 ————— (*mV=*) ;

eRxM[p0O, T]
2kCT ZRZECIIZfom

whNPC[p0 , T , om_] := ArcSinh ] (xstatVx) ;
z eC e xC[p0, TTkCT

z eM om

2eRxM[p0O, TTKMT

2kMT
1000
zeM

z eC yhNPC[p0O, T, om]
2kCT ’

YhNPM[p0,T,om]
1000

2kMT
YhCC[p0_, T_, om_, R_] :=

YhNPM[p®_, T_, om_] : Arcsinh[ ] (*mVx) 3

ZC[p0_, T_, om_] :

zeM
ZM[pO_, T_, om_] :

10 c

4
10*

om BesselK[0, xC[p0, T] (R+ ) x107%]

n

=
[o]
[o]
(o]

YhCM[p0O_, T_, om_, R_] :

(*#mV%) ;
YyrCC[pO_, T_, om_, R_] :

BesselK[1, xC[p®, T] (R+ g) x107%] a
1+ xC[p0, T] —x1078| (x+statVx) ;
BesselK[0, xC[p®, T] (R+ g) x107%] 2

whCC[p0, T, om, R]
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YrCM[p0_, T_, om_, R_] := yhCM[p0O, T, om, R]
BesselK[1, xM[p@, T] (R+ g) x 1071°]

1+

BesselK[0, xM[p0, T] (R+ Z) x107%]

a 10
kM[p0, T] —x 10~ (*mVx) ;
2
2

4 lltz)f om 1 -1
YyhSC[p0_, T_, om_, R_] := kC[p0O, T] + —MM8MM — (»statVs) ;
€ (R+3) 10°®
-1
om
yhSM[p0® , T ,om , R ] :=1000 — [xkM[p0, T] + ————— |  (*mVx);
eR (R+3) 107
YyrSC[p0_, T_, om_, R_] :=
1 a 8
YyhSC[pO, T, omy, R] |1+ |kC[p00O, T] + —8 (—xlO' ) (»statVsx)
(R+2)107%) 12
2
YrSM[p® , T_, om_, R_] := yhSM[p0®, T, om, R]
1 a 10
1+ |kM[pO, T] + ——M88M8M8™— (—xlO_ ) (*mVx) 3
(R+3) 10720 ) 12

YyPC[p0_, T_, om_, x_] := P'ieceW'ise[
a s a
{{thC[po, T, om] (1+J<C[p0, T (;—x) x 10 ), 0<x< ;},

a a
{thC[po, T, om] EXp[KC[pO, ] (——x) xlO'B] , X 2 —}}] (xstatVs) ;
2 2
YyPM[pO_, T_, om_, x_] =
a a
Piecewise[{{z]thM[pO, T, om] (1+J<M[p0, T (——x) xle'm), 0<x< —},
2 2
a a
{thM[pO, T, om] EXp[KM[pO, T (——x) xle'le] , X 2 —}}] (xmV) 3
2 2

YNPC[pO_, T_, om_, x_] :=

10
. . 47 mf om 4 s a
P1ecew1se[{{— (——x) x 107° + yhNPC[p0O, T, om], O < x < —},
€ 2 2
2kCT
{ Log[
zeC

EXp[ZC[p®, T, om]] + 1+ (EXp[ZC[p®, T, om]] - 1) Exp[xC[p®, T] (5 -x) x107%]

]

2
EXp[ZC[p®, T, om]] +1 - (EXp[ZC[p®, T, om]] - 1) Exp[xC[p@, T] (;-x) x107%]

a
X2 — (»statVx) ;
2 2} ;
YNPM[pO_, T_, om_, x_] :=
. . om /a 10 a
P1ecew1se[{{1000 — (——x] x 107" + yhNPM[pO, T, om] , @ < X < —},

eR \2 2
2kMT

{1000 Log[

zeM
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EXp[ZM[p®, T, om]] + 1+ (Exp[ZM[p®, T, om]] - 1) Exp[xM[00, T] (gi-x) x 1071°]
2

EXp[ZM[0@, T, om]] + 1 - (EXp[ZM[p0, T, om]] - 1) Exp[xM[p@, T] (% - x) x 107*°]

e 2]

YCC[pO_, T_,om_,R_, r_] := P'ieceW'ise[{ YyhCC[p0, T, om, R]

BesselK[1, xC[p®, T] (R+ g) 107%] a
1+ xC[p0, T] (R+——r) 1078,
2

BesselK[0, xC[p®, T] (R+ ;-) x 107%]

a BesselK[0, xC[p®, T] rx107%]
Rsr<R+—},{ whCC[p0, T, om, R],

2 BesselK[0, xC[p®, T] (R+ 2-) x 107%]

r>R+ ;}}] (xstatVx) ;

YCM[pO_, T_,om_, R_, r_] := P'ieceW'ise[{{:[/hCM [00, T, om, R]
BesselK[1, xM[p®, T] (R+ g) x 1071°]

a
1+ xM[p0, T] (R+——r) 107,
BesselK[0, xM[p®, T] (R+ 2-) x 1071°] 2

a BesselK[0, xM[p®, T] rx107'°]
Rsr<R+—},{ whCM[p0, T, om, R],
2 BesselK[0, xM[p®, T] (R+ 2—) x 1071°]

e Re 2}}] v 3

YSC[pO_, T_,om_,R_, r_] := P'ieceW'ise[

1 a a
{{whSC[pO,T, om, R] |1+ |xC[p0®, T] + —— (R+——r) 1078 ,Rsr<R+—},
R+§) 10°8 2 2

a
{ ¥hSC[p0, T, om, R] EXp[KC[pO, T (R+ - r) 1078] ,
r 2

r2Re 2}}] (rstatva

WSM[pO , T, om_,R_, r_] := P'iecewise[{{whSM [00, T, om, R]

a 10 a
1+ |xM[p0, T] + R+——r)10' ,Rsr<R+—},

s z

(R+§ a 1 a )
{ - whSM[p0, T, om, R] Exp[KM[pO, T] (R+ ~- r) 10 ], r>R+ —}}] (*mV%) 3

2

The induced surface charge density

Now, with the help of wh, wr, and Z, the induced surface charge density is defined for the different
geometries. Once again, as for (r), the induced surface charge density is divided in two intervals.
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oPC[p0@_, T_, om_, x_] := P'ieceW'ise[

a e kC[p0, T] a 8
{{o, 0<x< —}, {—z[thPC[pO, T, om] EXp[KC[pO, T (——x) x 1078,
2 47 2

X 2 ;}}] (vesu/cm’x) ;

oPM[p0®_, T_, om_, x_] := P'iecewise[{{o, 0<x< ;}, {eRKM[pO, T]

whPM[p0, T, om]
1000

Exp[xM [p0, T] (; —x) xlO'm] , X 2 ;}}] (xC/m?%) 3

a
oNPC[p0_, T_, om_, x_] := P'iecewise[{{o, 0<x< —},
2

e xC[p0, TI kCT a 8
{ [((Exp[2ZC[pG,T,om]]—1) Exp[KC[pG,T] (——x)xl@' )/
wzeC 2

[(Exp[zcmo, T, om]]+1)2- ((Exp[zcmo, T, om]] - 1)

Exp[xC[DO, T] (; —x) xlO's] JZ]J y X 2 2}}] (xesu/cm?x) ;

oNPM[p0O_, T_, om_, x_] := Piecew-ise[{{e, 0<x< 2},

4eRxM[pO, TTKMT a 10
{ (((Exp[z ZM[p0, T, om]] - 1) Exp[xM[pO, T (——x) x 10 ])/
zeM 2

[(Exp[ZM[pe, T, om]]+1)%- ((ExpLZM[pe, T, om]] - 1)

Exp[xM[pO, T] (2— —x) xlo'm])z]] y X 2 ;}}] (xC/m?x) 3

a
oCC[p®_, T_,om_,R_,r_] := P'ieceW'ise[{{O, R<r<R+ —},
2

€ xC[p0, T] Besse'LK[l, xC[p0, T] rx 10'8]
{ ¥hCC[p0, T, om, R],
4r BesselK[0, xC[p0, T] (R+ ;-) 107%]

rzR+ ;}}] (vesu/cm’x) ;
oCM[p® , T_,om ,R ,r_] := Piecew-ise[{{@, R<r<R+ ;},

BesselK[1, xM[p®, T] rx107°]  yhCM[p0, T, om, R]

{eR xkM[p0, T]
BesselK[®, xM[p0, T] (R+ Z) 107*°] 1000

2
rR+ z—}}] (xC/m?x) 3

a
oSC[p0_, T_,om_,R_, r_] := P'iecew-ise[{{o, R<r<R+ —},
2

e (1+xC[p0, T] rx10-%) (R+3)
{_ yhSC[p0, T, om, R]

4 r

rx10-8
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EXP[KC[DO, T] (R+ ;- r) 10'8] ,Fr2R+ ;}}] (vesu/cm?s) ;

a
oSM[pO@_, T ,om_,R_, r_] := P'ieceW'ise[{{O, R<r<R+ —},
2

a
{ o [LrxMIe0, T rx101°) yhSM[p@, T, om, R] (R+ 3)
€
1000 r

rx1071°

Exp[xM[po,1j (R+ ;-r)lo'm], r>R+ ;}}](*C/mz*);

The concentration profiles

Now, the co-ion (p) and counter-ion (n) distribution functions are defined for the different
geometries.
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1= gPPLPO_, T_, om_, x_] t= P'iecewise[{{e, 0<x< ;},

{E [ zeM yhPM[p0O, T, om]
xp |-
kM T 1000

Exp[xM[pO, ] (a—-x) xlo'm]] , X 2 a—}}] ;

gnP[p®_, T_, om_, x_] := P'iecewise[{{o, 0=<x< a—},

{E [zeM YhPM[p0O, T, om]
xp
kMT 1000

EXP[KM[DG, T] C——X) xle'm]] y X 2 i}}] H

gpNP[p0_, T_, om_, x_] := P'iecewise[{{o, 0<Xx< 2},

{Exp[—z Log[ (EXp[ZM[pO, T, om]] +1+ (Exp[ZM[p®, T, om]] - 1)
a
Exp[KM[pO, T (——x) x10'1°])/ (Exp[ZM[pO, T, om]]+1-
2
a a
(EXp[ZM[p0, T, om]] - 1) EXp[KM[pO, ] (——x] xlO'le])” , X2 —}}] ;
2
gnNP[p0_, T_, om_, x_] := P'iecewise[{{e, 0<x< i},
2
{Exp[z Log[ (Exp[ZM[pQ, T, om]]+1+ (EXp[ZM[p0, T, om]] - 1)
Exp[xM[pO, T (i—x) xle'm])/ (Exp[ZM[pO, T, om]]+1-
2

(EXp[ZM[p@, T, om]] - 1) Exp[xM[00, T] G—X] xl@‘m])]] » X 2 a—}}] 5

gpClp0_, T_,om_,R_, r_] := P'iecewise[{{o, R<r<R+ ;}, {Exp[

zeM yhCM[p0, T, om, R]  BesselK[0®, xM[p0, T] r x 107%°] ] o a}}]
= raRrR+ — N
kM T 1000 BesselK[0®, xM[p0, T] (R+ ;l) x1071°] 2 ’
gnC[pO0_, T_,om_,R_,r_] := P-iecew-ise[{{o, R<r<R+ ;}, {Exp[
zeM yhCM[p0O, T, om, R] BesselK[0, xM[p®, T] rx107*°] a
Jsrzre o} s
kMT 1000 BesselK[0, xM[p0, T] (R+ z-) x107°] 2
M
gpS[p0_, T _,om_,R_, r_] := Piecew-ise[{{@, R<r<R+ a—}, {Exp[— il
2 kM T
¥hSM[p0, T, om, R] (R+3) a o a
EXp[KM[pO, ] (R+ ——r) 10° ”, r>R+ —}}] ;
1000 r 2 2

gnS[p0_,T_,om_,R_,r_] := Piecewise[{{@, R<r<R+ ;}, {Exp[

a
zeM yhSM[p0, T, om, R] (R+2_)
kMT 1000 r

Exp [xM[o0, T] (R+ 2_ r) 107 ], rz Ry a‘}}] ;
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The differential capacitance

Finally, the differential capacitance is obtained for our different geometries.

n-1= CAPC[p@_, T_] 3

47 (2+xC[p0, T] (gxle-8 )
e xC[p0O, T]

-1
) ] (xcmt| |cm/cm?x) 5

2+xM[p0, T] (;ixlo'l@
CdPM[p0O_, T 7 :

) -1
] (*F/mz*) H

eRxM[p0O, T]

47 2 +xC[p0, T] (;lxlo-s)
CdNPC[p®_, T_, om_] :

e kC[p0O, T]

10

2nzeC — om 2
b | e
exC[p0,T1 kCT

(xcmt| |cm/cm?x) 3

1 2+xM[p0, T] (3 x107%°)

eRxM[p0O, T] " N
1+ ( z eM om )
2eRxM[p0,TI kM T

CdNPM[p0® , T_, om_] : (xF/m?%) 3

CdCC[p® , T , R ] :=

4 2 BesselK[0, xC[p0, T] (R+ *21) x107%]
e xC[p0, T]

-1
a 8
+xC[p0, T] —x10~
BesselK[1, xC[p®, T] (R+ g) x1078] 2
(xcm™| | cm/cm?x)
CdCM[p® , T_,R_] :=

1 2 BesselK[0, xM[p0, T] (R+ 2) x107%° a -t
+xM[p0, T] —x107° (xF/
eRxM[p0, T] BesselK[1, xM[p®, T] (R+ ;-) x 1071°] 2
mz*);
-1

47 2 (R+2) 1078 a

CdSC[p®_, T ,R ] := [— 2 + —x1078 (xcmt| cm/cm?x) 3
€ |1+xC[p0, T] (R+ %) 107 2

-1

1 2 (R+2) 107 a

CdSM[p® , T , R ] := | — 2 +=x1070 || (xF/m?x);
€R (1+xM[p0, T] (R+3) 107° 2
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The electrical double layer for nano-
pore electrodes

Preamble

In this program we solve the linearized electrical double layer for nano-pore electrodes of differ-
ent topologies, such a slit-pore (P), a cylindrical (C), and spherical (S) pores in two system unit CGS
(C) and MKS (M). In order, to distinguish the different electric parameters, w, from the different
pore topologies and unit system used their initials are used. Hence, ¢PM is the linearized mean
electrostatic potential of a slit-pore in MKS units, whereas @CC is the linearized mean electrostatic
potential of a cylindrical pore in CGS units.

The first step is to clear all our variables, and to define the constants used throughout this cell,
their units are commented for clarity.

n--= ClearAll["Global %"]
kM = 1.38064852 x 10723 (%3 /Kx)
kC = 1.38064852 x 107 (xergs/K«) ;
€0 = 8.85418781761 x 107 (xC?/N m?| |[F/m| |[C/V mx) ;
€ =78.5;
€R = € €0 (xC*/N m?| |F/m| |C/Vmx) ;
€ =2.99792458 x 10% (xm/s*) ;
z=1;
eM =1.60217733x 107% (xCx);
eC=10cxeM (xesu| |Fr||statCx) ;
NA = 6.022140857 x 1023 (xmol 1x);
a=4.25(%A*);

Now, a list of values of our variables is defined

i 1= CHARGEDEN = {0.001, 0.002, 0.005, 0.01} (xC/m?x) ;
CONCENTRATIONS = {0.001, 0.01, 0.1, 0.5} (%Mx)
TEMPERATURES = {278.15, 298.15, 308.15, 328.15} (*K«)}
RADIUS = {5, 30, 80, 200} (*A*) ;

Furthermore, the molar concentration and the debye length are defined. This functions are inde-
pendent of the topology used.
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= NC[P@_] 1= p@ x 1073 NA (*cm™3x) ;
NM[p0 ] 1= pO x 103 NA (*m3x);

8 xnC[p0] eC? z2
ekCT

xC[p0_, T_] : (*cmls);

2 nM[p0] eM? z2

xM[p®_, T_]: (#m~1x) 3

eRKkMT

Constants

For the EDL of a pore, we solve five differential equations of second order with ten boundary
conditions. By solving them, we find the values of the different constants for each topology. These
constants depend on the molar concentration, py, temperature, T, inner and outer surface charge,
g, and gy, the distance between the pores’ center and pores’ inner surface, t or R, and the pores’
width, d. With these constants values we find the solutions of all the electric parameters.

C1PC :=0;
C1PM := 0 ;
c2PC[p0_, T_,0l_, oIl ,t_,d_] :=

47 10 Coth[xC[p0®, T] (t- 2) 10-8
[[ il C[oII[(d+i)10'8+ [ T (e 5) ]]+

€ 10% 2 xC[p0, T]

I [(i) Lot Coth[xC[p0, T] (t- g) 1078] ] ]]/

2 xC[p0, T]

a
(1 +xC[p0, T] (d+a) 1078 +Coth[xC[p0, T] (t— —) 1078 )]
2

a
EXp[KC[pO, T (t +d+ ;) 10'8] (xstatVs);

C2PM[p®_, T , 0l _, oIl ,t_,d_] :=

1 a Coth[xM[p@, T] (t- g) 1071%]
1000 | | — | oII (d + —) 10710 4 +
eR 2 kM[p0, T]
Coth[xM[p0, T] (t- 2) 1071°
GI[(E)m-m btes, T (*- 2) ]]]]/
2 xM[p0, T]

(1 +xM[p0, T] (d+a) 107° + Coth[xM[p0, T] (t . 3) 10-10])]
2

a
Exp [KM [00, T] (t+d + —) 10'10] (*mV=x) 3
2

c3PC[p0 , T ,0l_, oIl ,t ,d_ ] :=
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a
c2PC[p0, T, oI, oI, t, d] EXp[—KC[pO, T] (t+d+ —) 10'8] -
2

a
c4PC[p0, T, oI, oII, t, d] (t+d+ —) 1078 (#statVx);
2

c3PM[p0_, T_, 0I_, oIl ,t_,d_] :=

a
c2PM[p0, T, oI, olI, t, d] EXp[—KM[pO, T (t+d+ —) 10'1°] -
2

a
C4PM[p0, T, oI, oII, t, d] (t+d+ —J 1071% (xmVx);
2

c4PC[p0_, T_, 0I_, oIT_, t_,d_] :=-c2PC[p0O, T, oI, oI, t, d]

xC[p0, T] Exp[ xC[p0, T] [t+d+ — ]10'8] (xstatV/cmx) ;
C4PM[p® , T_, 0I_, oIl ,t_,d ] := —c2PM[p0, T, oI, oII, t, d]

xM[p0, T] Exp[ KkM[p0, T] [t+d+ — )10'10] (xmV/mx) 3

c5PC[p0 , T ,0I ,0II ,t ,d ] :=c3PC[p0, T, oI, oII, t, d]+

(c4PC[p@®, T, oI, oII, t, d] - c6PC[p®, T, oI, oII, t, d]) (t+d) 1078 (xstatVs);
c5PM[p0®_, T_, 0I_, oIl _,t_,d_] :=c3PM[p0O, T, oI, oII, t, d] +

(c4PM[p®, T, oI, oII, t, d] - c6PM[p0, T, oI, oII, t, d]) (t+d) 107° (xmVx);

47 10c
c6PC[p0_, T _,0I_,0II ,t_,d_] :=c4PC[p0O, T, oI, oII, t, d] + —
e 10*

oll

(»statV/cmx) ;
C6PM[p0_, T_,0Il_, oI ,t_,d_] :=
1
C4PM[p0O, T, oI, oII, t, d] + 1000 — oII (*mV/mx) ;
€eR
c7PC[p0_,T_,0I_,0II ,t_,d_] :=c5PC[p0O, T, oI, oII, t, d] +
(c6PC[p0, T, oI, oII, t, d] - c8PC[p0, T, oI, oII, t, d]) (t) 10°% (xstatVs);
Cc7PM[p® , T , 0l , oIl ,t ,d_] :=c5PM[p0®, T, oI, oII, t, d] +
(c6PM[p0, T, oI, oII, t, d] - c8PM[p0, T, oI, oII, t, d]) (t) 107%° («mVx);

47 10 cC
c8PC[p®_, T_,0I_, oIl ,t_,d_] :=c6PC[pO, T, oI, oII, t, d] + —
e 10%

ol

(#statV/cmx) ;
1
c8PM[p0_, T_, 0I_, oIT_, t_, d_] := c6PM[p0O, T, oI, oII, t, d] + 1000 — oI
eR
(*mV/m=*) ;
c8PC[p0O, T, oI, oII, t, d]

CcOPC[p® , T ,0I ,0Il ,t ,d ] :=
2xC[p@, T] Sinh[xC[p0, T] (t- g) 1078]
(*statVx);

c8PM[p0, T, oI, oII, t, d]
c9PM[p0_, T_,0I_,0II ,t_,d_] :=

2xM[p@, T] Sinh[xM[p0, T] (t- g) 1071%]

(*mVx) ;
clOPC[p®_, T_, oI_, oII_, t_, d_] := c9PC[p0O, T, oI, olI, t, d] (*statVx);
c10PM[p® , T , 0l , oII ,t_,d_] := cO9PM[pO, T, oI, oII, t, d] (xmVs);
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clCC :=0;
clCM := 0 ;
47 10¢c . R- 3
€2CC[p®_, T_, 0I_, oII_,R_,d ] := ||— oII ((R+d) 107) Log[ ] -
e 10* R+d

BesselI[0, xC[p0, T] (R- ;-) 107%]

+ol (R107°)
xC[p0, T] (R- ;i) 107 BesselI[1, xC[p0, T] (R- g) 107%]

R- Z_ BesselI[0, xC[p®, T] (R- 2) 107%]
e I

xC[p0, T] (R- g) 10® BesselI[1, xC[p0, T] (R- ‘21) 107%]

a a
xC[p0, T] (R+d ‘- ) 1078 Besse'LK[l, xC[p0, T] (R+d+ —) 1078
2 2

R - g BesselI[0, xC[p00, T] (R- Z—) 107%]
Log[ — 2] - :

R+d+ 2" xC[p0, T] (R-Z) 107 BesselI[1, xC[p0, T] (R- 7) 10°]

a
BesselK[o, xC[p0, T] (R+d + —] 10'8] ]] (xstatVx);
2

1
c2CM[p® , T , 0l ,0II ,R ,d ] :=1000 [[— [cII ((R+d) 107%°)

eR
R - ;i BesselI[0, xM[p0, T] (R- ;l) 1071%]
Log 2] - :
R+d xkM[p0, T] (R- z-) 107'° BesselI[1, xM[p@, T] (R- 27) 1071%]

a

R-2
oI (R107°) [Log[Tz] -

BesselI[0, xM[p®, T] (R- g) 1071%] /
xM[p0, T] (R- 2—) 107'° BesselI[1, xM[p0, T] (R- g) 1071%]

a a
[KM[pO, T (R+ d+ — ] 1071 Besse'LK[l, xkM[p0, T] (R+ d+ — ) 10'”]
2 2

a
2

R - g BesselI[0, xM[p@, T] (R- Z) 107*°]
Log] —2] - :

R+d+ Z— xM[p0, T] (R— 3) 10-1@ Besse'LI[l, xM[p0, T] (R— 521) 10-10]

a _10 .
BesselK[e, xM[p0, T] [R+d+ — | 10 ] (*mV%) 3
2

€3CC[p®_, T ,0I_, oIl ,R_,d ] :=c2CC[pO, T, oI, oII, R, d]

a
BesselK[O, xC[p0, T] (R+d + —) 10'8] -
2

a
c4CC[p0, T, oI, oII, R, d] Log[ (R+d . —) 10'8] (xstatVx) ;
2
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c3CM[p0_, T_, 0I_, oII_,R_,d_] :=

a
C2CM[00, T, oI, olI, R, d] BesselK[0, xM[00, T] (R+d+ —) 10%] -
2

a
c4CM[p0, T, oI, olII, R, d] Log[ (R+d . —) 10'10] (xmVs) 3
2
c4CC[p0_, T_,0I_, oII_,R_,d_] t= -c2CC[p0, T, oI, oII, R, d] ~ xC[p@, T]

a a
(R+d + —) 1078 Besse'lK[l, xC[p0, T] (R+d + —) 10‘8] (»statV/cms) ;
2 2

c4CM[p® , T_, oI_, oII_, R_,d_] := —~c2CM[p®, T, oI, oII, R, d] - xM[p@, T]
a a
(R+d . —) 10710 Besse'lK[l, xkM[p0, T] (R+d + —) 10'10] (xmV/mx) 3
2 2

c5CC[p0_, T_,0I_,0II ,R_,d_] :=c3CC[p0O, T, oI, oII, R, d] +
(c4CC[p0, T, oI, oII, R, d] - c6CC[p0, T, oI, oII, R, d])
Log[(R+d) 107°] (xstatVs);

c5CM[p0_, T_,0Il_,0II ,R_,d_] :=c3CM[p0, T, oI, oII, R, d] +
(c4CM[p0, T, oI, oII, R, d] - c6CM[p0O, T, oI, oII, R, d])
Log[(R+d) 107%% ] (+mV«) ;

c6CC[p0_, T_,0I_,0II ,R_,d_] :=c4CC[p0O, T, oI, oII, R, d] +
47 10c

e 10%
c6CM[p0 , T , 0l ,0II ,R ,d ] :=c4CM[p@O, T, oI, oII, R, d] +

oII (R+d) 1078 (xstatV/cmx) ;

1
1000 — oII (R+d) 1071 (xmV/mx)
eR

c7CC[p0_, T_,0I_,0II ,R_,d_] :=c5CC[p0, T, oI, oII, R, d] +
(c6CC[p0, T, oI, oII, R, d] - c8CC[pO, T, oI, oII, R, d])
Log[ (R) 107°] (xstatVs);
c7CM[p0_, T_,0I_, 0II ,R_,d_] :=c5CM[p0O, T, oI, oII, R, d] +
(c6CM[p0, T, oI, oII, R, d] - c8CM[p0, T, oI, oII, R, d]) Log[(R) 107*°] (+mV«);
47 10c s
c8CC[p®_ , T ,0I ,0II ,R_,d ] :=c6CC[pO, T, oI, oII, R, d] + — —— oI (R) 10~
e 10*
(+#statV/cmx) ;
1
c8CM[p0 , T ,0I ,0II ,R ,d ] :=c6CM[pO, T, oI, oII, R, d] +1000 — oI (R) 107*°
eR
(*mV/m=*) ;
c9CC[p® , T ,0I ,0II ,R ,d ] :=
c8CC[p0, T, oI, oII, R, d]

(xstatVs);
xC[p0, T] (R- Zl) 107 BesselI|[1, xC[p00, T] (R- 2—) 107°]
c9CM[p® , T ,0I ,0II ,R ,d ] :=
c8CM[p0@, T, oI, oII, R, d]

(#mVs) ;
xM[p®, T] (R- ‘;l) 107'° BesselI[1, xM[p0, T] (R- 3) 1071°]
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clSM :=0 ;
c2SC[p0_, T_, 0I_, oII_, R_, d_] :=
([ 47 10 c

(cI (R107%) (Tanh[KC[pO, ] (R— i) 10'8] +xC[p0, T] 2 10'8) +
e xC[p0] 10% 2 2

oll ((R"'d) 10_8) (Tanh[KC[Pos T] (R- i) 10_8] +xC[p0, T] (d+ 2 ) 10'8J)]/
2 2
a
(Tanh[xc[pe, T] (R— —) 10‘8] +xC[p0, T] (d+ a) 1078+ 1)J
2

a
Exp[xC[pO, T (R+d + ;) 10'8] (xstatVscms) 3

1
c2SM[p0_, T_, oI_, oII_, R_, d_] := 1000 [(—
eRxM[p0O, T]

(GI (R 10_10) (Tanh [KM[PG, T] (R— i) 10_10] +kM[p0O, T] i 10_10) + ol
2 2
((R+d) 107 (Ta"h[KM [00, T] (R— a—) 102°] + <M [0, T] (d+ i) 10-10)))/
2 2
(ranh[xhe0, T1 (R- 3) 1071°] + xM[p0, T] (d+ a) 10-1°+1)]
2

a
Exp[xM[pO, T (R+d + —) 10'10] (*mVsms) 3
2

1
€3SC[p0_, T_, 0I_, oII_,R_,d_] :=

(R+d+ Z—) 10-8

a
(CZSC[pO, T, oI, oII, R, d] Exp[-xC[00, T] (R+d+ —) 10°¢] -
2

c4SC[p0O, T, oI, oII, R, d]) (xstatVsx) ;

1

c3SM[p0_, T_, 0I_, oII_,R_, d_] :=
(R +d+ Z—) 10-1°

a
(CZSM[pO, T, oI, oII, R, d] EXp[—KM[pO, ] (R+d+ —) 10‘“’] -
2

c4SM[p0, T, oI, oII, R, d]) (*mVx) 3

c4SC[p® , T_, oI_, oII_, R_,d ] := c2SC[p@, T, oI, oII, R, d]
a a
Exp[—xC[pO, T (R+d+ —) 10'8] (xC[pO, T (R+d+ —) 1078+ 1) (xstatVscms) 3
2 2

c4SM[p0®_, T , oI_, oII_,R_,d_] := c2SM[p@, T, oI, oII, R, d]
a 10 a 10
EXp[—KM[pO, ] (R+d+ —) 10 ] (KM[pG, ] (R+d+ —) 10720 1) (*mVxms) 3
2 2

c58C[p® , T_, 0l _, oII_,R_,d_] :=c3SC[p0, T, oI, oII, R, d] +
c4SC[p0, T, oI, oII, R, d] - c6SC[p0, T, oI, oII, R, d]

(xstatVx);
(R+d) 10-8

c5SM[p0_, T_,0I_, 0II ,R_,d_] :=c3SM[p0O, T, oI, oII, R, d] +
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c4SM[p0, T, oI, oII, R, d] - c6SM[p0®, T, oI, oII, R, d]

(#mVs)
(R+d) 10710
c6SC[p® , T ,0l ,0II ,R ,d ] :=c4SC[p0, T, oI, oII, R, d] -
47 10 cC 8y 2
— ——0oII ((R+d) 107°)" (»statVscmx) ;
e 10*

C6SM[p0_, T_, 0Il_, 0II_,R_,d_] :=c4SM[p0O, T, oI, oII, R, d] -
1 10\ 2
1000 — oII ((R+d) 107'°)" (#mVxmx) ;
eR
c7SC[p® , T ,0l ,0II ,R ,d ] :=c55C[p0@, T, oI, oII, R, d] +
c6SC[p0O, T, oI, oII, R, d] - c85C[p0O, T, oI, olI, R, d]

(#statVs);
(R) 1078

C7SM[p® , T , 0I_, oII_,R_,d_] := c5SM[p@, T, oI, oII, R, d] +
c6SM[p0, T, oI, oII, R, d] - c8SM[p®, T, oI, oII, R, d]

(#mVx) ;
(R) 10°1°
c85C[p0® , T , 0l , oIl ,R ,d_] :=c6SC[pO, T, oI, oII, R, d] -
47 10c

e 10°
c8SM[p0 , T , oI_, oIl ,R_,d_] := c6SM[p0O, T, oI, oII, R, d] -

oI ((R) 107%)* (xstatVscms);

1 10\ 2
16000 — oI ((R) 107°) " (xmVxmx) ;
eR
c9SC[p® , T ,0l ,0II ,R ,d ] :=

c8SC[p0, T, oI, oII, R, d]

2 (xC[p0, T] (R- ;i) 107% Cosh[xC[p®, T] (R - Z—) 107%] - sinh[xC[p®, T] (R- g) 107%])

(*statVxcmx)
c9SM[p®_, T_, 0I_, oII_,R_,d ] :=
a
. (cSSM [00, T, oI, oII, R, d]/ (2 (KM[p@, ] (R— —) 10710 Cosh[
2
a a
KkM[p0, T] (R— —) 10'1‘”] - S'inh[KM[pO, ] (R— —] 10'10] ))) (*mVxms) 3
2 2

cl0SC[p®_, T_, 0l , 0II_,R_,d_] :=-c9SC[p0O, T, oI, oII, R, d] (xstatVxcmx) ;
c10SM[p® , T , oI_, oII_,R_,d_] := -c9SM[p0, T, oI, oII, R, d] (*mVsm«) ;

The mean electrostatic potential
Now, with our constants, we define the mean electrostatic potential in five intervals for each
topology as
1= YyPClp@_, T_, oI_, oII_, t_, d_, x_] :=

a
Piecewise[{{z c9PC [p@, T, oI, oII, t, d] Cosh[xC[p0, T] (x) 167%], 0 s x < t- —},
2

a
{c?PC[po, T, oI, oII, t, d] +c8PC[p0, T, oI, oII, t, d] (x) 1078, t- — < x < t},
2

{e5PC[p0, T, oI, oII, t, d] +c6PC[p0O, T, oI, olI, t, d] (x) 10°°, t<x < t+d},
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{c3PC[p0, T, oI, oII, t, d] +c4PC[p0, T, oI, olII, t, d] (x) 1078,

a
t+dsx<t+ds —}, {cch Exp[xC[p0@, T] (x) 107%] + c2PC[p0, T, oI, oII, t, d]
2

Exp[-xC[p0@, T] (x) 10%], x = t+d+ i}}] (xstatVx) ;
2

WPM[p® , T , o , oII ,t_,d_, x_] = P'ieceW'ise[

a
{{2 COPM[p®, T, oI, oII, t, d] Cosh[xM[p®, T] (x) 1072°], 0 s x < t - —},
2

a
c7PM[p0, T, oI, oII, t, d] +c8PM[p@, T, oI, oII, t, d] (x) 107°, t- —<x =<t
b b b 2 b

{c5PM[p0, T, oI, oII, t, d] +c6PM[p0, T, oI, oII, t, d] (x) 10°°, t <x < t+d},
{c3PM[p0, T, oI, oII, t, d] +c4PM[p0, T, oI, oII, t, d] (x) 10719,

a
t+dsx<t+ds —}, {clPM Exp[xM[p0, T] (x) 107°] +
2

a
c2PM[p0, T, oI, oII, t, d] Exp[-xM[p®, T] (x) 1072°], x 2 t+d + —}}] (*mV) 3
2
WCC[pO , T , 0l ,0II ,R ,d_,r ] := P'ieceW'ise[
{{cscc [00, T, oI, oII, R, d] BesselI[0, xC[00, T] (r) 107°] +

a
c10CC BesselK[0, xC[p0, T] (r) 106°], @ <r <R- —},
2

{c?CC[po, T, oI, oII, R, d] +c8CC[p@, T, oI, olII, R, d] Log[(r) 107°],
a
R-—<r=x R}, {e5CC[p0, T, oI, oII, R, d] +
2
c6CC[p0, T, oI, oII, R, d] Log[(r) 10®], R<r <R+d},

{c3CC[po, T, oI, oII, R, d] +c4CC[p0, T, oI, olII, R, d] Log[(r) 107°],
a
R+d < r‘<R+d+—},
2
{clcc BesselI[0, xC[p®, T] (r) 10°8] + c2CC[p0, T, oI, oII, R, d]
s a
BesselK[0, xC[p®, T] (r) 16™°], r 2 R+d+ —}}] (*statVs) ;
2
WCM[pO , T_, oI _, oII_,R_,d_, r_] := P'ieceW'ise[
{{csaCM[pe, T, oI, oII, R, d] BesselI[0, xM[p0, T] (r) 1072°] +
a
c10CM BesselK[0, xM[p0, T] (r) 107°], 0 <r <R- —},
2
{c?CM[pe, T, oI, oII, R, d] +c8CM[p@, T, oI, oII, R, d] Log[(r) 167*°],
a
R-—<r=x R}, {c5CM[p0, T, oI, oII, R, d] +
2
c6CM[p0, T, oI, oII, R, d] Log[(r) 107*°], R<r sR+d},
{c3CM[po, oI, olII, R, d] +c4CM[p0@, oI, oII, R, d] Log[(r) 167*°],

a
R+dsr‘<R+d+—},
2
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{chM BesselI[0, xM[p®, T] (r) 1072°] + c2CM[p0, T, oI, oII, R, d]
10 a
BesselK[0, xM[p0, T] (r) 167°], r 2 R+d+ —}}] (*mVx) 3
2

¥SC[pO , T _, 0l ,0II ,R ,d ,r ] := piecewise[

1
{{—8 (c9sc[p0, T, oI, oII, R, d] Exp[xC[p®, T] (r) 10°] +
(r) 10°

a
c10SC[p0, T, oI, oI, R, d] Exp[-xC[p0, T] (r) 10]), 0 <r sR- —},
2
c8SC[p0, T, oI, oII, R, d] a

c7SC[p0, T, oI, oII, R, d] + ,R——<rsR},
2

(r) 10-8
c6SC[p0, T, oI, oII, R, d]

,RsrsR+d},

(r) 1078
c4sC[p0, T, oI, olI, R, d] a
c3SC[p0, T, oI, oII, R, d] + ,R+dsr<R+d+—},
(r) 107° 2

{
{CSSC[pO T, oI, oII, R, d] +
{
{—=

(c1SCExp[xC[p@, T] (r) 107%] + c2SC[p0, T, oI, oII, R, d]
(r) 1078

Exp[-xC[p®, T] (r) 107]), r2R+d+ i}}] (xstatVs);
2

¥SM[pO , T, oI ,0II_ ,R_,d_,r ] := P'iecewise[

1
{{— (cosM[p®, T, oI, oII, R, d] Exp[xM[p@, T] (r) 1072°] +
(r) 1071°
a
c10SM[p0, T, oI, olII, R, d] Exp[-xM[p0, T] (r) 1067°]), 0 <r <R- —},
2
c8SM[p0, T, oI, olII, R, d] a
{c?SM[pO T, oI, oII, R, d] + ,R-—<rsR},
(r) 107°1° 2
c6SM[p0, T, oI, olII, R, d]
{cssM[po T, oI, oII, R, d] + ,RsrsR+d},
(r) 1071°
c4SM[p@, T, oI, oII, R, d] a
{cssM[po T, oI, oII, R, d] + A A ,R+dsr<R+d+—},
(r) 107° 2
{ (c1SMExp[xM[p@, T] (r) 1072°] + c2SM[p®, T, oI, oII, R, d]

(r) 10'1°

Exp[-xM[p®, T] (r) 107°] ), rzR+d+ ;}}] (xmV) 3

The induced surface charge density

Again, with our constants, we define the induced surface charge density in three intervals, for each
topology as

oPC[pO®_,T_,0I ,0II ,t_,d_,x_] :=
10 c

Piecewise H{
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a Coth[xC[p0, T] (t-2) 107°]
oIl (d+ —] 1078 + 2 ] +ol
2 kC[p0, T]
a -8
[(i) Lot Coth[xC[p0, T] (t- 2) 1078] ]]]/
2 xC[p0, T]

a
(1 +xC[p0, T] (d +a) 1078 +Coth[xC[pG, ] (t— —) 10'8] )]/
2

S'inh[xC[pO, T] (t - i) 1078 ] Sinh[xC[p0, T] (x) 107°],
2

Osxst—;},{O,t—;<xst+d+;},

e kC[p0, T] 8
{— (c1PC Exp[xC[p®, T] (x) 107%] + c2PC[p0, T, oI, olII, t, d]
47

Exp[-xC[p®, T] (x) 1078]), x 2 t+d+ i}}] (vesu/cmx) ;
2

oPM[p® , T , 0l , oI ,t ,d_, x_ ] := P'ieceW'ise[

Coth|[xM[p0,T] t-2) 1010 Coth y _2) 19710
xM[p0,T] |oII |(d+2 10-19+M +oI |[2 1@-“%,%
2 2

xKM[p0,T] KM [0, T
[00,T]

(ol +oll) - (1+xM[pG,T] (d+a) 107'°+Coth [KM[DO;T] (t‘ ;‘) 10_19])

{{ Sinh[xM[p0, T] (t- g) 1071°]

Sinh[xM[p0, T] (x) 107%°], 0 < x < t- i}, {0, t- 2 x<tede i},
2 2 2

eRxM[p0O, T] 10
{— (c1PMExp[xM[p@, T] (x) 107*°] + c2PM[p0, T, oI, olI, t, d]
1000

a
Exp[-xM[p0, T] (x) 102°]), x 2 t+d + —}}] (+C/m2%) 5
2
oCC[pO® , T , 0l _,0Il ,R ,d ,r ] := P'ieceW'ise[
e xkC[p0, T] 8
{{—cscc [00, T, oI, oII, R, d] BesselI[1, xC[p0, T] (r) 10°],
4

a a a e xkC[p0, T]
O<rsR- —}, {o, R-—<r<R+d+ —}, {—CZCC[pG, T, oI, olII, R, d]
2 2 2 an

a
BesselK[1, xC[p®, T] (r) 10‘8] ,rz2R+d+ —}}] (xesu/cm?x)
2
oCM[p0 , T_, oI , oIl ,R_,d_,r ] := P'iecewise[

c9CM [p0, T, oI, oII, R, d]

BesselI[1, xM[p0, T] (r) 107*°],
1000

{{eR xkM[p0, T]

OsrsR—g},{0,R—§<r<R+d+g},
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c2CM[p0, T, oI, oII, R, d]

{eRKM[pO, T BesselK[1, xM[p®, T] (r) 1072°],

1000
rxReds <} (sC/m

2e€
0SC[p0 , T, 0l ,0II ,R ,d ,r ] := Piecewise[{{— c9SC[p0, T, oI, oII, R, d]
47

xC[p0, T] r 167® Cosh[xC[p®, T] r 107°] - Sinh[xC[p00, T] r 107%] a

(r 1078)? 2

a a €
{0, R-—<r<R+d+ —}, {—czsC[po, T, oI, olII, R, d]
2 237 Lan

Exp[-xC[p@, T] r 107%] (xC[p®, T] r 107° + 1)

a
rzR+d+ —l1|(xesu/cm?s) ;
(rx1078)? ’ 2}}] ’

c9SM[p0, T, oI, oII, R, d]
1000
xkM[p0, T] r 167*° Cosh[xM[p0, T] r 1067*°] - Sinh[xM[00, T] r 107%°]

(r 107%°)?

oSM[p0_, T_, oI_, oII_, R_, d_, r_] := Piecewise[{{Z <R

H

c2SM[p@, T, oI, oII, R, d]
1000

OsrsR—;},{0,R—§<r<R+d+g},{eR

Exp[-xM[00, T] r 107*°] (xM[p0, T] r 167%° + 1)

(r x 1019)2

,rz2R+d+ ;}}] (*C/mz*);

The density profiles

Finally, with the constants the co-ion (p) and counter-ion (n) distribution functions are defined for
the different pore topologies in three intervals.

in-= gpPP[P®_, T_, 0I_, oII_, t_,d_, x_] := P'iecewise[

zeM 1
{{Exp[— —— (2¢9PM[p0, T, oI, oII, t, d] Cosh[xM[p®, T] (x) 10‘1‘”])],
kMT 1000
a a a
Osxst—;}, J{G,t—;<x<t+d+ ;},

zeM 1
{Exp[— (c1PMExp [xM[p@, T] (x) 107%°] +
kMT 1000

a
C2PM[p®, T, oI, oII, t, d] Exp[-xM[p®, T] (x) 10'19])] , x2t+d+ —}}] ;
2
gnP[p®_, T ,0Il ,0II ,t ,d ,x_]:= P'ieceW'ise[

Mool
{{Exp[ze —— (2c9PM[p0, T, oI, oII, t, d] Cosh[xM[p0, T] (x) 10'1"])] ,
kMT 1000

Osxst—;},{0,t—;<x<t+d+;}:
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Mool
{Exp[z ° (c1PM Exp[xM[p0, T] (x) 107%°] +
kMT 1000

C2PM[p0, T, oI, olI, t, d] Exp[-xM[p0, T] (X) 10'10])]

gpClp®_,T_,0Il_,0II_,R_,d_,r_] := P'iecewise[

{{Exp[—zeM 1

(c9CM[p@, T, oI, oII, R, d] BesselI[0, xM[p0, T] (r) 107°] +
kMT 1000

cl10CM BesseIK[O, kM[p0O, T] (r) 10_10] )] s

kMT 1000

a a a zeM 1
O0<rs<R--— O, R- —<r<R+d+ — Exp |-
b {o, -b {exe]

(c1CMBesselI[0, xM[p0, T] (r) 107*°] + c2CM[p0, T, oI, olII, R, d]

2 2
BesselK[0, xM[p0, T] (r) 10_10])] s FrzR+d+ i}}] ;

gnC[p®_, T _,0Il ,0II ,R_,d ,r_]:= P'ieceW'ise[

{{Exp[zeM 1

(c9CM[p0, T, oI, olII, R, d] BesselI[0, xM[p®, T] (r) 107*°] +
kMT 1000

c10CM BesselK[0, xM[p0, T] (r) 10_10])] s

OsrsR—i},{0,R—§<r<R+d+§},

2
zeM 10

{Exp —_— (c1cMBesselI[0, xM[p®, T] (r) 10°*°] + c2CM[p0, T, oI, oII, R, d]
kMT 1000

H

BesselK[0, xM[p0, T] (r) 107°])], r2R+d+ 3}}]

2
gpS[p0_, T _,0I ,0II ,R_,d ,r_]:= P'ieceW'ise[

zeM 1
{{Exp[— kMT 1000

[ (c9SM[p0, T, oI, oII, R, d] Exp[xM[00, T] (r) 107%°] +
(r) 107*°

c10SM[p0, T, oI, oII, R, d] Exp[-xM[p0, T] (r) 10‘10])]] s

kMT 1000

[— (c1SMExp[xM[p@, T] (r) 107*°] + c2SM[p0, T, oI, oII, R, d]
(r) 107*°

0srsr-2}, fo,R-Scrcreds 2}, fexp[- S —

.
H

a
Exp[-xM[p0, T] (r) 107°] )]] rxR+d+ ;}}]
gnS[p0_,T_,0Il_,0Il_ ,R_,d ,r_]:= P'iecewise[

zeM 1
{{Exp[ kMT 1000

( — (c9SM[p@, T, oI, oII, R, d] Exp[xM[p@, T] (r) 107*°] +
(r) 10°

cl1eSM[p0, T, oI, oII, R, d] Exp[-xM[p0, T] (r) 10'10])]] R

a a a zeM 1
OsrsR——}, {o,R-—<r<R+d+—},{Ex
2 2 2 kMT 1000
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— (c1SMExp[xM[p@, T] (r) 107*°] +
(r) 10°

c2SM[p0, T, oI, oII, R, d] Exp[-xM[p0, T] (r) 107*°] )]] ,r2R+d+ i}}];

The differential capacitance

Finally, the differential capacitance is obtained for our different pores by

;= CAPC[p@®_, T_, t_,d_]
(D[Limit[yPC[p®, T, 0, 0, t, d, X], X » 0, Direction » "FromAbove"], o]) !
(xcmt| |cm/cm?x) 5
CdPM[p0O_, T_, t_,d_] :
Limit[yPM[p®, T, 0, 0, t, d, X], X » O, Direction - "FromAbove'"]
[D[ 1000

-1

, c]] («F/
m2x) 3

CdCC[p® , T ,R ,d ]:
(D[Limit[¥CC[p®, T, 0, 0, R, d, r], r » 0, Direction -» "FromAbove"], o]) !

Y lem/cm?x) 5

CdCM[p® , T ,R_,d ]:
[D[ Limit[yCM[pO, T, 0, 0, R, d, r], r - 0, Direction -» "FromAbove"]

(*cm”

; o]]_l (+F/

1000
m’*) 3
CdsC[p® , T ,R ,d ]:
(D[Limit[¥SC[p®, T, 0, 0, R, d, r], r » 0, Direction -» "FromAbove"], o]) !
(xcmt| |cm/cm?x) 3
CdSM[p® , T ,R_,d ]:
[D[ Limit[¢SM[p®, T, 0, 0, R, d, r], r - 0, Direction - "FromAbove"]

1000 ’ c] ]

1
(*F/

m?) ;
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