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Introduction

URING the last decade, technological developments in nanosciences saw a rapid improve-
ment in the design and tailoring of new devices with specific geometries. They are
characterised by specific lengths, whose size is below of the micrometer, and with adjustable
surface properties. Hence, it has been possible to manipulate fluids at the nanometric scale
and thus create new applications in different technological fields. For instance the transport
of solutions through a nanotube with charged interfaces offers simple analytical tools, which
can detect single molecules ("pore blockade" during DNA 2l or ion ! translocation), as well
as new technologies for water purification and energy production!. The possibility to con-
trol and monitor the electrodes surface charge at the interface of nanofluidic devices opens
new paths, such as nano-electrochemistry or new original detection techniques at the molecu-
lar level (redox cycling and Electron Correlation Spectroscopy!® ) or improved sensors (e.g.
Nanoscale Ion Sensitive Field Effect transistors, nanolSFET [8]). The unique properties of
these systems come from the presence of charged interfaces between a solid and a liquid for
scales ranging from 1 to a few 100 nm. Experimentalists and engineers are thus limited to the
possibility to understand and predict the experimental properties, preventing them to fully
exploit these new technologies beyond the current state-of-the-art and thus anticipate future
technological developments.

Moving from microfluidics, which is now a well-established field, to nanofluidics requires
a paradigm change. Current understanding and interpretation of the experiments mentioned
above is limited to the macroscopic descriptions of mean-field theories. However, the nano-
metric scale requires taking into account phenomena which are often neglected at larger scales.
Indeed, due to the small number of particles involved, thermal fluctuations are here essen-
tial in the understanding of the dynamics of the system. Furthermore, due to confinement
we observe strong electric potential gradients and strong coupling between electrostatics and
hydrodynamics. In fact confinement of the order of the nanometer reveals the discreteness
of matter and its molecular nature. It is important to point out that these aspects are in-
trinsic properties of the system due to its confinement and are not created by experimental
limitations.

The charge of an electrode in contact with a liquid is kept at a constant potential value
inducing thermal fluctuations, which provide information on microscopic interfacial processes.
Other common applications involving interfaces make use of the electrode capacitance to ac-
quire a mean charge when applying a voltage. It is thus necessary that we better understand
fluctuations, which are often wrongly considered as a source of nuisance. Unfortunately ex-
perimentalists rarely exploit the potential of noise for measurements at the nanoscale. Instead
of merely trying to reduce the signal-to-noise ratio, "listening" to this electrical noise would
open a wide range of applications. Even though we are limited by the available theories to
interpret the signal we can still extract information on the underlying mechanisms present.
We here focus on the noise arising from charged fluids confined by electrodes or any general
charged surface.
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1.1 Coupling nanofluidics, electrokinetics and noise

1.1.1 Nanofluidics
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Figure 1.1 — Various length scales at play in nanofluidics!¥!.

Nanofluidics can be defined in different ways, according to the many different scientific
communities. In the context of this work, we consider nanofluidics as the study of fluidic trans-
port at nanometer scales. It emerged rather recently and proved to be successful in a great
number of technological areas, for instance in biotechnology ("lab on a chip") allowing the

(10-12] Furthermore, it was possible to develop nanofluidic

study of individual macromolecules
transistors!'14 as well as nanofluidic diodes!">'6l. On the other hand, their study enables
the development of bio-mimetic membranes, which would allow permeability or selectivity 7.
A great example are aquaporin channels, which are excellent water filters across biological
membranes: they are both permeable to water, yet extremely selective to other species!!7:18].
Despite the recent development of this field, scientists were already working on confined fluids
when dealing with electrokinetics (e.g. electro-osmosis, electrophoresis . ..see Section 1.1.2),
soil science, membrane science (e.g. ultra-filtration, fuel cells, reverse osmosis ...), colloid

[10] " Such fundamental studies

chemistry and the study of physiology and biological channels
allow us to design nanofluidic devices and study them with new techniques such as Surface
Force Apparatus (SFA), Atomic Force Microscopy (AFM) and nano-Particle Image Velocime-
try (nano-PIV) coupling PIV to TIRF set-up (Total Internal Reflection Fluorescence). A
great effort was also done in the progress of computational techniques such as Molecular
Dynamics, which allows us to understand, design and observe such devices.

On the other hand, the community rightfully wondered how to describe theoretically
nanofluidic devices. Indeed, as we can see in Fig. 1.1, depending on the considered scale,
available theories usually apply in a given range of length scales. Nonetheless, despite being
developed in the 19th century, the Navier-Stokes equation proved to be efficient even for
confined fluids, down to ~ 1 nm. This was verified experimentally initially by Chan and
Horn " and later, using Surface Force Apparatus, by Georges et al.l?’). Similarly Klein
et al.?!l and E. Riedo et al.!??] showed that water keeps its bulk viscosity down to 1 — 2 nm.
However they also observed a drastic change in behaviour for stronger confinement, where
the wettability of the confining walls becomes important, showing how water can produce
exotic behaviour different from the common known picture and theory. Analog studies on
different fluids such as octamethylcyclotetrasiloxane were also carried out!?324 and similar
observations were made. On the computational side the 1 nm value was confirmed on several
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studies[?* 27, Beyond viscosity, the self-diffusion coefficient was found to deviate from the
classical Stokes-Einstein prediction given by

 kpT
- 3mno’

D (1.1)

where o is the molecule diameter, because of confinement. More specifically the diffusion
coefficient depends algebraically on the confinement width!?$29 showing that Eq. 1.1 is not
a correct meaure of the viscosity 7 as previously assumed. The structuring and ordering of
a fluid at the confining walls was found to play an important role in nanofluidics. It was
shown experimentally that it induces an oscillatory dissipation in liquid films with a width of
several molecule diameters (2324 Furthermore, non-local effects were observed to impact the
rheology of the confined fluid and depend on the specific nature of the surfaces 39,

Electrokinetic effects also play an important role in the rheology of nanofluids. Before we
discuss them into details let us introduce the most common electrokinetic effects.

1.1.2 Electrokinetics

Solid surfaces in contact with electrolytes have a tendency to gain surface charges. This
phenomenon mainly arises from adsorption or dissociation of chemical groups. As a result,
because of electrostatic forces, the charged surface attracts the counterions present in the
solution and repels the co-ions. Eventually this will form a thin layer made of counterions,
which are adsorbed at the walls. This layer is often referred to as the electric double layer
(EDL), which is shown schematically in Fig. 1.2. It is made of two layers: the Stern and
diffuse layers.
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Figure 1.2 — Electric double layer formed at a negatively charged solid surface

The remaining ions then distribute according to Boltzmann statistics. We shall discuss
more in details the derivation of the governing equations of these phenomena and in particular
of the electro-omostic flow, in Chapter 2.
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1.1.2.1 Electroosmosis

If an external electric field is applied parallel to the walls, a force acting upon the ions will be
generated, which in turn will induce a characteristic flow called electro-osmotic flow or EOF.
This is shown in Fig. 1.3.
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® ® . °
e o o ‘o ®
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Figure 1.3 — EOF in a slit channel bearing a uniform negative surface charge inducing an electrostatic
potential 1 (y).

The EOF velocity profile u(y) in a microchannel is almost uniform, and is usually referred
to as a plug-like flow, as shown in Fig. 1.3. Therefore, one can use the constant velocity to
describe the EOF velocity outside the EDL, which is known as the Smoluchowski slip velocity.

1.1.2.2 Electrophoresis

Another electrokinetic phenomenon is electrophoresis where the external applied electric field
is responsible for the the migration of charged suspended particles. For sufficiently small
applied fields (corresponding to the linear response regime), the velocity v, of a particle
subjected to an electric field E reads

Up = ,uEE (1'2)

which defines the electrophoretic mobility ug.

Consider the zeta potential ¢ defined as the potential taken at the interface between the
Stern layer and the diffuse layer, as illustrated in Fig. 1.2 and 1.3. When the zeta potential
of the particle is relatively small (i.e. ( < kpT'/e) the surface conduction within the EDL is
negligible.

Given a to be the characteristic size of the particle, for a thin EDL (i.e. A\p < a) the

electrophoretic mobility of a particle suspended in an unbounded medium can be written
[31]
as

_
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Figure 1.4 — Electrophoretic motion of a negatively charged particle.

which is often referred as the Helmholtz-Smoluchowski law and where € = e, is the permit-
tivity. Conversely, for Ap > a, Hiickel found that the particle mobility reads:

_2e¢
=3

For intermediate cases, Henry’s function accounts for the effect of finite EDL with an
arbitrary thickness on electrophoresis of a sphere in an unbounded medium 2]

HE (1.4)

1.1.2.3 Dielectrophoresis

AWe (:I’) we C
6\’(\\I S g‘a‘\\l haf

distance between center of charges

Figure 1.5 — Sketch of the electric dipole moment created by two opposite charges

Dielectrophoresis is an electrostatic phenomenon (sometimes related to electrophoresis)
which describes the motion of suspended particles resulting from polarisation forces produced
by an inhomogeneous electric field. This is because in some special cases, particles have
both positive and negative charges, thus forming a dipole moment up = ¢ - r (see Fig. 1.5).
Therefore, they experience a force in an inhomogeneous external electric field. This also
applies for dipoles induced by the external field itselfl3?l. This is shown schematically in
Fig. 1.6.

The direction of the dielectrophoretic (DEP) force is determined by the ratio of the polar-
izability of particles to that of the electrolyte solution. For an AC field, when averaging over
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time, the dielectrophoretic force can be expressed as!34

Fppp = 2nr3cRe[K (w)|V|Epms|? (1.5)

where w and E,,s refer to the AC electric field frequency current and the root mean square
electric field strength respectively. Re[K(w)] accounts for the real part of the Claussius-
Mossotti factor, given by

K(w)=2—°L (1.6)
Ep + 285
where &, = ), — %% is the complex permittivity, with o denoting the corresponding conduc-
tivity.
The force of Eq. 1.5 is acting on a sphere of radius r: a positive dielectrophoresis refers to
a DEP force directed toward the region with a higher electric field and vice versa.

S
>

Figure 1.6 — Negative dielectrophoresis of an uncharged particle under an external AC E-field

Eq. 1.5 is only valid when the presence of the particle does not significantly affect the
electric field and the particle size is much smaller than the characteristic length of the system.
However, when nanopores are considered, the characteristic length can be roughly of the same
order of the particle size, meaning that the theory is inaccurate. Al Jarro et al.3 showed
that a better derivation for the force calculation is to directly integrate the Maxwell stress
tensor (MST) over the particle surface.

1.1.2.4 Induced charge electrokinetics

Induced charge electrokinetic (ICEK) occur around any polarizable (metal or dielectric) sur-
face in the presence of any (DC or low-frequency AC) electric field. This leads to a special
type of electrokinetic flow, which is often denoted as ICEK flow. The main difference between
conventional electrokinetics and ICEK is the origin of the surface charges. For the former
case, the surface charge is acquired via adsorption or dissociation of specific chemical groups,
whilst for the latter the surface charge arises from material polarization.

Fig. 1.7 shows schematically the flow field around a conducting spherical particle, which
is a quadruplar EOF, moving toward the particle, in the direction of the electric field, and
eventually leaving the particle in perpendicular directions.
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Figure 1.7 — Schematics of induced-charge electroosmosis around a conducting particle

Therefore, now that electrokinetic effects were introduced, we understand that the Debye
length A\p = (87rl3n8)_1/2 (with ng denoting the salt concentration), as depicted in Fig. 1.3,
is an important length scale in nanofluids. Indeed, it was found to play a pivotal role when
the two Debye layers overlap in a nanopore (i.e. when the nanopore is of the order of twice
the Debye length), thereby affecting the fluidic transport in the channel 361 This leads to new
fluidic phenomena, such as permselectivity 14 nanofluidic diodes!*5:2l or surface dominated
ion transport (371,

If we consider the slip length b defined as

b8nvt = U, (17)

where n and ¢ denote the normal and tangential directions of the surface respectively, experi-
mentalists observed that b strongly affects ion transport at charged surfaces/®l
in Fig. 1.8.

. This is shown

y4 V(z) z
o S S L
@i © 0 of o0,
|

R %WZW
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Figure 1.8 — Sketch of the influence of slippage on the electro-osmotic transport. Slippage reduces
the viscous friction in the electric Debye layer, as the hydrodynamic velocity gradient occurs on a
length b + Ap, instead of 1 without slippage. Flow is accordingly enhanced by a factor 1 + b/Ap.
Sketch taken from Ref. 9.

In the recent years, colloidal particles were electrophoretically driven through a nanopore
in order to give rise to a detectable change in the ionic current through the slit. This type of
technique was further developed to achieve affordable and high-throughput nanopore-based
DNA sequencing [39:40] " Furthermore, dielectrophoresis proved to be a great tool to allow
nanoparticles separation[*!l. The microfluidic/nanofluidic community started to draw more
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attention to the ICEK in the last fifteen years in order to develop a theoretical framework [42,43]
to account for these phenomena. Until today, ICEK was already successfully used to generate

5 [5,44-46]

circulating flows for fluid stirring and mixing in microfluidic Particle trapping and

enrichment were also experimentally achieved using ICEK in microchannels 748l

It is thus clear that in the context of electrolytes confined at the nanoscale, electrokinetic
effects are essential for an accurate description of the physical phenomena. We now turn to
the origin of noise, which as we said is essential in the understanding of microscopic processes,

and define it in the context of nanofluids.

1.1.3 What is noise?

It was not before the early 18th century that humans started considering matter as composed
of discrete objects instead of a continuous media, as perceived by our senses. One of the early
scientific thinkers of the "atomist" picture was Bernoullil*!, although Democritus was the
first to make use of the word "atom". More specifically, it was in 1738 that Bernoulli tried to
use science to explain something about atoms. Seventy years earlier, Boyle had shown that
air exerts pressure and that it is inversely related to volume, leading to the question of how
does air exert pressure[*l. Boyle himself tried to explain that in a certain way particles repel
each other. Newton made use of his idea to develop the "repulsion theory" of a gas. He then
combined it with the then-prevailing idea that heat is a fluid. On the other hand, Bernoulli
understood that if the gas consists of little balls, then pressure would arise from the force
with which they hit the sides. He could then derive Boyle’s law using this idea. However the
idea was not taken seriously and was forgotten for a while.

On the other hand, Lavoisier understood that substances react to form new substances in
given mass proportions. This was the beginning of stoichiometry, which led Dalton, in 1803,
to propose "atoms" as a solution to the question of why should things always react in the
same way? He claimed that substances are fixed combinations of atoms and as they react they
maintain the same proportions!?. Similarly, Gay-Lussac carried out studies of how things
combine when the volumes of the reacting gases are considered 49,

In 1811 Avogadro argued that, in a fixed volume, the number of little balls of a gas is
the same for all substances, independently of the mass, size, or nature of the substance. This
was the birth of Avogadro’s number, but once again he was not taken seriously until Einstein
and more particularly Perrin came in the picture. Indeed, it was Perrin who coined the term
" Avogadro’s number" 1?0 Still, during the late 19th century, people were trying to estimate
the speed of the molecules in gases and concluded it must be very high. Thus, they wondered
why it takes time for someone across the room to smell food when someone starts cooking
at the other end. Indeed, if molecules moved so fast we should smell almost instantaneously.
However, despite their fast motion, molecules are hindered in their forward progress because
they collide. Clausius wondered about the average time that a molecule goes before colliding
with another, which is the birth of the concept of mean free path. In fact, Clausius assumed
particles to be moving at the same speed for a given temperature. Maxwell, proved Clausius
wrong and came out with the idea that for a given temperature, molecules move with all
speeds (zero to infinity), yet the proportion of each velocity behaves according to a Gaussian
distribution (i.e. the now called Maxwell-Boltzmann distribution). Then Clausius claimed
that temperature is proportional to the average kinetic energy, which is the variance of the

— 8 —
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distribution, giving a stochastic picture to the problem in 1860.

Another key character in the pursuit of atoms was Boltzmann. He doubted the Maxwellian
distribution to be the correct distribution and realized that collisions are at the root of the
answer to his query (511, He could then derive the Boltzmann equation, which became essential
in different areas of physics, astronomy, chemistry, and plasma physics. It is an equation of
evolution for the probability density of position and velocity, f(r,v,t)

of _ (9]
a—i—vvrf—l—Fva = <5t>c0n (18)

where F' is the external force. (%) denotes the so-called collision term, which is the
CO.

change in the distribution due to collilsions. Boltzmann derived it originally for a dilute
gas[Pl. The collision term makes the process irreversible and is responsible for the Maxwellian
distribution. Boltzmann was the first to fully understand the concepts of stochastic processes
and in particular the idea of an evolving probability distribution. Nevertheless his work was
not sufficient to convince the community of the existence of atoms. It was Einstein who really
did so in his seminal paper of 1905052 his "miracle" year. In order to achieve it, he had to
use the concept of "noise".

When we talk about noise, we often talk about Brownian motion. In fact, Einstein intro-
duced these words in his 1905 paper: "It is possible that the movements described here are
identical with the so-called Brownian motion; however the information available to me |...]| is
so imprecise that I could not form a definite opinion on this matter". Later, in 1908, he wrote
another paper on "The Elementary Theory of the Brownian Motion" %3l which begins with
"Prof. R. Lorentz has called to my attention, in a verbal communication, that an elementary
theory of the Brownian motion would be welcomed by a number of chemists." He could de-
velop the link with diffusion in an explicit way. Lorentz was among the greatest physicists of
his time, hence the phrase "Brownian motion" became standard.

Thanks to the work of Einstein!?, Perrin could verify his prediction that noise could be
(591 Three years afterwards, Langevin started the
field of stochastic differential equations, even though atoms were not his initial motivation.

used to calculate Avogadro’s number N4

Einstein maintained a strong interest in noise. Actually, he is the first to define the auto-
correlation function. Indeed in Ref. 54 he introduces a quantity x(A), which is called the
"characteristic" and is defined as:

T—o0

- 1 (T
X(A) =F()F(t+A) = lim /0 F(t)F(t+ A)dt (1.9)

He claimed that there exists a simple dependence between the characteristic and the
intensity curve, i.e. between the autocorrelation function and the power spectrum. Einstein
concluded (leaving out the constant of integration) that

2x(A) = /000 I(z) cos(xA)dx (1.10)

where I(z) denotes the spectral intensity, which he derived from the Fourier series. Eq. 1.9 is
the so-called Wiener-Khinchin theorem, one of Einstein’s many contributions to noise signal
analysis.
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A different approach to noise analysis was introduced by Langevin, a student of Pierre
Curie, which makes use of Newton’s equation. Starting from Stokes law, which is given by

F = —6mna& (1.11)

where ¢ (using his notation) is the velocity, a is the radius and p the viscosity, Langevin
claimed that, in addition to friction, there is another force because. In his own words!®l: "in
reality [...]| the Stokes force is only an average, and because of the irregularity of the collisions
of the surrounding molecules". Therefore the total force is the friction force plus an irregular
force X. Using Newton’s equation he could finally obtain the same result as Einstein.

After the use of noise in the proof of the existence of atoms, it became again important with
the arrival of electronics and, more specifically, with the arrival of the vacuum tube. Indeed, it
initiated the study of noise in electrical engineering in both theory and practice. The vacuum
tube became available thanks to Fleming who, in 1904, invented the vacuum diode. Initially
its purpose was to convert AC into DC. The first contributors in the understanding of noise
in electrical circuits were Schottky, Johnson, and Nyquist.

Schottky was a physicist who, in a milestone paper of 1918, was the first to consider
both shot noise and thermal noise!®®l. The term "shot noise" denotes any stochastic process
that is a sum of discrete events, meaning that shot noise are the fluctuations around the
mean value of the process. Besides, the mere existence of shot noise in a vacuum tube shows
that electricity consists of small fluctuating particles, namely electrons. On the other hand,
thermal noise is caused by the fact that some electrons in a conductor are free to move in
random directions. On average, the current vanishes if no voltage is imposed. Nevertheless,
fluctuations appear, meaning that at any given time there could be more electrons moving
to the right than to the left and producing a momentary current. The electrons, like atoms,
have a velocity distribution and the wider the distribution, the larger the fluctuations. This
distribution width is proportional to the temperature; thus the term thermal noise.

John B. Johnson and Harry Nyquist, who worked at the Bell Laboratories, independently
published papers on the same effect in 192857581, Johnson reported the experimental results
and Nyquist produced an elegant derivation of the effect. His idea was to relate the fluctuations
to the temperature. He thus obtained (in his notations)

F%dv = ARKTdv (1.12)

where E%dv is the square of the voltage in the frequency interval dv, and R denotes the
resistance. Nyquist used Planck’s law to get (using angular frequency)

9 2R hw
E- = — <ehw/kT_1> (1.13)
which reduces to Eq. 1.12 when hw < kgT.

Therefore after Einstein’s paper on Brownian motion, where he first postulated the idea
of spontaneous irregular motion of electricity in electrical circuits®!, the fundamental role
of intrinsic thermal fluctuations in electronics was recognised in 1928 with the pioneering
works of Nyquist and Johnson. Thermal noise is the fluctuation counterpart of the dissipative
resistance of the circuit and was recently examined in the context of fluctuation theorems !0,
Finally, flicker noise or 1/ f noise, shows a universal power density spectrum which varies as the
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inverse of the frequency, despite various possible microscopic origins. One such mechanisms,
relevant to the cases considered here (involving confined charged fluids), is the fluctuations in
the number of charge carriers in the system of interest. Landauer understood the imporance of
noise in the context of electrical circuits to understand microscopic mechanisms. In his Nature
paper he stated that "The noise is the signal"l®!, which led to exciting developments!62l.
Although the condensed matter community has drawn a lot of interest to the development of
noise based techniques and further worked on noise analysis little attention among physical
chemists and electrochemists or in the microfluidics/nanofluidics community was drawn.

1.2 Experiments using noise

In recent years, experimentalists in the nanofluidics community are beginning to focus on noise
based techniques. Instead of considering it a spurious signal, they develop new techniques
which extract microscopic information on nano-confined electrolytes.

Only few electrochemists use noise analysis to extract information on the redox reaction
rates and corrosion processes(%3l. In addition it was shown that electrical potential fluctuations
of redox active species play a major role on the rate of electro-chemical reactions!®¥. These
local (Madelung) potential fluctuations of the species, fundamentally differ from the mean
(Poisson) potential and are intrinsically linked to the redox properties of the species 65 Such
fluctuations thus play a wider role on in the electrochemical field, including batteries. When
a potential difference is applied, a motion of the charged species is enabled, thereby, inducing
a polarization current. In addition, redox-active species may be oxidized or reduced, resulting
in a Faradaic current, which leads to a redox cycling device (see Fig. 1.9 (a) ).

Despite electrodes being widely used, knowledge of the physical chemistry at the molecular
level still remains limited. Furthermore, as we are interested in systems such as nanopores, the
signal generated by this device becomes very noisy, due to thermal fluctuations of the charged
species, i.e. Brownian motion. Lemay et al. [67] tried to interpret this noise in order to quantify
the amount of adsorbed and desorbed molecules at the walls. This was achieved using a model
which gave good results compared to experimental data available. However, the model makes
several non-physical assumptions, as only Brownian motion between the analyte molecules is
considered. This means that collisions between the molecules are ignored, which eludes the
possibility to exchange electrons during those collisions, and the motion established by the
charged walls is also ignored. The size of the system may be the reason why the experimental
results are in agreement with the model: thermal fluctuations might be much more important
than the electrical forces driving the molecules. Another reason might also be that the authors
worked only in the low-frequency regime.

Similarly, Lemay and co-workers!®! decided to use noise analysis in order to detect the
passage of single molecules entering and leaving a nanochannel (see Fig. 1.10). Their proce-
dure is as follows: a solution is used, so that it cannot be affected by the potential difference
applied at the walls. A current noise, merely due to thermal fluctuations, can then be mea-
sured and whenever a redox species (e.g. ferrocene) is inserted within the solution, a change
in the background noise is observed. This change was verified to be generated only by the
redox species and therefore reveals the method to be efficient in order to detect the passage
of a single type of molecules. More specifically, cross-correlation analysis of the current noise
signal gives a unique footprint for each type of studied species. Nonetheless, the method only
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Figure 1.9 — Electrochemical single-molecule detection. (a) Basic concept of redox cycling. (b)
Nanoelectrode encased in wax and positioned near a metallic surface. (c) Recessed glass-encased
nanoelectrode immersed in mercury. (d) Lithographically fabricated nanogap device (Figure taken
from Ref. 66)

applies to redox molecules and is sensitive to the type of walls used as well as the voltage
difference applied. Another interesting result from their study is that as the concentration of
those molecules increases, the current distribution becomes a Gaussian!®”l. These examples of
experiments show that the experimental reality of the ions dynamics at charged solid/liquid
interfaces, in particular in porous media, results from a complex interplay between diffu-
sion, advection by the fluid flow, electrostatic interactions as well as adorption/desorption
phenomena. The coupling between all of these phenomena is often neglected.

Indeed, one of the main issues when dealing with adsoprtion/desorption dynamics at the
electrodes, is that it strongly depends on the electronic structure of the metal interface, on
the adsorbate, on the nature of the supporting electrolyte and on the potential applied!69:701,
On the other hand, the motion of ions also influences the local charge distribution, hence
the electrical force acting on the fluid. Such electrokinetic effects, which are encountered
from energy conversion exploiting couplings on the scale of interfaces™ ™l to large scales
applications in Earth Sciences!™! have been the sub ject of extensive theoretical and numerical

[28774*79]) and a number of simulation tools have been proposed to model

studies (see e.g. Refs
them at various levels, from the molecular to the macroscopic ones (see e.g. Refs.[3031 for
reviews).

Even without electrokinetic couplings, specific effects play an important role on the dy-
namics of charged species. For example, the diffusion of ions in porous materials depends

not only on their charge but also on their chemical nature. An illustration can be found
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Figure 1.10 — (a) Principle of operation of the device. Redox-active molecules undergoing Brownian
motion are repeatedly oxidized and reduced at two parallel electrodes separated by a distance of 70 nm,
leading to a measurable current. (b) Optical micrograph of a device (top view). Visible are the top
electrode and its contacting wires (orange), the access holes (black squares), and the nanochannel
connecting the active region of the device to the access holes (colored magenta for clarity). The active
region of the device is connected to an outside fluid reservoir via the nanochannel, allowing the target
molecules to freely diffuse between these compartments. The bottom electrode is hidden below the
top electrode and the nanochannel such that only its contacting wires are visible (dark orange).The
dashed white line represents the cut in (¢). (c¢) Scanning electron microscope image of the cross-section
of a device. The device was cut open using a focused ion beam. (Figure taken from Ref. 67)

e.g. with the different properties of Na™ and Cs™ tracers in clays, which go beyond their
different behaviour in the bulk.[82l Of course, charged tracers also experience the effects of
hydrodynamics and electrokinetic couplings in the fluid as a whole, in addition to their own
dynamics and interactions with the solid surfaces. This is exploited in practice in analytical
chemistry e.g. in chromatography or electrophoresis experiments. 33l It is well known e.g. in
the chemical engineering community that even in the case of uncharged solids and solutes,
the coupling between pore-scale motion and surface adsorption may result in intricate macro-

[84]

scopic transport properties Surface charge and charged solutes only increase the difficulty

to understand and predict the emerging behaviour.

At the coarse-grained or macroscopic levels, specific interactions with the surfaces are
usually introduced via adsorption and desorption reactions, with corresponding rates. Such
reactions are usually assumed to be of first-order, even though in principle the description
can be improved to account for more complex features such as the saturation of surface sites.

Adsoprtion phenomena at the electrodes strongly depend on the electronic structure of the
metal interface, on the adsorbate, on the nature of the supporting electrolyte and on the po-

69,70 Unfortunately, most experimentalists tend to neglect these phenomena,

tential applied
as well as electrokinetic effects in general, and model their experiments using only Brownian
motion. Nonetheless, an experimental method[®, which does not require any knowledge of

the diffusion constant of the molecules or of the exact geometry of the electrodes, was pro-
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posed. Measuring the oxidizing and reducing current, they could link them to the amount of
redox molecules present in the solution, and thus quantify the amount of adsorbed species.
The experiment showed that adsorption is detected through a decrease in the amplitude of the
fluctuations in the current, proving once again the usefulness of these fluctuations in deter-
mining transport coefficients. Nevertheless, the method presents some drawbacks: adsorption
can only be detected if the molecules can undergo a redox cycle; furthermore the residence
time in the active region must be significantly longer than the shuttling time between the
electrodes (i.e. the geometry of the system needs to be adapted in order to achieve that) and
finally the current has to be measured sufficiently fast for the full spectrum of the diffusive
fluctuations to be captured. Both results in Ref. 85 and 86 are in agreement, but the fre-
quency based method is somehow weaker as it necessitates extra numerical calculations (finite
differences), in order to compute the escape rate and estimate the rate of adsorption present
in the system. On the contrary, the former study gives a direct experimental method, which
enables quantification of adorption rates. Furthermore, it does not require prior knowledge of
the diffusion constant of the molecules or the exact geometry of the electrodes. Once again,
the issue with both these methods is that they assume free diffusion of molecules caused only
by Brownian motion and hence do not take into account all of the electrokinetic phenomena
or the effect of the local electric field on the charged species. Despite these theoretical issues,
noise based techniques showed high potential in determining highly precise flow measure-
ments. Indeed Lemay et al.[37 used the simple idea that the electrical current measured in a
nanogap is a time-dependent quantity proportional to the number of electrochemically active
molecules in the volume between the electrodes. Then, using cross-correlation spectroscopy,
they could detect the same noise footprint of analyte molecules entering and leaving the pore.
By means of this technique, given the length of the pore and the time period time taken by the
analyte molecules to go through the nanochannel, they were able to detect flow rates below
10 pL - min~!, pushing the limit of ulta-low flow rate masurements. Electrokinetic effects
were also neglected, however the choice was justified as they are negligible for flow rate with
low Péclet number (Pe < 0.1). The method is an analogue to fluorescence cross-correlation
spectroscopy, which is widely used for instance in DNA dectection 88891 The method can be
extended to another class of molecules (electrochemically active instead of fluorescent).

We have thus shown how the description of these experiments involves many different phys-
ical phenomena, which require coupling different dynamics (e.g. hydrodynamic, electrokinetic
or sorption effects) and thus cannot be done via simple model. This is why a more detailed
model/algorithm should be carried out, in order to account for these physical chemical phe-
nomena, which are obviously present within the system. This would provide a computational
tool that is as close as possible to what is observed experimentally.

1.3 Modelling charge, current and potential fluctuations at the
nanoscale

In spite of the many improvements during the last century in the description of interfacial
science the canonical picture of Gouy and Chapman prevails in the fields of electrochemistry
and micro/nanofluidics 901 Although the theory was extended to capture the effects of packing
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and ion correlations at the interface, as it is very important in the context of ionic liquids [91,92]

the theory usually lies on a mean-field approach of the ionic correlations, with only a few
exceptions (e.g. field theories 93] or in the strong coupling approach [94’95]). This is why most
of the advances on the understanding of ions dynamics at interfaces make use of numerical
methods.

Among the successful numerical methods to simulate complex fluids we find Molecular Dy-
namics (MD). MD simulates the motion of molecules (i.e. particles) according to the equations
of motion leading to applications to both thermodynamic equilibrium and non-equilibrium
phenomena. MD yields a correct description of fluids on microscopic and hydrodynamic scales.
One of the drawbacks is that typical length scale is of the order of a few tens of nanometer
and the time scales are about a few hundred nanoseconds for simulations of dense liquids.
Furthermore, its computational cost is prohibitively high such that it cannot be used for prac-
tical fluid flow simulations in micro and nano scales, except for free molecular regimes. This
is because it starts from the integration of Newton’s second law and using integral methods,
such as Verlet method algorithm, the basic dynamics parameters such as position, velocity,
and interaction force can be determined. All of the macroscopic physical properties are then
computed averaging all of the configurations, using statistical mechanics.

Contrary to MD, the Monte Carlo method (MC) produces a series of microscopic states
according to a stochastic law and is thus irrespective of the equations of motion. Hence, it does
not include the concept of explicit time and is thus used for phenomena in thermodynamic
equilibrium. Therefore it is a suitable method for time dependent dynamical properties of
a given system. However, it is limited to high concentration scenarios, if electrolytes are
considered.

These methods due to their high computational cost are limited to the dimension of
the system we wish to simulate. For larger systems ~ 100 nm mesoscopic method become
natural candidates. Among these we find the Dissipative Particle Dynamics (DPD), where the

" (fluid volumes) which interact with each other via

fluid is considered as a set of "particles
conservative forces, whose principle is very close to the Smooth Profile Hydrodynamics (SPH).
We also have the Stochastic Rotation Dynamics (SRD), also called Multi-Particle Collision
Dynamics (MPCD), where we consider particles whose motion is simulated by collisions steps
(where the particles velocity is modified by random rotations) and flow steps. Furthermore, we
have Brownian Dynamics (BD) where we consider particles animated by a random motion,
with hydrodynamic interactions which induce the general motion of the fluid. Finally the
Lattice Boltzmann (LB) method, which we shall introduce in great details in Chapter 2
focuses on the probability density to find a particle in a phase space (position and velocity)
which evolves according to a discretized version of Boltzmann equation.

While MD allows to better account for ionic correlations (all ions are explicit) and naturally
includes thermal fluctuations, it is limited by its computational cost when simulating systems
closer to the experimental literature. Succil®l showed that for a very fine resolution of Az =
0/4 (where o in the Lennard-Jones potential is the inter-particle distance where the inter-
particle potential is zero) LB is about a factor of 2000 faster than MD. All of the other
mesoscopic methods can be used to simulate ions transport within charged interfaces, but
they remain close to MD and present a higher computational cost. The LB method can be
easily coupled to other dynamics and because of its low computational cost it is more adapted
to systems in our range of interest. Besides, it is able to account for the coupling of the ions
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with the solvent flow.

All of these methods helped in understanding the structure and the dynamics at interfaces.
However, although fluctuations can be neglected at the micron scale, they can no longer be
ignored at the nanoscale. Very few studies showed the importance and advantages of noise
analysis. For instance, we can find that Wolfrum et al.”l developed a numerical model that
accounts for noise phenomema present in nanopores, during redox cyles pointing out that
most software codes use finite differences, whenever diffusion processes need to be described.
However, they present several drawbacks, when modeling noise, as they are methods which
use probability densities to account for the location of analyte molecules. Therefore, they are
not convenient for noise descriptions: only averaged currents are present in the calculations.
Two sources of noise are considered: number of fluctuations (which vary between the two
electrodes) and redox cycling shot noise (due to diffusive shuttling of molecules). They used a
Monte Carlo algorithm, on a cubic lattice, to account for random motion, based on three main
assumptions: analyte molecules perform random walks, according to the diffusion equation,
and reflect upon collision with the walls; whenever a wall is hit, the molecule may change its
state to reduced or oxidized; finally, redox molecules do not interact with each other nor with
the electric field. Statistical physics and the connection between fluctuations and observable
properties have been applied to electrical phenomena in bulk liquids, taking in particular
advantage of the possibility to compute microscopic observables using molecular simulations.
The Green-Kubo formalism, which we will discuss extensively in Chapter 6, allows computing
transport coefficients (e.g. electrical conductivity) from time correlation functions (e.g. of the
electric current).

Marcus won the Chemistry Nobel prize in 1992, for underlining the role of the potential,
induced by the solvents, and the electric field fluctuations on redox processes [65], The role of
fluctuations on a polar solvent was tackled using liquid state theory 8% and Gaussian field
theory !9, We could also mention the link between the Nuclear Magnetic Relaxation (NMR)
relaxation time of quadrupolar nuclei and fluctuations of the electric field gradient (EFG) at
(1921 However, applications to charged interfaces between a fluid and a charged
or conducting solid are rather scarce, despite their importance in the contexts introduced in

the nucleus

the previous section. For instance, Diinweg and Schmitz!™ analyzed the effects of flow field
around a single colloidal sphere, such as the ones present in electrolyte solutions. A lot of
attention was brought on electrophoretic effects, and thus on the competition between elec-
trostatic and hydrodynamic effects. Furthermore, the current modulation through nanopores
caused by a polyelectrolyte (e.g. DNA) entering the channel was modeled taking into account
electrokinetic effects using the Poisson-Nernst-Planck theory (PNP) (see Chapter 2)[1%3 or
with mesoscopic simulations!?4195] As mentioned in the previous section, most models are

[106,107] " Neglecting elec-

based on a combination of BD or PNP or a combination of the two
trostatic effects can for instance lead to a wrong description at low concentrations in the

electrolytes!?108].

The role of electrical fluctuations at the interface between an electrode and an electrolyte
has only recently attracted attention. Jardat et al. (1091 from the PHENIX lab, computed the
relaxation time of the electric double layer after an electron transfer event at the surface using
Brownian Dynamics simulation of electrolytes between uniformly charged electrodes!'%l. A
major step forward was achieved when charge fluctuations of electrode atoms, in response to
the thermal fluctuations of the electrolyte in their vicinity, could be taken into account in
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classical MD [110-112]

We note that although the literature has different approaches to model charge, current
and potential fluctuations at the nanoscale, experimentalists often neglect electrokinetic phe-
nomema and simply uses Brownian dynamics. However, since the interplay between hydro-
dynamic and electrokinetic effect proved to be important in the interpretation of noise based
experiments, it is essential for us to be able to model in a compact form (i.e. in a single
algorithm) all of these phenomena. The LB method is a suitable candidate for this task.

1.4 Objectives of the present work

The overall objective of the present thesis is to develop the theoretical framework and the
simulation tools necessary to simulate electrolytes confined at the nanometric scale which are
subject to external perturbations (e.g. a disturbing potential). The method should then be
able to measure the response to the perturbation from which an analysis of the underlying
fluctuations can be carried out. This would provide a useful tool for experimentalists and
engineers to push their setups beyond the current state-of-the-art, e.g. at low ionic strength,
and to anticipate future technological developments, e.g. working at higher frequencies or
with smaller devices. Hence, we are hoping to contribute and enhance the fields of nano-
electrochemistry and single molecule detection. We consider systems where the characteristic
lengths are much larger than the molecular one. Using continuous solvent models, we can
focus on key aspects induced by the large surface to volume ratio and leading to electrical
fluctuations (small number of charge carriers, as well as coupling between hydrodynamics,
electrostatics and adsorption/desorption). Our approach should in the long run allow ratio-
nalizing the manipulation of fluids at the nanoscale that is nowadays feasible but limited by
the ability to interpret such fluctuations.

In order to do so, we extended a Lattice Boltzmann Electrokinetics code originally devel-
oped by M. Levesque and B. Rotenberg at the PHENIX laboratories in order to include the
different physical phenomena important at this scale. The code only included the hydrody-
namics in the LB part and a sorption dynamics of neutral tracers in the moment propagation
method, which we will introduce in more details in Chapter 3.

In Chapter 2 we couple the hydrodynamics with the ions dynamics to understand the
interplay between hydrodynamic and electrokinetic effects. We simulate with boundaries
bearing an imposed surface charge at the solid-liquid interface. We introduce the theory and
algorithm behind the method and validate our modification with known analytical results
with or without added salt.

In Chapter 3 we extend the moment propagation method for the sorption dynamics to
the case of charged tracers. We introduce the theory and validate our results with analytical
results for simple geometries and with previous works available in the literature [113:114]

In Chapter 4 we change the boundary conditions at the solid-liquid interface to simulate
nano-capacitors, which is the common device in the experiments described in this Introduc-
tion. As previously we impose a surface charge density on the electrodes and then extend
the algorithm to simulate an applied constant potential difference between the two electrodes.
This is closer to the experimental reality and allows us to study more in details the charge
at the electrode. We derive and validate the modifications with analytical results in simple
geometries.
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In Chapter 5 we study the charge response at the electrode under a perturbing potential
and how it evolves during the transient regime. This temporal response can be linked to the
underlying fluctuations using linear response theory.

In Chapter 6 we test linear response theory on our LB method, in the context of ion
diffusion in a box of simulation, allowing us to analyse the finite size effects due to periodic
boundary conditions in the transient regime.

Finally in the General Conclusion chapter we summarize the main achievements of this
PhD and discuss what could be done in the future, in the context of fluctuations, and to
extend the approach to more complex problems.




"A method is more important than a discovery, since the right method will lead to
new and even more important discoveries”
- Lev Landau
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Chapter 2. Lattice Boltzmann Electrokinetics

N this chapter we ought to present the Lattice Boltzmann Electrokinetics (LBE) method
I and the underlying theory to validate its implementation in a code by comparison with
analytical results in simple geometries. In order to do that we consider the electrokinetic
transport of a confined fluid, which bears a surface charge at the solid interface. We consider
here two types of geometries: slit and cylindrical. The governing equations at the continuous
level of description, namely the Poisson-Nernst Planck (PNP) and Navier-Stokes (NS) equa-
tions, are presented in Section 2.1. Analytical solutions may be recovered (see Section 2.5)
both when no salt is added, meaning that only counterions are present, and in the presence of
salt but in low potential condition, in which case a linearization of PNP is possible. The first
solution is exact and is thus needed in order to validate the Lattice Boltzmann electrokinetics
algorithm (LBE). LBE works also in the non-linear regime, i.e. in the high potential regime.
Section 2.2 shows how the macroscopic NS equation is recovered from the Boltzmann equation
and how the Lattice Boltzmann algorithm is implemented. Then, Section 2.3 introduces the
link-flux algorithm (LF) needed for the coupling with the electrostatic interactions. Finally,
Section 2.4 summarizes the main steps of the algorithm and Section 2.5 is the validation of
the algorithm by means of known analytical results, which are presented along.

2.1 Governing Equations

The Navier-Stokes (NS) equation, which is required to describe the hydrodynamics of the
system, has to be coupled with the Poisson-Nernst-Planck (PNP) equation, in order to include
electrokinetic effects. More specifically, we consider a fluid confined in a certain region, which
is bounded by solid walls, constituting the interface. The system studied is then made of two
parts.

The first is a non-mobile solid phase, which could represent a porous material saturated
by water. Clays are for instance common examples. Besides, when solid phases are in contact
with electrolytes, electric charges may appear at the surface. This electric charge is partly
screened by the counterions present in the liquid phase, which adsorb at the interface, forming
the so-called Stern layer. For the time being we neglect adsorption-desorption phenomena as
well as any diffusion in this layer. Thus, the solid phase possesses a surface charge density
o(r) (e m™2, where e is the electric charge), for all 7 in the solid part. We consider that the
surface does not change with time.

The second part is made of a liquid phase, in other words the electrolyte, which is made
of dissociated ionic species in a continuous solvent with permittivity ¢ = .69, where &, is
the relative permittivity and eg is the permittivity in vacuum. The fluid viscosity n and
temperature T are assumed to be uniform. The ionic species are point-like particles with
charge qr = zre and valence z;. Hence, no excluded volume effects are considered. Likewise,
water molecule deformation, due to electrostatic interactions are also neglected. Finally, no
chemical reaction is taken into consideration.

2.1.1 Poisson-Nernst-Planck

The Nernst-Planck Equation is a conservation of mass equation that describes the influence
of an ionic concentration gradient and that of an electric field on the flux of chemical species,
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specifically ions. Starting from the conservation of mass equation and considering an incom-
pressible fluid, i.e. V - u = 0, where u is the fluid velocity, we have for each species k,

Dpy,
—— 4+ V. =0 2.1
AL (2.1)

()_3()
Dt

and the flux, respectlvely. Thus, the equation becomes:

where + w - V(-) is the material derivative; p; and jj are the ionic concentration

3Pk
ot

u - Vpy represents the advection term. The flux for the Nernst-Planck equation is usually

+u-Vpp,+V-j;,=0. (2.2)

expressed as:

k= —MpppV g, (2.3)

with M}, the mobility and where the local electrochemical potential i is the sum of an ideal
term and an excess term:

px = kT n(py/pp) + i, (2.4)

where pg is the concentration of reference. The excess part is written as an electrostatic term:

sz = zxey, (25)

where e is the elementary charge and ¢ the electrostatic potential. The electrochemical
potential gradient is given by:

kgT
Vg = %Vpk + zpeV (2.6)
k
Then the mobility is given by the Einstein’s relation

Dy,
My = ——, 2.7
= (27)
where Dj, denotes the diffusion coefficient of the k-th ionic species and kg and 1" denote the
Boltzmann constant and the temperature respectively. The flux can therefore be expressed

as:

kT

The first term on the right hand side of Eq. 2.8 is the flux due to diffusion (Fick’s law),
whilst the second term is the flux due to electromigration. Plugging this expression in Eq. 2.1

Jr = =Dy, (ka + PkV¢> (2.8)

we obtain the Nernst-Planck Equation for a dilute solution, i.e.

ot

P
9Pk 4w Vpp 4+ V- [ (Vpk + 7 Tpkwﬂ (2.9)

It is important to notice that Nernst-Planck Equation gives N equations with N + 1
unknowns. In order to solve the system of equations one more equation is needed. At the




Chapter 2. Lattice Boltzmann Electrokinetics

mean field level this can be achieved describing the electrostatic potential via the Poisson
Equation

pf=V-D (2.10)

py is the free charge density and D is the electric displacement. For a linear dielectric material
we can express D as

D=c¢E (2.11)

where € = €,¢¢ is the permittivity of the material, in this case the solvent. FE is the electric
field generated by the charges present within the system. We may then write E = —V).
Thus,

D = —sVy (2.12)

Plugging this expression in the Poisson equation

pr=—V-(eV) = —eAv (2.13)

if the permittivity is uniform. Using a mean field approximation, the free charge density can
be defined in terms of the local ion concentrations

ps(r) = Z zrepk(r). (2.14)

Therefore, the PNP equations are written

%’“%—u‘Vpk -V [Dk (Vpk+%0kv¢)} =0

(2.15)
eAY = —ps = =L, zkepy

the system has identical number of equations and unknowns.

2.1.2 Navier-Stokes

The fluid considered is a binary electrolyte (1:1) diluted in a solvent, i.e. an aqueous solution
with a monovalent salt (e.g. KCl, NaCl...). We consider only flows at low Reynolds (Re)
number, which can be perturbed by external constraints such as a pressure gradient or an
external electric field. The solvent velocity w(r,t), as shown in Eq. 2.15, is then computed
using NS equation

ou 2 ext
p(a—i-u-v'u) =nV u—zk:pkvﬂk‘Ffv (2.16)

where 7 is the viscosity, p the fluid density, fi*' is the external force density and where

the second term on the right-hand side corresponds to the thermodynamic force, which is
expressed from the pressure gradient using the Gibbs-Duhem equation.
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Using the excess part of Eq. 2.4 with the contribution of the external force we recover
the usual electric force density e(d . zxpr)(Eapp — V), where Egqpp is an applied external
electric field.

At equilibrium, the Gibbs-Duhem equation at constant pressure and temperature reads

N

> okVuE =0 (2.17)
k=1

The force density £ imposed by the solutes on the fluid is computed according to

N
£ == oV (2.18)
k=1

This forcing term is responsible for the coupling between the ions and the solvent dynamics,
together with the advection of the ions ( i.e. u - Vpg in Eq. 2.15).

2.1.3 Discussion

Therefore, Eq. 2.15 and Eq. 2.16 are the governing equations for our system. The model
is thus limited by the prior assumptions of NS and PNP. They are indeed both continuous
equations, which cannot resolve the molecular details of the system. Nonetheless, NS was
shown?! to hold down to length scales of the order of 1 nm. On the other hand, PNP relies
on a mean field approach meaning that all quantities are averaged and thus ionic correlations
are not taken into account. Furthermore, since the theory was derived considering point-like
charges for ions, excluded volume effects are neglected, so that the description of the system
breaks down at high concentrations. Similarly, excluded volume effects taking place at the
solid-liquid interface are neglected.

As described in the introduction, a good candidate to solve numerically NS-PNP is the
Lattice Boltzmann Electrokinetics (LBE). The LBE scheme couples the Lattice Boltzmann
method (LB), which takes care of the hydrodynamics of the problem, with the link-flux
(LF) method, which tackles the electrostatic interactions. During this thesis we have further
developed an existing code called Laboetie, which prior to this work included only the Lattice
Bolzmann part. Thus no electrostatic interactions were involved in the calculations. LBE
codes have been previously developed (e.g. 115 and 116), hence our first aim was to recover
previous known analytical and numerical results in order to validate this part. In the next
two sections I introduce the theory behind LB and LF and how they are implemented.

2.2 Lattice Boltzmann

The Lattice Boltzmann Method is a grid based method with spacing Az and time step At. In
contrast to the traditional numerical schemes such as finite difference method (FDM), finite
volume method (FVM), finite element method (FEM) or spectral element methods (SEM),
which are based on the discretization of macroscopic continuum equations, the LB method
is rooted in microscopic models and mesoscopic kinetic equations. Mesoscopic models, and
notably those arising from kinetic theory such as LB, are natural candidates for intermediate
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scales between the atomistic and continuum levels as they are computationally inexpensive
when compared to Molecular Dynamics (MD) simulations.

The LB method was initially developed as an extension of the lattice gas automaton
(LGA), which was proposed by Pommeau, Hasslacher, Frisch and Wolfram [''7:118] " Their
idea was to create a very simplistic MD model which evolves on a two-dimensional triangular
lattice. Particles move from one site to another in discrete time steps. The LGA could then
be a form of MD with structureless particles with perfect conservation laws and could even
process basic symmetries to simulate hydrodynamics. However, the method presented some
shortcomings as the simulations are very noisy due to large fluctuations of particles, forcing
a spatial and temporal average in order to obtain statistically converged results. One way
to overcome these shortcomings is to leave the boolean world of LGA and work at the level
of continuous probabilities. The LB method is indeed an algorithm based on a discretized
kinetic equation.

2.2.1 Kinetic theory

In this section we show how the macroscopic NS equation is recovered from the Boltzmann
equation. Generally speaking, it is possible to view a fluid in a statistical physics framework,
by considering a quantity f(r,v,t)drdv, at a specific time ¢, located in a volume dr =
dxdydz, which surrounds the position r = [z,y, 2] with a velocity, within dv = dv,dv,dv,,
of v = [vg,vy,v;]. Both r and v are independent variables, and the ensemble-averaged
hydrodynamic variables are derived from the distribution function f(7,v,t) by integrating
over all possible velocities, i.e. the local mass density is obtained as:

p(r,t) == /// f(r,v,t)dv. (2.1)

The notation [[[(...)dv corresponds to the definite integral [[[*° (...)dvydvydv,. We
shall now use index notation and adopt the Einstein summation convention of implicit sum-
mation over repeated indices. The local average velocity is obtained using

o (7, 1) = p(:’t)///vaf(r,v,t)dv, (2.2)

and the internal energy density

%p(r,t)UQ(r,t) - ///;h; (e, )2 f (r, v, t)dv, (2.3)

with U%(r,t) = kgT'(r,t)/m and where the factor 3/2 is due to the three dimensions of the
physical space. In 2D it would be 2/2 and 1/2 in 1D. The velocity in Eq. 2.3 is the thermal
agitation velocity. The total energy density reads

p(r,t)Eot(r,t) := ///;]vlzf(r,'v,t)dv = %p(r,t)]u(r,t)]z + %p(r,t)U2(r,t), (2.4)

The right hand side of the equation was obtained using Eq. 2.2 and Eq. 2.3, as well as the
identity |v — u|? = |v|? — 2v - u + |u|?. The energy flux may be computed using

Go(r, 1) = /// %]v (D)2 (v — (1)) (7w, E)dw (2.5)
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Finally the stress tensor is written as
osrt)i= [[ [ (0 = war.0) (05~ usr.0) Fir, 0,10 (2.6)

2.2.2 Boltzmann equation

The temporal evolution of the mass probability distribution is given by the Boltzmann equa-
tion
af of F, 0f

E‘FUO[T%‘FE%:C(]C) (27)

where [, are the components of an external force applied upon the fluid, m is the mass of
the fluid particles and C(f) is called the collision operator. Eq. 2.7 means that f is advected
in physical space by the particle velocities. On the other hand, its velocity space is modified
by the acceleration term and redistributed by the collision operator.

2.2.3 BGK approximation

A possible solution for Eq. 2.7 was carried out in 1959 by Bhatnagar, Gross and Krook, who
noticed that the main effect of the collision term is to bring the velocity distribution function
closer to the equilibrium distribution f¢¢. They proposed to approximate the collision kernel
as:

el =~ (7~ ) 29)

This is the so-called BGK formulation!"9, where 7 represents the relaxation time. Intro-
ducing Eq. 2.7 in Eq. 2.8 we obtain the Boltzmann-BGK equation

o of  of _1

ot 0xq e T =7 (2.9)

with aq, = F,/m the acceleration. We shall now discuss more in details which equilibrium
solution is best for the purpose of our analysis.

2.2.4 Equilibrium distribution

Ludwig Boltzmann!"2l considered gas particles to be animated by Brownian motion and
contributed to the derivation of the Maxwell-Boltzmann distribution f¢¢ written as:

r,t v—u(r,t 2
which is merely a Gaussian distribution of velocities v, centred in their averages wu, with
standard deviation U. In order to ensure that the collision operator conserves mass, momen-
tum and energy, f¢? must obey to Eq. 2.1, 2.2 and 2.3. The Maxwell-Boltzmann distribution
satisfies these conditions.

Conservation of mass, momentum and energy can be derived using zeroth, first and second
moments of the Boltzmann-BGK Equation respectively.
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2.2.5 Conservation of Mass

Mass conservation is obtained by considering the zeroth moment of Eq. 2.9, i.e. integrating
over the velocity space

JIJ G+ vy vy fao = [[[ {700 = ) faw e.11)

Temporal and spatial derivatives are independent variables and thus commute with the
velocity integrations. Furthermore, because of the integrability of f we have f — 0 as vy, —
+oo and thus the acceleration term (e.g. gravity) cancels out. Moreover, both distributions
f and f¢? satisfy Eq. 2.1. Therefore the integral of f¢¢ — f vanishes, meaning that collisions
conserve mass. Then, using Eq. 2.1 and 2.2, Eq. 2.11 reduces to

op 0
— 4+ — a) = 2.12
o+ 5o (pa) =0 (212)

which is the continuity equation.

2.2.6 Conservation of Momentum

First order moments of Eq. 2.9 leads to the momentum equations, i.e.

[ nl o= [[[o{2um-n}ew e

Expanding the term v,vg as:

Va8 = (Vo — Ua) (Vg — ug) + VaUg + VaUa — UqUg, (2.14)

the advective term is then written as:

aioz///%vﬂfdv - ;///(Ua—ua)(vﬁ—u@fdv
Gxa / / / Vallg + Vglla — Ugug) fdv

The first term on the right-hand side may be recognized as the stress tensor, i.e. Il,g,
whereas the second term corresponds to pusug. The acceleration term is computed using
Vo 681) L= gi‘ff f and the fact that vof — 0 as v, — Z4oo0. Since collisions conserve
momentum, the distributions satisfy Eq. 2.2 and thus the term f¢? — f vanishes. Plugging

Eq. 2.15 in Eq. 2.13 gives the Cauchy momentum equation

(2.15)

9 9 oMy
pn (pug) + 9z (puqug) + Oz, P (2.16)
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2.2.7 Stress tensor

Assuming a short relaxation time 7, the stress tensor can be derived using a Chapman-Enskog
expansion. However, since this proof is not the main goal of this PhD thesis, we shall send

[121-125]

the reader to the following references for the mathematical details Introducing the

ideal gas pressure p = pU? the stress tensor may be written as:

Hag = p5a5 + Tap (2.17)

where 7,4 corresponds to the deviatoric component of the stress tensor.
The deviatoric stress tensor or shear stress tensor can be further evaluated in order to
recover a more classical form, i.e.

ou ou 2 (0Ou
_ 2 o BY _ “ v
Tof = prU [<3$ﬂ + 8@3) 3 <856»y> 5a5:| (2.18)

which is the constitutive equation for a compressible Newtonian fluid with viscosity

n=prU? = pU\ (2.19)

where A is the mean free path. Plugging Eq. 2.18 and 2.19 in Eq. 2.16 we recover the
compressible flow Navier-Stokes (NS) equation. Therefore the NS equation can be derived
from the Boltzmann equation.

The Boltzmann equation can thus correctly describe Newtonian hydrodynamics. If an
incompressible fluid without thermal fluctuations is considered it is necessary to impose two
closing relations on the pressure p and on the kinematic viscosity v = n/p

p = pc? and v=rT1c (2.20)

with ¢s denoting the speed of sound in the fluid. The first relation corresponds to the equation
of state for a perfect gas.

2.2.8 Lattice Boltzmann Equation

The time discretisation is done introducing the time step At. This allows us to discretize the
Boltzmann equation using the BGK approximation:

f(r+vAt,v,t+ At) = f(r,v,t) + % [f(r,v,t) — f (r,v,1)] (2.21)

From this, a numerical scheme can be devised with a precision of At?. Furthermore, a
discretization in space is done via an evenly spaced grid, often cubic. Particles then move
from a node to another during the time step At. Each node is separated by a lattice spacing
Az and the lattice velocity is thus obtained using |v| = Axz/At. Nodes can either have a solid
or a fluid nature. There have been other LB algorithms developed with irregular meshes, but
since it is not the case of the Laboetie code we shall refer the reader to Ref. 126. Finally the
velocity space is discretized to a finite number of velocity vectors ¢; such that r» + ¢;At is
always a lattice position. The choice of velocities needs to ensure that the isotropy given by
the Boltzmann equation is conserved.
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The equilibrium distribution f¢? can be expressed with Hermite polynomials H,(z) =
which form an orthonormal basis for the functions space with an expansion

(—1)"e™ re="
up to order m. The equilibrium distribution then reads
(2.22)

p(r,t) exp (_W) H

/ eq('r7 u, t) = 3
(2mc2)? 26/ o
This corresponds to a development of the velocity dependence at low Mach (Ma) number

B () ]

n=0

|u|/cs. Without loss of generality, a non-zero moment My, reads

My = /vk vy” v # f*du
2
Vo > H,, (vy) dv]

it I (2) [ (-

(27‘-03) a=x,y,z n!

(2.23)

n=0
where m > max (kg, ky, k»). The integrals can be evaluated using a finite number of velocities

jil z
as Gaussian-Hermite quadrature, which computes the integral with a sum
(2.24)

ng—1

Z wk nq gk

(&k) = 0 and ng are their corresponding number, which have

where & are the roots of H,
corresponding weights
Ing—1y |
wy = VT T (2.25)
n an—l (gk)

of the quadrature. From these roots the discretized weights can be obtained
(2.26)

1 <l
w; = W ’lUZyU)ZZ exp <— 20% )

where ¢; = (&ix, &iy, &i2) is a discretized velocity. The number of discretized velocities depends

on the chosen model. The velocity of sound in the D3Q19 model is written in LB units as
(2.27)

1 Az
= /3 At
) :=w; f (r,¢;,t), called the populations, then Eq. 2.21 may be rearranged as
)+ Fi(r) (2.28)

Let fi(r,t
- f@'eq(rv t

fitr,t) = S At

fi (’I" + CiAt,t + At) =
The term F; takes into account the action of an external force F', as well as the internal
.17). The forcing term satisfies

i
forces described by the Gibbs-Duhem equation (see Eq. 2.17)

ZiFizoand ZiCiFi:F~
— 29 —
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Figure 2.1 — D3Q19 model

The equilibrium distribution for the D3Q19 model (which is a 3D model including 19
different velocities, as shown in Fig. 2.1) which corresponds to a quadrature with n, = 3 and
a truncation at order m = 2 reads

2
u-¢ (u-c¢) u-Uu
= pw; |1 . Y — 2.29

the velocities ¢; = Ax/At for the D3Q19 model are

0 fori=0
leil =< ¢ fori=1-6 (2.30)
V2¢ fori=7-18

Their corresponding weights w; are

1/3 i=0
wi=4 1/18 i=1-6 (2.31)
1/36 i=7—18

The D3Q19 proved to be a good compromise in terms of computational cost and accuracy
and was thus chosen for the purpose of this thesis. The macroscopic quantities are then
recovered with

plrt) =3 filr.1) (2.32)

pu(r,t) = cifi(r,t), (2.33)

7
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2.2.9 Algorithm

Let us define f;(r,t) as:

. A
Fir 1) o= il 1) = 2 U 1) = S5, 0)] 4 Fi(r), (2:34)

which correspond to the populations after the collision step. We consider 7 = At. Then, the
propagation step moves particles along the nodes as

fi (P + At t + At) = fi(r,t) (2.35)
The algorithm, may be summarised as follows:
e Set appropriate fluid velocities u(r,t) and densities p(r,t) at each lattice site.

e Calculate equilibrium densities f;? (i = 0,1,...,18) at each lattice site from Eq. 2.29
and regard these distributions as the initial distributions f; = f{¢ (i = 0,1, ..., 18).

e Collision step: compute f; using Eq. 2.34.

e Streaming step: update the distribution at the neighbouring site in the i-direction
filr + ¢ At, t + At) as f;.

e Calculate the macroscopic densities and velocities using p(r,t) = >, fi(r,t) and p(7, t)u(r, t) =
>, fi(r,t)ci, and repeat the procedure from the second step.

Convergence is finally reached when

max(|js"™ — jal) < C (2.36)

where j is the mass flux in the z, y or z-direction and C' is the convergence criterion which is
set by the user.

2.2.10 Boundaries

Ax
Wall R
Bx,
A > b
c”

t

Figure 2.2 — Bounce-Back step

A final key factor is boundaries, as we are interested in modelling confined fluids. No-slip
boundary conditions are often adopted when dealing with walls, even though slip velocities
may be present for very small pores (~ 1 nm). Nonetheless, as we are interested in larger
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systems, up to 100 nm, we shall not consider such effects. The simplest yet efficient way to
implement such a boundary is to draw the boundary and then mark all links that are cut
by this boundary. As mentioned earlier the LB is a grid-based method and thus the nodes
have either a fluid or a solid nature. In early implementations of LB, the interface was merely
drawn on the lattice nodes and the method was called the fullway bounce back rule. The
densities that were streamed into the solid were bounced-back during the collision step, at
time t instead of being streamed from a node to another.

Ax

Wall -
B’
A N J
e
c

t

Figure 2.3 — Collision step

Wall o . * . » *
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t+At
Figure 2.4 — Streaming step

The information was then passed to the bulk during the streaming step, after which the
time was increased by At. Thus, we have

fi(r,t+ At) = f_;(r, 1) (2.37)

where the velocity index —¢ is defined through ¢_; = —¢;. Mass is conserved by the bounce-
back rule, whereas energy and stress tensor [[ = ), c;c; f; are related to the second order
moment of lattice velocity and cannot be conserved since the unknown distribution functions
are modified directly to those in the opposite direction, without taking the conservation of
energy into consideration.

The fullway bounce back rule is simple but it achieves only first order spatial accuracy 127,
This would definetely limit the advantage of LBM, which essentially performs with second
order spatial accuracy. In order to obtain the second order accuracy, the halfway bounce back
rule was introduced. The idea is that the boundary lies between the nodes so that the wall
is placed in the middle of the solid boundary nodes and bulk nodes, as shown in Fig. 2.2.

Fig. 2.2 to 2.4 show the three main steps experienced: in the first step densities are streamed
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in the solid at time ¢ (Fig. 2.2), they are then bounced-back in the fluid during the same time
step (Fig. 2.3) and finally quantities are allowed stream in the other lattice nodes at ¢t + At
(Fig. 2.4).

This approach has been extended to the case of moving boundaries!'2®l. However, since
we did not need such feature we will not discuss this here.

2.2.11 Concluding remarks and summary of the method

The expansion used to derive the algorithm implies that the LBM is valid only for small
velocities, 7.e. at low Mach number, although it was shown that it can be adapted in order

(1291 I most

to simulate more complex phenomena such as turbulence for higher speeds
cases, LB is restricted to micro-scale flows with a Knudsen number, Kn < 0.1, even though
Meghdadi Isfahani et al.!'3% proposed a modification of the algorithm in order to extend the
ability of LBM to simulate a wider range of Knudsen flow regimes. When comparing with
a purely hydrodynamic description, LB offers some advantages such as providing the fluid
pressure locally available site by site, with no need of solving a computationally demanding
Poisson problem or simply having the momentum diffusion not represented by second-order
spatial derivatives; indeed it merely emerges from the first-order LB relaxation-propagation
dynamics. As we are interested in more complex fluids, we need to couple the LB method
to the thermodynamics of the system via the free energy. Local chemical potential gradients
induce fluxes of the various species (see Eq. 2.3), but also forces which drive the fluid (see

Eq. 2.16). This can be achieved with the link-flux method.

2.3 Link-flux method

In this part the numerical algorithm used to describe the coupling between the solvent and
the ions is presented. This method is coupled with the LB part in order to ensure momen-
tum conservation in the fluid. It also includes the time dependent density functional theory
(DFT) in order to take into account the local evolution of the local ionic composition. The
version of the LF method used is the one introduced by Capuani et al.['3! which aimed at
removing spurious fluxes across the fluid-solid interface, which appeared at steady state in the
previous versions of the algorithm '3, where LB method was directly used in order to model
electroviscous transport problems. More specifically, the Stokes equations was obtained from
the standard lattice Boltzmann equation, the Smoluchowski equations were computed as a
simple extension of the moment propagation method for convective diffusion problems (see
Chapter 3), and the Poisson equation was solved on a lattice by a standard finite difference
scheme.

2.3.1 Solute transport: diffusion-migration

As we said, the first attempts at coupling the LBM for the solvent dynamics with another
algorithm for the ions dynamics were only partly successful. The moment propagation method
was developed and coupled with the LBM [113:132-137] ip order to compute statical mechanical
quantities (e.g. the velocity autocorrelation function) of tracers dispersed in a fluid. We shall
discuss more in details this method, which we contributed to improve in Chapter 3. However,
the methods which aimed at solving the PNP equation, introduced spurious fluxes from fluid
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to solid nodes which would appear at steady state. In order to solve this problem Capuani
et al.l'31 developed the link-flux (LF) method, which focuses on the solute fluxes between
each node rather than the solutes fluxes at each node. The continuity equation can be written
in its integral form:

ON, (1,t) = — /Q V- gr(r,t)dQ, (2.38)

where NV, (7, t) is the number of ions in a cell © centered on a node r and bounded by a surface
0. Such a cell corresponds to the closest volume to a node rather than another node. The
integral is then on all the volume of such cell. The LF method deals with the diffusive and
migration fluxes (see Section 2.3.2 for advection). Thus, we have

Jr(r,t) = —=DrpiV In pj, — zeDypp V. (2.39)
Thanks to the Green-Ostrogradski theorem we can rewrite the integral in the following
manner:
N, (r,t) = —f Jr(r,t) - nogQ, (2.40)
o0

where the integral is computed along the cell surface and the unit vector n is perpendicular
to this surface and pointing outside the cell. The integral is here the sum of the ions fluxes
leaving the cell. The concentrations are then updated according to the following discretized
equation:

p. (r,t+At) —p, (r,t y
e ( Ag At )Am3——A0;jk(r,t). (2.41)

The i-index refers to the discrete velocity directions and j,i corresponds to the contribution
of the ¢-link between 7 and r + ¢; At to the flux of species k through the cell surface around
node 7. Ag is a coefficient which depends on the geometry of the lattice. For the D3Q19
model, Ag = 1 + 2v/2 (see Ref. 131 for more details). In order to ensure that the ions follow
a Boltzmann distribution at equilibrium, the ions fluxes are first rewritten as:

Go = =Dy M5V [p ] (2.42)

where 3 := 1/kpT. An excess part of the electrochemical potential Su*(r) = zrey(r) was
here introduced. This allows to discretize them in a symmetric way. The fluxes passing
through the i-links are computed in the LBE algorithm according to

_ ex _ ex ’LAt ex »LAt ex
() = —d, P 4 e PR T (r 4 eiA) MR — p, (1)) (2.43)
jk r k 2 A !
7
where d, = D, /Ay and A; = ||¢;At||. This symmetric form ensures the solute conservation.
Hence, we have j}i (r) = —j}; (r + ¢;At) between each link, with ¢;; denoting the velocity

opposed to ¢;. The flux j,i is set to zero for the links between liquid and solid nodes. This
ensures that solutes are not transported into the solid.
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2.3.2 Solute transport: advection

The advective fluxes ppu are treated separately '3, The amount of advected particles is pro-

portional to the overlap between the cell shifted virtually by wAt and all of the neighbouring
cells (see Fig. 2.5 ). Note that densities used for the diffusive flux computation are modified
by the advection which triggers an artificial diffusion. More precisely, the spurious diffusion
coefficient due to advection results in

1

Dad:5 >t (11— ) (2.44)

a=x,Y,%
which is written in LB units. By choosing a large diffusion coefficient Dy and a small velocity,
this artificial diffusion coefficient D4 is negligible.

Figure 2.5 — Shifted cell by a velocity v. The quantity of solutes transferred to the neighbouring
nodes during a time step At is proportional to the intersection between the neighbouring cells as well
as the shifted cell. In LB units Az = At = 1 the quantity of transferred solute from node 5 to node
6 during a time step is proportional to v, (1 — v,), where v is the speed of the fluid at node 5. The
solvent quantity that stays at node 5 is proportional to (1 —v;) (1 —vy). The notations differ from
ours as the sketch is taken from Ref. 131

2.3.3 Solute transport: force on the fluid
The forcing term given in Eq. 2.18 can be easily computed numerically from the fluxes
L(r)  pr(r+eidt) —pi(r)

J
Fi(r) = =2 Atw; i A

) (2.45)
L) p(r st —p(r)
d_ A;

with ji given by Eq. 2.43. This force has an influence on the fluid dynamics and enters in
the LB algorithm as described in Eq. 2.28.
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2.3.4 Solute transport: electrostatic potential

The electrostatic potential ¢ is computed by means of the charges distribution on the lattice
grid, which is obtained solving Poisson equation. This is achieved using the successive over-
relaxation (SOR) routine!'*] which is a standard solver similar to a Gauss-Seidel solver. The
mathematical details of the method are summarized in Appendix A.1.

The matrix system solved leads to a solution of the Laplacian of 1, which is computed in
the following manner

V() = oz D [0+ ) — b)) (2.46)

The potential is then updated at each time step in an iterative way. Convergence is finally
reached when

1) — o (r
Z‘w (wz(r)w() <C (2.47)

for all 1) > 0 and where C is a convergence criterion set by the user (typically C' = 10719).

2.3.5 Solute transport: boundary conditions

We use periodic boundary conditions (PBC) in the three directions of space. At the solid-
liquid interface, boundary conditions need to be specified for the solvent (LB part) and for the
ions (LF part). As mentioned before the LB part has no-slip boundary conditions through
the bounce-back rule and the LF part requires the ions fluxes penetrating the walls to be
canceled (i.e. ji = 0).

2.4 Summary of the algorithm

The Lattice Boltzmann Electrokinetics is a hybrid method coupling LB and LF: the dynamics
of the solvent is simulated with LB and the one of the ions with LF. In the LB part the distri-
bution function f;(r,t) is updated, using Eq. 2.28, in two steps: a collision and a propagation
step. The collision operator fi(r, t) corresponds to an intermediate distribution function

e ) = fitr1) = 2L (i, 0) = £, 0)) + B ), (2.48)

This step aims at relaxing the system locally in order to obtain the equilibrium distribution
fi%(r,t) in a time equal to the relaxation time 7. Secondly, fluid particles are moved along

the nodes according to

fi (71 + c; ALt + At) = fi(r, ). (2.49)

Once the streaming step is over, the particles in 7, which are moving from this node to a
neibouring node r + ¢; At, conserve the same velocity at the new node after the time step At.
The distribution function is here modified by the forcing term, which takes into account the
force (Eq. 2.45) applied by the ions on the fluid, as well as the applied pressure gradient. The
fluid internal forces are computed at each time step from the ions fluxes (Eq. 2.43) between
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each link. This requires the ions density to be updated according to Eq. 2.41, taking into
account the effects of advection as well as the computation of the new electric potential on
all the nodes. The algorithm also requires an initial step whose aim is to bring the solvent
and the ions at equilibrium in the absence of external perturbation. Only then, an external
pressure gradient or external electric field can be applied.

The LBE algorithm is implemented in the Laboetie code via:

1) Definition of the nodes: distinguish solid nodes from fluid nodes in the simulation box.
A surface charge is imposed on each interfacial solid node according to the total electric charge
of the solid region. A study on the comparison between imposing charges on the surface nodes
only, with respect to imposing charges on all the solid nodes, in a cylindrical pore, was carried
out by Obliger et al.['39. See Section 2.5.2.3 for further details.

2) The initial cation and anion concentrations pg(7,t = 0) are defined. For simplicity they
are taken as homogeneous, but a specific profile corresponding to the solution at equilibrium
can be used to avoid step 3, if the solution is known previously.

3) Computation of the ion distributions at equilibrium solving iteratively the PNP equation
via the SOR algorithm for the potential. The ionic densities are updated at each iteration
in LF until all of the ions fluxes vanish. Here no advection is considered. The LB part,
which includes the dynamics of the fluid is not yet activated. Once convergence is reached
the concentrations and potential correspond to the Poisson-Boltzmann equilibrium.

4) The LB part is initialized by choosing a homogeneous distribution function f;(r,t = 0).
The LBE algorithm now couples the fluid and the ions dynamics together without imposing
external forces. This enable the code to verify whether the ions state of equilibrium is stable.
No flux should appear.

5) External forces (e.g. VP or Vi) are applied. Steady state is reached once the flow no
longer evolves according to a convergence criterion.

2.5 Results

The LBE method is available in different open source codes, e.g. Ref. 115 and 116. During this
PhD an initial part of the work was to implement the LF method and the SOR routine needed
to solve the Poisson equation. The Laboetie code was initially developed in the PHENIX
laboratory by B. Rotenberg and M. Levesque. In order to validate these new parts of the
code, comparison with known analytical solutions is necessary. In the next Chapters we
shall introduce new features that were added in the code, which are not available in other
implementations of LBE. The following sections show the available results in two different
geometries: a slit pore and a cylindrical pore.

2.5.1 Poiseuille Flow

2.5.1.1 Slit pore

As a first test of the LBE method as implemented in the code, we verified that even the past
features of the code were not corrupted by our modifications. Here we consider the simple
case of a Poiseuille flow in a slit pore. A uniform pressure gradient —dp/dx was applied and
the resulting flow in the slit is shown in Fig. 2.6.
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Figure 2.6 — Velocity profile in a slit channel. The flow is induced by a pressure gradient resulting in
a Poiseuille flow. The velocity u is normalized with respect to the maximum velocity t.,q., Whereas
the position z in the fluid region is normalized with respect to L the distance between the walls.

The analytical solution at steady state, assuming a laminar flow and no-slip boundary
conditions at the surfaces is:

L2 dp 22\ °
-2z 2.50
ual2) =~ G [ (L) (2:50)
The maximum velocity of the fluid is given by
L? dp
max -— T g 7. 2.51
“ 8n dx ( )

Fig. 2.6 shows the profile of the velocity flow. Here the grid was constructed with N, = 126
nodes and N, = N, = 5 nodes. The fluid region is made of Ny = 120 layers of fluid nodes
with three layers of solid nodes on each side (i.e. Ny = 6 layers of solid nodes). Given a fluid
such as water, which has a Bjerrum length lp = 0.7 nm at room temperature, we picked a
resolution of Az = 8.75x 1071%n. The walls have a surface charge density cAx?/e = —0.0125
and the salt concentration corresponds to a Debye screening length Ap/Az = 6.0. Ap and Ip
are defined in Section 2.5.2. The corresponding physical data is presented in Table 2.1.

L 1.10 x 107" m
L, =L, 4.38 x 1079 m
v 1.0 x 107 m?/s
lp 0.7x 1077 m
AD 5.25 x 1077 m
o —3.27 x 10" m~2
dp/dx | —2.11 x 10" Pa/m

Table 2.1 — Physical data for the simulation of a Poiseuille flow in a slit. L is the length of the
channel separating the walls, v is the kinematic viscosity, g the Bjerrum length, A\p the Debye
screening length, o the surface charge and dp/dx the pressure gradient.
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The numerical data as illustrated in Fig. 2.6 reproduces perfectly the exact solution given
by Eq. 2.50. In order to achieve this result, it is important that the fluid is sufficiently
discretized, as it is here, and that the force is sufficiently low in order to allow a correct
laminar flow as mentioned in the initial assumptions of the problem. It is worthwhile to
mention that although 5 nodes were used in the x and y-directions, a single node would
suffice in order to recover the correct solution. We use periodic boundary conditions (PBC)
to simulate infinite walls. The velocity goes to zero at the walls, which are located half-way
between the solid and liquid planes (as enforced by the Bounce-Back rule). This gives then a
distance between the planes equal to L = NyAx = (N, — N,)Ax.

2.5.1.2 Cylindrical pore

Figure 2.7 — Coordinate system.

As in the slit case, we now consider a viscous flow of a fluid through a pipe with a circular
cross-section, given by r = R under the constant and uniform pressure gradient %. We also
consider a laminar flow (Re < 1) and no-slip boundary conditions. The solution for the
velocity profile reads in cylindrical coordinates (see Fig. 2.7):

dp 1
uy(r) = ——d}; s (R* —r?) (2.52)
with u, = ug = 0. Introducing the maximum speed upax:
dp R?
xi=——— 2.53
thma dz 4n ( )

we have

r

Uz(T) = Umax [1 - (Rﬂ (2.54)

Fig. 2.9 shows the numerical result obtained. Due to the symmetry of the problem, it
is sufficient to look at the profiles along a specific plane (e.g. at N,/2). Here the grid was
constructed with w = 100 nodes, N, = 3 nodes and N, = N, = 161 nodes. The w-parameter
allows us to have Vs solid nodes outside the fluid region, so that Ny = N, — w, where Ny
denotes the number of fluid nodes in the plane of interest (see Fig. 2.8). We chose a resolution
of Az = 1.75 x 107m. The walls have a surface charge density cAxz?/e = —2.0 and the
salt concentration corresponds to a Debye screening length A\p/Ax = 4.0. The Laboetie code




Chapter 2. Lattice Boltzmann Electrokinetics

Figure 2.8 — Box of simulation in a charged cylindrical pore with a distribution of the charge on the
interfacial nodes only (in green). Fluid nodes are in black. PBCs are used in the x,y and z-directions.
w denotes the amount of solid nodes between the interfacial nodes and on of the edges of the box of
simulation.

distributes the charge only on the interfacial solid nodes. The pressure gradient inducing the
flow is %Aﬂ /(pAzx) = 1.0 x 1075. The corresponding physical data is presented in Table 2.2.
Once again, as in the slit case, due to the symmetry of the problem and thanks to the PBCs, a
single node in the z-direction would have been enough in order to recover the correct solution.
As we can see in Fig. 2.9, there is perfect agreement between the numerical data and Eq. 2.54.
r = 0 denotes the centre of the channel and the solid nodes are located at r = £0.5. The
walls are again half way between the last liquid plane and the first solid plane.
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0.4f

u(r) /Unae
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0.0
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-0.4 -0.2 0.0 0.2 0.4
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Figure 2.9 — Velocity profile in a cylindrical channel. The flow is induced by a pressure gradient
resulting in a Poiseuille flow. The velocity u is normalized with respect to the maximum velocity
Umaz, Whereas 7, which denotes the position in the fluid region, is normalized with respect to 2R the
cylinder diameter.

Now that the hydrodynamic part of the code is validated, we test the implementation of the
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R 5.34 x 108 m
Lpgc 5.25 x 1077 m

v 1.0 x 1075 m?/s

I 0.7x 107" m

AD 7x1079 m

o —1.14 x 10" m=2
dp/dz | —13.16 x 10° Pa/m

Table 2.2 — Physical data for the simulation of a Poiseuille flow in a cylinder. R is the radius of the
pore and L its length. v is the kinematic viscosity, [g the Bjerrum length, A\p the Debye length, o
the surface charge and dp/dz the pressure gradient.

transport of ions, involving both the LF and SOR methods. We first examine the equilibrium
state corresponding to the Poisson-Boltzmann solution for which analytical solutions can be
obtained in both slit and cylindrical pores in two different scenarios:

1. Debye Hiickel theory: charged surfaces in low potential condition (i.e. ¥ < kgT/e)
with a symmetric monovalent salt and counterions

2. Gouy Chapman theory: with charged surfaces without salt, where only counterions are
present, even for high potentials.

2.5.2 Poisson-Boltzmann theory

The Poisson-Boltzmann (PB) equation gives the configuration of the physical system at equi-
librium. The system is made of chemical species diluted in a solvent, and are supposed to
follow Boltzmann statistics. The system can be described via Poisson equation, i.e.

N (2.55)
€
where € = ¢,£¢ is the permittivity, ¢ is the electric potential and ps is the charge density.
Given the assumption that the charge follows a Boltzmann distribution, the local charge
density pj is written as

z"“wm) . (2.56)

pi(T) = 1y exp <M

Note that py is a position dependent function, whereas ny is a constant corresponding to
the concentration where the potential reference was taken. Plugging Eq. 2.56 and Eq. 2.14 in
Eq. 2.55 yields,

N
eAY = — ; 2| €N €XP (— Zf;) (2.57)

This is the so-called Poisson-Boltzmann (PB) equation, whose solution is the electric
potential distribution in the diffuse ionic layer.
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If the potential is low, i.e. ex)/kpT < 1, the PB equation can be linearised via Taylor
expansion. Since exp(X) ~ 1+ X, we have

= Y
MY == zpemy <1 - Z’jT> (2.58)
k=1

Because of electroneutrality condition Zszl zing = 0, the first contribution vanishes and
we obtain

N
eAY = (Z nkz,%) Be1p (2.59)
k=1

L/2
® O @® @ ®
® ®
® >
2 ;
— @ |uy(2)
Y : 1 . |v(2)
> Ey
® PS ®
® O ® ® ®
—L/2

Figure 2.10 — Sketch of the slit geometry. The walls are negatively charged and counterions are
inserted in order to preserve electroneutrality. The system may or may not have added salt. An
external electric field parallel to the walls couples hydrodynamic and electrostatic effects, resulting in
an electro-osmotic flow.

The inverse of the Debye screening length x := 1/A\p is defined as,

N
k% = drnlp Z ngzs (2.60)
k=1
where the Bjerrum length /5 is defined as
2
e
lp=——. 2.61
B 47T€kBT ( )
In the case of a binary symmetric electrolyte gives
2
K= Binsz2 (2.62)
€

with ng := ny +n_ the salt concentration and z := 2z the valency of the ions. The linearized
PB equation obtained by Debye-Hiickel finally reads:

Aty = k%) (2.63)
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It is worth mentioning that our LBE code is in the canonical ensemble, meaning that our
Ap does not correspond to the actual physical Debye screening length; instead it is used to
fix the initial concentration of added salt in the system via the following equation:

1

= —. 2.64
87TZB/\2D ( )

Ns

2.5.2.1 Slit pore

Debye-Hiickel solution

Consider a slit whose surfaces bear a negative surface charge —o in m~=2, as shown in
Fig 2.10, and suppose that a symmetric, binary, monovalent (1:1) salt, such as KCl or NaCl,
is inserted in the channel. Once steady state is reached, the ions will have a potential v

according to the PB equation (Eq. 2.57) and distribute according to a Boltzmann distribution.

L 1.10 x 107" m
Ly=1L,| 438x10%m
v 1.0 x 107 m?/s
I 0.7x 107 m
AD 5.25 x 1079 m
o —3.27 x 10" m™2

Table 2.3 — Physical data for an electrolyte with added salt in a slit channel (counterions and co-
ions). L is the length of the channel separating the walls, v is the kinematic viscosity, {5 the Bjerrum
length, A\p the Debye length and o the surface charge.

Because of the symmetry of the problem, the potential 1)(z) and the concentrations p(z)
only depend on the position z in the direction perpendicular to the walls.

d* B 2%e%)

- = _ 2.
EdZQ kBT (n+ +n ) ( 65)

The solutions for Eq. 2.63 are of the form

P(z) = Aexp(kz) + Bexp(—kz) (2.66)

with A and B two constants determined by the boundary conditions

di
j:ﬁea]Z:;L/g = —4nlpo (2.67)
and the symmetry condition
dip
. (2.68)
Since
di
5 = Ak exp(kz) — Brexp(—kz) (2.69)
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the symmetry condition gives,

A=B (2.70)
and the boundary conditions yield
_ drigo (2.71)
2k sinh( %) .
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Figure 2.11 — Electrostatic potential in a slit channel due to the surface charge density cAxz?/e =
—0.0125, for a distance L/Ax = 120 between the walls, when salt is added at a concentration cor-
responding to a Debye screening length Ap/Az = 6.0. The potential is non-dimensionalized with
Be = e/kpgT and z is normalized with respect to L

Hence the solution for the reduced electrostatic potential is:

Arlgo

d(z) = Per(z) = m cosh(kz) (2.72)
2

For a symmetric electrolyte the concentrations read

p+(2) = ny [1 F ¢(2)] (2.73)

Then, using ny = ns/2 = k?/(87lp) we recover the final expression for the concentration

K2 drlgo
= 1F ——————cosh 2.74
pi(2) = oo ( T (4 <m>> (274)

A simulation was run in the Laboetie code, in order to see if we could recover the solution
for the electrostatic potential and the ionic concentration. We used the same parameters
and resolution as in the simulations given in Section 2.5.1.1 unless specified. The diffusion
coefficients of the ionic species are DyAt/Az? = 0.05. The corresponding physical data of
the system is presented in Table 2.3.
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Fig. 2.11 shows that the correct solution for the electrostatic potential is recovered. More
specifically we can observe the exponential decay of the potential across the electric double
layer (EDL) at the wall. This means that the parameters for o and Ap were correctly chosen
according the low potential condition and the other prior assumptions of the theory. Fur-
thermore a perfect agreement is also observed between the numerical results and theoretical
predictions for the ionic densities as illustrated in Fig. 2.12. However, the theoretical results in
Fig. 2.11 and 2.12 do not correspond exactly to Eq. 2.72 and 2.74. Indeed, some modifications,
which we shall now discuss more in details, had to be done.

0.00141
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Q 0.00138 -

e o Numerical p,
e o Numerical p_
— Theoretical p_
— Theoretical p,
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Figure 2.12 — Ionic concentration profile in a slit channel due to the surface charge density

oAx?/e = —0.0125, for a distance L/Az = 120 between the walls, when salt is added at a con-
centration corresponding to a Debye screening length Ap/Axz = 6.0. The ions density is in LB units
of p+Ax? and z is normalized with respect to L

Canonical corrections

As mentioned earlier the LBE method is performed in the canonical ensemble, meaning
that we fix the initial concentration in salt ns, in the slit, instead of fixing the chemical
potential. This induces a small difference in the electrostatic potential since the results for
the PB theory were derived in the grand-canonical ensemble. This difference becomes more
apparent in the concentration profiles. Indeed, we need to link our salt concentration ng to the
concentration ng of reference in the reservoir. Therefore, in order to compute the correction
to apply to our theoretical results, let us define the concentration profile in a more general
manner so that

p+ = Aexp[—¢(2)] = Al — ¢(2)] (2.75)
p— = Bexp[ ¢(2)] = B[l + ¢(2)] (2.76)

where A and B are constants to be determined. Then, from Poisson equation we can write

W) =20~ p). (2.77)

e
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Using the definition of the Bjerrum length (see Eq. 2.61) we obtain

¢"(z) = —4nlg(A + B)¢(z) + 4rlp(B — A). (2.78)
Thus, we have x? = 4wlg(A + B). A solution for this equation is

B—A
oG =178

where « is a constant that is determined from the boundary conditions

+ acosh(kz) (2.79)

¢'(L/2) = arxsinh(kL/2) = —47lpo (2.80)
which leads to
B—-A drlgo
= — h 2.81
9(2) A+ B  ksinh(kL/2) cosh(xz) (281)
Consider the average potential

1 L2
= / o(z)dz (2.82)

L) 1

Then we may write the corresponding concentration profiles

L/2 B
=1 [ | Pr(ez = Al (2.83)
L/2 B
p_ = i/L/z p—(z)dz = B[1 + ¢] (2.84)

Because we are in the canonical ensemble we know how much salt we insert and thus we
have

2
Py = ns+ 2 (2.85)
L
P =g (2.86)
We now introduce the Donnan potential ¢p to write the constants A and B as
A = ngexp[—ép] =~ no(l — ¢p) (2.87)
B =ngexp[ ép]~no(l+ép) (2.88)

with ng a reference concentration. Using that AB = n3, we then write the product pyp_ as

pip— = ng(ns + 2%) = AB[1 — ¢%] (2.89)

= n3[l — ¢?] =~ nd (2.90)
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to linear order in ¢. Hence we obtain a closing relation for the concentration ng in the
reservoir, i.e.

20) n o
L L

no = {/ns(ns + (2.91)

In order to obtain an expression for the Donnan potential ¢p we take the ratio of the
average concentrations

0 All —
pr _ All-4] (2.92)
p-  B[l+9]
Using Eq. 2.87 and 2.88 we can write
A
5= exp[—2¢p] (2.93)
Hence,
2 — expl-20n) (15 ) (294)
p- 1+¢
20
=1 2.95
ol (2.95)
from which a closing relation for ¢p reads
1 20 1—¢
=—|In(1 In{——= 2.9
=g (o) o (55) 29
o _
~— 2.
il +¢ (2.97)

The second term on the right hand side, ¢, may be neglected, as we are in the low potential
condition regime, and thus

o
=— ) 2.98
¢p oL (2.98)
Using again Eq. 2.87 and 2.88 we can write
A-B -2 -1
_ epl=20p] — 1 —ép (2.99)
A+ B exp[—2¢p]+1
which yields to the final solution for the corrected potential
o Arlpo  cosh(kz)
= — 2.100
9(2) nsL k  sinh(kL/2) ( )

with 2 = 4rlp(2ns + 20/L). Eq. 2.100 is thus the correct solution for the electrostatic
potential, which corresponds more closely to our simulations. Plugging the derived expressions
for A and B in Eq. 2.75 and 2.76 yields to the correct concentration profiles.
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Gouy-Chapman solution

The solution carried out with the Debye-Hiickel approximation, required an approximation
which showed differences when compared to the numerical solution. On the contrary, the
Gouy-Chapman solution is obtained when only counterions are present and is an exact solution
of the PB equation. The walls are again negatively charged.

L 1.10 x 107" m
Ly=L, | 438x10%m
v 1.0 x 107 m?/s
lp 0.7x 1072 m
o —3.27 x 10" m~2

Table 2.4 — Physical data for a fluid without added salt (i.e. counterions only) in a slit channel. L
is the length of the channel separating the walls, v is the kinematic viscosity, [g the Bjerrum length
and o the surface charge.
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Figure 2.13 — Electrostatic potential in a slit channel due to the surface charge density cAxz?/e =
—0.0125, for a distance L/Ax = 120 between the walls, when only counterions are present. The
potential is non-dimensionalized with Se = e/kpT and z is normalized with respect to L

Using the PB equation as shown in Eq. 2.57 and given that only cations are present we

may write

d%¢ e? e’n,
B A S — 2.101

Given that the electrostatic potential is defined with respect to a reference potential, we
may take ¢(z = 0) = 0 and because of the symmetry of the problem we have again d¢/dz = 0,
the final expression for the electric potential is:

| 6(2) = —2In[cos(a2)] |, (2.102)

where a1 is the analog of the Debye screening length defined by:

L L
7Liglo| = % tan <a2> (2.103)
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In order to determine the concentration profile, we use

p+ = ny exp(—9) (2.104)
and Eq. 2.102 to write:
ny
= —. 2.105
p+<2) COSQ(OéZ) ( )

Then, from electroneutrality we determine n. using

L/2
/ p+(2)dz = =20 (2.106)
~L/2

with the definition of o we obtain

0.000110

0.000108
N 0.000106
N—"

+
Q 0.000104

0.000102

e o Numerical
— Theoretical

0.000100 L L L L L
-0.4 -0.2 0.0 0.2 0.4

z/L

Figure 2.14 — Concentration profile of cations in a slit channel due to the surface charge density
oAz?/e = —0.0125, for a distance L/Axz = 120 between the walls, when only counterions are present.
The cations density is in LB units of py Az3 and z/Ax is normalized with respect to L/Ax

o? 1
= — 2.107
p+(2) 27l cos?(az) ( )

The simulation results for both the electrostatic potential and the concentration profiles,
shown in Fig. 2.13 and 2.14 respectively, perfectly reproduce the exact analytical result. This
completes the validation of the code for the equilibrium of the electrostatic problem in this
geometry.

2.5.2.2 Cylindrical pore

The Poisson-Boltzmann solution is now tested in two new different scenarios:

1. A cylindrical pore with charged surfaces in low potential condition () < kgT'/e) with
a symmetric monovalent salt inside the channel

2. A cylindrical pore with charged surfaces without salt, where only counterions are
present, in order to preserve electroneutrality.
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Similarly to the slit case, a simulation was run in the Laboetie code, in order to recover the
solution for the electrostatic potential and the concentration. We used the same parameters
and resolution as in the simulations given in Section 2.5.1.2 unless specified. The diffusion
coefficients of the ionic species are DyAt/Az? = 0.05. The corresponding physical data of
the system is presented in Table 2.5.

Debye-Hiickel solution

R 5.34 x 1078 m
Lppc 5.25x 1072 m
v 1.0 x 1075 m?/s

g 0.7x 107 m
AD 7x 1079 m
o —5.68 x 1012 m—2

Table 2.5 — Physical data for an electrolyte with added salt (counterions and coions) in a cylindrical
channel. R is the radius of the pore and L its length. v is the kinematic viscosity, {p the Bjerrum
length, A\p the Debye screening length and o the surface charge.

Similarly to the slit geometry, if the potential is small compared to the thermal energy,
the PB equation can be linearized. In a cylindrical geometry the equation becomes

Oy (10
VQlD _r (T rw) — H2¢ (2.108)
or
0.000
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Figure 2.15 — Electrostatic potential in a cylindrical channel due to the surface charge density
oAz?/e = —0.1, for a diameter 2R/Ax = 61, in the presence of added salt at a concentration
corresponding to a Debye screening length Ap/Az = 4.0. The potential is non-dimensionalized with
Be = e/kpgT and z is normalized with respect to L

The boundary conditions are

o Bed, Y|y = 4mipo
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e 3ed, |,._, =0 (because of the symmetry of the problem)

The solution is then:

0.00625
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Figure 2.16 — Ionic concentration profile in a cylindrical channel due to the surface charge density
oAz%/e = —0.1, for a diameter 2R/Ax = 61, when salt is added. The ions density is in LB units of
p+Az? and r is normalized with respect to 2R .

_ Arlpo Ig(kr)

¢r) = — L(nR) (2.109)

where I,, correspond to modified Bessel functions of the first kind, which are defined as

L) =Y W (g)mm vz e R (2.110)

The corresponding ionic concentrations are

/{2 yi¥ea RT
px(r) = g (1 - KJZB III’((KR))> (2.111)

A simulation was carried out in order to recover 1 (r) and p4(r), with the same parameters
as in Section 2.5.1.2 except for the surface charge density, which was set to cAz%/e = —0.1
in order to be in the low potential condition needed to recover the analytical solution. The
corresponding physical data is shown in Table 2.5. The solution for the electric potential
is correctly reproduced as illustrated in Fig. 2.15. Actually, the potential and concentration
solutions were subjected to the canonical corrections, in a similar fashion as in the slit case (see
next paragraph Canonical corrections). By doing so we recover the correct concentrations
of cations and anions (see Fig. 2.16), although we can see a discrepancy between analytical
and numerical results close to the walls. However, this discrepancy could be merely due to
the way cylindrical boundaries are drawn (see Fig. 2.8), which can introduce errors due to
the periodic boundary conditions (PBCs) of the simulation box. We shall address this issue
in more details in Section 2.5.2.3.
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Canonical corrections
Similarly to the slit case one can correct the potential profile solution deriving the Donnan
potential and the reference concentration ng. The general solution in this geometry reads

. A—-B 47TZBO' Io(lﬁ“)

=175 . L (nR) (2.112)
Using,
R
¢ = ]2%/0 2rré(r) dr (2.113)
with
pr=All - g] (2.114)
p— = B[l + ¢ (2.115)

with A and B defined as in the slit case. Because we are in the canonical ensemble the cations
concentration compensating the surface charge is 02rR/(7R?) = 20/ R and thus we have

20
Dy = Ng + — 2.116
P+ =ns+ 4 ( )
P =Ny (2.117)
We then obtain
no = /ns(ns +20/R) (2.118)
and the Donnan potential
20
=— . 2.11
oD ns2R ( %)

Therefore the corrected potential reads,

_ 20 47TlBU IQ(FLT)
o(r) = ns2R & Li(kR) (2.120)

Gouy-Chapman solution

5.3 x 1078 m
5.25 x 1079 m
1.0 x 1075 m?/s

Ip 0.7x 1079 m
—1.14 x 10 m=2

NIelR=s!

Q

Table 2.6 — Physical data for an electrolyte with only counterions in a cylindrical channel. R is the
radius of the pore and L its length. v is the kinematic viscosity, Ip the Bjerrum length, ¢ the surface
charge.
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When no salt is added and only counterions are present, if o < 0 then the solution for the
PB equation reads:

2

Ap = —Z;‘; exp|—d] (2.121)

and the exact solution for the electrostatic potential profile is

¢(r) =2In (1 - a*r?) (2.122)
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Figure 2.17 — Electrostatic potential in a cylindrical channel due to the surface charge density
oAz%/e = —2.0, for a distance diameter 2R/Ax = 61, when only counterions are present. The
potential is non-dimensionalized with Se = ¢/kpT and r is normalized with respect to 2R

1

where ™" is analogous to the Debye screening length, which can be computed numerically

using the electroneutrality condition, as the solution of

mR|o|lp

2 2
Rr=—— 2.123
“ 1+ mR|ollp ( )
The corresponding counterions profile may then be written as
20 1
r)=—————5 2.124

Eq. 2.122 and 2.124 are exact solutions and indeed, as we can see in Fig. 2.17 and 2.18 they
are perfectly reproduced by our numerical data. Nonetheless, we still observe a discrepancy
between the two solutions close to the walls.

We shall now discuss more in details the errors arising from this type of geometry.

2.5.2.3 Effect of PBCs

This problem was previously tackled by Amagl Obliger'l. As a further way to validate our
new code, we reproduced the exact system that he simulated. Specifically, he ran simulations
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Figure 2.18 — Concentration profile of cations in a cylindrical channel due to the surface charge
density 0 Az?/e = —2.0, for a diameter 2R/Ax = 61, when only counterions are present. The cations
density is in LB units of py Ax? and r/Ax is normalized with respect to 2R/Ax

with a solvent mass density p = 103kg/m?, a dynamic viscosity n = 0.001 Pa - s, a radius
R = 5 x 107?m and a surface charge 0 = 8 x 10'® m™2. The resolution he adopted was
Az = 0.208 x 10~m. The corresponding physical data is shown in Table 2.7.

R 5.04 x 1079 m
Lppc | 5.25x1077 m
v 1.0 x 1075 m?/s
lp 0.7x 1072 m
o —8.02 x 106 ;=2

Table 2.7 — Physical data for a cylindrical channel with only counterions . R is the radius of the
pore and L its length. v is the kinematic viscosity, /5 the Bjerrum length and o the surface charge

Errors arise due to periodic boundary conditions because the simulation box is an or-
thorombic cell in which the cylinder boundaries are drawn approximately using the lattice
nodes inside. Thus the cylinder may be affected by the PBC in different ways, depending
on how far the solid nodes are from the boundaries of the box of simulation, as shown in
Fig. 2.8. The parameter w determines the distance of the circle with the boundaries of the
box. Depending on the value of w, more or less errors appear in the final solution. Following
this previous study, we consider two scenarios, with w = 1Az and w = 50Ax. The relative
error for the charge concentration, dp; = (p5™ — pine) /pane
Fig. 2.19 and 2.20 for w = 1Ax and w = 50Ax respectively.

Maximum error values decrease from 8% to 5% when w is increased. The error maps

, was computed and presented in

clearly show that errors are positive along with the main diagonal (orange/red regions) and
negative along with the vertical and horizontal diameter (blue regions). In other words in the
former case the numerical data overestimates the analytical solution whereas, in the latter
case, the numerical data underestimates the analytical solution. Furthermore, the positive
errors on the main diagonal are smaller than the ones on the horizontal and veritical diameters.
This is due to the fact that the number of solid nodes is higher along with the main diagonal,
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Figure 2.19 — Relative error on the counteri-
ons density when compared to the analytical
solution. The radius of the pore is R = 5 nm,
no salt is present and the walls bear a surface
charge of 0 = —8 x 10'%m 2. The separation
between the boundary of the channel and the
box of simulation is w = 1Ax
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Figure 2.20 — Relative error on the counteri-
ons density when compared to the analytical
solution. The radius of the pore is R = 5 nm,
no salt is present and the walls bear a surface
charge of o = —8 x 10'%m 2. The separation
between the boundary of the channel and the
box of simulation is w = 50Az

rather than on the vertical and horizontal diameters. The results are in accordance with what
Amaél Obliger observed. This validates once more our implementation of the LF and SOR
algorithms.

2.5.3 Electro-osmotic flow

After validating independently the hydrodynamic (see Section 2.5.1) and the electrostatic (see

Section 2.5.2) parts, we finally consider their coupling by simulating an electro-osmotic flow
(EOF).

2.5.3.1 Microscopic origin and Helmholtz-Smoluchowski theory

An electro-osmotic flow (EOF) is a type of flow induced by an external applied electric field
tangential to a charged solid-fluid interface. They were first reported in 1809 by F. F. Reuss
in Ref. 140, who showed that water could flow through a plug of clay by applying an electric
voltage. This is because clay is composed of closely packed charged aluminosilicate particles.
Water can then flow through the narrow spaces between these particles. More generally, any
combination of an electrolyte confined by charged walls would generate electro-osmotic flows.
For water /silica interfaces the effect is particularly large, due to high surface charge densities.
The reason why such flow takes place is that the mobile ions present in the electrical double
layer (EDL), which forms in the region near the interface, are moved by the Coulombic force
exerted by the electric field applied to the fluid (usually via electrodes placed at inlets and
outlets). This force acting per unit volume of the fluid can be written as:

N
fv=F Z zeppe = — (eV?9) E (2.125)

k=1
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where FE is the applied electric field.
Therefore, the fluid motion is governed by the the Navier-Stokes (NS) equation, i.e.

p<%1; +u- Vu) = —Vp+nViu— (eV?¢) E (2.126)
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Figure 2.21 — Electro-osmotic flow profile in a slit channel with added salt. The flow is induced by
an external electric field SeAzE = 0.025 parallel to the walls (resulting in an EOF). The velocity u
is normalized with respect to the maximum velocity w,q. = eE,0/[nksinh(kL/2)], whereas z, which
denotes the position in the fluid region, is normalized with respect to L the distance between the
walls. The theoretical profile is given Eq. 2.130.

with the incompressibility condition

V-u=0. (2.127)

p, w, p and n denote the density, velocity, pressure and fluid dynamic viscosity respectively.

2.5.3.2 Slit pore

As in Section 2.5.2.1, we consider a slit whose surfaces bear a negative surface charge density
—coe in e-m~2 and a symmetric, binary, monovalent (1:1) salt. Assuming the external applied
electric field to be much weaker than the one induced by the surface charge of the solid surface,
one can consider that the ionic concentrations near the walls are not affected by the external
electric field and thus the induced EOF.

When the EOF is fully developed, i.e. du/dt = 0, with no external pressure gradient across
the charged surface and in the limit of low Reynolds number (= (u-V)u = 0) Eq. 2.126 and
2.127 may be simply written as:

d*u d*y
— =c—F,;. 2.128
T2 = S ( )
Integration yields
u(z) = % (z) + Az + B (2.129)
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Figure 2.22 — Electro-osmotic flow profile in a slit channel with only counterions. The flow is induced
by an external electric field feAxE = 0.025 parallel to the walls resulting in an EOF. The velocity w is
normalized with respect to the maximum velocity u,.; = eE,/[2mnlg], whereas z, which denotes the
fluid region, is normalized with respect to L, the distance between the walls. The theoretical profile
is given Eq. 2.131.

where A and B are constants to be determined and v(z) is given by Eq. 2.100 or 2.102
depending on whether salt is inserted or not.

The EDL thickness is on the order of nanometers, which is much smaller than the charac-
teristic length of microfluidic devices. The EOF velocity profile in a microchannel is almost
uniform and is referred to as a "plug-like flow". Therefore, one can use the constant veloc-
ity to describe the EOF velocity outside the EDL, which is known as the Smoluchowski slip
velocity 141

In the presence of salt and under the low potential assumption (i.e. Debye-Hiickel regime)
the boundary conditions are:

o u(z==+L/2)=0
o (2 =+L/2) = 2B tanh(kL/2)

and the solution for the velocity profile is given by:

‘u(z) = Upmaz[cosh(kz) — 1] ‘ (2.130)

— _ ebiyo
where Upqgq 1= nesinh(kL/2) "

On the other hand, when no salt is added the exact solution of the non-linear problem
(i.e. Gouy-Chapman regime) reads:

(%) = tpes In [Cos (Jiz/z)] (2.131)

._ ek
where e p 1= Sl s

Simulations results for these two regimes are presented in Fig. 2.21 and 2.22 respectively
and compared to the analytical solutions given in Eq. 2.130 and 2.131. The simulations
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are performed with the same parameters as in Section 2.5.1.1 and thus correspond to the
potential showed in Fig. 2.11 and 2.13, respectively. The applied electric field was chosen to
be feAxE = 0.025. Both solutions are correctly reproduced and we observe in the presence
of salt the plug-like type of flow characteristic of EOF, which differentiates it from a classical
parabolic shape of pressure driven flows (Poiseuille).

2.5.3.3 Cylindrical pore

0.2 .
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Figure 2.23 — Electro-osmotic flow profile in a cylindrical channel with added salt. The flow is
induced by an external electric field SeAxzE = 0.005 parallel to the walls resulting in an EOF. The
velocity u is normalized with respect to the reference velocity ur.y = ceE,/(kn) x Io(kR)/Ii(kR),
whereas r, which denotes the position in the fluid region, is normalized with respect to the channel
diameter 2R. The theoretical profile is given by Eq. 2.130.

As in the slit pore case, we consider the NS equation and we express the term nV>2u, in
cylindrical coordinates as:

NV, =1 Ll“;" (r%ﬁf) + :2%2;; + (?:; (2.132)
Given our assumptions,
e the radial and swirl components of the velocity are zero, i.e. u, = ug =0
e steady state is reached, i.e. Qu, /0t =0
e the flow is axisymmetric, i.e. 9(-)/00 =0
e translational invariance, i.e. 9(-)/0z =0
Thus,
nV2u, =1 [i; <r%iz>} (2.133)
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Hence, NS equation can be simplified as,

8055 (%)

In a cylinder u(r = R) = 0 and ¢(r = R) can be determined using Eq. 2.109 or 2.122
depending on whether or not salt is added to the system. Integration for the velocity profile
yields:

u(r) = 5? [(r) + Aln(r) + B] (2.135)
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Figure 2.24 — Electro-osmotic flow profile in a cylindrical channel with counterions only. The flow
is induced by an external electric field SeAxzE = 0.005 parallel to the walls resulting in an EOF. The
velocity u is normalized with respect to the reference velocity u,.; = eE./(2mnlp), whereas r, which
denotes the position in the fluid region, is normalized with respect to the channel diameter 2R. The
theoretical profile is given by Eq. 2.131.

If salt is added under the assumption of low potential (Debye-Hiickel regime) the velocity
profile is written

o _O;E IQ(RT’) - IQ(RR)
u(r) = p < 1o R) ) E.| (2.136)

On the other hand, if no salt is added the corresponding exact solution of the non-linear

problem, in the Gouy-Chapman regime is:

2mlp 1—a?R?

() = —— 1 ( Lot > A (2.137)

with « as defined in Eq. 2.123. The parameters of the simulation are the same as in Sec-
tion 2.5.1.2. Fig. 2.23 and 2.24 correspond to the potential profiles of Fig. 2.15 and 2.17
respectively. An electric field feAxE = 0.005 parallel to the walls, which induces an EOF,
was applied. The resulting numerical data for the two cases studied, perfectly reproduces the
analytical solutions (see Fig. 2.24 and Fig. 2.23). Coupling between the hydrodynamics and
electrostatics was thus successfully achieved.
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2.6 Conclusion

In this chapter, we introduced the Lattice Boltzmann Electrokinetics method. The governing
equation of the problem were set and their corresponding discretized form, as implemented
in the algorithm, were illustrated. We showed how the NS equation is recovered from the
Boltzmann equation and how it is then coupled with the LF method to couple the solvent
with the ions dynamics.

The hydrodynamics part of the code was validated for two geometries (i.e. a slit and
a cylinder) simulating a Poiseuille flow, whose analytical solution is known. Similarly, we
validated the electrostatics part of the code by comparing our results with analytical solutions
of the PB equation, which were derived for two geometries (slit and cylindrical pores) in the
cases were no salt is added, which is an exact solution of the problem, or in the presence
of salt under the assumption of low potential. Finally the coupling of electrostatics and
hydrodynamics was validated by perturbing the system with an external electric field, which
induces an electro-osmotic flow and comparing with analytical solutions for the two geometries.

The overall code was thus successfully validated. In the next Chapters we will introduce
new features to the code, which introduce new physics, not available to our knowledge in
other LBE codes. In Chapter 3 we introduce the moment propagation method for charged
tracers, which may also experience adorption/desorption dynamics. Then, in Chapter 4 and
5 we introduce the major novelty of this thesis, which is the change of boundary conditions
from surface charges to fixed potentials at the solid-boundaries. Finally Chapter 6 discusses
how the formalism of linear response theory can be applied to LBM.
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T HAS also become obvious recently that the behaviour of charged solid/liquid interfaces
does not only depend on the electrostatic interactions between the ions and the wall, but
also on their chemical nature, which modifies their short-range interactions, e.g. via the solva-
tion properties of the ions. 142143l Molecular simulations have clarified such ion-specific effects,
as well as the consequences on the electrokinetic effects on both hydrophilic and hydrophobic
surfaces. !4 Details of the electronic properties of the walls also have strong effects on the
interaction with solutes: Density Functional Theory (DFT) calculations suggest for example
that differences in the interactions between the hydroxide ions and either carbon or boron
nitride nanotubes, which have the same geometry but different electronic structures!**®! may
be at the origin of the dramatically different hydrodynamic behaviour observed on larger scale
for the flow of water through these tubes.*146 At a more coarse-grained level, specific effects
can be introduced in mean-field theories such as Poisson-Boltzmann via Potentials of Mean
Force (PMF), which can be computed using molecular simulations. (1471 Tn the present thesis,
we alm at extracting microscopic information on the dynamics of individual mobile species,
which may involve diffusion, advection and migration, but also adsorption and desorption
from surfaces. To that end, we follow the Moment Propagation (MP) approach [113:132-137]
which is not limited to the mere computation of average fluxes but allows the computation of
observables which reflect the statistical properties, averaged over all possible trajectories, of
their dynamics, such as their velocity auto-correlation function (VACF).

Section 3.1 presents the theoretical basis for the description of the transport of solvent
and ions as well as their adsorption/desorption at solid/liquid interfaces. The lattice-based
algorithm is then presented in Section 3.2. It extends previous works treating either the effect
of electrostatics and electrokinetics, or that of adsorption/desorption at the walls. Results
are then presented in Section 3.3 which is divided in two parts. The first one validates the
[113.114] * The second one finally

considers the case of dispersion of neutral and charged adsorbing/desorbing tracers, by an

implementation of the algorithm using two previous works

electro-osmotic flow in a slit-pore with charged walls and counterions in the absence of added
salt, for which some properties can be determined analytically. The algorithm is validated
by examining the average velocity of tracers as a function of surface charge, of the tracer
valency and of the adsorption/desorption rates. We then illustrate the ability of the MP
method to estimate properties for which no analytical results are available, by considering
their dispersion coefficient.

3.1 Model and adsorption/desorption equation

The combination of the Poisson and Nernst-Planck equations, as given in Eq. 2.15, with the
Navier-Stokes equation (Eq. 2.16) provides a simple yet reasonably accurate description of
the coupled ionic and solvent dynamics. They must be supplemented by electrostatic and
hydrodynamic boundary conditions. We will focus here on fixed surface charge density oe
(with o per unit surface), which may in principle depend on the position on the surface, and
no-slip (u = 0) boundary conditions at the fluid-solid interface.

We will further investigate the dynamics of charged tracers within such an ionic solution.
Tracers follow the same evolution of Eq. 2.9 as the major ions, i.e. experience diffusion,
advection and migration, but they do not influence in return the electrostatic potential ¢ or
the fluid velocity w (or the other ionic densities). However, we will also consider the adsorp-
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tion and desorption of such tracers at the surface of solid walls. Introducing I'y the surface
concentration of species k (length~2) and assuming first-order kinetics for both processes, the
evolution of the adsorbed and mobile tracers at the surfaces follow:

atrk’(ra t) = _kdrk‘(ra t) + kapk(r’ t) (31)

where kg (time™!) and k, (length-time™!) are the desorption and adsorption rates, respec-
tively. In equilibrium, this results in the Henry law adsorption isotherm.

These coupled non-linear equations, namely Eq. 2.15 and 2.16 for the dynamics of the
major species and of the fluid and Eq. 2.9+3.1 for the adsorbing/desorbing charged tracers
should then be solved, in general numerically, to predict the evolution of the system. At
this mean-field level, however, such a solution does not provide information on the dynamics
of individual tracers and how they explore the fluid and the interface under the combined
effects of all microscopic processes. Here we extend the Moment Propagation method, which
allows the computation of observables which reflect the statistical properties, averaged over

all possible trajectories, of their dynamics, such as their velocity auto-correlation function
(VACF).

3.2 Algorithm - Moment Propagation

In order to compute the VACF of tracers within such electrokinetic flows, we take advantage
of the probabilistic description underlying the LB method via the Moment Propagation (MP)
approch introduced by Lowe and Frenkel 1331481 Several descriptions and extensions of this
method have since been proposed for various applications, see Ref. 113,114,132,137,149-151.
In the present work, we show that this method can be used for charged mobile (hence experi-
encing diffusion, advection and migration) and adsorbing/desorbing species — a combination
of features which had to date not been investigated previously despite its relevance in the
many contexts described in the introduction. We first show how the MP method can be
implemented to propagate any quantity related to the transport of tracers under the com-
bined effect of all the above-mentioned processes. Then, we show how a particular choice of
propagated quantity can be made to compute the VACF, before finally expressing averaged
quantities such as the average velocity or dispersion coefficient of tracers from their VACF.

We consider here the propagation of an arbitrary quantity P(r,t) defined on the same lat-
tice as the one used for the LB/link-flux simulations. In the absence of adsorption/desorption
processes, it is updated in steps according to P(r,t + At) = P*(r,t + At) with:

P*(r,t + At) = P(r,t) [1 - Zpi(r,t)

+ Z P(r — ¢;At, t) pi(r — ¢;At,t) (3.2)

where the sums run over discrete velocities and p;(7,t) stands for the probability of leaving
a node r with velocity ¢;. The first term therfore corresponds to particles that have not left
T between t and ¢t + At. All the dynamics is then encompassed in the definition of these
probabilities, which are designed to capture the relevant physical processes [113],
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1 1
) _ padv )= s
pi(r,t) = pi*(r,t) + w; {4Bqu At + & PAr D } (3.3)

with w; the weight associated with velocity ¢; in the underlying LB lattice %2 and Ap§®(r,t) =
e (r + ¢ At t) — p®(r, t) if r + ¢; At belongs to the fluid phase, while p;(r,t) = 0 otherwise.
The first term accounts for advection by the fluid, whereas the term between curly brackets is
specific to the tracer and includes both the effect of diffusion and migration under the influ-
ence of the external and internal electric fields (at the present level of description, u® = gew)
with ¢ the valence of the tracer and 1 the potential arising from the surface charges and major
ions). More precisely, the advective contribution is computed from the LB populations as:

adv _ fi(r’t)
b; (T,t) - p(’r’,t)

where p(r,t) = > . w; fi(r,t) is the local density of the fluid, and the A parameter in Eq. 3.3
is related to the diffusion coefficient D of the tracer via:

— W; (3.4)

4D
- C2At
with ¢s the speed of sound associated with the LB lattice. As a result, any property P will

(3.5)

be propagated following the same dynamics as Eq. 2.9. We now complement this algorithm
with the approach of Ref. 114 for adsorption/desorption at the solid-liquid interface. To that
end, we introduce for interfacial fluid nodes a propagated quantity P.qs(r,t) associated with
adsorbed particles. It is updated according to:

Pogs(r,t + At) = Pags(r,t)(1 — pa) + P(r,t)p, (3.6)

where p, = ko,At/Ax and pg = kgAt, with k, and kg the rates defined in Eq. 3.1. Conversely,
the evolution of the propagated quantity for mobile species is modified to:

P(r,t+ At) = P*(r,t + At) — P(r,t)pg + Paas(r, t)pg (3.7)

with P* defined in Eq. 3.2.

The combination of Eqgs. 3.2-3.7 therefore corresponds to the evolution of particles accord-
ing to the coupled diffusion-advection-migration and adsorption/desorption equations 2.9 and
3.1 for tracers. However, one can propagate properties beyond the mere density of particles.
Indeed, a proper choice of P (and corresponding P,qs), defined by the initialization discussed
below, allows the computation of the VACF. We briefly recall here the derivation of Ref.
113. The starting point is the definition of the VACF for the v € {z,y, 2} component of the
velocity, which in the present case where the velocities of particles can only assume discrete
values reads:

Zy(t) = <v3vfy> = Z W(ro,cg)w(cfy|r0,cg)cf/cg

r0,cY
= Z w(ro,cg)cg Z:Tr(1“t,ct7|1“0,cg)ctV (3.8)
70 0 pt
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where the superscripts refer to times 0 and ¢ and the discrete sums run over nodes and set of
velocities associated with the chosen lattice. Moreover, (7Y, co) is the probability of being at
node 7Y, with velocity cg and W(cg\r ) the probablhty to have a velocity c , given that the
particle was initially at node 70 with Ve10(31ty Cv (and similarly for the joint dlstrlbutlon in the
sum over r!). Eq. 3.8 can be rewritten by replacing 7(rt, cfy|r0, cg)cﬁ/ by the post-collisional

average W(rt,cmro,cg) Yipi(r,t)ciy = w(rt |1° , W) u’(r,t), with the local average tracer

velocity defined by:
)= pi(r,t)e; (3.9)

which to first order in f§||¢; - V|| At reduces to u* ~ u+ fD(qeE — Vu) = u+ fDge(E —
V1)). We can then rewrite the VACF as a sum over all lattice nodes at time ¢:

Z,t) =Y | > w0, )a (i, )| wir,t) = Prt,y)ul(r,t) (3.10)

t
r r0,c8

which also defines the relevant probabilty P(r,t,~y) to be propagated for each component
of the VACF, namely the probability to arrive at node r at time ¢, weighted by the initial
velocity of the particle. Since the particles adsorbed at the solid-liquid interface are considered
as immobile (i.e. we neglect here surface diffusion), they do not enter directly in w*. However,
the adsorption and desorption processes do contribute to the VACF via the evolution of P in
Eq. 3.10, which is coupled to that of the corresponding P,4s — see Egs. 3.6 and 3.7. The crucial
step is then the definition of the initial values of both propagated quantities. Specifically, this
is achieved by the following choice:
—BuE(r—c;At
Pr,1,7) =Y eQ)pi(r — ¢iAt,0)csy (3.11)
7

for all fluid (F) nodes, including interfacial (I) ones, with @ the partition function of the
tracers, which also includes the adsorbed ones:

Q= eI L3 i) (1 +e—muad5(r>) (3.12)
reF\I rel
where e #AHads = k, /kgAz defines the tracer sorption free energy. We further initialize

the corresponding propagated quantity for adsorbed tracers to 0, because of their vanishing
velocity.
The initial value of the VACF is simply given by

—Bu”(?’

Z 0 (r,0)ciy (3.13)

and subsequent values are computed with Eq. 3.10 where the propagated quantity is initialized
via Eq. 3.11 and evolved according to Egs. 3.2, 3.6 and 3.7. This completes the description of
the algorithm. Note that this should be applied separately for each direction v and of course
for each tracer, defined in the present case by its valency ¢ (which enters in p*), its diffusion
coefficient D (which enters in the transition probabilities p;) and the adsorption/desorption
rates k, and kg.

All the above algorithms have been implemented in the Laboetie code.
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3.3 Results and Discussion

L/2
)o 7 o ® ®
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Figure 3.1 — Electro-osmotic flow in a slit pore between negatively charged walls.

The moment propagation method starts once the EOF reaches steady state, as described
in Chapter 2. The Laboetie code was previously implemented in order to take into account
the effect adsorption/desorption of only neutral tracers. We extended the code to capture the
effect of electrostatic forces coupled with adsorption/desorption. This is shown schematically
in Fig. 3.1. In order to validate this new methodological development, we first validate
it by reproducing the results of Rotenberg et al.l''3l for the moment propagation method
with neutral, positive and negative tracers without adsorption/desorption. Furthermore, we
validate the adsorption/desorption dynamics with neutral tracers reproducing the results
obtained by Levesque et al.['14].

3.3.1 Dispersion of charged adsorbing tracers by an electro-osmotic flow

The system showed in Fig. 3.1 is useful to show the ability of the moment propagation method
to capture the combined effects of adsorption/desorption, in addition to that of advection,
electro-migration and diffusion. Specifically, we investigate the dispersion of tracers with va-
lency g € {—1,0,+1} by an electro-osmotic flow in a slit pore with parallel walls of surface
charge density oe < 0 separated by a distance L, with monovalent counterions. This system
has the advantage that a number of properties can be computed analytically in the absence
of added salt (see Chapter 2). In particular, the electrostatic potential in the direction per-
pendicular to the surfaces is given by: ¥(z) = ¢(L/2) + kB% In [cos?(az)/ cos?(aL/2)], with
z € [-L/2,+L/2] and where the characteristic length a1 is the solution of % tan % =
7|o|Llp with the Bjerrum length ip = e? /AmeoerkpT. In the presence of an applied electric
field ), parallel to the surfaces, the steady-state profile is governed by the balance between
the electrostatic force epy(2)E, (since only monovalent cations are present in the fluid) and
viscous force nu’y’ (z), resulting in the electro-osmotic flow:

uy(z) = ;%B In Cs;’(so(z% = uyesh(2) (3.14)
which also defines the reference velocity u,.; := eEj, /27nlp and the scaling function h. For
small surface charge density (oL — 0), the velocity profile is almost parabolic, uy(z) ~
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electric field, which corresponds of course to a different prefactor).

The fraction of adsorbed tracers f,4s (or equivalently of mobile tracers fiop = 1 — fads)
depends on the surface charge and distance between surfaces via the product aL, as well as on
their valency ¢ and the ratio k,/kqL. More generally, the equilibrium distribution of tracers
within the pore is given by the normalized Boltzmann weights:

B*
By(&) = —i7 - © " - (3.15)
f71/2 B&k(g) d¢ + kdaL [B;(i) + B;(_i)]
with { = 2/L € [-1/2,41/2] and

}, as in the case of a Poiseuille flow (applied pressure gradient instead of

—2¢
B:;(f) _ efqed)(&)/kBT _ [CC:SS((O?;/?)] (3.16)

The integral in the denominator of Eq. 3.15 can be performed analytically for ¢ € {—1,0,+1},
with the results (1 + S“O%L) /(1 +cosal), 1and S‘géiz‘L respectively. The variation of the frac-
tion of adsorbed tracers with aL and k,/kqL will be discussed below.

From the dynamical point of view, we will analyze two properties relevant in practice for
the transport of tracers, namely the average velocity and the dispersion coefficient, in the
direction of the flow:

1/2
Va= | By(§) [BDgEy + ureph(§)] d€ (3.17)
and
Do = | [00a0) = Tyl [ 1) = g (3.18)
Both can be determined from the VACF (computed in the following with the moment
propagation method) as v, 4 = 1/Zy(0c0) and
Dyq = /0 [Zy,q(t) = Zyq(00)] di (3.19)

for each tracer ¢ with Z, 4(00) = limy_y00 Zy 4(t).

3.3.2 Validation

We first reproduced the simulation of Ref. 113, in the absence of adsorption for charged
tracers, which were performed with D3Q19 lattice for ¢ = 1/3(Az/At)? on N x Ny x N, =
5 x 5 x 66 lattice points which have three solid sheets on each side, for a. = 1.98. The
distance between walls is thus L = N, — 6 = 60Axz. A Bjerrum length Ip/Ax = 04, a
bulk diffusion D = 0.05 (Az?/At) were chosen. An electric field parallel to the walls with
BeE,Az = 0.05,0.1 and 0.15 was applied. Once steady state is achieved we recover the EOF
as discussed in Chapter 2. The moment propagation method allows us to compute easily the
VACF, which can then be linked to the time-dependent diffusion coefficient via

D.(t) = /O t dt'Z, (). (3.20)
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D,(t) is a quantity which can be easily measured using NMR thanks to pulsed field
gradients and it is often applied to quantify the surface-to-volume ratio of porous mediall?3l,
In the case of neutral tracers, an analytical solution exists, namely

8 o 1 72Dt
D.(t)/D =— —_— —(2 1)2 . 21
01D = 53 e -Cn 0 3.21)

The corresponding numerical results are illustrated with black upward triangles in Fig. 3.2
and good agreement is found between the theory and the simulation. Moreover, we notice
that the time dependent diffusion coefficient decays faster for anions than for neutral tracers.
This is due to the repulsion from the negatively charged walls which confine the tracers in
a smaller region resulting in a faster memory loss of their initial velocity. Finally, D,(t) for
the cations exhibits a long time tail. Indeed, the initial part of the decay is explained via the
confinement in the vicinity of one surface, whereas the longer tail is due to the escape from
one surface to the other.

D(t)/D

00 01 02 03 o4 05
t/(L*/D)

Figure 3.2 — Time-dependent diffusion coeflicient in the direction normal to the surfaces D, (t) =
fot dt'Z, (t') for anions, neutral and cations for L = 1.98. The red line is analytical result for neutral
tracers as given by Eq. 3.21.

The dispersion coefficient in the direction of the flow is computed using Eq. 3.19. In
this geometry, for all cases the dispersion coefficient increases quadratically with the Péclet
number Pe, more precisely as:

D
ﬁ = fmob + f(aLaQ) x Pe? (3.22)

which defines the prefactor f(alL,q), which also depends on the adsorption/desorption rates
kg and kg, and where Pe = Lu/D. The average velocity w is defined as:

1 L/2
u = / uy(2) dz. (3.23)
LJ 1,

Then, following De Leebeck and Sinton for the case of a cylindrical channel*>l one can




Chapter 3. Moment propagation method for adsorbing/desorbing charged
species

obtain (see Ref. 113) the expression for the dispersion factor for a slit pore in the no-adsorption
case:

L,q, ke =0 1/2(:1 B gd/ §/d”B " " 3.24
flabigha=0) == [ 46 B,©afe) [ ¢ g [ ae Beae) (20
where g4(¢) = [uy(§) + BDgeE, — vy 4]/t measures the local deviation from the average

velocity. Comparison between the numerical results carried out with Laboetie (symbols) and
solution of Eq. 3.24 (line) is presented in Fig. 3.3. The good agreement between the numerical
and analytical results validates the correct implementation of the method in the Laboetie code
without adsorption/desorption. We now turn to the validation of the latter for neutral tracers
in a Poiseuille (i.e. pressure driven) flow as in Ref. 114.

100 1 1 1 1 1
==
804 T Ll SRS o L
— 0 : : : :
Q 60+
\
b=
Q 404
204

BeEL

Figure 3.3 — Dispersion coefficient by an EOF (see text for details) from moment propagation
(symbols) and Eq. 3.24 (line). Anions are less dispersed than neutral and cations, because they are
concentrated in the centre of the slit, where the flow is more homogeneous. Increasing the charge
density increases both the dispersion coefficient and the difference between tracers of different charge.

We carried out the same simulations as in Ref. 114, where the slit pore has a width
L = 100Az, with no surface charge at the walls and a bulk diffusion coefficient D =
1072Az%/At. The adsorption rate k, = 10"*Ax/At and decreasing desorption rates kgAt =
1072,1073, and 10~%. This results in an increasing fraction of adsorbed tracers f, of ap-
proximately 16%, 66%, and 95%, respectively. This fraction is defined for neutral tracers
as

-1
fu= (1 n ’;jf) (3.25)

The effect of a pressure gradient was studied on the system. The Poiseuille flow induces a
Taylor-Aris dispersion [155:156] of the tracers with a dispersion coefficient D, which is known
exactly in the presence of adsorption and desorption in the simple slit geometry

1022 + 18y + 1 N D 2y
210(1 + 2x)3 L2kq (1+2x)3

D
y—l—i—Pez[

5 (3.26)
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where x := kq/kqL. Fig. 3.4 shows that there is perfect agreement between Eq. 3.26 and the
numerical results, as it was also found in Ref. 114.

25000 L ! L !
— 16%|

200004 = 66% | i .
— 5%

O 15000} flon
> : : : :

R 10000 o v SRR W < S - 2

5000

0+ ] i i i
0 200 400 600 800 1000

Pe number

Figure 3.4 — Dispersion coefficient of neutral tracers in a slit pore in the direction of the flux,
normalized by the bulk diffusion coefficient, as a function of the Péclet number, as extracted from
our LB scheme (symbols) and from the exact results (lines). Several fractions of adsorbed tracers,
or sorption strength, f,, defined in Eq. 3.25, are presented: blue circles, 16%; red squares, 66%; and
black upward triangles, 95%.

The adsorption/desorption dynamics of the code was thus validated. We can now turn
to the study of the effect of adsorption/desorption effects on neutral or charged adsorb-
ing/desorbing tracers, which experience electrostatic interactions and the effect of electroki-
netic flows.

3.3.3 Simulation parameters

We use the standard D3Q19 lattice, (see Chapter 2). The associated speed of sound is c?

S

% (%)2. [125] We use N, X Nyx N, = 5x5x106 lattice points, with three layers of solid nodes on

each side. The distance between the solid-liquid interfaces is thus L = (N, — 6)Az = 100Ax.

Periodic boundary conditions are used in all directions. The relaxation time in the collision

operator of the LB scheme is2 chosen as 7 = At (with At the time step); this corresponds to a
1 Ax

kinematic viscosity v = gz The diffusion coefficient of the counterions and all the tracers

is D= 0.05%, which ensures that the Schmidt number Sc = v/D is large, as in the case
for small ions in water. In order to resolve the variations of the electrostatic potential, ionic

concentrations and velocities over a distance a1

, we use a lattice spacing Ax = 2.5 [g. Since
the Bjerrum length in water at room temperature is [p &~ 7A, the distance between walls
is L = 100Az ~ 175 nm. Simulations are performed for 4 surface charge densities, namely
2N$NyUAx2 = —0.1,-1.0,—2.0 and —5.0 corresponding to o = 0.96,2.29,2.63 and 2.91.
For each case, the electric field is applied in the y direction with magnitude Se5,Az = 0.0 to
0.15 in reduced units.

Finally, once the steady-state is reached in each case with LBE, the populations f; are used
in the moment propagation equations (see Eq. 3.3 and 3.4) for 3 different tracers with valency

q € {—1,0,+1} to obtain the corresponding VACFs, from which the average velocity oy 4
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and dispersion coefficient D, , are obtained as explained above. For each tracer, 4 different
simulations were carried out to investigate the effect of adsorption/desorption. In addition
to the reference case without adsorption (k,At/Axz = 0), we consider a finite adsorption rate
koAt/Az = 107! and three desorption rates kgAt = 1072,1073 and 10~4.

3.3.4 Fraction of adsorbed tracers
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Figure 3.5 — Fraction of adsorbed tracers f,q4s with valency ¢ = +1 (top), 0 (middle) and -1
(bottom), as a function of aL which quantifies the strength of electrostatic interactions with the walls
(see section 3.3.1). In each panel, we consider a finite adsorption rate k,At/Az = 107! and three
desorption rates: kgAt =102 (red), 1073 (blue) and 10~ (green). In the last case simulated in the
present work (without adsorption), obviously f,4s = 0 regardless of the tracer valency (not shown).
The lines are computed from Eq. 3.15 and the symbols indicate the values of aL corresponding to the
simulated systems.

Before discussing the dynamical properties, we first summarize the equilibrium fraction
of adsorbed tracers for the considered systems in Figure 3.5, which is calculated from the
analytical expression Eq. 3.15. For given electrostatic conditions (fixed aL), f,qs increases
with increasing k, /kq for all tracers. For fixed k,/kq, the variation of f,4s with the electrostatic
conditions depends on the valency of the tracer: f,qs does not depend on al for neutral
tracers, while for the present case of a negatively charged surface it increases (resp. decreases)
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with aL for cations (resp. anions). This is a direct consequence of the effect of the surface
charge density on the concentration of mobile tracers at the surface, which are in equilibrium
with the adsorbed ones.

3.3.5 Electro-osmotic flow profile

15 1 1 1 1 1 1.8 1 1 1 1
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Figure 3.6 — On the left: electro-osmotic flow profile in a slit pore with uniformly charged walls and
no added salt (counterions only, in the presence of an applied electric field along the surfaces (see text
for details). The Lattice-Boltzmann Electrokinetics simulations, normalized by the reference velocity
Urer = eE,/2mnlp, are compared with the analytical solution Eq. 3.14. On the right: average fluid
velocity #, normalized by the reference velocity u,.f, as a function of acL.

Figure 3.6a reports the electro-osmotic flow profile for an applied electric field feE, Az =
0.1 and a surface charge density 2NxNyUAl‘2 = —2.0. Together with the above simulation
parameters, this corresponds to ol = 2.63. As expected from previous work on a nearly
identical system['*?l, the LBE results are in excellent agreement with the analytical solution
Eq. 3.14. The fluid velocity is maximal near the center and more inhomogeneous near the
walls (where it vanishes). Figure 3.6b then shows the variation of the average velocity:

u= 1 /L/2 uy(2) dz (3.27)

with uy(z) given by Eq. 3.14, as a function of aL. As expected, the average electro-osmotic

. . . . . . . . L)?
flow increases with increasing surface charge density. In particular, it vanishes as t.f (0‘12)

in the limit of small surface charges (L — 0).

3.3.6 Average tracer velocity

Figure 3.7 indicates the average velocity v, 4 of tracers with valency ¢ € {—1,0, 1} as a function
of the Péclet number Pe = @L/D with @ the average fluid velocity, for a surface charge
density corresponding to aL = 2.63 and adsorption/desorption rates (k,At/Ax, kgAt) =
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(1071,1073). We first note the excellent agreement between the simulation (LBE/MP) results
and the analytical solution Eq. 3.17 for all tracers. Even though the average velocity depends
only on the limit of the VACF at long times, this provides a first validation of the proposed
MP algorithm combining electrokinetics and adsorption/desorption. We further note that the
latter decreases the average velocity, by an amount which depends on the charge of the tracer.
More precisely, it follows from Egs. 3.15 and 3.17 that the average velocity is simply equal
to the product of the average velocity without adsorption/desorption (previously studied in
Ref. [113]) and the fraction of mobile tracers, f,op = 1— foas- The proportionality between the
average tracer velocity and average fluid velocity suggests to investigate how the ratio v, 4/u
depends on the surface charge and the adsorption properties. This is illustrated in Figure 3.8.
The good agreement with analytical results in all cases (varying oL, q, k, and kg) further
validates the present MP scheme.

3009 == Noads. — 0 '/ -~

— Ads. _—
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Figure 3.7 — Average tracer velocity, adimensionalized as a Péclet number v, ,L/D as a function
of the actual Péclet number Pe = uL/D with @ the average fluid velocity, for tracers with valency
q € {—1,0, 1}, for a surface charge density corresponding to e, = 2.63 and adsorption/desorption rates
(ko At/Ax, kgAt) = (1071,1073). The simulation results (symbols) are compared to the analytical
results Eq. 3.17 (solid line). In each case, the analytical solution without adsorption (dashed line).

In the simpler case of neutral tracers, the average tracer velocity without adsorption is
equal to the average fluid velocity. In the presence of adsorption, the ratio v, /u is indepen-
dent of the surface charge and simply equal to the fraction of mobile tracers, which decreases
as kq increases for fixed k,. Similarly, the ratio oy 4/@ also decreases with increasing adsorp-
tion in the case of positive and negative tracers. However, the behaviour is more complicated
since the mobile fraction as well as the distribution of charged tracers within the pores (hence
the flow) depends on the surface charge.

For positive tracers, which are located closer to the surface where the fluid is slower than
near the center of the pore, the ratio v, 41/t decreases with increasing surface charge (aL).
This ratio is larger than 1 for small surface charge, because the motion of the counterions (¢ =
+1) is dominated by the direct effect of the electric field. Specifically, in this regime @ 41 ~

BDeE,, while 4 ~ 255?5 (012)2 so that their ratio diverges as (aL)~2. It gradually vanishes

as the surface charge increases, because the motion becomes dominated by the advection by
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the electro-osmotic flow, which is more efficient for the fluid as a whole than for the cations
located on average closer to the surface.

In contrast, co-ions (¢ = —1) are located on average closer to the center of the pore and
the direct effect of the electric field is to drive them in the direction opposite to the electro-
osmotic flow. As a result, the ratio v, 1/ is negative for small surface charge and diverges as
—(aL)~2 for aL — 0, but is positive for large oL as the motion of co-ions becomes dominated
by advection by the electro-osmotic flow. This ratio tends to 1 as ol — m regardless of
adsorption, since the fraction of mobile co-ions also goes to 1 in this limit where both v,
and u are dominated by the flow near the center of the pore.
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Figure 3.8 — Average tracer velocity v, 4, normalized by the average flow velocity u, for charged
adsorbing tracers with valency ¢ = +1 (top), 0 (middle) and -1 (bottom), as a function of the strength
of electrostatic interactions with the walls («L). In each case, simulation results (symbols) for various
adsorption/desorption rates are compared with the anaytical results Eq. 3.17 (lines).

3.3.7 Diffusion coefficient

We now consider the dynamics of tracers in the direction perpendicular to the surfaces by
considering D, (t). We verified that results for neutral tracers are independent of the surface
charge and we present how D, (t) decays when k,At/Az = 107! and kgAt = 10721072 and
10~* change for a given surface charge value corresponding to oL = 0.96. This is shown in
Fig. 3.9. We verified that at t = 0, D,(t)/D corresponds to fiop = 1 — fads- Indeed, in
Fig. 3.9 we see for instance that the red curve gives D,(0)/D = 0.8, which corresponds to the
red curve value f,4s =~ 0.2 in Fig. 3.5. Furthermore, the more tracers adsorb, the longer it
takes for them to relax. Similarly, as we can see in Fig. 3.10, D,(t) decays faster for positive
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Figure 3.9 — Time-dependent diffusion coeflicient in the direction normal to the surfaces D, (t) =
fg dt'Z, (') for neutral tracers, for aL = 0.96 and feE Az = 0.1. The adsorption/desorption rates
are k,At/Ax = 107! and kgAt = 10721073 and 1072

tracers, for lower values kgAx, which correspond to more adsorption. We also observe that as
al increases, the relaxation time also increases. Indeed, as the walls are negatively charged,
tracers experience an electrostatic attraction towards them and thus diffuse longer. Once
again we verified that at t = 0, D,(t)/D corresponds to foop = 1 — fads. In addition, we can
see in Fig. 3.5 that the red and blue curve increase as aL increases, which implies that D, (0)
should decrease as aL increases and indeed this is what is observed in Fig. 3.10.
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Figure 3.10 — Time-dependent diffusion coefficient in the direction normal to the surfaces D, (t) =
fot dt'Z, (t') for positive tracers, for oL = 0.96 (left figure), 2.2 (centre figure) and 2.6 (right figure)
and feE,Ax = 0.1. The adsorption/desorption rates are k,At/Az = 107! and kqAt = 1072,1073
and 1074,

Likewise, we can see in Fig. 3.5 that for negative tracers all the curves decrease as alL
increases, implying that D,(0) should increase as aL increases. Once again this is what we
observe in Fig. 3.11. Furthermore, as we can see in Fig. 3.11, negative tracers are repelled
by the negatively charged walls and thus take less time to diffuse in the z-direction, as al
increases. Overall, both adsorption/desorption and the tracer’s charge strongly affect the
time for them to relax and reach steady state. It is thus clear that these effects cannot be
neglected.
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Figure 3.11 — Time-dependent diffusion coefficient in the direction normal to the surfaces D, (t) =
fot dt'Z, (t') for negative tracers, for oL = 0.96 (left figure), 2.2 (centre figure) and 2.6 (right figure)
and feE,Ax = 0.1. The adsorption/desorption rates are k,At/Az = 107! and kqAt = 1072,1073
and 1074,

3.3.8 Dispersion coefficient

Due to their diffusion in the direction perpendicular to the surface, tracers experience various
streamlines with different velocities. The adsorption/desorption processes also participate in
the dispersion since they offer other possibilities for tracers to adopt different states (here the
adsorbed species are considered as immobile, but surface diffusion would also contribute). The
dispersion coefficient in the direction of the flow, D,, normalized by the diffusion coefficient
D, as a function of the Péclet number wL/D, is shown for tracers with ¢ € {—1,0,1}, for a
surface charge density corresponding to al. = 2.63. In this geometry the dispersion coefficient
behaves according to Eq. 3.22, while in the absence of electric field (E, = 0) the dispersion
coefficient is simply D, = fi,0pD, this is not the case in the presence of an applied field.

The simulation results reported as symbols in Figure 3.12 are in good agreement with this
analytical result, reported as the dashed lines. In this no-adsorption case, also discussed in
Section 3.3.2, counterions (¢ = +1) are more dispersed than neutral tracers (¢ = 0) because
they are mainly located near the walls, where the velocity profile is more inhomogeneous
(see Figure 3.6). The opposite behaviour is observed for co-ions (¢ = —1), which are mainly
located near the center where the flow is more homogeneous.

In the general case with adsorption, Eq. 3.24 does not apply, and the “curvature” f(aL,q)
must be determined numerically by fitting the simulation results to Eq. 3.22. Note that in
each case the only fitting parameter is f(aL,q) since fiop = 1 — fads is known independently
(see Figure 3.5). The solid lines in Figure 3.12 illustrate in this particular case that the
behaviour remains indeed quadratic with applied field (hence Pe) and that the effect of
adsorption depends strongly on the valency of the tracer. For example, in this case dispersion
is increased by adsorption/desorption for neutral and negative tracers, while it is decreased
for positive ones. This dependence is shown in more detail in Figure 3.13 which reports
f(aL, q) for the same adsorption/desorption rates as for the discussion of the average velocity
(Figure 3.8). It is less easy to understand than the average velocity, which boils down to the
combined effects of the fraction of mobile species and their individual mobility.

In the limit of small surface charges (oL — 0) where the flow profile is almost parabolic
and where the tracer distribution is (almost) flat even for charged tracers, one recovers the
result for a Poiseuille flow, namely f = ﬁ. Already in this regime the effect of adsorp-
tion/desorption is not simple: Consistently with the analytical result for Taylor-Aris disper-
sion by a Poiseuille flow[!55157 "  does not vary monotonically with e.g. decreasing desorption
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Figure 3.12 — Dispersion coefficient, normalized by the diffusion coefficient, D, ,L/D as a function
of the Péclet number @L/D, for tracers with valency ¢ € {—1,0,1}, for a surface charge density
corresponding to el = 2.63, without adsorption (dashed lines) and with adsorption/desorption rates
(ko At/ Az, kgAt) = (1071,1073) (solid lines). The simulation results are shown as symbols, while the
lines correspond to the quadratic form Eq. 3.22. In this equation, the value at zero-field f,op = 1— fads
corresponds to Figure 3.5; the curvature is known analytically in the no-adsorption case, see Eq. 3.24
and fitted numerically in the presence of adsorption/desorption. Results of this fitting are discussed
in Figure 3.13.

rate kg at fixed adsorption rate k,. In this case (without any effect of charge), it further de-
pends separately on the ratios kq/kqL and D/kqL? 341 Tn the present case of charged tracers
and electro-osmotic flows, the situation is even more complicated, even though one can note
similar trends for all tracers in the limit o, — 0.

For very large surface charge densities (oL — m), f tends to decrease with increasing oL
for both co- and counterions, because their distribution becomes increasingly concentrated
near or away from the surface, respectively, while the electro-osmotic velocity profiles becomes
flatter near the center (which also explains the less pronounced decrease of f for neutral
tracers). For counterions (resp. co-ions), this is likely due to the fact that the fraction of mobile
tracers then becomes very small (resp. large), see Figure 3.5, so that the average velocity
becomes dominated by adsorbed (resp. mobile) tracers, which have the same vanishing (resp.
large) velocity. In the cases with smaller desorption rates kg, this decrease with a.L is observed
for relatively small values in the case of co-ions (¢ = +1), it is preceded for counter-ions
(¢ = —1) by an increase with aL and is almost not visible for neutral tracers. For the
largest desorption rate, one observes for all tracers a maximum as a function of al.. Overall,
the interplay between adsorption/desorption, migration and advection by the electro-osmotic
flow results in a very rich behaviour of the dispersion coefficient — more difficult to interpret
than the average mobility. This underlines the usefulness of a numerical simulation tool to
investigate the combined effects of all processes.
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Figure 3.13 — Prefactor of the dispersion coefficient vs Péclet number, f(aL,q) defined by Eq. 3.22,
for ¢ = +1 (top), 0 (middle) and -1 (bottom). In the no-adsorption case (black), simulation results
are compared to the analytical expression Eq. 3.24 (solid line). The other simulation results are for
finite adsorption rate k,At/Ax = 107! and three desorption rates: kqAt = 1072 (red), 1072 (blue)
and 10~* (green). The dashed-lines are only guide for the eyes.

3.4 Conclusion

We have extended the Moment Propagation (MP) method to capture the combined effects
of adsorption/desorption of charged tracers, their migration under local and applied electric
fields, as well as their advection by the local velocity of the fluid. We validated our modifica-

tion with previous works 131141,

We thus combined previous developments for the separate
description of these phenomena in particular (adosprtion/desoprtion and charged tracers),
taking advantage of the Lattice Boltzmann Electrokinetics method to capture electrokinetic
effects in the underlying fluid. As a further validation, we examined the simple case of dis-
persion by an electro-osmotic flow in a slit-pore with charged walls and counterions in the
absence of added salt, for which some properties can be determined analytically. We computed
with MP the velocity auto-correlation function (VACF) of charged and neutral tracers, from
which we extracted their average mobility, time-dependent diffusion coefficient and dispersion

coefficient. Comparison with analytical results for the average mobility allowed to validate
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the algorithm; the diffusion coefficient for charged tracers and the dispersion coefficient then
illustrates examples of property which can be provided by the MP method when no analytical
results are available. For both properties, we discussed the combined effects of the surface
charge, of the tracer valency and of the adsorption/desorption rates.

Futhermore, the time-dependent diffusion coefficient D(t) is of particular interest in porous
materials since it reflects how each tracer explores the porosity accessible to it (which de-
pends on its valency in charged porous materials) and can be measured experimentally using
NMRI53] As also mentioned previously, the MP method is not limited to the VACF and
can be used e.g. to compute NMR spectra of species diffusing in porous materials!'>8l. The
present algorithm allows the computation of such properties for charged species undergoing
adsorption/desorption, migration and advection, in simple geometries as presented here but
also in more complex media. Finally, we note that we have considered here the coupling of
adsorption/desorption with transport of charged tracers only, so that these processes do not
influence the dynamics of the underlying fluid. While in the present case of steady-state in
an infinite slit pore this would only result in the renormalization of the surface charge den-
sity, this is not true in general and a richer behaviour is expected, especially in the transient
regime. In order to do this and hence describe the interplay between adsorption/desorption
and electrokinetic effects, the present development of the MP method would need to be also
extended to the Lattice Boltzmann Electrokinetics scheme.
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O FAR the LBE method was used in order to simulate fluids confined at the nanoscale
between walls bearing an identical surface charge. Indeed, it is common in the literature
that the simulated systems have always an identical surface charge density in the solid region,
whether colloids or channels are taken into consideration. During this PhD we extended
the LBE method to simulate capacitors: as a first step we considered opposite surface charge
densities at the walls. Then we modified the method to impose a constant potential difference,
which is closer to the experimental situation. In this Chapter we present the development of
this modification, limiting ourselves to the stationary regime. The transient regime will be
addressed in the following chapter.

4.1 Ion distribution on the microscopic scale

In Chapter 2 we have extensively discussed how ions distribute in a channel and what is
their corresonding electrostatic potential. Once steady state is reached, ions are distributed
according to the Boltzmann distribution

pr = 1 exp (—2k9) (4.1)
where ¢ := fei and ni denotes a constant corresponding to the concentration where the
potential reference is taken. Plugging it in the Poisson equation yields

N
eA) = — Z ezini exp (—zx @) (4.2)
k=1
which is the so-called Poisson-Boltzmann (PB) equation. In the case of a symmetric 1:1
electrolyte (i.e. with a monovalent salt), the PB equation may be written as

V2(Be¢) = k?sinh(Bed). (4.3)
the inverse of the Debye screening length x is defined according to x? = 8mlgny with the
Bjerrum length Ip = Be?/4me being the distance at which the electrostatic energy between
two unit charges is equal to the thermal energy. Ip = 0.7 nm in water at room temperature.
When SBe¢p <« 1 the PB equation may be linearized resulting in

V2 = k2. (4.4)

4.2 Capacitor imposing a surface charge +o

4.2.1 No salt solution

We now restrict ourselves to a slit channel whose walls are separated by a distance L and in
order to simulate a capacitor, we apply an equal but opposite surface charge density on each
wall respectively (i.e. £ 0 on £L/2 respectively given o > 0). In the absence of added salt the
system is equivalent to a capacitor with a dielectric permittivity ¢ inside the channel. The
PB equation then reads

¢

A= 5 =0 (4.5)




Chapter 4. From Surface Charge to Constant Potential Simulations in LBE

0.20

-0.15} e o Numerical
— Theoretical

Z}OL

-0.20

i i i i
-0.4 -0.2 0.2 0.4

Figure 4.1 — Electrostatic potential in a slit channel due to the surface charge density +oAz?/e =
+0.11111, for a distance L/Axz = 89 between the walls in the absence of salt. The potential is non-
dimensionalized with fe = e/kpT and z is normalized with respect to L. The theoretical solution
under PBCs is given by Eq. 4.7

L 5.54 x 1078 m
Ly=L, | 175x10%m
v 1.06 x 107 m?/s
lp 0.7x 1072 m
o —8.16 x 10 m~2

Table 4.1 — Physical data for an Electro-osmotic flow without salt in a slit channel. L is the length
of the channel separating the walls, v is the kinematic viscosity, [p the Bjerrum length, o the surface
charge.

Gauss’ law provides an information on the potential derivative at the wall, which leads to
the final solution

¢(z) = —4rnlp oz (4.6)

However, as we are working with PBCs, the solution given in Eq. 4.6 is affected and thus
needs to be corrected. Indeed, in order to ensure PBCs, the electrical field — V1 maintains its
continuity thanks to a linear correction term. Considering that each wall has a width d/2 (see
Fig. 4.2), i.e. that d is the total width of the walls, the electrostatic potential corresponding
to our simulations is in fact

—47lp oz
(L+d)/d

The scaling factor is then (L +d)/d. Fig. 4.1 illustrates the numerical result obtained and
the solution given by Eq. 4.7. Perfect agreement is found between the two. The simulation
was performed on N, x N, x N, = 3 x 3 x 95 lattice points with three solid layers on each
side. The distance between walls is thus L = 89Axz. A surface charge £oAz? = 40.11111
was imposed at the walls and a Bjerrum length {p/Axz = 1.2 was fixed. The corresponding
physical data is shown in Table 4.1.

orpe(z) = (4.7)




Chapter 4. From Surface Charge to Constant Potential Simulations in LBE

Solid Nodes

y ‘ : e e Numerical
B —  Theoretical

L

Figure 4.2 — Sketch of PBC corrections for no-salt case

4.2.2 Added salt solution

If salt is added in the slit channel, we can solve Eq. 4.4 in the low potential regime, for which

a solution can be written as:

#(2) = A exp(kz) + Bexp(—kz)
Considering the boundary conditions 0,1 (z = £L/2) = 4wlpo, we obtain
Arexp(kL/2) — Bkexp(—kL/2) = 4nlgo
Arexp(—kL/2) — Brexp(kL/2) = 4nlgo

Let v := kL/2. We solve the system using Cramer’s rule, i.e.

rexp(y)  —rexp(—7) 2
= = —2k" sinh(2 4.10
rexp(—y)  —rexp(y) &) (410)
Arlgo  —kexp(—7) .
Dy = = — h 4.11
A= | sripo _rexp(y) 8mlpok sinh(7) (4.11)
rkexp(y) Amlgo .
= = h 4.12
wexp(—) Arlpo 8nlpok sinh(7) (4.12)

Hence,

Dy 4mipo sinh(y)

A=— = B—
D Kk sinh(27)
B Dp _ 4nlpo sinh(y)
D Kk sinh(27v)

(4.13)

(4.14)
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Therefore the solution for the potential is

2rlpo  sinh(kz)
_ 4.15
V(=) Kk cosh(kL/2) (4.15)
PBC Corrections
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Figure 4.3 — Electrostatic potential in a slit channel due to the surface charge density +oAx?/e =
+0.05, for a distance L/Axz = 89 between the walls, when salt is added. The salt concentration
corresponds to a Debye screening length Ap/Axz = 8.0. The potential is non-dimensionalized with
Be = e/kpgT and z is normalized with respect to L

Similarly to the case with no salt PBCs modify the solution of the electrostatic potential.
We can write the solution for the reduced potential ¢ as:

¢(z) = Pey(z) = (sinh(kz) (4.16)

where ( is a prefactor to be determined according to the effects of the PBCs. Indeed, in
order to ensure PBCs, a linear contribution of the electric field connects points B and C' as
illustrated in Fig. 4.4.

Let I and III denote the solid nodes of the left and right wall respectively, as shown in
Fig. 4.4, and II denote the region with fluid nodes. Then in region I and II]

oo W(L/2) —b(-L/2)
0z d

where d/2 is the width of each wall and thus d is the distance between the two walls across

(4.17)

the boundary conditions.
Therefore, the electric field may be written, using Gauss’ law, as the difference of the
electric field from both sides of the charged plane. For instance, at z = +L/2
o

oY oY
il _ = —, 4.1
0z lz=/2)r 0z lz=/2)- ¢ (4.18)

The first term on the left-hand-side may be evaluated with Eq. 4.17, whilst the second
term on the left-hand-side is computed using the derivative of Eq. 4.16 resulting in
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Figure 4.4 — Sketch of PBC corrections

Arlpo = (kcosh(kL/2) — ¢ [w(L/Q) _dd’(_L/Q)]

2sinh(kL/2
=( |:/<C cosh(kL/2) + Smgi/)] (4.19)
Therefore, we obtain
drlgo 2kd
= 4.20
k cosh(kL/2) " d + 2tanh(kL/2) (420)
and thus,

drigo 2rkd
= inh 4.21
U = osh(rL/2) < d T 2tanh(nL/2) SHR() (421)

The corresponding numerical data obtained with Laboetie is shown in Fig. 4.3. The
simulation was performed under the same conditions as in the no-salt case, except for the
surface charge, which was lowered to +0Az? = 40.05 to fall into the low potential regime.
The concentration was fixed with a Debye screening length A\p/Axz = 8.0. The ions have
a bulk diffusion D = 0.05 (Aa;2 / At). Fig. 4.3 shows a good agreement between theory and
simulation although a small deviation can be observed close to the walls. This is probably
due to the linearization of PB equation, which cannot account for a perfect description close
to the walls. Nonetheless, we do capture the correct behaviour of the PB solution for the
electrostatic potential.
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Figure 4.5 — Electro-osmotic flow profile in a slit channel with added salt due to the surface charge
density +0Ax?/e = +0.05. The flow is induced by an external electric field BeAzE = 1 x 1073
parallel to the walls. The velocity u is normalized with respect to the reference velocity u,ey = eE, /7,
whereas z, which denotes the position in the fluid region, is normalized with respect to the distance
L between the walls.

4.2.3 Electro-osmotic flow

As discussed in Chapter 2, if an EOF is considered in the case of a slit channel, the resulting

flow is written as:

u(z) = % J(2) + Az + B (4.22)

where A and B are integration constants to be determined. Given the following boundary

conditions

e At z=1L/2, u=0and ¢ =(kL/2)

o At z=—-L/2, u=0and ¢ = ¢(—~rL/2)

Thus the system of equations reads

cEyC . AL -
{ny sinh(kL/2) + %* + B =0 (4.23)

—% sinh(kL/2) — % +B=0
Adding the two equations yields B = 0 and the first equation can then be rewritten as

_ 2¢eE,¢ .
A——in[f’ sinh(kL/2). (4.24)

Then the velocity profile is written as follows

u(z) = B¢ sinh(kz) — 2&:%( sinh(kL/2)z, (4.25)
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which can be rearranged as

B eEyC

u(z) sinh(kz) — %sinh(mL/Z)z ) (4.26)

Fig. 4.5 shows the electro-osmotic flow induced by an electric field feAzE = 1 x 1073
parallel to the walls. Theoretical and numerical results are in good agreement except for the
extrema, which are slightly overestimated by the theory. One could think that the numerical
solution did not converge completely meaning that the profile is no fully developed. However,
decrease of the converge criterion C' (see Chapter 2), for the velocity profile, from C' = 10710
to 1071® did not show major changes in the final result.

At this point we have successfully simulated a nano-capacitor consisting of an electrolyte
with monovalent salt confined between oppositely charged surfaces. However, in a real capac-
itor we impose the potential difference rather than the electrode charges.

4.3 Capacitor with a constant potential difference

L/2 —
® © ® @® ®
®
® @
2
—Y ] @V
Ey
—L/2 —— |

Figure 4.6 — Sketch of a capacitor

One of the aims of this work is to create a framework to simulate electrochemical exper-
iments. Given that the experimentalists do not control the surface charge, but rather apply
a potential difference between electrodes, it is necessary to allow the computational scientist
to do the same. This can be achieved in the LBE method, by changing the electrostatic
boundary conditions. Instead of fixing a surface charge +¢ on each wall, we impose two
different reduced fixed potential values ¢1 and ¢o, resulting in a reduced potential difference
AV = ¢g — ¢1. This is shown schematically in Fig. 4.6. This implementation is a complete
novelty in the field of LBE, although an attempt at implementing constant potential simula-
tions coupling LB with finite differences was previously achieved '], Instead of using the LF
method, they resolve the PNP equations via finite differences and the the NS equation via
LBM. They incorporate a body force term, which creates the interaction of the EDL field with
the externally applied electrical field into the discrete Boltzmann equation using the method
described by Guo et al.['%%. Therefore, to the best of our knowledge, we present here the first
implementation of the LBE method coupling LB with LF with constant potential boundary
conditions.
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4.3.1 Boundary conditions
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Figure 4.7 — Electrostatic potential values as a function of the position. The discretized green region
denotes the solid part, whereas the remaining region on the right corresponds to the fluid region,
where the Poisson equation is solved. The potential of one electrode is fixed at a constant value ¢.
The wall is located half-way between the discretized solid region and liquid region. The resolution is
Azx.

The boundary conditions of the LB part do not change. On the other hand, the LF part
does need a change. It still requires the ions fluxes penetrating (i.e. such that r + ¢;At is a
solid node) to be canceled. However, the new feature of this LBE method is that the electrodes
are kept at a constant potential instead of bearing a uniform surface charge o.

The most natural way to implement this constant-potential boundary condition is to
simply assign the target value to solid nodes and not to update them during the resolution
of the Poisson equation via the SOR algorithm. This is however not sufficiently accurate.
Indeed, in that case the potential at the true interface, which is located half-way between the
solid and fluid nodes, differs from that on the solid nodes. This observation provides a simple
solution to cure this problem, as illustrated in Fig. 4.7 for the 1D-case. In order to correctly
compute the potential gradient at the interface, i.e. so that the value of the potential at the
true interface is the target value ¢, it is necessary to double its natural estimate (i.e. divide
the difference ¢y — ¢(z = 0) by Az/2 instead of Ax only).

We generalize this fix to the 3D case with the LB lattice velocities and weights, by modi-
fying the estimate of the Laplacian on the lattice (Eq. 2.46), by doubling all contribution of
links which cross the interface. This is achieved by introducing the characteristic function of
the solution defined as:

0, ifreF.
r) = 4.27
X {1, ifreds. (420

where S denotes the solid region, whereas F denotes the fluid region, and replacing in SOR
the estimate of the Laplacian by:

Vi = ﬁ Z wi [P(r + ¢;At) —p(r)] x [+ x(r + ¢;At) — x(r)] . (4.28)

Note that the potential is computed only on the fluid nodes and that the values of ¢ are
kept constant on all of the solid nodes.
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Once the SOR algorithm has converged with this modification, it is possible to estimate
the surface charge density from Eq. 4.28 now computed on the interfacial solid nodes. By
summing on the nodes corresponding to each electrode we obtain their total charge at every
time step. Once steady-state is reached, we can compute the capacitance of the capacitor,
dividing the electrode charge by the applied voltage.

4.3.2 Case of a slit channel

We now consider two planar electrodes separated by a distance L under a reduced potential
difference AV.

4.3.2.1 Electrostatic Potential

No salt solution
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Figure 4.8 — Electrostatic potential profile in a slit channel of separation L/Axz = 82 without salt.
The resolution is fixed by the Bjerrum length i5/Ax = 1.44 and AV = 0.1.

In the absence of added salt the system is equivalent to a capacitor with a dielectric
permittivity ¢ inside the channel. The PB equation then reads

d*¢
Ap=—==0 4.29
0="5 (4.29)
with Neumann boundary conditions
Pz =1L/2) = ¢2
4.30
oz = —L/2) = b (430)

where ¢1 and ¢9 are reduced fixed potentials at the walls so that AV = ¢ — ¢1.
The solution for the electrostatic potential reads

_ P2 L AVZ
L L

The corresponding numerical result is shown in Fig. 4.8. The simulation was performed

on Ny x Ny x N, = 3 x 3 x 82 lattice points with three solid sheets on each side. The distance

o(2) (4.31)
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between the walls is thus L = 76Az = 4.0 x 107® m. A potential difference AV = 0.1 was
imposed and the Bjerrum length I5/Axz = 1.44 was fixed.

— Theoretical
e e Numerical
I

z/L

i i i i
-0.4 -0.2 0.2 0.4

Figure 4.9 — Electrostatic potential profile in a slit channel of separation L/Az = 82 with added
salt. The resolution is fixed by the Bjerrum length I5/Ax = 1.44, the salt concentration corresponds
to a Debye screening length Ap/Az = 6.0 and AV =0.1

Added salt solution

When salt is added, using the linearized version of PB equation with the same boundary
conditions results in the following electrostatic potential

W) = (101 exp(y) — P2 exp(—7)) exp(ﬁ;s)i:hgi )exp(v) — 1 exp(—7)) exp(—kz) (4.32)
where v := kL/2. Since AV = Be(12 — 1),
P(z) = Bey(z) = QSmhA(:L/2) sinh(kz) + W (4.33)

The simulation was performed under the same conditions as in the no-salt case, except
for the salt concentration, which corresponds to a Debye screening length A\p/Az = 6.0.
Excellent agreement between the theoretical and numerical results is found, as we can see in
Fig. 4.9.

4.3.2.2 Concentration profiles and errors

Substituting FEq. 4.33 in Eq. 4.1 yields the ionic distributions, which are shown in Fig. 4.10.
We can clearly see that the cations move to one wall and the anions to the opposite one.
Furthermore, we have electroneutrality in the middle of the channel.
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Figure 4.10 — Ion concentration profile in a capacitor of width L/Axz = 82 with added salt under a
reduced voltage AV = SeAwy = 0.1 (cations are in black and red and anions are in blue and green).
The resolution is fixed by the Bjerrum length i5/Ax = 1.44 and the salt concentration corresponds
to a Debye screening length A\p/Az = 6.0.
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Figure 4.11 — Effect of the resolution on the relative error of the anions concentration profile. The

2
error is defined as %” = \/ % > w (% — 1) , where p,, and p, denote the numerical and analytical

concentration respectively. The study was carried out by fixing the distance L = 3.7 x 10~® m between
the walls and varying the Debye screening length Ap (nm) from a curve to another (see Table 4.2).
The fit is f(z) = AL; + B where A and B are the fitting parameters, whose numerical values are

21
illustrated in Table 4.3.

Nevertheless, a difference between the two solutions (numerical and analytical) exists. We
quantify this error dp/p on the concentration profiles as:

o _ Jb;(fgz_lf (4.34)

where p, and p, denote the numerical and analytical error respectively; N = N, x N, x N, and
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22p/L
0.06 0.09 0.16 0.28
L/Az | \p/Az | L/Az | A\p/Az | L/Ax | A\p/Ax | L/Ax | A\p/Ax
76 24 76 3.6 76 6 76 10.5
152 4.8 152 7.2 152 12 152 21
253 8 253 12 253 20 253 35

Table 4.2 — Simulations parameters used to obtain the results shown in Fig. 4.11. All of the simu-
lations were carried out for Ip/Axz = 1.44,2.88 and 4.8, under a reduced voltage AV = 0.1, to ensure
that the distance between the wall is always the same L = 3.7 x 1078 m.

L (nm) is fixed
T T

0.0020 H

o -

o -

* -

o -o

T T
2XAp/L=0.06315789 ;

22p/L = 0. 09473684
2Ap/L=0. 15789474
22p/L=0. 27631579
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Figure 4.12 — Effect of the Debye screening length Ap on the relative error of the anions concentration
profile. The error is defined as %p = \/J{[ Y ow (Z—’ -
analytical error respectively. The study was carried out by fixing the distance L (nm) between the
walls and varying the Debye screening length Ap, as shown in Table 4.2.

2
1) , where p,, and p, denote the numerical and

2Ap/L A B
0.06 |20x107*| —86x 107"
0.09 |23x107%| -1.6x107°
0.16 |25x107*| 1.3x10~*
028 |26x107*| 2.6x10~*
Table 4.3 — Fitting parameters corresponding to the fit f(z) = ?ij + B as illustrated in Fig. 4.11.

w is the domain of the fluid nodes. All simulations were carried out with N, x N, = 1x 1 and
varying Ap/Ax as well as N, under a reduced potential difference AV = 0.1. Furthermore,
all simulations have three solid layers on each side. We fixed the distance L = 3.7 x 1078 m
Fig. 4.11 shows how dp/p
varies with respect to Ap and how it varies when increasing the resolution Az, choosing
lp/Ax 1.44,2.88 and 4.8. We do observe a decrease in the error as the resolution is
increased (i.e. as Ax decreases). Besides, for all ratios 2Ap /L the error scales linearly, which
is why a fit f(x) = Az + B was carried out on each curve. The computed parameters A and
B are presented in Table 4.3. We notice that the slope A increases as 2Ap/L increases.

and varied A\p according to the data presented in Table 4.2.
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Fig. 4.12 shows the same data plotted as a function of Ap, for a fixed L = 3.7 x 1078 m.
The error decreases when increasing Ap (decreasing the salt concentration). This is probably
due to the fact that the errors between the p, and p, mostly occur close to the walls. Hence,
as Ap increases for a fixed Az, the Debye layer is better resolved and therefore the errors
close to the wall decrease. The data used comes from the same simulations corresponding to
the parameters in Table 4.2.

9Ap/L
0.171 0.092 0.083 0.075
L/Ax | A\p/Ax | L/Azx | A\p/Ax | L/Azx | A\p/Ax | L/Ax | A\p/Azx
28 2.4 52 2.4 58 2.4 64 24
56 4.8 104 4.8 116 4.8 128 4.8
93 8.0 173 8.0 193 8 213 8.0

Table 4.4 — Simulations were carried out for Ip/Ax = 1.44,2.88 and 4.8, to ensure that the Debye
screening length is always the same, i.e. A\p = 1.17 x 1072 m.

On the other hand, if we vary L instead of A\p (see Fig. 4.13), we observe again a linear
scaling for dp/p both for increasing resolution (i.e. decreasing Ax/lg) and as a function of
the inverse box size Ax/L (see Fig. 4.14). Contrary to the previous case, the error does
go to zero as 1/Ax or L increases. Thus a fit f(z) = Ax is here appropriate. The input
parameters corresponding to Fig. 4.13 are shown in Table 4.4. Moreover, if we look at the
computed parameters A presented in Table 4.5, we notice that as 2\p/L increases, the slope
A increases.

2\p/L A

0.171 | 8.4 x10~*
0.092 | 3.4x10~*
0.083 | 2.9 x 1074
0.075 | 2.5 x 1074

Table 4.5 — Fitting parameters corresponding to the fit f(z) = ‘24/\% as illustrated in Fig. 4.13.

4.3.2.3 Electrode Capacitance

A fundamental property of the capacitors is their integral capacitance, which is defined as

_Q
C = AV (4.35)

In the absence of added salt the capacitance reads

_ €0&rS
==
where S is the surface of the electrode. In the presence of added salt, in the low voltage

Co (4.36)

regime, the Debye-Hiickel capacitance reads,

B Be%S
- 8wiAp’

Cpu (4.37)
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Figure 4.13 — Effect of the resolution Az /lp on the relative error of the anions concentration profile.
S (8-

concentrations respectively. The study was carried out by fixing the distance A\p = 1.1 x 1072 m
between the walls and varying L (nm) from a curve to another, as shown in Table 4.4. The fit is

2
The error is defined as %’) = \/ % 1) , where p,, and p, denote the numerical and analytical

f(z) = A2 where A is the fitting parameter.
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Figure 4.14 — Effect of the Debye screening length Ap on the relative error of the anions concentration

o _

profile. The error is defined as

2
+>, (’;—Z - ) , where p, and p, denote the numerical

and analytical concentrations respectively. The study was carried out by fixing the distance Ap =
1.1 x 107 m and varying the distance L between the walls, as shown in Table 4.4.

In our simulations of capacitors, we compute the capacitance from the steady-state charge
of the electrodes, as described in Section 4.3.1.

Concentration Study

We study the effect of the concentration ¢.e. Ap on the relative error for the calculations
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of the capacitance %, which is defined as:

oC  Cy
" _q 4.
c c. (4.38)

where C), is the numerical result for the capacitance and C, = Cpp as given by Eq. 4.37. We
observe that as the resolution of the grid increases, whenever salt is added, the error scales
linearly as Ax/2Ap.

0.30

i i i i i
70.05 0.10 0.15 0.20 0.25 0.30 0.35

Az /2)p

Figure 4.15 — Effect of the concentration (i.e Ap) on the capacitance error % = %Z — 1 for a fixed
distance L = 7.35 x 107® m between the walls and fixed Ip/Az = 1.2. §C/C scales linearly following
0C/C = Ax/2)Xp. The fit is shown in red and the numerical simulations are shown as black dots.

Fig. 4.15 is an example of how the relative error varies when Ap changes. More specifically,
Ap/Azxz = 1.5,4.5,6,7.5 and 9. We repeated this analysis for different [p values and plot
the corresponding slope values on Fig. 4.16. The simulations were performed with a stencil
Ny x Ny =1x1and N, =42,84,124, 168,210 and 252 (with three solid layers on each side),
for each concentration Ap/Ax and for Ig/Az = 0.4,0.8,1.2,1.6,2 and 4. This ensures that
L = 7.35 x 1078 m. The slope is then computed from the linear fit (red line on Fig. 4.15).
The value of the slope is close to one and in fact the slope varies according to the following

1—A Qj) B] (4.39)

where A and B are fitting parameters whose values are 0.12 and 0.40 respectively. We do not

scaling law:

o¢ _ Az
C  2\p

have yet an interpretation.

4.3.2.4 Electro-osmotic flow

We recall from Chapter 2 that when an external electric field is applied parallel to the walls
a flow called electro-osmotic flow (EOF) is induced. When the EOF is fully developed, i.e.
du/dt = 0, with no external pressure gradient across the charged surface and in the limit of
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Ap/lg

Figure 4.16 — Scaling of the slope of §C/C vs. Az/(2\p) as a function of Ap/lp. The numerical
data obeys to Eq. 4.39. The fit is shown in red and the numerical simulations are in shown as black
dots.
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Figure 4.17 — Electro-osmotic flow profile in a slit channel of width L/Az = 82 with added salt.
The salt concentration corresponds to a Debye screening length A\p/Ax = 6.0 and a reduced voltage
AV = 0.1 is applied. The EOF flow is induced by an external electric field feAzE, = 0.01 parallel
to the walls. The resolution is fixed by the Bjerrum length I5/Az = 1.44.

low Reynolds number (= (u- V)u = 0) the NS equation reduces to

d’u d?y
—=c—F, . 4.4
ndzz ¢ dz2"Y (4.40)
Integration yields,
E
u(z) = “Yyp(2) + Az + B (4.41)
n

where A and B are constant to be determined with the following boundary conditions

® ¢(2=1LJ2)= ¢
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o o(z=-L/2) = ¢

o u(z==+L/2)=0

yielding the final solution

u(2)

E A T
= - Vz] « kB (4.42)

o) - 5

We carry out a simulation with the same parameters as in Section 4.31, in the case where
salt is added to the system, with an external electric field feAxE, = 0.01 parallel to the
walls, as shown in Fig. 4.17. We recover the solution given in Eq. 4.42 (see Fig. 4.17). The
fact that cations and anions are in excess on opposite walls creates a sort of shear flow: the

(&

anions move opposite to the electric field direction, whilst the cations move in its direction.
This represents an exotic type of motion, which could be considered for possible experimental
applications that would for instance allow to separate cations from anions. Indeed, if we were
to consider a pore connecting two reservoirs, we could consider to insert KBr in the reservoir
and NaCl in the pore. Then, if we induced an EOF in the pore, we could collect K* on one
side and Br~ on the other. Hence, this could be an alternative technique for ions separation.

4.3.3 Case of a coaxial cylindrical channel

Figure 4.18 — Sketch of a coaxial cylindrical channel

We now consider the case of a coaxial cylindrical channel, as shown in Fig. 4.18, with an
inner cylindrical electrode of radius R; and and outer cylindrical electrode of radius Rs. In
this case the PB equation reads

1d [Tf{;f] = _g zk:nkzk exp [—zBer] (4.43)

rdr

In the linear (Debye-Hiickel) regime, the corresponding ionic concentrations are written
as

p+(r) =ns[lF o(r)], (4.44)
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with ¢ := Pey and ny the concentrations of reference, which need to be expressed as a
function of ng (the salt concentration), ¢1 and ¢o (the electrodes reduced potentials).

4.3.3.1 Electrostatic potential

No salt solution

0.20 T T
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Figure 4.19 — Electrostatic potential profile in a coaxial cylindrical channel with radii R;/Axz = 2
and Rs/Az = 35 without salt. The resolution is fixed by the Bjerrum length I5/Az = 1.2 and a
potential difference AV = 0.1 was imposed between the two cylinders. The separation between the
external boundary of the outer cylinder and the box of simulation is w = 4Ax.

If no salt is added between the two cylinders, Eq. 4.43 may be simplified as

1d | do
with Neumann boundary conditions
¢(r=R1)=¢1
4.46
bl = Ba) = b (440
the solution is given by
AV
=——1 R 4.47
o) = ey I/ o) + 03 (4.47)

The simulation was performed on N, X Ny x N, = 74 x 74 x 1 lattice points. The radii of the
inner and outer cylinder are R; = 2 and Ro = 35 lattice points respectively. The separation
between the external boundary of the outer cylinder and the box of simulation is w = 4Az. A
reduced potential difference AV = 0.1 was imposed between the two cylinders and a Bjerrum
length Ip/Ax = 1.2 was fixed. The corresponding physical data is shown in Table 4.6. The
numerical result corresponding to Eq. 4.47 is shown in Fig. 4.19. The agreement with the
theoretical result is excellent despite the small radius of the inner cylinder. In particular, the
potential is correctly imposed at the hydrodynamic interface (midway between the solid and
fluid nodes) by the method introduced in Section 2.2.10.
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Ry 1.16 x 1079 m
Rs 2.04 x 108 m
Lppc | 5.83x 10710 m
v 1.0 x 1075 m?/s
lp 0.7x 1072 m

Table 4.6 — Physical data for a coaxial cylindrical channel with a constant reduced potential difference
of AV = 0.1. R; and Ry are the inner and outer cylinder radii respectively. v and lp denote the
dynamic viscosity and the Bjerrum length.

Added salt solution
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Figure 4.20 — Electrostatic potential profile in a coaxial cylindrical channel with radii Ry /Az = 2
and Ro/Axz = 35 with added salt. The resolution is fixed by the Bjerrum length i5/Az = 1.2 and
a reduced potential difference AV = 0.1 was imposed between the two cylinders. The separation
between the external boundary of the outer cylinder and the box of simulation is w = 4Ax. The salt
concentration corresponds to a Debye screening length Ap/Az = 9.0.

On the other hand, when salt is added, the linearized PB equation reads

A¢p = —Arlp(p+ — p-) (4.48)
= —Anlg(ny —n_) +4rlg(—n_ +n_)¢p 4.49)
which can be rewritten as
Ap = K2p — K26 (4.50)
where k2 = 4rlg(ny +n_) = f(ns, ¢1,¢2) and 6 = ZL:Z:
A solution for this equation is:
¢(r) = AKo(kr) + Blo(kr) + D (4.51)
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where A, B and D are constants to be determined. Using the same boundary conditions and

Gauss’ law
do do
— = Ry— 4.52
! dr r=R; 2 dr r=Rso ( )
we obtain:
— Kl — RyK?
A — (¢1 ¢2)(R1§ 1 R2 1) (453)
and
_ Il _ I2
B — <¢1 ¢2)(R§1 1 R2 ].) (454)
where
€= (1}~ B) (KT - RoE) s
+ (RiI} — RyI}) (K — K¢).
and where we defined
18 = I,(kRp) (4.56)
KB := K,(kRp) (4.57)

for « € {0,1} and 5 € {1,2}. Finally, the constant D can be expressed using the boundary
conditions so that

D = ¢, — AK} + BI}. (4.58)

The concentration ng can then be expressed in terms of the average of the ionic concen-
trations, i.e.

P+ = ni[l F ¢] = Ng (4.59)
which means that

2

K
47TZB = N4 +n_ (460)

1 1
= ng [_ + _} (4.61)
1—¢p 1+4¢
= s (4.62)
1—¢?

In other words, when ¢ < 1 we recover

Ny +no

s 4.63
n 5 (4.63)

— 100 —
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The simulation was carried out with the same parameters as in the no-salt case and the
salt concentration corresponds to a Debye screening length Ap/Ax = 9.0. Fig. 4.20 compares
the resulting electrostatic potential to the analytical result in Eq. 4.51. Once again excellent
agreement is found between the two.

4.3.3.2 Electrode capacitance

When no salt is added, the capacitance per unit length can be easily derived from Gauss’
law 161 so that

2me
Co=———, 4.64
07 In(R2/Ry) (4.64)
or using the Bjerrum length:
Be?/ls
Co=——"-. 4.65
07 2In(Ry/Ry) (4.65)

On the other hand, when salt is added and in the Debye-Hiickel regime limit the capaci-
tance per unit length reads:

2’/TR1€ ﬂ
AV drlr=R,

2
- 7;”/15 (kAL (kR1) — kBK1(kR)] (4.66)

with A and B defined in Eq. 4.53 and 4.54 respectively.

We performed a set of simulations to see if the capacitance values are recovered correctly.
We used N, x N, x N, = 54 x 54 x 3 lattice points. The radii of the inner and outer
cylinders are Ry = 2 and Ro = 25 lattice points respectively. The separation between the
external boundary of the outer cylinder and the box of simulation is w = 4Axz. A reduced

Cpu =

potential difference AV = 0.1 was imposed between the two cylinders and a Bjerrum length
Ip/Az = 1.2 was fixed. We varied the concentrations which correspond to Debye screening
lengths A\p = 3,6,9 and 12. Table 4.7 illustrates the relative error between the numerical
data and the theoretical result given by Eq. 4.66. We notice that the error decreases as Ap
increases, which is probably due to the fact that the Debye layer is better resolved. We notice
that even with only three nodes resolving the Debye layer (which is rather small), we recover
a value for the capacitance with a relative error of only 2.3%.

Ap/Ax 3 6 9 12
8Cpu/Cpu 23% 1.2% 1% 0.94%

Table 4.7 — Error the capacitance for a coaxial cylindrical channel with added salt (see Eq. 4.66),
when varying Ap (see text for details on parameters).

4.3.3.3 Electro-osmotic flow

Considering the radial and swirl components of the velocity to be zero, i.e. u, = ug = 0, the
flow fully developed, i.e. Ou, /0t = 0, and the flow to be axisymmetric, i.e. 9(-)/00 = 0, the

— 101 —
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Figure 4.21 — Velocity profile in a coaxial cylindrical channel with radii R1/Az = 2 and Ry/Ax = 35
with added salt, corresponding to a Debye screening length A\p/Axz = 9.0. The flow is induced by an
external electric field SeAxFE = 0.0001 parallel to the walls resulting in an EOF. The resolution is
fixed by the Bjerrum length Ip/Ax = 1.2.

NS equation can be simplified as

) R A

Using the following boundary conditions

o p(r="R1)=¢

® ¢(r = Rz) = ¢2

o u(r=R;)=u(r=Ry)=0

yields the solution

gfz [6(r) + Aln(r) + B (4.68)

u(r) =
with A= ((ﬁl — ¢2)/1H(R1/R2) and B = ¢1 + (¢1 — (Z)g) ln(Rl)/ln(Rl/Rg)

As we can see in Fig. 4.21 there is perfect agreement between the analytical solution and
the numerical data obtained with an external electric field feAxF = 0.0001 parallel to the
walls.

4.4 Conclusion

In this Chapter we have successfully simulated a nano-capacitor in two different geometries,
with two different kinds of boundary conditions. The first one, which is in a similar fashion
as in the two previous chapter, imposes opposite surface charges on the two electrodes (i.e.
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walls). The second involved a modification of the boundary conditions in order to apply a
constant potential difference between the two electrodes. Electrostatic potentials, concentra-
tions and velocity profiles (at steady state) were tested with and without added salt with
analytical results which we derived. This change in the LBE method allows the Laboetie code
to reproduce more faithfully electrokinetic experiments, as discussed in the Introduction of
this thesis, and is a first step towards modelling the fluctuations of the electrostatic potential.
In order to do so, we analyse in the next chapter the transient regime of a charging capacitor,
which (as we will show in the last chapter of this thesis) can be related to the equilibrium
fluctuations of the system.
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Chapter 5. Transient regime in constant potential simulations

HE EXPERIMENTAL community has drawn a growing interest to the transient regime as

the time-dependent applied voltages have encountered different applications, such as
pumping liquid electrolytes[162-170] g [170-174]
and manipulation of biological cells and vesicles (175177 Furthermore, pressure driven flows

, separation or self-assembly of colloidal particle

were observed to produce a frequency-dependent streaming potential, which can be used to

all™l This is why double-layer charging, which is a

determine the structure of porous medi
phenomenon not as well understood as one may think?l, and its corresponding time scales
need to be explored. Indeed, the community long thought that the only time scale at play for
the relaxation of the electrolytes was the Debye characteristic length 7p = )\QD /D, which is
a material property of the electrolyte (7p being of the order of ns/us for a Debye screening
length ranging from 1 — 100 nm - for aqueous solutions - with D ~ 107?m? - s~1). We shall
discuss more in details the origin of this time scale in the next sections and show how this
description is in fact partially inaccurate. Usually electrochemists describe their theoretical
problem by doing an analogy between the system studied and its equivalent electrical cir-
cuit 179180 T fact, it was Helmholtz himself who suggested to treat the electrolyte interface
as a thin capacitor['81182 (this is why he used the term "double layer"). From this anal-
ysis it was found that the relaxation time needed to charge the double layers depends on
the electrode separation, via the bulk resistance of the electrolyte!'®3l. The study of diffuse
charge in the double layer allowed Gouy to link the excess ionic charge near the electrode to
a capacitance per unit area Cp = €/A\p. Eventually, he considered the ions screening on a
flat surface, from which he derived the exact solution of the electrostatic potential profile at
steady state, for the full nonlinear equations!*®4.

In the same spirit as the electrochemical community we can consider that the charge time

response at one electrode has an exponential nature as in a RC circuit, 7.e.

Q(t) = Quo(1 —€'/7) (5.1)
where 7 = RC' is the characteristic time and R and C' are the resistance (of the interface, i.e.
the conductivity inverse) and the capacitance respectively. Qo is the steady state value for
Q(t). As Bazant et al. pointed out, over the last century 7 was thought to be equivalent to
the Debye characteristic time. However, using an equivalent circuit model, they showed that
this is not the case and that the electrolyte experiences several characteristic times.

In Section 5.1 we derive the Debye time to point out the origin and prior assumptions of
this time scale, as well as showing the difference with the result obtained by Bazant et al.l*2,
In Section 5.2 we present a new numerical approach, which we validate in the linear response
regime with a new theoretical prediction, carried out by our collaborator Ivan Palaia. This
approach is more precise than the analysis of Bazant et al.[*2l, whose result is limited to the
case where \p < L/2, with L denoting the distance between the electrodes. We thus obtain
the charge time response and its corresponding relaxation characteristic time. We also extend
the analysis to the non-linear regime, to prove the efficiency of the method beyond theoretical
predictions. Finally, In Section 5.3 we extend the analysis and validation to the case of a
coaxial cylindrical channel, which was not tackled previously.

5.1 Debye relaxation time

For the purpose of clarity we shall briefly derive the Debye time with two different methods.
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5.1.1 Macroscopic point of view

The first method is a macroscopic approach. Let 1 be a disturbing potential applied at time
zero to a system whose conductance is x and where the free charge density is py. The current
density is thus given by

i=—xV. (5.2)

The equation of continuity can then be written as

Ips
N _vy.i=vA 5.3
5 V-i=xAy (5.3)
Combined with Poisson equation
Ay = —%f (5.4)
we find
dpy Pr
it A i 5.5
dt € (5:5)
Integration then leads to
ps(t) = ps(0) exp(—t/7) (5.6)
with 7 defined as:
€
T=—. 5.7
N (5.7)

Neglecting ion-correlations, the conductance can be expressed with the Nernst-Einstein
relation:

X = Be’pDiz; (5.8)
k
If all the ionic mobilities are the same, the expression may be simplified as

X ~ eDr? (5.9)
Plugging this result in Eq. 5.7 yields

L _ %

D

which is the so-called Debye-time, which corresponds to the diffusion of ions over the Debye
screening length.
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5.1.2 Microscopic point of view

The relaxation time can also be obtained from a more microscopic approach. We can use
start from Eq. 2.1 to write

Op+ :

. = A1
ot +V J+ 0 (5 )
0p— )

—_— cJo = 12
5 +V.-j 0 (5.12)

where + and — denote the physical quantity corresponding to cations and anions. Advection
was here neglected. Ionic fluxes include migrational effects beside diffusional ones. Thus we
can use Eq. 2.8 to write

. zZ41€
J+=—-Dy <Vﬂ+ + kJrTPJrV¢> (5.13)
B
i =-D_(Vp_ +2p Ve (5.14)
j- = =D Vo + 5p-V¥ ). -

The expression does not consider deviations from FEinstein’s relation, such as the elec-
trophoretic contribution or the gradient of the activity coefficient. Then, considering only
first order terms of the perturbation in Eq. 5.11 and 5.12 yields the following relations

9(0p+)

o TV (034) =0 (5.15)
d(dp-) Cy
ot +V-(0j-)=0 (5.16)

Macroscopic and microscopic diffusion processes originate simply due the distribution of
charge inhomogeneities. Considering electroneutrality of the ion equilibrium distribution the
potential is computed using the Poisson equation

e
A = — 0 1
(0 . k:% 7(Pk + 0pk) 2k (5.17)

Since »_, _ pgzk = 0 the equation reduces to

V04 = =DV - [V(p1)] + k1D 0py + "ﬁD+3 (5.18)
+
V8§ =—-D_V-[V(6p_)]+KED_dp_ + Kﬂ_mj: (5.19)

where the Debye screening lengths are defined as:

RN (5.20)
Be?
= 7(P+Zi +p_22) (5.21)
N
= 4rip Z prZE (5.22)
k=+,—
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Eq. 5.11 and 5.12 are subsequently written as

Z-
H%D_?5p+ + [gt ~D_A+ sz_} Sp— =0 (5.24)

Taking a Fourier and a Laplace tanformations yields,

Z_
[S + (q2 + K’i)D-‘r] 5p+(q7 S) + R?FD'FZ(SP— (Q7 S) = 5p+(Q7 t= O) (525)

z
w2D-—0pi(a,8) + [s+ (¢* + w2)D-] 6p-(g.5) = 6p-(q,t = 0) (5.26)
The roots of the principal determinant can then be determined with

s+ (¢* + r3) Dy iDL

=0 5.27
k2 D_*= s+ (¢* +K2)D_ (5.27)

The matrix system has two independent solutions for s, which yields to the nondiffusional
modes when ¢? goes to zero.

s>+ s[kiDy +K2D_] =0 (5.28)
the roots are

s1=0, sy=—[k1Dy+K2D_] (5.29)

The first root corresponds to an overall mass conservation. The second corresponds to the
Debye relexation time, which in the general case (more than two species) reads:

1
—= Anlp Y prziD (5.30)
k

If we further assume Dy = D_ and use the definition of x we recover the simple expression

D = 85" = (k2D)7! (5.31)

5.1.3 From bulk to confined electrolytes

However, when the electrolyte is confined between walls, in particular between electrodes, the
presence of an additional length scale results in the emergence of additional time scales. In
particular, the slowest relaxation time for the charge reads:

AL AL
— _ 7D .32
Tp 5D D (5.32)
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Since the screening length is usually much smaller than half of the distance separating the
electrodes (i.e. A\p < L/2) the expression typically reduces to

_ApL

_ , 5.33
"= 9D (5:33)

These lengths scales were originally derived by Bazant et al.!*2l.

5.2 Case of a slit channel

We now want to compute numerically the characteristic relaxation time of a confined elec-
trolyte with our constant potential LBE simulations. In order to do that we compute the
charge accumulating on an electrode with respect to time.

5.2.1 Results

0.000020 -

Q 0.000015}

~~
+

N—"
@ 0.000010 -

0.000005 -

= Theory
== LBE

0.000000 L L L
0.0 25 3.0 3.5 4.0 4.5

t} (L)\D/ 2D)

i i
0.5 1.0

Figure 5.1 — Evolution of the electrode charge for a capacitor, submitted to a voltage step 1 (t) =
Yo0(t), with 6 denoting the Heaviside step function. The charge accumulates in a monoexponential
manner analog to a RC circuit. The distance between the solid-liquid interfaces is L = 253Axz. The
resolution is fixed with the Bjerrum length Ig/Ax = 4.8. The reduced potential difference applied at
the walls is AV = 0.1, the salt concentration corresponds to a Debye screening length of A\p /Axz = 35.0
and the ions have a bulk diffusion coefficient D = 0.05 (Az?/At).

We consider the time-dependent response of a capacitor initially uncharged and submitted
to a voltage

e(t) = Pol(t), (5.34)

with 0 denoting the Heaviside step function, in the linear regime (i.e. ¥9 < kgT'/e). In the
LBE simulations, the charge is computed on a node according to Eq. ??7; the total charge
is then obtained summing on all the solid nodes constituting the electrode. Fig. 5.1 shows
numerical simulations results for a system with e = 2A\p/L = 0.28 and a reduced voltage
Bewg = 0.1. The results are in excellent agreement with the analytical results carried out
by our collaborator I. Palaia (see Appendix A.2). This validates our extension of the LBE

— 110 —



Chapter 5. Transient regime in constant potential simulations

method both to simulate the time-dependent response to an applied voltage and to determine
the induced surface charge on the electrodes.

As we can see on Fig. 5.1 the charge at ¢t = 0 is not equal to zero. This can be explained
because the ions present in the fluid do not have enough time to move and therefore the
profile of the potential is equivalent to the case where no salt is present in the solution (see
e.g. Fig. 4.8). Hence, the analytical solution for the electrostatic potential at ¢ = 0 can be
computed from the capacitance without salt (i.e. Eq. 4.36), which yields:

cAYS
Q) = 2%, (5.3)
whereas for t — 0o, @) can be expressed using Eq. 4.37, i.e.
Be2ApS
o= 5.36
@ 8mlpAp ( )
Ap/Ax 8 12 20 35

0Qo0/Qoo  0.19% 0.08% 0.04% 0.04%
5Q(0)/Q(0) 050% 0.22% 0.21% 0.21%

Table 5.1 — Error on Qo and Q(0) when varying Ap (see text for details on parameters)

Comparison of the relative error on Qo and Q(0) to the analytical resullts given by Eq. 5.35
and 5.36 is shown in Table 5.1 and 5.2. Simulations were carried out for a resolution fixed by
the Bjerrum length lp/Az = 4.8 and with N, = N, = 1 x 1 lattice points. In Table 5.1 we
fix N, = 259 lattice points, with three solid nodes on each side, and the salt concentration
corresponds to a Debye screening length Ap/Axz = 8,12,20 and 35. In Table 5.2 we fix
Ap/Axz = 8 and the distance between the electrodes varied so that N, = 99,179,199, 219
and 259 lattice points. The reduced potential applied at the electrodes is AV = 0.1. We
observe that the error on Q(0) seems to decrease as Ap increases, whereas it increases as N,
increases. It is expected that as the Debye length is more discretized the error would decrease
and similarly, for a given resolution value, as the distance L increases, less details are captured
and therefore the error increases. However, contrary to the capacitance study in the previous
chapter, the simulations were all carried out at a high resolution value (fixed by ip/Az = 4.8)
and we can thus observe that the errors for both Q(0) and Q are all below 0.5%, which is
extremely precise.

L/Ax 93 173 193 213 253
0Qo0/Qoo  0.189% 0.189% 0.188% 0.187% 0.186%
5Q(0)/Q(0) 0.068% 0.234% 0291% 0.354% 0.500%

Table 5.2 — Error on Q. and Q(0) when varying L, for a fixed resolution {5/Ax = 4.8 and salt
concentration corresponding to Ap/Az = 8.

Fig. 5.1 showed that Q(0) # 0 and therefore the usual exponential response of an electric
circuit needs to be modified in order to take into account the shift Q(0) at ¢ = 0. We can
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thus write the charge temporal response of the system as:

Q(t) = Qo + (Q(0) — Quo) exp[—t/7] . (5.37)

In order to compute the characteristic time we replot our results according to

! [20-=]

T

Q(0) — Qoo

as shown on Fig. 5.2, meaning that the characteristic time is given by the inverse of the slope:

(5.38)

1
d <—1n [8((87:%2]) /dt

(5.39)

= Theory
== LBE

(Q(t) = Qo0)/(Q(0) — Qoo)]

1 1 n
15 2.0 2.5 3.0

t/(LAp/2D)

_6 i
= 05
—

Figure 5.2 — Natural logarithm of the temporal charge evolution of Fig. 5.1 as described by Eq. 5.38.
The inverse of the slope of the straight line corresponds to the characteristic time at which the capacitor
relaxes (see Eq. 5.39).

We use N, x Ny x N, = 1 x 1 x 259 lattice points, with three layers of solid nodes on each
side for the simulation shown in Fig. 5.1. The distance between the solid-liquid interfaces is
thus L = (N, — 6)Az = 253Axz. Periodic boundary conditions are used in all directions. The
resolution is fixed with the Bjerrum length Ip/Axz = 4.8. The reduced potential difference
applied at the walls is AV = 0.1, the salt concentration corresponds to a Debye screening
length of Ap/Az = 35.0 and the ions have a bulk diffusion coefficient D = 0.05 (Az?/At).
The resulting charge evolution with respect to time is shown in Fig. 5.1. The numerical data is
presented with the theoretical prediction discussed in Section A.2. The theoretical curve was
obtained doing an inverse Laplace transform numerically (with Mathematica) of Eq. A.27
and applying the residue theorem truncated up to the 8th pole (the first pole would have
been enough considering that we have a monoexponential function). As we can see there is a
perfect agreement between the two sets of data.

On the other hand, Fig. 5.3 illustrates how the characteristic time evolves as 2A\p/L
changes. The simulations carried out are the same as the ones used to compute the data in
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Figure 5.3 — Characteristic time in a slit when varying € := 2Ap/L. The simulations were carried
out under a reduced potential difference of AV = 0.1 with a fixed L while A\p varies so that L/Ax =
253 and the concentration corresponds to Debye screening lengths Ap/Az = 8,12,20 and 35. The
analytical results described in Appendix A.2 is shown with a green solid line, our numerical results
with red triangles and Bazant’s results i.e. Eq. 5.32 with a blue solid line.

Table 5.1. Numerical LBE results perfectly match the theoretical prediction. Also shown on
this figure is the simpler result corresponding to Eq. 5.32, depicted with a blue solid line, to
illustrate the deviation between the correct relaxation time and the one predicted by Bazant
et al.1*? which is only valid for low values of € = 2\p /L.

5.2.1.1 Resolution and concentration study

We studied the effect of the resolution on the characteristic relaxation time relative error.
This is illustrated in Fig. 5.4. The simulations were carried out in the same conditions as for
Fig. 5.1. The Bjerrum length values used to fix the resolution are lp/Az = 1.44,2.88 and
4.8. As we can see the maximum errors are close to 2% and as the resolution increases (i.e.
as Az/lp — 0) the error goes to zero.

Similarly, Fig. 5.5 illustrates the effect of the concentration (i.e. when Ap varies) on the
characteristic time relative error for a fixed Ig/Ax = 4.8. The Debye screening lengths used
are Ap/Az = 8,12,20 and 35. Once again, whenever Ap increases, the error also goes to zero.

Overall, the results of the present section demonstrate the ability of the LBE method to
quantitatively predict the time-dependent response of an electrolyte confined between planar
electrodes in the linear regime.

5.2.1.2 Non-linear analysis

We mentioned in the previous chapters that we usually validate our algorithms and their
implementation with analytical results in the linear regime. However, the LBE method is not
limited to this regime and can actually carry out non-linear simulations. Indeed, this is one of
the assets of this computational method and now that we validated the linear response part,
we can explore the physics beyond this regime.
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Figure 5.4 — Relative error on the characteristic time 7 for 5/Axz = 1.44,2.88 and 4.8, for a fixed
L/lp ratio. Four different values of € := 2Ap /L were tested: 0.06,0.09,0.16,0.28.
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Figure 5.5 — Relative error on the characteristic time 7 for A\p/Axz = 8,12,20 and 35, for a fixed
L/lp ratio. Four different values of € := 2\p /L were tested: 0.06,0.09,0.16,0.28.

We use again N, x Ny x N, = 1 x 1 x 259 lattice points, with three layers of solid
nodes on each side for the simulation shown in Fig. 5.1. The distance between the solid-
liquid interfaces is thus L = (N, — 6)Ax = 253Ax. The resolution is fixed with the Bjerrum
length lp = 4.8/Axz. The salt concentration corresponds to a Debye screening length of
Ap/Az = 35.0 and the ions have a bulk diffusion coefficient D = 0.05 (Az?/At). We then
vary the reduced potential difference so that AV =0.5,1,2,3,4,5,6,8,10 and 20.

Fig. 5.6 shows how the characteristic time 7 varies according to the applied potential
difference. We notice that for reduced voltages lower than 6 the electrolyte takes more time
than in the linear regime (AV — 0). However, above this threshold value, the character-
istic time drastically decreases. In order to understand this phenomenon we looked at the
electrostatic potential profiles at steady-state, which are illustrated in Fig. 5.7. We observe
that as AV increases the corresponding potential profile is flattened, to eventually resemble
a straight line similar to the case when no salt is inserted (e.g. Fig. 4.8). In fact, if we look
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5 1‘0 15 20
Figure 5.6 — Characteristic time in s slit when varying the reduced potential AV =

0.5,1,2,3,4,5,6,8,10 and 20. The distance between the solid-liquid interfaces is L = 253Az. The res-
olution is fixed with the Bjerrum length 5 /Ax = 4.8. The salt concentration corresponds to a Debye
screening length of Ap/Az = 35.0 and the ions have a bulk diffusion coefficient D = 0.05 (Az?/At).
The time for the electrolyte to relax increases for AV < 6/fe, whereas it decreases for higher values.
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Figure 5.7 — Steady-state electrostatic potential profile for AV = 1,2,6,10,20 and 30. As AV
increases the potential profile becomes more and more linear and therefore resembles the case where
no salt is added.

at the cations concentration profiles shown in Fig. 5.8, we see that as the potential difference
increases, cations move towards the electrode on the left until leaving almost no ions in the
centre of the channel. We are actually observing a phenomenon of depletion. Hence, for large
AV values the ions move fast towards the electrodes, forming a positive and negative layer
on the anode and cathode respectively and thereby acting like a new capacitor, with no salt,
and with a slightly shorter separation between the electrodes. We know that when no salt is
added the relaxation time is almost instantaneous (at this level of description, which does not
include the solvent relaxation explicitly) and thus it is normal to observe that 7 is incredibly
fastened in the case of depletion. It is worth mentioning that this phenomenon takes place
because we are in the canonical ensemble. Such a depletion effect should also be observed in
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the more general grand-canonical case, when the time needed to repopulate the capacitor by
ions from the reservoir is long compared to the charging time (e.g. when the lateral extension
of the electrodes is much larger than the inter-electrode distance). We now turn to the case

of a coaxial cylindrical channel and test this geometry in the linear regime.
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Figure 5.8 — Steady-state cation density profiles for AV = 1,2,6,10,20 and 30. As AV increases,
the ions move away from the bulk region, eventually leaving almost no salt, to stick to the walls. The

initial salt concentration is shown with a black solid line.

5.3 Case of a coaxial cylindrical channel

5.3.1 Results
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Figure 5.9 — Temporal charge evolution at one electrode of a coaxial channel. The charge accumulates
in a monoexponential manner analog to a RC circuit. The distance between the electrodes is L/Ax =
(R2 — Ry)/Ax = 40, with the inner and outer cylinder Ry = 2Az and Ry = 42Ax respectively. The
resolution is fixed by lg/Axz = 1.2. The reduced potential difference applied at the walls is AV = 0.1,
the salt concentration corresponds to a Debye screening length Ap/Axz = 8.0 and the ions have a bulk

diffusion coefficient D = 0.05 (Az?/At).
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Similarly to the slit channel case, we perform a set of simulations in order to recover
the theoretical prediction of I. Palaia (see Appendix A.3), for this geometry, for the charge
evolution at one electrode, as well as the characteristic time, as shown in Fig. A.2.
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Figure 5.10 — Characteristic time in a coaxial cylindrical channel when varying e := 2Ap/L. The
simulations were carried out under a reduced potential difference of AV = 0.1 with a fixed L while
Ap varies so that the inner and outer cylinder are Ry = 2Ax and Ry = 42Ax respectively. The salt
concentration corresponds to Debye screening lengths Ap/Axz = 4,6,8,12,16 and 26.

We recover again an exponential response as described by Eq. 5.37 (see Fig. 5.9). We use
Nz x Ny x N, = 134 x 134 x 1 lattice points. The separation between the external boundary
of the outer cylinder and the box of simulation is w = 4Az. The radii of the inner and
outer cylinder are Ry = 2Ax and Ro = 42Ax respectively. Periodic boundary conditions
are used in all directions. The resolution is fixed with the Bjerrum length (p/Az = 1.2.
The reduced potential difference applied at the walls is AV = 0.1, the salt concentration
corresponds to a Debye screening length Ap/Az = 8.0 and the ions have a bulk diffusion
coefficient D = 0.05 (Az?/At).

In order to validate the results in Fig. A.2, we carry out six simulations in the same condi-
tions as in Fig. 5.9 except for A\p/Az = 4,6,8,12,16 and 26. We compute the characteristic
times in the same fashion as for the slit channel case and compare it to the corresponding
theoretical curve (see Fig. 5.10). We observe that we recover perfectly the theoretical predic-
tion (numerical data shown in green triangles) and in particular the LBE simulations are able
to capture the small "bump" on the curve. It is important to point out that the theoretical
curve not only depends on the distance between the two electrodes, as in the slit channel case,
but also has an important dependence on the inner radius R; as discussed in Section A.3.

5.4 Conclusion

In this chapter we have extended the analysis of constant potential simulations of the previous
chapter to the transient regime. The charge fluctuations at the electrodes are at the heart
of the understanding of current fluctuations and thus of electrical noise. We verified that
our numerical results correspond to the theoretical analysis carried out by I. Palaia (see
Appendix A.2 and A.3) of the charge response and in particular of the electrolyte relaxation
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time. In the spirit of Bazant et al. we showed that the relaxation time differs from the Debye
time and we underlined the deviation from Bazant’s result for larger values of e. We pushed
the analysis of the relaxation time to the non-linear regime, leading to interesting physical
phenomena not obviously expected. Hence we could observe a phenomenon of depletion for
large values of AV, which drastically accelerate the relaxation time of the electrolytes, which
we could link to the depletion of the electrolyte in the bulk due to the concentration of
ions near the electrodes. This is but one example of the rich physical phenomena that we
will be able to investigate thanks to this new numerical tool. A first natural step in this
direction would be to identify the key physical parameters controlling the transition between
the two regimes (increasing/decreasing with voltage) observed for the relaxation time in a
single system (fixed distance and salt concentration). Furthermore, from the point of view of
the Lattice Boltzmann community, to the best of our knowledge, this is the first analysis of the
charge response on an electrode for fluids confined at the nanoscale. We will see in the next
chapter how a general response can be linked to electrical or thermal fluctuations. Finally we
extended the analysis of the slit geometry to the case of a coaxial cylindrical channel, which
was never tackled before. Once again the numerical values verified the theoretical predictions.

We have thus successfully developed a new computational method to analyse the charge
response at the mesoscale. In the next Chapter we turn to the linear response theory to
show that it can be applied to LB simulations to extract microscopic information (such as
ion diffusion) from macroscopic quantities like a potential perturbation or any other external
force. Indeed, now that this computational development was achieved, we need to test our
method to available theoretical tools for the study of electrical noise arising from nanofluids.
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Chapter 6. Transient hydrodynamic finite size effects in simulations under
periodic boundary conditions

HIS PhD thesis aims at providing a theoretical and numerical framework to study thermal
fluctuations in electrolytes. During the previous chapters, we have studied the response
of a system to an external perturbation, which was either purely mechanical (via a pressure
gradient), or electrical (via an external electric field, an imposed surface charge or a potential
difference). The response to such perturbations provides information on the equilibrium
flucutuations of the unperturbed system. Linear response theory can be used to derive the
essential relations such as the fluctuation-dissipation theorem!*®!, which we shall discuss more
in details in Section 6.1. For example the response of the differential capacitance can inform
us on the fluctuations in the electric charge

(@) 2

Caf = =—=— =B 6.1
G = HAg B(6Q%) (6.1)

where (-) denotes the average, @) the charge and 6Q) = @ — (Q). Eq. 6.1 is an example of a

fluctuation-dissipation relation**6 known in electronics as the Johnson-Nyquist relation®7-58].

Fluctuations of the electric current can also be linked to the conductivity. If a time dependent

electric field is applied to a system of charged particles, such field will create a current

N

ej?(t) = zperr(t) = M(2) (6.2)

k=1

where () denotes the time derivative and M (t) is the total dipole moment of the sample. An
hamiltonian describing the interaction of the system with such field can then be written as

N
H(t)=-) M(t)- E(t) (6.3)
k=1
Supposing that the electric field is applied in the z-direction and that the system is
isotropic, then only the current in the z-direction will survive. Therefore, the linear response
to a real, periodic field reads

e <]35Z(t)> = Reo(w)FEyexp(—iwt) (6.4)

Finally, using an after-effect function and a complex dynamic susceptibility, which is also
called a dynamic response function (see Ref. 185 for further details on these functions), one
can write a Green-Kubo formula for the frequency-dependent conductivity, i.e.

0o N
o(w) = fff /0 ;<j$z(t)zkea‘ck>exp(iwt)dt (6.5)
62 [ee)
= B2 [ (32057 explistyat (6.6)
0

The usual static electrical conductivity o can be computed as ¢ = lim,_,0o(w). The
statistical average in Eq. 6.6 is the autocorrelation function of the fluctuating charge current
in the absence of the electric field. As we will see in Section 6.1, Einstein made an argument
relating the diffusion coefficient to the mobility, which can be extended to yield a correlation
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function expression for the thermal conductivity. In the present chapter, we show how lin-
ear response theory can be used together with hydrodynamic LB simulations to investigate
equilibrium velocity fluctuations and the related transport coefficient, namely the diffusion
coefficient.

In Section 6.1 we discuss the links between diffusion and mobility. Later, in section 6.2
and 6.3 we present the formalism of linear response theory for the specific case studied, i.e.
a singular perturbation in a fluid, and the algorithm used to study such a perturbation. We
validate the method in Section 6.4 with known results on diffusion coefficients, present in the
literature. Finally, Section 6.5 illustrates the new results considering both steady state and
transient regimes.

6.1 Diffusion and mobility

In the introduction we mentioned that Einstein proved the existence of Brownian motion.
More specifically, Einstein imagined that particles move due to a force F';, whose nature
is not specified, acting on them, which can depend on the position but is independent of
time. As particles move in a medium, namely the fluid, they experience a viscous force (i.e.
friction), which limits them to a maximum velocity wp.. = F/(, where ( is the viscous
friction coefficient. At equilibrium, the particle flux is compensated by a diffusion flux, which
is linked to the concentration gradient so that

F
PL — DkVpk =0 (6.7)
Ck
Furthermore, Finstein makes use of the Van’t Hoff law and applies it to a suspension so
that the sum of the external and osmotic forces per unit volume vanish, i.e.

RT
puF — —Avpk =0 (6.8)

N,

where N4 is Avogadro’s constant, T the temperature and R is the perfect gas constant. Using
Eq. 6.7 and 6.8 yields
kgT
Dy, = -2~ (6.9)
Ck
Historically, this is the first formulation of a fluctuation-dissipation relation. If the par-
ticles are assumed to be spherical with radius R, one can use Stokes formula for the friction
coefficient, resulting in a new expression for the diffusion coefficient
kgT

D = 1
ctnR (6.10)

where c is a constant which depends on the prior assumptions of the problem. Integration of
the stress tensor over all the sphere leads to the friction force, yielding ¢ = 6 and 4 for no-slip
and slip boundary conditions respectively.

Einstein finally concludes his calculations on a more probabilistic basis. Indeed, particles
at positions {r(0)} diffuse over a time t to eventually reach a new positions {r(t)}. The
probability density to find a given particle at a position r at a time ¢ is given by the solution
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of the diffusion equation. Therefore, the mean square value of the displacement is linked to
the diffusion coefficient at long times giving

D:t_liinooé (ir(®) ~ r(O)?) (6.11)

the average is here taken on the initial conditions. This relation is the result of a random
walk where the mean square displacement of the walker becomes a linear time function after
a sufficient large number of random steps. Smoluchowski established a relation between this
random walk and Brownian motion 87188 Eq. 6.11 implies that the thermodynamical limit
is taken before the limit t — +o0o. For a finite volume V', the diffusion coefficient is strictly
zero considering that the maximum of the mean square displacement is of the order to V2/3.
In fact, the right hand side of Eq. 6.11 reaches a plateau for times shorter than the ones
necessary for the particle to reach the edges of the system of reference. It is thus this plateau
value that allows us to define the diffusion coefficient for a finite system. For a given particle
we may write

r(t) — 7(0) = /O v (1) dt!, (6.12)

which yields

(e () — r(0)2) = dy/dw@wva» (6.13)
0 0

= [ dt / ' dt" (v (t' —t") - v(0)) (6.14)

:2/(p¢3@@qmm»a' (6.15)
0

which is obtained using the stationary property of the correlation function and applying a
change of variable. Plugging Eq. 6.15 in 6.11 and remembering that it only applies for large
time scales we can write

1

+00
D= 3/0 (v(t) - v(0))dt (6.16)

Eq. 6.16 is a typical example of a Green-Kubo formula!"191 which is a class of relations
where the dynamical properties are written in the form of a time integral of microscopic
correlation functions. At long times (i.e. longer than relaxation times) the initial and final
velocities are completely decorrelated. Hence, when ¢ — +o0, (v(t) - v(0)) = 0. It was
until the 1960s that the scientific community believed the velocity autocorrelation function to
decay exponentially, as this result was predicted by the linearized Boltzmann equation 2!l
the Fokker-Planck equation!'92l as well as the Enskog equation.

Thanks to the pioneering work of Alder and Wainwright, who studied the behaviour of
the velocity autocorrelation function on a model of disks or hard spheres, the community un-

/2 \where d is the dimension

derstood that the decay had a slow asymptotic behaviour in ¢~
of the system. They also provided a simple hydrodynamical explanation of such a decay 193,

Shortly after, other types of theoretical explanations, on for instance a kinetic basis, were
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d1194196] A review with other types of theoretical formulations, which include

Brownian motion and group renormalisation, was carried out by Pomeau and Resibois![!97.

formulate

Eq. 6.11 and 6.16 are relations which can be easily computed via trajectories obtained ex-
perimentally or with a numerical simulation. This is a quantity obtained at equilibrium, but
when simulations are used, it can be affected by finite size effects. Indeed, it is by now well
established that hydrodynamic finite size effects arise in simulations due to the use of peri-
odic boundary conditions (PBC). These effects can be understood as the result of spurious
hydrodynamic interactions between particles and their periodic images.

Following Diinweg and Kremer'%, Yeh and Hummer % proposed a complete analysis
of the finite size effect on the diffusion coefficient of fluid particles in a cubic box based on
the mobility tensor T (see below):

Dppc = Dol + kBT}i_I}g) [Tpac(r) — Too(r)] , (6.17)

where PBC and oo subscripts denote properties under periodic and unbounded conditions,
respectively, while 1 is the identity matrix. This results in a finite size scaling of the diffusion
coefficient

D(L) = Do — £kpT/6mnL (6.18)

for a cubic box of size L, with £ ~ 2.837 a constant and 7 the fluid viscosity. The same scaling

was found independently 2%l and has been confirmed in molecular dynamics simulations of

[199] [201.202] " jonic liquids?®! or more complex

simple fluids
fluids such as solutions of star polymers[204]. More recently, the extension to anisotropic

boxes was also investigated [20%:206] and interpreted in terms of the same hydrodynamic argu-
[207,208]

, including several water models

ments

The distortion of the flow field due to the finite size of the system (and the associated use
of PBC) does not only affect the diffusion coefficient of particles, but in principle all dynamical
properties. In particular, hydrodynamic flows in an unbounded fluid result in long-time tails of
correlations functions, e.g. as t—3/2 for the velocity autocorrelation function (VACF) in three

(185,209] * Syich long time tails have been reported in molecular simulations for the

dimensions
VACF since the pioneering work of Ref. 210 (see e.g.[?'1]) as well as in purely hydrodynamic
lattice simulations for the VACF or other correlation functions[133:135,148,212]

[213-215] " Their trap-

They have further been observed experimentally on colloidal particles
ping in a harmonic potential by optical tweezers modifies the decay of the VACF which
remains however algebraic?1%l. Such slow hydrodynamic modes also manifest themselves in
the non-Markovian dynamics of solutes, which includes a deterministic component of the
force exerted by the suspending fluid, well described for colloidal spheres by the Basset-
Boussinesq force?17218]  Simulations displaying such a hydrodynamic memory, either on a
coarse-grained 213! or molecular 219 scale, may therefore suffer from artefacts associated with
the use of PBC, at least on long time scales. This was already recognized by Alder and Wain-
wright in their seminal paper where they reported their results “up to the time where serious
interference between neighbouring periodically repeated systems is indicated” 193]

Here we address this issue of finite size effects on the transient regime by revisiting the
above hydrodynamic approach. We investigate the transient response to a singular pertur-

bation of the fluid, previously considered to predict the steady-state mobility [199:2201. More
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precisely, we determine numerically the time-dependent Green’s function for the Navier-Stokes
(NS) equation using Lattice Boltzmann (LB) simulations['?’l. We validate this new approach
in the steady-state by comparison with known results, before turning to the transient hy-
drodynamic response. We show that the multiple features of these finite size effects can be
rationalized analytically by considering the decay of the relevant hydrodynamic modes.

6.2 Perturbation in a fluid and its linear response

The dynamics of an incompressible fluid of mass density p,, and shear viscosity n can be
described by the mass conservation Oypm + V - (pmv) = 0 and NS equation:

Ov

Pma

where v is the velocity field, p is the pressure and f is a force density. In the limit of small
% ~ % with u and L the typical velocity and length, and
v = 1n/pm the kinematic viscosity), both tensors in Eq. 6.17 can be obtained by determining
the Green’s function for the Stokes equation. This corresponds to a vanishing left hand side

in Eq. 6.19 and a perturbation:

+ pm(v - V)v =nV?0 — Vp+ f (6.19)

Reynolds number (Re =

f@ﬂ:{&ﬂ—r}—é]F, (6.20)

with § the Dirac distribution, F' a force and V the volume of the system, i.e. a sin-
gular point force at r and a uniform compensating background. The mobility tensor then
follows from the steady state velocity as v(r') = T(r/,r) - F. Note that the limit in Eq. 6.17
corresponds to " — r. The result for the unbounded case is the well-known Oseen tensor

1 rr
Too(r) = (1 7) : 6.21
(r) 8mwnr + r2 ( )

while under PBC it is more conveniently expressed in Fourier space!'99.

Similarly, the full dynamical response can be obtained by considering a perturbation of
the form f(7")O(t), where ©(t) is the Heaviside function and the spatial dependence is given
by Eq. 6.20, applied on a fluid initially at rest. The Green’s function for the time-dependent
NS equation, which corresponds to a perturbation f(7/)d(t) is obtained as the time-derivative
of the solution v(r’,t). In the limit Re< 1, the response to f(r')©(t) converges at long times
toward the stationary field corresponding to the mobility tensor.

The transient hydrodynamic regime, as quantified by the Green’s function, is also related
to the equilibrium fluctations of the velocity field. Using linear response theory!!8°l we can
perturb the system with a small Hamiltonian expressed as:

H@:_/mﬂw@ﬂnw (6.22)

where f(r,t) is a force density and A(r,t) the conjugate field. Its corresponding linear
response is then written as

d<AB;7(f’r'7t)> _ k;T /dT‘/ <B(1“,t)A (7‘/,0)> f (T/,t) (6.23)
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where B is an observable and AB = B(t) — B(0). We can then take f(r,t) to be equal to
Eq. 6.20 and its conjugate field A corresponds to

A(r,t) = v(r,t). (6.24)

For the particular choice of observable

B(r,t) = pv(r,t), (6.25)

and noting that the initial velocity vanishes, Eq. 6.23 shows that the average velocity v
(canonical average over initial configurations) in the direction of the force at the position
where it is applied, evolves as:

d 1

7 (v(r,t)) = kBiT dr’ <v(r,t)v(r',0)>f(r’,t) (6.26)

This simplifies for the perturbation considered in Eq. 6.20, since the total applied force
vanishes and so does the total momentum [ dr’v(7/,0). One can finally express the velocity
auto-correlation of the local velocity field (LVACF) as:

kT d{v(r,t))
Z(t) = t 0)=——""-" 6.27
(1) = (o(r, o(r, 0)) = "L EO ) (6.27)
where (v(7,t)) is the response to the perturbation Eq. 6.20. This expression, although similar
to the one for the velocity of a particle under a constant force F', has in fact a very different
meaning: Here a perturbation is applied at a fixed position 7 (together with the compensating
background) and the fluid velocity is followed at that position. Indeed, the average and
auto-correlation functions are taken for the local fluid velocity defined by p(r,t)v(r,t) =
(32, 0[ri(t) — rlu(t)), with p(r,t) = (3°,0[ri(t) —r]) the number density, r; and u; the
position and velocity of particle i.
Integrating between 0 and infinity, one obtains the steady state velocity:
F o
Voo (T) = tliglo (v(r,t)) = k‘BiT 0 (v(r,t)v(r,0))dt (6.28)
This relation is analogous to Einstein’s relation for the mobility of a particle, u = v/F =
D/kpT, with the diffusion coefficient D = fooo Z(t)dt. In the following we will therefore refer
to the integral of the LVACF as the diffusion coefficient.

6.3 Algorithm

Here we use LB simulations!'?9], with the Laboetie code, to solve the above hydrodynamic
problem, i.e. the NS equation for a fluid initially at rest on which the perturbation Eq. 6.20
is applied. As mentioned in the previous Chapters, the LB method evolves the one-particle
velocity distribution f(7, ¢, t) from which the hydrodynamic moments (density, momentum,
stress tensor) can be computed. In practice, a kinetic equation is discretized in space (lattice
spacing Az) and time (time step At) and so are the velocities, which belong to a finite set
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{c;} (here we use the D3Q19 lattice). The populations f;(r,t) = w;f(r,c;,t) are updated
following;:

fi(r + Cz‘At,t + At) = fi(r,t) — g
T

[fi(r7t) - fieq(rvt)] +Fiext(rﬂt) ) (6'29)
where f{4(r,t) corresponds to the local Maxwell-Boltzmann equilibrium with density p(r, t) =
>, fi(r,t) and momentum pv(r,t) =", fi(r,t)c;, expanded to second-order in the velocity
to minimize discretization effects resulting e.g. in numerical viscosity. The relaxation time 7
controls the fluid viscosity. Here we use 7 = At, which results in a kinematic viscosity v =

At 1 Az2 . : : _ 1 Az ext
s5— = g ap since for the D3Q19 lattice the speed of sound is cs = NN and F** accounts

for the external force acting on the fluid"25!. We perform simulations for orthorhombic cells
with one length (L ) different from the other two (L), as illustrated in Figure 6.1a, in order
to analyze the effect of both the system size and shape.

Starting from f;? for a uniform fluid at rest, we apply the singular perturbation to a single
node (an extension to arbitrary singular forces, including off-lattice, has been proposed in Ref.
221) with the compensating background everywhere and monitor the velocity on that node
(see Figure 6.1b). The same force F is applied for all systems (10~ lattice units to ensure
that the Mach number is always small: Ma= > < 10~3) whose sizes are chosen to remain in

the limit of small Knudsen numbers (Kn~ 32 = -2 ~ £2 < 0.1), with Re at most O(1).

csL
(a) (b) —~0.29
-~
! <
I a
| 3
I < 0.281
I I_ ~
| ~0.25{—- 11
L, | ™ ) _ 5 0279
I &~ — 4l 1000 2000
! &a 81
,}' > S — L/Az=161
I, o021 :
Ly | 0 1000 2000
t/ At

Figure 6.1 — a. A bulk fluid in an orthorhombic cell with one length different from the other two is
submitted to a perturbation Eq. 6.20 which corresponds to a singular point force (in one of the two
relevant directions indicated by red arrows) and a uniform compensating background. Both elongated
(Li > Ly, as shown) and flat (L, < Lj) boxes are considered. b. Velocity at point r where the
perturbation is applied, as a function of time, from Lattice Boltzmann simulations with various cubic
boxes of size L = L . The inset shows the scaling at long times used to extrapolate the steady-state
velocity, for the largest system.

6.4 Validation of the method

As a validation of this new approach for the computation of hydrodynamic Green’s functions,
we first describe the results for the diffusion coefficient, obtained from the steady-state velocity
as D = kpTvs(r)/F. Here the diffusion tensor is anisotropic and the two independent
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components D | are determined by applying the perturbation Eq. 6.20 in the corresponding
directions. Continuum hydrodynamics predicts a scaling with system size [297:

kT L,
D =D ——h — 6.30
L oo + 6L, ,J.(L” ) 7 (6.30)

where the two functions h) | depend only on the aspect ratio L /L (see Ref. 207). For the
isotropic case Ay | (1) = —€ ~ —2.837. The inset of Figure 6.2 shows the diffusion coefficient
for a cubic box as a function of the size L} = L. For reasons discussed below, the velocity
(v(r,t)) converges slowly to its steady-state value, as v, —a/v/t (see the inset of Figure 6.1b).
Therefore we used a fit to this expression at long times to determine v, for the larger systems.

%100-
g 80 1
n 60
=

~ 40
8 ]
Q| 20
S

~1.0 =05 0.0 05 1.0
log(LJ_/LH)

Figure 6.2 — Scaling functions h | = (D), — D) /(kpT/67nL) defined in Eq. 6.30 as a function
of the aspect ratio L, /Lj. Lattice Bolzmann results (symbols) are compared to analytical results
(lines) from Ref. 207. Note the logarithmic scale on the z-axis. Each point corresponds to the slope of
a scaling with system size at fixed aspect ratio, as illustrated in the inset for a cubic box (L =L, ),
where the line again corresponds to Eq. 6.30.

The LB results are in excellent agreement with the slope expected from Eq. 6.30, even
though some deviations are observed for the smaller box sizes (~ 10Az) as expected. The
extrapolated value for an infinite system is Do, ~ 0.286Az?/At. By performing similar
size scalings for various aspect ratios (see Table 6.1), we can compute the scaling functions
hy,L for both components of the diffusion tensor. The results, shown in the main part of
Figure 6.2, are also in excellent agreement with Eq. 6.30. This validates the present approach
combining linear response and LB simulations to determine hydrodynamic finite size effects
on the steady-state dynamics.

6.5 Finite size effects in the transient regime

6.5.1 Velocity auto-correlation of the local velocity field

We now turn to the the finite size effects in the transient regime. As explained above, the
Green’s function for the time-dependent NS equation is obtained from the derivative of the
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Size ratio o | Lengths Values (in lattice unit Ax)
1/16 L 175 | 271 | 337 | 429
L, 11 | 17 | 21 | 27
1/8 L 103 | 119 | 135 | 151 | 169
L, 13 | 156 | 17 | 19 | 21
1/4 L 85 | 115 | 125 | 155 | 165 | 175
L, 21 | 29 | 31 | 39 | 41 | 43
1/2 Ly 31 | 41 | 51 | 61 | 71 | 101
L, 15 | 21 | 25 | 31 | 35 | 51
1 L 11 | 21 | 41 | 81 | 161
L, 11 | 21 | 41 | 81 | 161
2 L 11 | 17 | 23 | 29 | 35 | 41 | 47 | 53 | 59
L, 22 | 35 | 47 | 59 | 71 | 83 | 95 | 107 | 119
4 L, |1t [ 17 [ 23] 2035 |41 |47
L, 45 | 69 | 93 | 117 | 141 | 165 | 189
8 L 11 | 17 | 23 | 29 | 35
L, 89 | 137 | 185 | 233 | 281
16 L 11| 17 | 23 | 29 | 35
L, 175 | 273 | 369 | 465 | 561

Table 6.1 — The simulated systems correspond to orthorhombic boxes with L, = L, = L; and
L, = L. For each size ratio o = L /L), we compute the steady-state velocity as a function of
kgT/6mnL), for a singular force applied either in the z or z directions. The corresponding slopes
provide the scaling functions A | reported in Figure 6.2.

response v(r,t) to the perturbation f(r')O(t). More precisely, we discuss here the LVACF
defined by Eq. 6.27 which is proportional to this Green’s function and quantifies the equilib-
rium hydrodynamic fluctuations. In an unbounded medium, such fluctuations result in the
long-time tail of the VACF in simple fluids according to!'®!:

 2kgT

-3 [4mut] 32 (6.31)

Zo(t)
Mode-coupling theory predicts in fact a scaling with D 4 v instead of v, but here the Green’s
function is not associated with the diffusion of a tagged particle, so that D is not involved.

Figure 6.3 reports the LVACF computed from Eq. 6.27 using the present LB approach,
for various cubic boxes of size L. For the larger systems, the simulation results coincide
exactly with the hydrodynamic scaling Eq. 6.31 over several orders of magnitude, without
any ajustable parameter. This scaling, together with Eq. 6.27, justifies a posteriori the fit
of the velocity as v., — a/+/t to extrapolate the steady-state value. However, we observe a
cross-over from the algebraic decay to an exponential regime (and oscillations discussed in
more detail below), with a cross-over time that decreases with decreasing L.

The algebraic decay Eq. 6.31 arises from the superposition of an infinite number of modes
(corresponding to the hydrodynamic limit of vanishing wave numbers k& — 0) for momen-
tum diffusion, which in Fourier space decay as ~ e vkt The exponential decay therefore
results from the cut-off at low wave numbers introduced by the PBC, with the slowest mode

corresponding to k;, = 2m/L and a characteristic time 7, = 1/vk?. The vertical arrows in
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107! 2kgT
<k utl=3/
[aN] > l Tt 3pm[4 t]$2
5
107° l
J l
S]/ — 11
~ =2
N 81
— L/Az =161 ..
1077 T T T >
10V 10! 102 10° 10*
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Figure 6.3 — Local velocity auto-correlation function (LVACF) computed from Lattice Boltzmann
simulations in a cubic cell, for various cell sizes L/Az. The double logarithmic scale underlines the
algebraic decay expected from hydrodynamics in an unbounded fluid, Eq. 6.31. The finite size results
in a cross-over to an exponential decay, analyzed in further detail in Figure 6.4. The arrows indicate
the diffusion time for the slowest mode, 7, = 1/vk?, with k;, = 27/L, which corresponds to the
exponential decay rate and is also typical of the cross-over between the algebraic and exponential
regimes.

Figure 6.3, which indicate this time, show that it is also typical of the cross-over from alge-
braic to exponential decay A Le_”k%t of the LVACEF. The scaling of the cross-over time 77, is
consistent with that reported for the velocity decay of a particle submitted to an impulsive
force in LB simulations with fixed system size and varying viscosity??!l. The prefactor A,
can be roughly estimated by assuming the continuity between the two regimes at ¢ = 7.
Using Eq. 6.31, this results in:

Ap = —— _"Bog3 6.32
T 3P o " (6.52)

6.5.2 Propagation of acoustic modes

Another striking feature in Figure 6.3 is the presence of oscillations, with a frequency which
depends on the size of the simulation box. This is clearly another finite size effect, which can
be understood in terms of the slight compressibility of the fluid. Indeed, in the LB method
the ﬂuizd is only quasi-incompressible. In such a case, while the transverse mode decays as
—vk“t (

~ e as for an incompressible fluid), the longitudinal modes follow a dispersion relation

which can be obtained by linearizing the mass conservation and compressible NS equation,
for an isothermal perturbation of the form ei«t=k7),

fluid is that of an ideal gas (p = pkpT = pmc?), one obtains:

Since the equation of state of the LB

4
(iw)? + iwk? (31/ + u') + k% =0, (6.33)

with v/ = (/pp, the kinematic bulk viscosity. In the case of the D3Q19 lattice, for which
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V= %1/, the solutions are of the form

iw = —vk® & ikcg\/1 — v2k2/c2 ~ —vk? +ike, (6.34)

(for k < ¢s/v), i.e. attenuated sound waves. Such a dispersion relation had already been
considered for the LB simulation of acoustic waves, see e.g.[222224],

“i}
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Figure 6.4 — LVACF computed from Lattice Boltzmann simulations in a cubic cell, for various cell
sizes L/Ax, normalized by the expected exponential scaling at long times Ape "MLt with ky = 27 /L
and Ay, given by Eq. 6.32, as a function of time rescaled by the frequency wy = kcsy/1 — v2k2/c2.
The oscillations are due to the small compressibility of the LB fluid, which results in damped acoustic
waves. For the larger systems the contribution of faster modes nky, is still visible on the time scale of
the simulations.

For periodic systems, the slowest modes correspond to kj, = 27/L and longitudinal modes

2 .
decay as ~ e "VFLt coswy t, with a frequency

wr, = kresy/1 — v2k2 Je2 ~ kpcs. (6.35)

Figure 6.4 reports the LVACF normalized by the exponential decay A Le_”k%t, as a function
of the rescaled time wyt, for various system sizes spanning more than one order of magnitude.
It clearly shows that the above analysis captures all the main features of the finite size effects
on the transient hydrodynamic response: 1) the rate of the exponential decay, since at long
times the curves oscillate around a plateau; 2) the order of magnitude Ay, of the exponential
regime, since the value of the plateau is the same for all system sizes; 3) the frequency of
the oscillations, which are in phase after rescaling by wy. While only the slowest mode
contributes to the oscillations for the smallest system (L = 11Ax), others are increasingly
visible in this time2 range as the system size increases. Indeed, the other modes nky, decay as
vn kL

2752 — wrt . vn2k?
vkt — o7 TeL , t.e. —L
wr,

~e = nQ% times faster — a difference which decreases with
increasing L. Using more elaborate LB schemes for compressible thermal flows (2?5 or any
other hydrodynamic simulation algorithm (or even the continuous Boltzmann equation from
which the LB algorithm follows), will also result in the cross-over to the exponential regime,

which is an inevitable consequence of the finite size of the system and the associated PBC.
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It should also manifest itself with strictly incompressible flow simulations, even though we do
not expect oscillations in the VACF in that case.

6.6 Conclusion

In this Chaper, we have used Lattice Boltzmann and analytical calculations to investigate
transient hydrodynamic finite size effects induced by the use of periodic boundary conditions.
These effects are inevitable in simulations at the molecular, mesoscopic or continuum levels
of description. We analyzed the transient response to a local perturbation in the fluid and
obtained the local velocity correlation function via linear response theory. This new approach
was validated by comparing the finite size effects on the steady-state velocity with the known
results for the diffusion coefficient. We next investigated the full time-dependence of the local
velocity auto-correlation function. We found at long times a cross-over between the expected
t~3/2 hydrodynamic tail and an oscillatory exponential decay, and studied the scaling with the
system size of the cross-over time, exponential rate and amplitude, and oscillation frequency.
We interpreted these results from the analytic solution of the compressible Navier-Stokes
equation for the slowest modes, which are set by the system size. The present work not only
provides a comprehensive analysis of hydrodynamic finite size effects in bulk fluids, which arise
regardless of the level of description and simulation algorithm, but also establishes the Lattice
Boltzmann method as a suitable tool to investigate such effects in general. More specifically,
the present work shows that it is possible to rationalize all finite size effects in terms of
the cut-off of hydrodynamic modes at small wave numbers introduced by the use of PBC.
Coming back to Alder and Wainwright’s quote!'?3!, the time where neighbouring periodically
repeated systems seriously interfere corresponds to momentum diffusion for the slowest mode,
L, =1/ Vk‘%. It is crucial for the setup and analysis of molecular simulations to control these
finite size effects, which can be efficiently computed from the present approach combining
linear response and LB simulations. In turn, such an analysis is useful to extrapolate the
macroscopic limit without actually performing the simulations for too large systems. One
could exploit these effects further to determine material properties, not only the viscosity
from the slope of the diffusion coefficient vs inverse box size (as for water in first principles
molecular dynamics simulations [226]), but also e.g. the speed of sound from the oscillation
frequency of the LVACF, as shown here.

The systematic finite size analysis of the transient response could also be extended to
other situations. For example, the long-time decay of the VACF under confinement or near a
boundary, in an otherwise unbounded fluid, scales as t75/2 instead of t3/2 in the bulk [136:227]
but PBC in the directions parallel to the interface will also result in deviations from the
algebraic decay. Similarly, the diffusion coefficient of lipids and carbon nanotubes embedded
in a membrane diverges logarithmically with system size2°8 and one should also observe the
impact of PBC on the transient dynamics. This may also prove important for extracting from
finite size simulations other dynamical properties for which hydrodynamics play an important
role, such as memory kernels?19].

Therefore, we may consider this Chapter as a first form of validation to prove the effec-
tiveness of the LB method to tackle analysis involving linear response theory, which in the
future will help us to understand the origin of electrical noise via macroscopic quantities such
as the fluctuations of electric current, by readapting this problem to the case presented in
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Eq. 6.6, but also to the electrokinetic response, related to the cross-correlation between mass

and electric currents!™7I,
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UR work is inscribed in a succession of attempts at understanding fluctuations, nanofluidic
O sensings or simply nanoelectrodes from different angles (i.e. different computational
tools). Lattice Boltzmann Electrokinetics (LBE) and more specifically its implementation in
the Laboetie code represents another brick in the wall with the other available algorithms
which simulate electrodes maintained at fixed electrical potentials (e.g. Ref. 228).

Our contribution within the Lattice Boltzmann community was to extend the moment
propagation method to include the combined effects of adsorption/desorption of charged trac-
ers, their migration under local and applied electric fields, as well as their advection by the
local velocity of the fluid. Furthermore, we modified the algorithm to simulate nano-capacitors
in different geometries - we only tested two different kinds but the method can be applied to
any arbitrary geometry - under a constant potential difference between the electrodes. This
moved the LBE method in the community of algorithms simulating electrodes maintained at
fixed electrical potentials, as mentioned above. Besides, the constant potential method and
more generally the LBE method was used for the first time to analyse the transient regime of
nanocapacitors charging. By doing so, we could retrieve the temporal evolution of the charge
at an electrode (i.e. the charge response to a perturbation) and point out that, in the case of
small applied potential differences, the electrolytes relaxation time present characterstic times
more complex than the simple Debye time or even the time found by Bazant. Furthermore
we could extend the analysis to the non-linear regime and show an interesting depletion phe-
nomenon taking place, which leads to a more complex temporal response. Contrary to the
other methods mentioned (e.g. Ref. 228) LBE is a mesoscopic method and has thus the advan-
tage of simulating large systems ~ 100 nm, which reinforces the idea that it provides a useful
computational framework for the experimentalists, allowing them to better understand their
results. Finally we showed the efficiency of the LB method to study confined electrolytes using
linear response theory and the link between response and fluctuations. This will enable us to
understand the origin of electrical noise, via macroscopic quantities, such as the fluctuations
of electric current. Indeed, Nyquist gave an expression for the generalized noise for devices
with a partially reactive response, such as a capacitor, and showed that the power spectral
density of the series noise voltage can be linked to a frequency-dependent complex electrical
impedance. A Fourier transform of the temporal charge response would provide us with the
capacitor impedance. Hence, the charge response can be linked to the impedance and thus
to the electrical fluctuations. Furthermore, we will also be able to study the electrokinetic
response related to the cross correlation response between mass and electric currents.

Therefore, we provided the basis of a computational framework, which in a compact form
can model a large variety of physical phenomena, coupling different dynamics, and can be
applied to available theories to understand intrinsic microscopic mechanisms from macroscopic
quantities. This is the first note of this noisy symphony, which we are trying to listen. Let us
listen carefully...

— 133 —



General Conclusion

6.7 Perspectives

Because of the prior assumptions of PNP theory, excluded volume effects are not taken into
account at this stage (in the Laboetie code). Moreover, we have considered only symmetric
electrolytes so far. However, we could consider modifying the method with other available
theories to include volume effects 229 or simulate N-component electrolytes[23% i.e. for tracers
which do not influence the dynamics of the other species. In addition, as the sorption dynamics
is only present in the moment propagation method, it would be interesting to also include
it in the LB part of the code. This would help us understanding the interplay between
adsorption/desorption and electrokinetic effects during the transient regime for instance.

From a general perspective, the study of electrical fluctuations in a number of geometries
and conditions, corresponding to the available experimental literature, would allow us to pre-
dict the expected signal (i.e. the experimentally measured signal). The problem can be viewed
in two different directions: experimentalists measure a signal and try to understand the un-
derlying mechanisms, whereas we can predict the expected signal and its noise characteristics
as a function of the geometrical and physical parameters defining the experimental system.
This allows in turn to extract the latter from the experimental data, as the noise footprint
is unique for any given molecule or atom. We can thus consider an inverse approach to the
problem and provide noisy signals to the experimentalists, which correspond to a system of
reference. We could then explore new strategies and optimise the available setups in order
to push the detection limits, allowing experimentalists and engineers to exploit their tools
beyond the current state-of-the-art, e.g. working at low ionic strength, at higher frequencies
or with smaller devices.

During this PhD we focused on modelling electric charge and current fluctuations. How-
ever, it would be interesting to introduce thermal fluctuations into LBE simulations. This
would then provide the right computational tools to directly simulate single molecule detection
and nano-electrochemical experiments, as described in the introduction.

On the longer term, the basis of this work could have implications for the development
of nanofluidic sensors. Simulations related to the development of nanoISFETs (Nanoscale
Ion Sensitive Field Effect transistors) could be considered. Our methodological development
would provide a basis for further developments that would create simulation tools which could
be transferable to other scientific and technological contexts, such as biological sensors or the
production of "Blue energy" from salinity gradients (e.g. between salty sea water and fresh
river water) and sea water desalination.
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APPENDIX A
Mathematical derivations and
algorithms

A.1 Successive Over Relaxation Algorithm

The electrostatic potential v is solved via Poisson equation, which is computed at each time
step using the Succesive Over Relaxation algorithm, namely SOR. It is a numerical recipe
which solves linear systems such as

Az =b (A1)

where A € R™™ b € R™. In our case A corresponds to the Laplacian operator, x to the
electrostatic potential v and b to the charge density.

It is an iterative algorithm which constructs a series of vectors z(¥) € R™ such that
limg—oox® =2 = A~1b. 2 is a serie convergent in x for all k£ € N.

More specifically, SOR is based on a Gauss-Seidel algorithm. It makes use of a matrix
., which depends on a chosen parameter w which is picked so that the spectral radius
p(€,) is as small as possible. We decompose the matrix A according to A = M — N with
M =1/w(D —wFE) = A =D —E — F. The a priori assumption is that (D — wE) is
invertible (i.e. a;; # 0 Vi). We define Q,, with Q, = M~Y(M — A) = I — M~1A, where
Q=(D—-wE) ' (1-w)D+wF] = -wL) (1 -w)l+wU],with L =D"'E, U=D"'F
and C,, = M~1b where C,, = w(D — wE) b = w(l — wL)"1(D71b).

The method works then as follows,

M:iD-E;sN:(i—1>D+F; L,=(D—-wE) (1 -wD+wF] (A2)

then we solve

<iD_E>xk+1:[< >D—|—F]5L‘ +b (A.3)

Proposition : If w ¢ (0,2) then SOR diverges = p(L,) > 1
det(L,) = det|D — wE] 'det[(1 — w)D + wF] (A.4)
= det[D] " 'det[D] " det[(1 — w)D] (A.5)
=(1-w)n (A.6)
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Let W = L L., then v; are the eigenvalues of W = p(L,,) = supi<i<n+/Vi- We have

det(W) = [det(L,,)]? (A7)
= ﬁ ” (A.8)
< AL (A.9)
and thus,
(1= )™ < [p(L)]" (A.10)

fw<0=(1-w)>1=p(L,)
fw>2=-1>(1-w) = (1-w)?>1= p(Ly,)

Hence, in order for SOR to converge we need to have 0 < w < 2. For our purposes we use
w=1.4.

A.2 Ions dynamics and relaxation times, linear regime - slit
channel case

The following section corresponds to the analytical derivations carried out by Ivan Palaia to
estimate the electrolyte relaxation time, in the linear regime, in a slit channel. The corre-
sponding numerical comparisons are discussed in Section 5.2.

The dynamics is determined by the Nernst-Planck drift-diffusion equations,

Op= _ 0 ( 9px 9
or Dm( or TP, (A-11)

The electric potential is linked to the volumic density of charge p; = e(p; — p—) through
the Poisson equation

V2= LI (A.12)
Eréo

The fact that ions are confined within the two slabs of the capacitor imposes that the
current of cations and anions at +L/2 and —L/2 be vanishing:

SO (1 ) % Beps(— L2002 (—Lj2,0) = 0
88:,: gi (A.13)
— T (HL/2,8) F Beps(+L/2,) 5o (+1/2.4) = 0

Finally, the potential must be continuous between slab and solution, so

G(£L/2,t) = £V (1) (A.14)
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Eq. A.11 can be linearised around the equilibrium values of 1) and p+ when the voltage
source is off: namely, ¥ = 0 and pL = ns, ns being the uniform initial concentration of the
two ionic species (salt concentration). The linearisation will give accurate results as long as
[v(z,t)| < (Be)~! and |p+(z,t)—ns| < ns during the evolution of the system; these conditions
logically translate into |V (t)] < (Be)™! and |ps(z,t)| < 2nse, respectively. Subtracting the
linearised equation for p_ from the linearised equation for py yields the so-called Debye-
Falkenhagen equation for py:

Ipy &py s 0%
— =D 2 — A.15
ot (8:52 T2 s (A.15)
Using Eq. A.12, we get
Opy Ppr o
— =D — A.16
at ( a2 " Pt (A.16)
We now make the equations adimensional: we measure lengths in units of L/2, times in
units of Lz’\—DD, potentials in units of ie, electric charge density in units of 2eng, and denote
€ the adimensional ratio Z’\TD = % Note that ¢ can but need not be a small quantity.

From now onwards, x and t will denote the adimensional coordinates, pg(x,t) and (x,t) will
be adimensional functions of adimensional coordinates, and ¢ will be the only adimensional
parameter of the system. Eq. A.16 can be rewritten as

Opy _ 29°py
— = - A7
“or T on2 M (A-17)
The Poisson equation reads
0%
2

The boundary condition given in Eq. A.13 can be written in terms of the charge density
upon linearization; its dimensionless version reads

Ipy oY _
—a (L) = 5 (L) =0 (A.19)

Finally, boundary condition given in Eq. A.14 still reads
Y(£1,t) = £V (¢t) (A.20)
We present two equivalent derivations of the exact relaxation times in the linear regime:
in the first one we make use of the Laplace transform to solve the PNP equation, in the second
one we start from an ansatz about its solution and work in the time domain.

A.2.0.1 Laplace domain

Eq. A.17 can be easily solved by using Laplace transforms (as in [42]), that we denote by hats
and define as follows:

i, s) = Lipp(, )} = /Ooo pi(z,t) et dt (A.21)
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In the Laplace domain, knowing that py(x,0) = 0 since we start from a discharged EDLC,
Eq. A.17 reads

1+es_ 825}

= A.22
62 pf ax2 ( )
Any z-antisymmetric solution will be of the type
pf(z,s) = A(s) sinh(kx) (A.23)
where k is in principle any of the two solutions of the equation
1+es
k? = A.24
- (A24)

In the following, we will always assume k to be the solution with positive imaginary part
(thus operating a branch cut of the square-root function along the positive real axis) and
we will see in a while that the complementary choice gives the same results. Using the the
Laplace-domain version of Eq. A.18, one gets the general form of zZ Fixing the null-potential
plane at x = 0, and imposing boundary conditions of Eq. A.19 and A.20, again, in their
Laplace-domain version, the following result can be obtained:

_ sinh(kz) + zk(e?k? — 1) cosh(k)
~ sinh(k) + k(e2k? — 1) cosh(k)

U(z, s) V(s) (A.25)

__ €2k? sinh(kx) ~
pi(w,s) = ~ sinh(k) + k(e2k2 — 1) cosh(k) Vis)

Other interesting adimensional quantities are the superficial density of charge o(t) on the
left plate, expressed in unites of ;ﬁ, the integrated charge density Q(t) = fi)l ps(x,t)de,

ereg

of course in units of 2ngel /2 = 2/\;7L and the electric field E(0,¢) at x = 0, in units of

(A.26)

Be2
D ereQ

Liﬂe. Their Laplace transforms read

a(s) = —Z—Zﬁ(—l,s) (A.27)
€2k? ~
= —kcoth(k) 1+ k(e2k?2 —1) coth(k:)v(s)
N 0
Q(s) = /1 plx, s)dx (A.28)
tanh(%) e2k? N

= % T EE@RE Do) )

E(0,s) = —gi(o, s) (A.29)
tanh(ﬁ) e2k2 ~
[ e2k:2 ~ keoth(k) 1+ k(e?k? — 1) coth(k) Vis)
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Note that these three quantities satisfy exactly Gauss’ theorem, in the form

5(s) + é@(s) — B0, 5) (A.30)

All these expressions for Laplace transforms of real observables are invariant under the
transformation k — —k, meaning that considering the second solution of Eq. A.24 gives the
exact same results.

To study the time relaxation of the system to equilibrium, we recall that by the Bromwich-
Mellin inversion formula
S+ioco
pr(x.t) = L7Hp(x,8)} = plx,s)e™ ds (A.31)
S—ico
for some real S such that p(z, s) has no pole lying on the right of S. We observe that, if the
integrand function is such that its integral over the semi-circumference of infinite radius in a
left half-plane goes to zero, the integral amounts to the sum of the residues of the integrand
itself. Hence, each non-zero pole of the function p(z, s) will contribute to the inverse Laplace
transform with a term e Resj(z,s)(sn). The non-zero poles of p, o, @ or EO are thus the
relaxation rates of our system.

For a step potential V(t) = v for ¢ > 0, the non-zero poles of functions in Eq. A.25 to
A.29 all coincide. Indeed, such quantities can all be expressed as products of entire functions
(except in 0) times the following H(s):

B e2k? B 1+4+es
1+ k(e%k? — 1) coth(k) 1+ sv/1+ es coth (7”'“8)

The same branch cut introduced before for the square root is used.
We denote the poles of H(s) by sy, with n € {0,1,2...}, and we order them such that the
highest their index n, the most distant they are from the origin. They all lie on the negative

H(s) (A.32)

real axis and are all of order 1. To identify them, we analyse first the case s < —% and then
the case s > —%; notice that s = —% is not a pole but a removable singularity.
In the case s < —%7 V1+es = iy(s) with y real and positive. Finding the zeroes of

Eq. A.32 amounts therefore to finding the roots of the transcendental equation

tan (y(s)) = y(s) (y(s)* +1) (A.33)

€ €

They can be easily found graphically and numerically and they are included in the interval

emn < yp < em(n + %), withn > 1ife < % orn>0ife> % This corresponds to poles s,
such that

1, 1\? 1
———en’(n+ ;) <sp<———em’n (A.34)
€ 2 €
n>1, ife<-t
with¢  — 7B (A.35)
>0, 1fe>%
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Figure A.1 — On the left, poles s,, and corresponding relaxation times 7, for ¢ = 0.1; the first pole
is sp = —1.057 and the longest relaxation time is 79 = 7551 = 0.946. On the right, the same thing

for e = 10; in this case the first pole is sg = —24.693 = —10.008%2 and the longest relaxation time is
7o = —sp ' = 0.04050.

As n — 00, s, approaches the left extremum of the interval and scales as n?.

In the case s > —%, we take /1 + es = z(s) with z real and positive. Now, finding the
zeroes of the denominator of H(s) amounts to finding the roots of another transcendental
equation:

tanh <Z<3)> _ A (2(s)% — 1) (A.36)

€

Ife< %, this equation has only one root —% <850 <0. Ife> %, it has no roots.
Summarising, the infinitely many poles s, of quantities in Eq. A.25 to A.29 are to be

found as follows. For n > 1, the poles s,, are the roots of Eq. A.33 over the intervals Eq. A.34;

for n = 0, the pole sy corresponds to the root of Eq. A.33 over the interval —% — % <s< f%

if e > %7 and to the root of Eq. A.36 if € < %

Studying numerically the value of these relaxation rates, one can identify two limits. When

e < 1, as inl*? sy ~ —1, so the slowest time scale 75 = —561 tends to 1 (in dimensioned
time %); all the other s, lie on the left of —%, corresponding to infinitely many very

2
short relaxation times 7,, smaller than or of the order of € (in dimensioned time %’) and
accumulating around 0. When € > 1, sg ~ —6%2, so the slowest time scale 7y tends to % (in
%); 0 is again an accumulation point for the other time scales 7,. For
42D
e = 0.1 and 10, the first few poles s,, and time scales 7,, are represented in Fig. A.1.

dimensioned time

This derivation, although with a much heavier notation, can be found in 231 whose au-
thors arrived independently to the same results.

Finally, computing explicitly the residue

25n,(1 + €sy)

A.37

Resp(s)(sn) =

— 141 —



Appendix A. Mathematical derivations and algorithms

allows to retrieve immediately expressions such as

(e 9]

sinh £ 2(1 + esy,) sinh 7”:;65”1:
—v)

snt A.38
3= s i (A

P, t) = —v
f( ) sinl 1
€ n=0

which can be shown to be equivalent to Eq. 40 in Ref. 231.

A.2.0.2 Time domain

We here make the ansatz that potential ¢)(x,t) and electric density ps(x,t) relax to equilibrium

as
sinh (Z) > .
Y(x,t) = Um + Unzzobn(l‘) et (A.39)
h(z) &
pyla,t) = —”Zi 21; + ”nz::an(”«’) o™’ (A.40)

with B, (z) = —€2b!(z) by Eq. A.18, and s, real. Putting Eq. A.40 in Eq. A.17 and enforcing
asymmetry gives

By () = ¢y sinh (@Q (A.41)

This expression can be integrated to get the corresponding b, (z). Fixing the gauge 1(0) =0
and imposing Eq. A.19 one finds

sinh ( v lt“” x) sp, cosh ( v ltﬁ‘g”)
by, =—c, A .42
@)= | =y, T UTre (442

Finally, Eq. A.20 gives, for any n, either ¢, = 0 or

V1 n
1+ VI T €5 coth <+68> =0 (A.43)

€

which is exactly the defining equation for the poles of Eq. A.32. Notice that we have taken the
same branch cut for the square root as in the previous section; when s < —% the hyperbolic
cotangent has imaginary argument and a situation like the one of Eq. A.33 is recovered
(infinitely many solutions), while when s > —% the situation is analogous to Eq. A.36 (one or
no solution, depending on the value of ¢).

An approximation for sg can also be found in a simpler way by assuming a monoexpo-
nential relaxation. This leads to the correct By(x), as in Eq. A.41, and to the following
approximate version of
VTes

€

1 + sg coth 0 (A.44)

which is correct in the small e limit, when sq is well separated from the other relaxation rates.
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A.3 Ions dynamics and relaxation times - cylindrincal channel
case

The following section corresponds to the analytical derivations carried out by Ivan Palaia to
estimate the electrolyte relaxation time, in the linear regime, in a coaxial cylindrical channel.
The corresponding numerical comparisons are discussed in Section 5.3.

The Debye-Falkenhagen equation for charge, equivalent to Eq. A.16 reads

Ops 10 ( Opy 2
—=D|-—(r—=—) - A.45
ot [r@r (T ar ) "0 (A.45)
We here use the same nondimensional units as in Section A.2, choosing as reference length
L = Ry — R;. The two adimensional parameters that describe the system are now € = ”‘TD
and n = 2—121. Now Eq. A.45 reads
8pf 2 10 apf
9Pf _ 229 (2RSS A.46
“at ~ “ror\ or Pi ( )
In terms of the Laplace transform of the charge density, p(r, s), this becomes
1 82pf
k*p= - A.47
rpf =+ Or2 ( )
In cylindrical coordinates, boundary conditions of Eq. A.19 and A.20 read
Ipy N
—_— —(mn) =20 A48
5, (1) + 5 (1) (A.48)
Opy N
— 2) 4+ — 2)=0 A.49
P+ 2) + 5000+ 2) (4.49)
b(n) = =V(s) (A.50)
Y(n+2) =V(s) (A.51)

Solving for the charge density gives

ﬁ(?“, S) =
2T (s)e (nh(kn)fco(kr) — (1 2T (k0 + 2) Ko (kr)

T (K (kn) — (0 + 2K (k(n + 2))) foum) /

[k <77]1(k17) <(n +2)klog (7712> (k*¢® — 1) K1(k(n + 2))

+ Ko(k(n + 2))>
+ (n+2)I1(k(n +2)) (2nk coth™ (n + 1) (k*¢* — 1) K1 (kn) + Ko(kn))

ok 4+ 2)) Ky (k) + (0 + 2) o (k) K6 (k(n + 2))) - 2} (A.52)
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Figure A.2 — In continuous lines, 7 as a function of ¢, for different values of 7. In dotted blue lines,
the circuit-model approximation for 7 (Eq. A.57), for the same values of 7.

Eq. A.52 gives the correct steady state behavior at infinite time, for a step applied
potential. It also tends to Eq. A.26 as n — oo.

As before, we can retrieve at least numerically the poles of this function. Starting from
n — oo and going toward n — 0, one can see that a slight curvature splits each zero of
Eq. A.32 into two zeros with a pole in between. These poles s, correspond to the relaxation
rates of the system. In Fig. A.2 we plot the slowest timescale 79 = s, 1 as a function of €, for

different values of 7.
L2

For € > 1, the relaxation process is diffusive: 79 = —-, or ;%5 in physical units. For
arbitrary 7, a is given by the solution of
I (a(n + 2)) K1 (an) — Iy (an) K1 (a(n+2)) =0 (A.53)

and it is equal to 7/2 in the planar limit and to 3.67049... in the n — 0 limit. It represents a
purely geometrical effect of curvature in diffusion problems, see for instancel? |,

For ¢ < n < 1, the double layer width is smaller than the radius of curvature and the
cylinders appear as locally flat. In this regime 7 is constant with respect to €, as in the planar
case, but is value crucially depends on 7. For n < € < 1, the double layer is oddly defined
around the inner cylinder.

A simple circuit model explains well the whole n < 1 and € < 1 regime. We model
each charged cylinder with its double layer (¢ < 1) as a regular cylindrical capacitor, whose
electrodes are at distance e. The capacitance (per unit length), in units of 2mepe,, turns out
to be

1
A.54)
e (
In 7
for the inner cylinder, and
1
A.55)
27 (
In 2+nze

for the outer cylinder. We model the whole ionic solution, as a resistance with conductivity
2n,B8De?. Assuming a certain potential difference across the resistance, one can derive the
electric field from Gauss’ theorem, in cylindrical geometry. Ohm’s law then gives the resistance
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(per unit inverse length), that measured in unit of 47;;’5’86 5 reads
In(2
@ +n) (A.56)
In(n)

We compute the characteristic time of the circuit as the product of this resistance and the

eln (2%7)

In ((77+2)(n+6)>

total capacitance. The result is

(A.57)

T =

n(n—e+2)

This approximation performs spectacularly in the whole regime € < 1 (see Fig. A.2).
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"Physics is like sex: sure, it may give some practical results,
but that’s not why we do it." - Richard Feynman
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