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Abstract

Our everyday lives depend greatly on catalytic processes and since we
should take responsibility on utilising our available resources provided by
nature with greatest efficiency, optimising these aforementioned meth-
ods should have high priority. One method to investigate the catalytic
properties of surfaces is by means of electrochemical measurements. For
this purpose, a new flow cell will be built to study the performance
of single atom catalysts. Among other things, the final design of the
flow cell will include in-situ infrared absorption measurements as well as
detection of reaction products using mass spectrometry during measure-
ments. To optimise the electrochemical flow cell, simulations utilising
the finite-element simulation program COMSOL Multiphysics were per-
formed on a simple test geometry which was deliberately chosen to be
as simple as possible to act as an ideal benchmark to test the influence
of all involved effects like for example positioning of electrodes. Three
different types of simulations were performed and compared to each other.
First, all electrochemical processes were substituted by a concentration
influx at the working electrode which resembles the case of a perfectly
uniform current distribution across the electrode surface. Then simula-
tions were performed using concentration-independent electrode kinetics
and to include effects of concentration dependence, simulations using
a concentration-dependent Butler—Volmer formalism were performed.
Concentration dependence means that the generated species due to the
applied electrochemistry influence the cell performance. In the last part
of this thesis, two different parameter studies were conducted to deter-
mine the impact of different electrode positions and the influence of the
channel height, i.e., the distance between working- and counter electrode,
on the cell performance. The channel height is crucial when probing
with infrared absorption is desired during measurements. Simulation
results show that for the simulated experiment (dissolution of metal by
an applied voltage pulse) no significant impact of the generated reaction
products on the cell performance occurs.






Zusammenfassung

Unser tagliches Leben hingt stark von katalytischen Prozessen ab. Da
wir die Verantwortung dafiir iibernehmen sollten, unsere verfiigharen
Ressourcen, die von der Natur bereitgestellt werden, mit grofiter Ef-
fizienz zu nutzen, sollte die Optimierung dieser oben genannten Meth-
oden hohe Prioritdt haben. Eine Methode zur Untersuchung der kat-
alytischen Eigenschaften von Oberflichen sind elektrochemische Mes-
sungen. Zu diesem Zweck soll eine neue Durchflusszelle gebaut werden,
um die Leistung von Einzelatomkatalysatoren zu untersuchen. Das
endgiiltige Design der Durchflusszelle umfasst unter anderem die In-
situ-Infrarotabsorptions-Messung sowie den Nachweis von Reaktions-
produkten mittels Massenspektrometrie wiahrend der Messungen. Um
die elektrochemische Durchflusszelle zu optimieren, wurden Simulationen
mit dem Finite-Elemente-Programm COMSOL Multiphysics an einer
Testgeometrie durchgefiihrt, die bewusst so einfach wie méglich gewéhlt
wurde, um als idealer Mafistab fiir den Einfluss aller beteiligten Effekte
wie beispielsweise der Positionierung von Elektroden zu dienen. Drei ver-
schiedene Arten von Simulationen wurden durchgefithrt und miteinander
verglichen. Zunéchst wurden alle elektrochemischen Prozesse durch einen
Konzentrationsfluss an der Arbeitselektrode ersetzt, der dem Fall einer
vollkommen gleichméBigen Stromverteilung iiber die Elektrodenober-
flache entspricht. Anschliefend wurden Simulationen mit konzentrations-
unabhéngiger Elektrodenkinetik durchgefiihrt. Um die Auswirkungen
der Konzentrationsabhéngigkeit zu beriicksichtigen, wurden Simulatio-
nen mit einem konzentrationsabhédngigen Butler-Volmer-Formalismus
durchgefithrt. Konzentrationsabhingigkeit bedeutet, dass die aufgrund
der angewandten Elektrochemie erzeugten Reaktionsprodukte die Zell-
leistung beeinflussen. Im letzten Teil dieser Arbeit wurden zwei ver-
schiedene Parameterstudien durchgefiihrt, um den Einfluss verschiedener
Elektrodenpositionen und den Einfluss der Kanalhthe, d.h. des Ab-
stands zwischen Arbeits- und Gegenelektrode, auf die Zellleistung zu
bestimmen. Die Kanalhohe ist entscheidend, wenn eine Messung mit
Infrarotabsorption gewiinscht wird. Die Simulationsergebnisse zeigen,
dass fiir das simulierte Experiment (Auflésung von Metall durch einen
angelegten Spannungsimpuls) kein signifikanter Einfluss der erzeugten
Reaktionsprodukte auf die Zellleistung auftritt.
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Corrigendum

Every creation is susceptible to mistakes. Therefore, this page lists all changes made to correct
the official approved version of this thesis!. If the avid reader (you) finds more mistakes they
may be reported to the author? which is highly appreciated!

o Page 30 (para. 1):
“evaluated on a slice in the fJlz plane” — “evaluated on a slice in the xz plane”

o Page 40:
“can be calculatedffSolutions of” — “can be calculated. Solutions of”

o Figure 3.44 on page 66:
Switched the difference plots to match the corresponding upper two figures

e Caption of Fig. 3.46 on page 68
“Evaluated on § = 0 on the WE” — “Evaluated on y = 0 on the WE”

e Figure 3.54 on page 73:
Changed the coordinate system (z coordinate) to yield a right-handed system.

o Equation (3.15) on page 75:
Changed the fluid velocity (u(z) — v(z)) and added a factor of minus one (cf. Egs. (2.45)
and (3.15))

« Page 84 (para. 2 & 3):
“lead to a deflcreasing reaction rate” — “lead to a decreasing reaction rate”
“the RTD curvef§] was” — “the RTD curve was”
“counter electrode (lhe counter electrode” — “counter electrode (the counter electrode”

1 The official version of this thesis can be found at https://permalink.catalogplus.tuwien.at/AC16400636
2 claus@kovacs.cf
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Section 1

Introduction

bout more than 90 % of all chemical products have been processed using a catalytic

process during their production [1, p.1; 2, p.7; 3, p.18]. With the ever-growing

demand of resources all around our planet, humankind should strive to not only
improve the existing ones, but also develop new, more efficient catalysts. Since heterogeneous
catalysis usually happens between the interface of a solid and a fluid, studying the surface
with regard to its catalytic properties paves the way to new and improved catalysts. One
method of said examination may be performed via electrochemical measurements. To examine
surfaces for their catalytical properties by means of electrochemistry, an electrochemical flow
cell as depicted in Fig. 1.1 has been proposed [4, p.11].

mass
spectrometer

UHV
cold trap

infrared light

infrared light

inlet: for IRAS to detector outlet:
reactants 2 reactants +
1 detection:
i : /' products
v reactants + I

products

IR transparent
window

single crystal sample
UHV
chamber

Figure 1.1: Schematic of a measurement process using the flow cell. Reactants enter from
the left, flow over and react with the surface which acts as the working electrode and exit
on the other side. The counter- and reference electrode are not drawn in this schematic.
During an electrochemical measurement, the surface of the sample is probed using infrared
absorption spectroscopy (IRAS). Adapted from [4, p.11] with permission from the author.

During measurements, e.g., by using voltammetry, potential control will be retained by oper-
ating the cell using a three-electrode set-up while the flow of fluid through the electrochemical
cell ensures that reaction products created at the surface will be transported from their origin
to the point of detection for differential electrochemical mass spectrometry (DEMS). During
electrochemical measurements, the surface will be probed using infrared reflection absorption
spectroscopy (IRAS). Additionally, the status of the surface will be probed before and after an
electrochemical measurement which means the surface must be kept under ultra-high vacuum
(UHV) conditions during transfer to not contaminate the surface. Using this set-up, the
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surface and its properties can be observed in real time while performing the electrochemical
measurement, which will give insight on absorption-desorption processes at the electrode
surface with regard to its catalytical properties.

Since the results from measurements using this electrochemical cell will depend on its per-
formance, greatest effort must be made in its design. The main goal of this thesis is to
investigate this design by means of numerical simulations utilising the program COMSOL
Multiphysics. For this, simulations on a simple test geometry, which still accounts for all
significant effects, are performed. Among other things, positioning of the electrodes which
influences the current density on the electrodes as well as height of the liquid layer above the
sample are important details that need to be resolved in simulations. The latter mentioned
distance, which is the channel height, should be as thin as possible to ensure probing using
infrared while an electrochemical measurement is being performed, ideally without influencing
the electrochemical performance in a negative way. With the results obtained from simulations
in this thesis, the real cell can be designed.

In the past, various different experiments and simulations on electrochemical systems have been
performed with a selection being listed here. Measurements including infrared spectroscopy,
but without liquid flow have been performed [5] on an electrochemical cell with a channel
height of 100 pm. Simulation as well as experiments using an electrochemical flow cell with a
channel height of 20 pm have been done in Ref. [6]; this design did not include IRAS, however.
Similarly, simulations of an electrochemical flow cell with a channel height of 20 pm have been
performed [7]. Experiments utilising an electrochemical flow cell without IRAS and with a
channel height of 25 pm and 22.5 pm have been described in [8] and [9], respectively. While
simulations of electrochemical systems were carried out, they made simplifications with regard
to the involved electrochemistry.

This thesis has two main parts, with the first one covering the basics of electrochemistry
and the second one presenting results obtained from simulations using COMSOL Multi-
physics.



Section 2

Fundamentals

eginning with a short introduction about thermodynamics, the fundamentals

regarding electrochemistry related to this thesis will be presented in this section.

These include electrode kinetics, which consists of the Nernst equation as well as
the Butler—Volmer equation, both of which are used in the description of faradaic processes.
Additionally, the three-electrode set-up including the role of all involved electrodes will be
described, which usually represents the operational mode of an electrochemical cell. Following,
all used physics modules from COMSOL Multiphysics will be described. The last part of this
section will deal with mass transport caused by flow and diffusion.

2.1 Thermodynamics

The Gibbs free energy for a system containing a single phase is given by [10, p.697 & 126]
Glp,T)=H-TS=U+pV -TS, (2.1)

with enthaply H, temperature 7', entropy .5, internal energy U, pressure p and volume V of
the examined system. The total differential of Eq. (2.1) is

dG = dU + pdV + Vdp — TdS — SdT, (2.2)

which reduces to
dG = dU + pdV — TdS, (2.3)

for constant pressure and temperature.
Using the first law of thermodynamics [10, p.175], Eq. (2.3) can be rewritten as

dG = 5Q — pdV +pdV — TdS = 6Q — TdS. (2.4)
aUu

The heat @ is a path-dependent process function and therefore the infinitesimal change
in its value is denoted by dQ3. The second law ot thermodynamics [10, p.336] states
that

TdS > 6Q), (2.5)

which results in a negative change of the Gibbs free energy dG when the system is not at
equilibrium and dG equals zero at equilibrium.

3 Such infinitesimals are called imperfect differentials [11, p.20]. Additional information about this topic can
be found in [12, p.36f].
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For a reversible process involving particles of various chemical species i, the change of the
internal energy U can be written as [11, p.35ff; 12, p.217]

dU = TdS —pdV + > pdN; + ..., (2.6)

i=1

where dN; denotes an infinitesimal change in the number of particles IN; of the species i as
particles are added or subtracted. In this equation, u; is the chemical potential. This means,
contributions to the internal energy due to a change in composition in a multi-component
system are considered. All other contributions to the internal energy like, e.g., electric,
magnetic or gravitational effects are not included in the equation. Using Eq. (2.6) the chemical

potential can be calculated as
ou
? S,V,Nj;éi

which describes the change in energy due to a change in the number of particles. Since it is
not so easy to keep the volume and entropy constant while changing the number of particles,
it is convenient to express the chemical potential as a dependence on the change of Gibbs free
energy. Inserting Eq. (2.6) into Eq. (2.2) yields

dG = Vdp — SdT + > jidN;, (2.8)
i=1

and the chemical potential can be written as

oG
i = ( am)T,p, | (2.9)

Njzi

The change in the Gibbs energy of a system at constant temperature and pressure is given
by

n
dG = p;dN;, (2.10)
i=1
which means that for example a reaction of two participating species at the thermodynamic
equilibrium is characterised by

dG =0 = Mlle + MQdNQ =0. (211)

Hence, from Eq. (2.11) one can see that under the above stated assumptions, any increase in
species one with chemical potential ;1 must result in an equal decrease of the other species
with chemical potential po.

2.2 Electrode Kinetics

Processes occuring at the electrode are of heterogeneous nature which means they occur at the
interface of the electrode and electrolyte. These can be described by the transfer of electrons
through the surface in which they are called faradaic processes or happen without charge
transfer. The latter ones, called non-faradaic processes can be described by charging of the
surface using a capacitance.
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Faradaic currents are named after Michael Faraday who, after performing electrolysis, pub-
lished 1833 his law which connects the current flowing through a cell with the amount of
material produced. The reaction rate occurring at an area A due to the current i is given
by [13, p.22] ‘ ,
-1, -2 L J
Rate (mols cm ) = AT np (2.12)
which depends on the current density j given in units of A cm™2, n being the stoichiometric
number of electrons in the process and F' representing the Faraday constant. Depending on the
direction of electron flow with regard to the surface, faradaic currents can either be categorised
as oxidation or reduction. Oxidation is defined as a process where a reactant is converted
into a product (in the solution), while electrons are transferred into the metal surface. The
metal surface acts as an electron sink (anode). Reduction occurs when the oxidant (electron
acceptor) reacts to the product (in the solution) while electrons are being moved from the
metal interface into the solution. In this case the electrode (conductive electrode) acts an
electron source and is called cathode. Please note that the involved processes are usually
of a complex nature involving multiple steps and additionally including surface reactions
(adsorption, desorption) [13, p.23].

A selection of equations and description of their processes involving electron transfer through
the electrode surface will be presented hereinafter.

2.2.1 Nernst Equation

The following reaction will be considered where substance A reacts to B and vice versa. Its
respective reaction is given by [14, p.57]

ky

A =B. (2.13)

ky
The constants ky and k; usually are temperature-dependent and denote the reaction rate
coefficient in forward- and backward direction, respectively. For example a greater value of
k; means that the conversion from A to B happens more frequently. The differential equation
describing the reaction defined in Eq. (2.13) is given by [14, p.57]

d[A

ATy iA) 410 B), (2.14)
dt

with square brackets denoting concentrations of the species. With the initial concentration
[A] set to one and the requirement that concentration is conserved, i.e., [A] + [B] = 1, the

solution of Eq. (2.14) is given by

ky + ks e~ (krtke)t

A
[ ] kf-l-kb

(2.15)

At equilibrium the concentrations do not change, i.e., d[A]/dt = 0. Using this, the equilibrium
constant K., can be calculated from Eq. (2.14) which is given by

kBl
“ ky, [A]eq

K (2.16)
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The concentrations at equilibrium ([A]e, and [B]e,) can be determined by evaluating the limit
of Eq. (2.15) as time ¢ goes to infinity which gives

.k +kpem(rtke)t ky,
Ae = 1 = . 2.17
[Aleq o kf +kp ky +ky ( )
The influence of the equilibrium constant K., on the concentrations at equilibrium is shown
in Fig. 2.1.
100 e
(=
=== [Bleg
— 80
=X,
g
=
e
£ 40
Q
=
S
20

0 Ll
107 1072 107 10° 10" 10 10%

Equilibrium Constant

Figure 2.1: Equilibrium concentrations [A]., and [B].; vs. K., using k, = 1. This figure
shows [A]¢q using Egs. (2.16) and (2.17). The equilibrium concentration [B]eq is given by
conservation of concentration, i.e., [Bleqg = 1 — [A]eq. Depending on the magnitude of K,
the equilibrium concentrations for the two species [A]eq and [B]eq vary to one or the other
extreme. At low values, the forward reaction from A to B is suppressed which leaves a
greater concentration of the initial concentration A at the equilibrium. At equality, i.e.,
ks = kg, the speed of both forward and backward reaction are equally fast which results
in [Aleq = [Bleq = 0.5. For high values of k; the forward reaction of Eq. (2.13) prevails.
In this situation the concentration of reactants B dominates due to the product A being
turned into B with a high turnover rate in the forward direction of the reaction.

In general, the equilibrium constant is given by [15]

v
P a?

Keq = Hzﬂ ai 7 (2.18)

with the indices j and 7 indicating products and reactants of the reaction, respectively, as
well as their associated activities ay and stoichiometric coefficients v,. While the equation
above is expressed through the activity, this quantity is usually not easy to determine. The
activity is defined as [16, p.158]

a; = elHi—HD/RT (2.19)

with p being the chemical potential under standard conditions [17; 16, p.153ff]. The activity
is dependent on concentration, temperature, pressure, interaction between chemical species,
etc. At low concentrations the activity can be expressed as a ratio of the concentration c
and a standard concentration ¢ using a; = ¢;/c°, which usually applies to the conditions in
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electrochemical cells [16, p.164ff]. When the system is not at equilibrium, K., depends on the
time and is given by [15; 16, p.204]

[T;a ()
I ol ()

@ is the reaction quotient. Figure 2.2 shows the concentrations of the species as well as the re-
action quotient for the reaction given by Eq. (2.13), assuming K., = 1.

Q= (2.20)

100 1.0
' | | ‘ l ---[A]
\\ : : : : ...... [B]
L 8O-l T 08
= “N. /T g
R T 1)
g /T iinimirasemmeeend
40 ST 04 2
< [ | | | | Q
g ...ﬂ‘ | | | | g
Ol 02
0 1 1 1 1 1 0.0
0 1 2 3 4 5 6
Time [a.u.]

Kk
Figure 2.2: Time evolution of reaction A k:f B, given by Eq. (2.15) using k; = k, = 0.5.
b
Starting from the initial concentration values [A] = 1 and [B] = 0, the concentration [A]
decreases while [B] increases as species A is converted into B. Additionally, the reaction
quotient @ = [B]/[A] for each time is shown; @ converges against the equilibrium constant

Keq.

The dynamic behaviour of the reaction including its direction can be characterised using
the values of () and K4, as can be seen in Fig.2.2. While @) is smaller than K4, the
reaction shifts 'to the right’ side of the equation, meaning that reactants are consumed and
products emerge. At equilibrium both are the same and in the case of @ being greater
than K4, the back reaction is favoured, which means that products are transformed into
reactants.

At any point in a chemical reaction the driving force of the reaction AG is given
by [13, p.51; 16, p.204]

AG = AG° + RT In Q, (2.21)

with G being the Gibbs free energy, AG® the Gibbs free energy under standard conditions
and @ the reaction quotient. Standard conditions are defined at 1 bar pressure and substances

have unit activity [18, p.293]. At constant temperature and pressure, the maximum additional
non-expansion work wadd, max is given by [16, p.99]
Wadd, max = AG. (222)
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To move n number of moles from one electrode to the other, the work nF' E must be exerted,
where F is the applied electric field between both electrodes. For the above stated assumptions
(p,T = const; non-expansion work) this amount of work is equivalent to a decrease in the
Gibbs free energy according to [13, p.48f; 16, p.220]

AG = —nFE, (2.23)

in which F is the cell potential, F' the Faraday constant and n is the number of moles of
electrons transferred during the reaction. The potential difference E when no current flows
through the cell is called emf (electromotive force) and its sign in Eq. (2.23) ensures that for a
positive emf the reaction happens spontaneously [13, p.49; 16, p.219]. Equation (2.23) relates
the total charge transferred during the reaction (nF') to the electric potential E of the cell.
Under standard conditions this becomes [13, p.49]

AG°® = —nFE°, (2.24)

with E° being the standard redox potential. Substituting Eqs. (2.23) and (2.24) into Eq. (2.21)
yields

—nFE = -nFE°+RT In Q. (2.25)
—— ~—
AG AG°
RT
E=FE°— "1 2.26
o, (2.26)

which is the Nernst equation and its importance resides in the fact that it describes potentials
occurring in an electrochemical cell depending on the associated activities. While the equations
above are expressed through the activity, this quantity is usually not easy to determine. At
low concentrations and standard temperature and pressure, concentrations can be used in
place of activities [13, p.52].

With the Nernst equation, cell potentials depending on the reaction quotient under non-
standard conditions can be determined. There are several limitations of the Nernst equation
which may have to be considered. As previously mentioned when replacing @ by a ratio of
concentrations, all reactants and products must be diluted, otherwise the activities of the ions
must be considered which are usually not easy to determine. Additionally, this equation is only
applicable when no external current flows through the cell since any flow of current involves a
change in concentrations at the electrode interface as described by Faraday’s law [13, p.22].
This leads to an overpotential which will be described in the next section and hence the
electrode potential will differ from the equilibrium potential.

2.2.2 Butler—Volmer Equation

In an electrochemical cell the potential difference between an applied potential E and the equi-
librium potential is the overpotential ) which is defined as [13, p.22; 19, p.40]

n==FE— Ee, (2.27)

with E., given by the Nernst equation. Hence, the overpotential describes an electrochem-
ical system under non-equilibrium conditions during its operation. Three main parts are
contributing to the overpotential which are the activation-, ohmic- and concentration overpo-
tential.
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2.2.2.1 Activation Overpotential

The activation overpotential, sometimes called kinetic overpotential stems from the activation
energy needed to drive a reaction, i.e., the energy needed to transfer an electron from the
electrode surface into the electrolyte. For a one-electron process O + e~ = R, the relationship
between current density ¢ and overpotential 7 at the electrode-electrolyte interface is described
by the Butler—Volmer equation, given by [19, p.37]

i = iog + irea = i0 (e%f" - e_aCf">7 (2.28)

with the constant f = F//(RT) and iy being the exchange current density. In this equation,
both anodic and cathodic currents occur simultaneously at the interface, with the factor
a, and a. denoting anodic and cathodic transfer coefficients, respectively, which may be
determined by using cyclic voltammetry (CV) or electrochemical impedance spectroscopy
(EIS) measurements. In general, this overpotential mainly depends on the electrode materials
and the involved reactions happening at the interface.

Discussion of Parameters Involving the Butler—Volmer Equation

A brief discussion of the parameters of the Butler—Volmer equation will be given in the
following section. It is important to note that this discussion only considers the concentration-
independent Butler—Volmer equation. Effects due to concentration will be discussed in
Sec.2.2.2.3. Figure 2.3 shows the Butler—Volmer equation according to Eq. (2.28).

8 i
- - = Anodic ‘
~ Total |
: athodic :
g g4l Cathodic | ]
= |
ey 1
T PR —
o | S |
= |
E |
sS4l A
= |
© |
-8 |
—0.2 —0.1 0.0 0.1 0.2

Overpotential [V]

Figure 2.3: Butler—Volmer equation given by Eq. (2.28) with as, = a. = 0.5 and o =
1 Am~2. The anodic and cathodic parts contributing to the current density as well as
the total current density are shown.

While for overpotentials 1 smaller than zero cathodic contributions to the current density
dominate, for overpotentials greater than zero anodic contributions prevail. No net current
flows at zero overpotential because anodic- and cathodic contributions to the current density
cancel each other out. The impact of a change in the exchange current density iy on the
Butler—Volmer equation is shown in Fig. 2.4.
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8 ‘ 7
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Overpotential [V]

Figure 2.4: Impact of exchange current density ig on the Butler—Volmer equation. For
different values of the exchange current density this figure shows the Butler—Volmer
equation according to Eq. (2.28) for symmetrical charge transfer (o, = a. = 0.5).

With greater values of the exchange current density, more current can be transported through
the electrode interface for the same overpotential. The exchange current density depends
on the electrode material, temperature, the reaction mechanism, species concentration,
ete. [20,21].

The impact of different anodic and cathodic charge transfer coefficients a, and a. is shown in
Fig.2.5.
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Figure 2.5: Impact of different a, and o, on the Butler—Volmer equation. Cathodic, anodic
current densities and their sum according to Eq. (2.28) are shown in this figure.

Limiting Cases

At either high or low overpotentials the main contribution to the current density is dominated
by anodic or cathodic currents, respectively. By taking the natural logarithm of both currents
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oz and ireq in Eq. (2.28) separately, the following equations called Tafel equations can be

obtained.

In |4 z{

In |ig| + afn
In |7’O| - acfn

forn 2 +0.1V

(2.29)

forn <—-01V

Plots of Eq. (2.29) are called Tafel plots with one being shown exemplarily in Fig. 2.6.
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Figure 2.6: Tafel plot with a, = o, = 0.5 and i, = 1.0 Am~2 given by Eqs. (2.28) and

(2.29).

From these plots the exchange current density and the transfer coefficients can be determined.
The exchange current density is the value at which the (extrapolated) lines defined by Eq. (2.29)
intersect the y axis. The transfer coefficients define the slope of these lines. Figure 2.7 shows
the impact of the transfer coefficients «, and «a. on the Tafel plots.
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Figure 2.7: Impact of transfer coefficients a, and a. on Tafel plots using 79 = 1.0 Am™2.
This figure shows the Tafel plots defined by Eq. (2.29) and the sum of oxidising and
reducing current given by Eq. (2.28).

For numerical simulations, the respective Tafel equation is superior to the Butler—Volmer
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equation when overpotentials with an absolute value larger than ~ 0.1V are to be expected.
The reason for that is the linear nature of the Tafel equations which makes their computation
easier [19, p.38 & 49]. While Tafel plots are used for high overpotential values, for overpotentials
with a low absolute value (< 25mV at room temperature), Eq. (2.28) can be linearised
into [19, p.37]

i=ig[(I4+aafn+..)+(1+acfn—...)] =iofnlaa + o). (2.30)

exp(aq fn) —exp(—acfn)

This equation is known as the linearised Butler—Volmer equation.

2.2.2.2 Ohmic Overpotential

The second contribution to the overpotential is the ohmic- or resistance overpotential nq
which describes the influence of the ohmic resistance of the electrolyte. Minimising the ohmic
overpotential can be achieved for example by adding an additional supporting electrolyte
which reduces the solution resistance. Additionally, for a given cell current, decreasing the
distance between electrodes as well as increasing the area of the electrodes reduces the ohmic
overpotential.

2.2.2.3 Concentration Overpotential

Since any flow of current causes a change in the concentration of species, the third mentioned
contribution to the overpotential is the concentration overpotential n.. Any change in
concentration due to a flow of current results in an extra voltage needed to drive the reaction
as described by the Nernst equation. This means additional energy is needed to bring
species to the electrode surface. Mass transport by diffusion plays a crucial role in that
regard since due to the reaction, oxidising or reducing species get depleted locally in the
electrode vicinity which inhibits occurring reactions. Usually the impact of 7. is the more
severe, the faster the electrochemical reaction happens, which causes species to be consumed
rapidly. Hence, by inducing mixing, e.g., by using a rotating disk electrode set-up, 7. can be
minimised.

While the total overpotential can be expressed as the sum of all these three contributions
it should be noted that other contributions may exist. Among other things, these are
contributions from reactions happening prior to the electron transfer and formation of bubbles.
A discussion of the impact of gas bubbles aggregating on the surface and impacting the cell
potential can be found in [22]. All these mechanisms, influencing the electrolyte-electrode
interface as described above are reducing the performance of the electrochemical cell and are
usually referred to as polarisation [13, p.22ff].

2.2.2.4 Concentration-Dependent Butler—Volmer Equation

The Butler—Volmer equation given by Eq.(2.28) is only valid when the electrolyte is be-
ing well mixed. Without intermixing, aggregation of reaction products at the vicinity of
the electrode-electrolye interface will hinder further reaction. As a result, less current

12
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can be transferred through the electrode surface. This behaviour can be described us-
ing [19, p.112]

. . CR o f CO _

Hoe = io [ = €Yl — ZZ gmacfn ) 2.31

loc 0 <C;§ CES ( )
with the bulk concentrations Cf and C7, (the concentrations far away from the electrode sur-
face). The two terms in the numerator of Eq. (2.31) are the concentrations of the species at the
electrode surface. Without the flow of current (i;,. = 0), the potential difference obtained from
the Butler—Volmer equation agrees with the Nernst equation [19, p.37; 13, p.93ff].

2.3 Three-Electrode Set-Up

When submerging two electrodes into an electrolyte while applying a certain potential between
them, due to charge transfer through the electrode-electrolyte interface, species concentration
will change, which results in a change of the measured potential. Therefore the measured
potential using this set-up will drift as governed by the Nernst equation. To counteract this
effect at the CE, a three-electrode set-up can be used as depicted in Fig. 2.8 which enables
potential control of an electrode.

Figure 2.8: Overview of the three-electrode set-up. Working electrode (WE), counter electrode
(CE) and reference electrode (RE) are submerged in an electrolyte and all charge in the
electrochemical cell flows between WE and CE. The variable (DC) current source drives
the current ioy+ between WE and CE. Image adapted from [23] in compliance with the
CC BY-SA 3.0 licence”.

Potential control is performed by a potentiostat and goes as follows: All charge is flowing
between working- and counter electrode, driven by the (DC) power supply while the voltage
is measured between the reference- and working electrode. As soon as the voltmeter shows a
deviation between the measured voltage and the desired value (set point), the current applied
by the power supply is changed to bring the measured potential back to the desired value.
With this set-up, the reference electrode can serve as a stable reference point since no current
flows through it.

4 Creative Commons Attribution-Share Alike 3.0 Unported. URL: https://creativecommons.org/licenses/
by-sa/3.0/legalcode.
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2 Fundamentals

To gain a better insight on its inner workings, the potentiostat will be discussed using the
circuit depicted in Fig. 2.9 which represents one of the most simple potentiostats that can be
built.

V Vout
+
+ I
(A qut v
s A)— o '
. & | e
- \\\ Iout
p A VrE
Vin RE. o 020 Z V
\\\ Z2 ,/ Iout
N T 0
Lwe -

(a) (b)

Figure 2.9: Electrical circuit of a simple potentiostat. (a) shows the potentiostat circuit with
the electrochemical cell consisting of working electrode (WE), counter electrode (CE) and
reference electrode (RE). The cell is marked by a circle and connected to the potentiostat,
controlled by an operational amplifier. The voltage divider between CE and WE is

depicted in (b) with the total interface impedances Z; and Zs of CE and WE, respectively.
(a) adapted from [24] in compliance with the CC BY-SA 3.0 licence®.

At the heart of the simple potentiostat, as shown in Fig.2.9a, is the operational amplifier
(op amp). An ideal op amp has infinitely high input impedance, which means that no currents
flow in or out of the op amps input terminals. The input terminals are the non-inverting
and inverting inputs marked by plus and minus, respectively. If operated in a closed-loop
configuration as shown in Fig. 2.9a, the op amp controls the output voltage to maintain the
same voltage at the inputs (+, -).

A (variable) voltage V;, is applied at the non-inverting input terminal of the op amp against
ground. Figure2.9a is a negative-feedback circuit because a part of the output voltage,
determined by the voltage divider, is fed back into the inverting input of the op amp. The
operational mode of the potentiostat will be evaluated by analysing the circuit shown in
Fig. 2.9a. Since no current flows through the reference electrode (RE), the only path for the
output current I,,; is between CE and WE. The behaviour of the electrochemical cell can be
approximated as a voltage divider, as shown in Fig. 2.9b which yields

(Z1+Z2)Iout:V1+‘/2:Vout 7 A
g Vl = Vout- (232)

ZiIowy =V1 Z1
Using the equality of input voltages V. and V_ we obtain

Vin =V4 =V_ = Vgg,

5 Creative Commons Attribution-Share Alike 8.0 Unported. URL: https://creativecommons.org/licenses/
by-sa/3.0/legalcode.
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FElectrodes

with V;, being the input voltage provided by the user and Vzg the RE voltage. Since the
WE is grounded and Vj, is set with respect to ground, the input voltage is the same as
the voltage between RE and WE. By using Vi = V,ut — Vin, Eq. (2.32) can be rewritten

as
VA4 A
Vout - L2 Vviny (233)
Zy

which connects input and output voltage of the op amp, depending on the impedances

with the premise that no currents flow in or out of the input terminals of the op amp and

that the voltages V. and V_ are equal. The current I,,; at the output terminal is given
by

o Vout o Zl + ZZ 1 o ‘/zn

Iout - - ‘/m - .

Z1+ Zy Zy i+ 2y 2y

—_—

Vout

(2.34)

The op amp applies and satisfies the conditions desired in potential control in the three-
electrode set-up, as shown in Fig. 2.8. While no current flows through the RE interface, the
major part of the current flows between CE and WE. The potentiostat maintains the potential
between the grounded WE and CE at a fixed value through changing the state of the CE.
Further details on this topic can be found in [13, p.632ff; 25, p.61ff].

2.4 Electrodes

In this section the purpose of the electrodes of a three-electrode set-up will be explained.

2.4.1 Working Electrode

The working electrode is the most important electrode of an electrochemical cell. It represents
the surface one wants to study, which is subject to potential control as described in Sec. 2.3.
Through a measurement, the state of this surface as well as reactions like, e.g., adsorption
and desorption can be observed.

2.4.2 Reference Electrode

The purpose of the reference electrode (RE) is to provide a stable reference point against
which potentials are being measured. To ensure that the RE potential remains stable during a
measurement, no current is allowed to pass through it. Additionally, most RE are decoupled
from the electrolyte, which means they are encased in a separate compartment connected to
the electrolyte via, e.g., a porous frit. This ensures the flow of electrons and acts as a salt
bridge, therefore connecting it to the other electrodes.

The main types of electrodes used as RE are the standard hydrogen electrode (SHE), saturated
calomel electrode (SCE) and silver-silver chloride electrodes. In the case of the SHE, a Pt
wire is submerged into a 1M strong acid solution in which hydrogen is being bubbled at
25°C. Despite the danger of fire explosions of hydrogen and the possible removal of liquid
(evaporation) due to bubbling, which would change the concentration, the potential of the
SHE is used as a zero point to measure potentials against.
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The SCE electrode consists of a mercury electrode coated with calomel (HgyCly) and the
electrolyte is a solution of potassium chloride (KCl) and saturated calomel (buffered, saturated
constant concentration). This extra buffer of salt ensures that the activities stay constant in
spite of depletion of ions as they diffuse out of the cell through the liquid junction. The potential
is stable as long as the potassium chloride stays saturated. The silver-silver chloride RE,
which consists of a silver wire submerged in its precipitated salt AgCl, works similarly to the
SCE. A detailed discussion about reference electrodes is given in [26].

2.4.3 Counter Electrode

The purpose of the counter- or auxiliary electrode is to complete the circuit which means the
current in a three-electrode set-up flows between counter- and working electrode. The CE
should not limit the current in the cell to ensure probing of the WE. For that, the size of the
CE is usually chosen to be significantly larger than that of the WE to not limit the kinetics of
the reaction. This electrode is usually made of a non-polarisable® inert material like platinum,
gold or glassy carbon [26, p.13ff]. An inert electrode transports electrons through the surface
but does not participate in the redox reaction, which means that no ions are emitted into the
solution.

2.5 Finite Element Analysis

Numerical simulations with the finite element program COMSOL Multiphysics® 5.4 (Build:
346) were performed to aid the design process as well as gaining insights on the inner
workings (e.g. the mass transport) of the electrochemical cell. In this section, the pro-
gram COMSOL Multiphysics and its mode of operation with regard to this thesis will be
discussed.

A simulation in COMSOL Multiphysics may include the following steps. First the geometry
defining the problem has to be created. The next step is the addition of 'physics’ which are
realised by modules in COMSOL Multiphysics. Each single module defines a set of equations
grouped together, e.g., the Heat Transfer Module solves everything related to the analysis
of heat transfer. Additionally, boundary and initial conditions may be set as well as other
parameters related to the problem like for example material properties. Conveniently, all
modules can be combined and coupled to build a more complex model if needed. All modules
related to this thesis will be described in the next section. The third step is the creation of a
mesh, called meshing, which defines the spatial grid on which the equations are being solved.
Here the aspect of finite element analysis comes into play since the equations are solved on
a grid in space. Therefore, one should always keep in mind that the results of a simulation
are always interpolated solutions of equations that have been solved on discrete points in
space, and they do not represent analytical solutions. The fourth step is the creation of a
study which defines in which way the equations are processed. For example time-dependent
studies and stationary studies are available depending on whether the solution changes with
time or not. During this step it is possible to adjust the solver which solves the mathematical
equations. Here, for example the solver accuracy can be adjusted which sets the accuracy
at which the solver stops and this impacts how accurate the obtained solution is. Following

6 Electrodes forming a capacitance by a Helmholtz layer are called "polarisable".
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a successful simulation, the results can be visualised and post processed in various different
ways to extract and display the desired informations needed.

2.5.1 Used COMSOL Multiphysics Modules

Since modules used during simulations define the physics and with that the solved equations,
they will be described briefly. In this section, illustrations of variables follow the depiction
used in COMSOL Multiphysics with vectors being marked boldly.

2.5.1.1 Laminar Flow

The first module used is called laminar flow and simulates physics involving the flow of
fluids [27]. In this thesis the flow was simulated using laminar flow. This module was used
because the flow in the cell is expected to be laminar, which will be shown on page 24. The
time-dependent form of the Navier-Stokes equation which is solved in this module is given
by

ou

po; tpou-Viu=V-[—pl + K|+F,
ot —_——
o(u,p)
K = p(Vu+ (Vu)").

(2.35)

In this equation p is the density of the fluid, p its dynamic viscosity, p the pressure, u the
velocity, I the second order identity tensor, o (u,p) the stress tensor and F' denotes a given
external force. For a stationary study the first term p(Ou/9t) in Eq. (2.35) is zero. Additionally
to the Navier—Stokes equation, the continuity equation given by

V-u=0, (2.36)

is solved during a simulation using the laminar flow module.

2.5.1.2 Transport of Diluted Species

The second module used is called transport of diluted species and it deals with chemical
reactions with regard to transport, kinetics, etc. [28]. The physics used from this module is
the convection-diffusion equation, given by
8ci
— +V-J; +u- Ve = R;,
ot ¢ i ! (2.37)
J—,: = —Dzvai.

In this equation ¢; is the concentration of the species i, D; is the diffusion coefficient, u denotes
the velocity field the species is moving with and R; describes source or sink terms. Similarly
to the Navier—Stokes equations, the first term 9c; /0t is set to zero during a stationary study.
The second term V - J; describes diffusion with J; = —D;V¢; being Fick’s first law and w- V¢;
represents flow, as calculated by the laminar flow module.
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2.5.1.3 Electrochemistry

This module is used to simulate various electrochemical processes involving a flow of current
combined with chemistry (e.g. electrolysis, batteries, corrosion, electroplating, etc.). Faradaic
currents can be simulated using three different methods. They are called primary-, secondary-
and tertiary current distribution. The primary current distribution assumes zero overpotential.
The secondary current distribution considers overpotentials and the current in the liquid phase
is calculated using Ohm’s law. The tertiary current distribution solves the full Nernst—Planck
equation which means the current in the liquid phase depends on the local concentration of
species. More information about current distributions can be found in [19, p.103ff; 29; 30].
All simulations in this thesis were performed using the secondary current distribution, which
will be described here briefly.

The main variables of interest being solved for are the electric potential ¢ and current density
1. The electric potential in the electrode, which usually is made of a metallic conductor, is
given by [19, p.74]

ts = —0sVos, with V- is = Qs. (2.38)

The index s indicates the variables in the solid phase and oy is the electrical conductivity
in the electrode. While the left of Eq. (2.38) represents Ohm’s law, the right side represents
a charge conservation with @), being a current source term given in units of Am~3. The
potential in the liquid ¢; as well as the current density in the liquid phase %; are calculated
similarly as for the electrodes by using [19, p.104]

i = —o Ve, with Vi = Q. (2.39)

In all simulations the potential was applied directly at the electrode boundary surface. This
means, the potential drop in the solid phase of the conductor was neglected. This was done due
to the high electrical conductivity in the electrodes. At the electrode-electrolyte interface the
kinetics are described using the overpotential 7 defined by [19, p.132]

N=¢s— ¢ — Eegq. (2.40)

E.q is the equilibrium potential which is defined at equilibrium (AG = 0) [19, p.35 & 269].
Its value is given by the Nernst equation and it depends on the species concentrations
of oxidising and reducing species, temperature, etc. At the electrode surface the sum
of all electrode reaction currents is implemented as a current density condition given
by [19, p.107 & 129; 29]

i m=4-n=ipL+ Y ilcm: (2.41)

m

with ipy, being currents arising through non-faradaic reactions (charging of a double layer).
During non-faradaic processes no electron transfer through the metal/solution interface occurs
despite a flow of current and the energy put into the system is consumed by organisation of the
electrode interface, which can be modelled as a parallel-plate capacitor [31-33]. Contributions
due to faradaic reactions are represented in the sum of Eq. (2.41). The local current density
can be calculated using for example the Butler—Volmer equation. The summation index m
is used when more than one reaction is considered during a simulation. Additionally, more
information about this module can be found in [19].
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2.6 Mass Transport by Flow and Diffusion

During all studies presented in this thesis, mass transport only happens due to diffusion and
flow, with electrochemistry being the cause of species generation via faradaic processes. Due
to the importance of mass transport in the cell, its concepts of diffusion and flow shall be
explored here briefly.

2.6.1 Flow

An important dimensionless number describing flow is the Reynolds number Re, which distin-

guishes laminar and turbulent flow regimes. The Reynolds number is defined as [34, p.125]
oL
Re =", (2.42)
1

with v being the average velocity, p the dynamic viscosity and L the characteristic length.
At low Reynolds numbers, flow is considered laminar which means it occurs uniformly and
smoothly. Above a critical Reynolds number turbulences arise and the flow gets chaotic
and unpredictable. There is also an intermediate state in between laminar and turbulent
flow where turbulences start to emerge but are still predictable. This flow is usually called
transition flow. The characteristic length depends on the geometry of the experimental set-up
and has always a unit of length. For example to characterise flow through a pipe, the inner
diameter serves as the characteristic length L. In cases where the pipe is only partially
filled with fluid or when flow happens in non-circular geometries, the hydraulic diameter,
given by Dj, = 4A/P, is used as the characteristic length. In this representation, A is the
cross-sectional area of the flow, and P denotes the wetted perimeter of the cross section.
This treatment ensures that the hydraulic diameter for flow in a pipe yields two times the
pipe radius. For flow in a square duct with width w and height h, in which the whole cross
section is filled with fluid, i.e., no air is being transported, the hydraulic diameter is given
by [35, p.91]
4wh

2(w+h)’

When the height A is much smaller than than the width w, Eq. (2.43) yields a value of 2h for
the hydraulic diameter Dj,. Usually, considerations are made with regard to circular pipes due
to their abundant presence in fluid-transport applications but the following discussion will
focus on a rectangular cross-sectional area. The reason for that is the geometry of the cell to be
studied (see Sec. 3) which has a rectangular rather than a circular cross section. It is important
to note that the Reynolds number must not be the sole judgement with regard to fluid flow
occurring since other factors like surface roughness and pre-conditioning of the input stream
may alter the flow behaviour. While roughness and obstacles of any kind increase the likelihood
of turbulences occurring, a well conditioned input stream without inherent disturbances reduces
the chance of arising turbulences. Taking pipeflow as an example, the Reynolds number at
which turbulences occur is above around 2000 but the limit may reach values of over 100000

Dy = (2.43)

with a well conditioned experimental set-up [30, p.2].
The fluid profile v(z) for flow occurring between two parallel plates is [37, p.85]
1d
v(z) = —Eﬁz(h —2), (2.44)
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with the dynamic viscosity u, the distance h between the two plates and the dp/dx is
the pressure gradient causing the flow. The geometric representation defining the prob-
lem and its solutions according to Eq.(2.44) for a selection of parameters is shown in
Fig. 2.10.

1.4

--- h=2mm, dp/dx = 100 Pam~"! |
I
1.2 ----|——h=2mm, dp/dz = 50Pam~! |--+
I
------ h = 1mm, dp/dz = 100 Pam~! |
|

Scaled channel height z/h

(a) (b)
Figure 2.10: Mass transport via flow in a square channel. While (a) shows the considered
geometry, (b) shows the corresponding flow profile as defined by Eq. (2.44). The flow
profile and with that mass transport through the channel is caused by the pressure
gradient dp/dx = (pin — Pout)/l. The variables p;» and pout are the pressures at inlet
and outlet, respectively; this difference is applied over the distance I. For the dynamic
viscosity a value of 1 mPas was used.

Using Eq. (2.44), the average fluid velocity T for flow between two parallel plates is

h h
1 1 1d h? d
T = /v(z)dz: —— ——pz(h—z) dz = —mi (2.45)
0

The volume rate of flow @ through the cross-sectional area A is given by [38, ch.(BIB); 39, p.1]
Q=Av=—w— =", (2.46)

Equation (2.46) is known as the Hagen—Poiseuille law [10, p.61]. The parabolic flow profiles as
shown before are a result of the fluid viscosity. As a viscous liquid moves across a surface the
molecules closest to the surface adhere to it which is usually denoted as a no-slip condition
and hence, fluid velocity directly at the surface is zero.

2.6.2 Diffusion

Compared to flow, the description of diffusive processes is rather simple, assuming that species
only occur in dilute states. In this case, these processes can be described using Fick’s laws. Con-

sidering a one-dimensional problem, Fick’s first law is given by [41, p.2]
aC
F=-D—. 2.47
o (2.47)
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F is the rate at which the concentration C' diffuses through an area per unit time. dC/dx is the
concentration gradient causing this flux and D is the diffusion coefficient given in units of area

per unit time. Fick’s second law in one dimension is given by [41, p.4]
oC 0%C
— =D —. 2.48
ot 0x? (248)
The average length L a particle has diffused after the time ¢ is called diffusion length. For a
one-dimensional problem its value is given by [12, p.815]
L =+/(z?) = V2Dt. (2.49)
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Section 3

Methodology, Results and
Discussion

he following section will present and discuss simulation” results utilising the

program COMSOL Multiphysics. At first, all employed methods utilised to

approach the problem will be explained, which includes among other things the
chosen geometry and used simulations parameters with regard to the employed physics. The
second part deals with the mesh refinement study which is necessary to ensure the independence
of simulation results from the chosen mesh. In the third part, simulation results using a
homogeneous concentration influx through the surface defining the working electrode surface
will be presented. Following that, simulations utilising concentration-independent electrode
kinetics will be discussed as well as simulations including effects caused by concentration
dependence. Finally, the last part of this section will deal with the impact of changing cell
parameters on the cell performance. The investigated cell parameters are electrode positioning
and changes in the channel height. The latter parameter defines the distance between working
electrode (WE) and counter electrode (CE).

3.1 Methodology

Figure 3.1 shows the considered cell geometry which is valid for all simulations, excluding the
ones involving parameter studies. For these simulations the geometry will be defined later on
during its discussion.

0.5

WE

Figure 3.1: Geometry of the simple test cell in compliance to COMSOL Multiphysics.
This model only depicts the volume occupied by the fluid phase. All units in this figure
are given in units of millimetres. See text for details.

7 The computational results presented in this thesis have been achieved using the Vienna Scientific Cluster
(VSC).
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3 Methodology, Results and Discussion

Throughout all simulations in this thesis, the WE will always be positioned at the point of
origin (centre at x =y = z = 0). Additionally, it will always have the same spatial dimensions.
This geometry, including electrode placement, serves as a model test cell for designing the
real cell. This means, the final design will look different from what is shown Fig.3.1. For
simulations utilising flow, the inlet is always positioned at x = 4 mm and the outlet is on the
opposite side (x = —4mm). In the laminar flow module, all walls except the inlet and outlet
are subject to a no-slip condition which means the fluid velocity at these walls is zero. At the
outlet a pressure of p = 0 is assumed. At the surface defining the inlet a pressure of 1Pa is
applied. This pressure difference was chosen arbitrarily and does not represent the pressure
difference in the final cell design. Using the laminar flow module, the velocity profile was
calculated. On the inlet surface and outlet surface a pressure condition was applied. At the
inlet this condition is given by [27, p.148f]

n’[—pI + K]n = —p,

3.1
pAOZp07 Ut:()) ( )

with n being the surface normal, ¢ the tangent vector of the surface and pg is the given
pressure (1Pa at the inlet and 0Pa at the outlet). The inequality in Eq. (3.1) means that
backflow is suppressed. A similar condition was applied at the outlet surface which is given
by [27, p.148]
[_pI + K]n = _ﬁona
Po < Po,

but with the difference that normal flow is not enforced. In both Egs. (3.1) and (3.2), K
denotes the viscous stress tensor [27, p.128] as defined in Eq. (2.35) and I is the second
identity tensor. The auxiliary variable py ensures that no fluid flows in the wrong direction
(backflow suppression). Taking the outlet as an example, the normal stress on the respective
boundary is adjusted so that w - n > 0. To achieve this, the prescribed pressure is pg if
u - n > 0, but smaller where uw - n < 0. The inlet is treated similarly but on this boundary
the pressure is adjusted so that u-n < 0 is satisfied. More information about inlet and
outlet conditions is given in [27, p.141ff]. Both inlet condition and outlet condition were set
to respective pressure values and no other changes were made at these surfaces. This means,
the conditions given by Egs. (3.1) and (3.2) represent the default initialisations in COMSOL
Multiphysics.

(3.2)

The Reynolds number was calculated for a variation of channel height and inlet pressure
according to Eq. (2.42). This is shown in Fig. 3.2.
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Figure 3.2: Reynolds number depending on channel height and inlet pressure.
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The length over which the pressure was applied was set to 8 mm. The Reynolds number for a
cell with a channel height of 0.5 mm and an inlet pressure of 1Pa is 2.6. Therefore, the flow
is laminar in that case since a Reynolds number above around 1000 is considered to cause
turbulent flow in a rectangular channel [43, p. 407 & 449]. This justifies the usage of the
laminar flow module for the considered geometry. Three different types of simulations were
performed. First, a simulation using the transport of diluted species module was performed.
Using this module, a homogeneous concentration influx over the working electrode surface
was applied. The second type of simulation considers electrochemistry. In the electrochemistry
module, the CE was electrically grounded (¢s = 0) and at the WE a certain potential was
applied. The current density over both electrode surfaces was calculated using a concentration-
independent Butler—Volmer equation. The influx of concentration at the WE was realised
using an electrode-surface coupling in the transport of diluted species module. This means, the
creation and annihilation of species is proportional to the current density on the WE surface.
The third kind of simulation is similar to the second one but uses a concentration-dependent
Butler—Volmer equation at the WE surface. For all simulations using the electrochemistry
module, symmetric electron transfer (o, = a. = 0.5) was assumed to take place on both
electrode surfaces.

Material parameters were chosen to resemble a possible electrochemical cell. Copper was used
for the WE and platinum for the CE. At the WE, which acts as the anode, copper is oxidised
and the reaction at this surface is given by

Cu(s) — Cu'(aq) +e . (3.3)

At the platinum CE it is assumed that hydrogen ions are catalysed to hydrogen gas. This
reaction is given by
2H" (aq) +2e~ — Ha(g). (3.4)

The formation of Hs bubbles was not considered. For the electrolyte, sulphuric acid with a
concentration of 10molm~3 was used. The corresponding electrochemical parameters are
given in Table 3.1

Table 3.1: Electrochemical cell parameters used for COMSOL Multiphysics simulations.
Copper was used as a working electrode (WE) and platinum as a counter electrode (CE).
Equilibrium potentials (eq. pot.) are referred against the standard hydrogen electrode
(SHE) potential.

Property Value Description Reference
E.qcr [V] 1.188 Eq. pot. CE against SHE [14, p.F3034; 13, p.809]
Eeqwe [V] 0.52 Eq. pot. WE against SHE [13, p.808]
o [Sm™1] 4.8 Electrolyte conductivity [15, p.422; 46, ch.5-71]
io.cr [Am™?] 10.0 Exchange current density of CE [47, p.354; 48, p.5410]
iowr [Am™2  240.0 Exchange current density of WE [17, p.289]

The diffusion coefficient of the species was set to 107 m?s~!. This value holds true for most
diluted species in aqueous solutions [49, p.127 {]. A dynamic viscosity of 1 mPas was used
which is the value of water at around 293.15 K [50, p.944ff]. The reaction was chosen arbitrarily
and may be different from the reactions of interest in the final cell.
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3 Methodology, Results and Discussion

3.2 Mesh Convergence

Performing a mesh refinement study is crucial to verify that the results obtained from
simulations represent a valid solution to the given problem. Since time and space are always
solved discretised, a convergence study must include a mesh refinement study to ensure
that the obtained simulation results are independent of the underlying spatial partitioning.
Additionally, it should also include a time-convergence study in which the independence
of simulation results with regard to the time step of the solver is examined. Additional
parameters like the set accuracy of the solver, must also be considered in this type of
study. All these parameters affecting the simulation accuracy may influence each other and
one should keep in mind that convergence is a local phenomenon, which means that the
solution does not change everywhere the same way when the above mentioned parameters are
varied.

In COMSOL Multiphysics the mesh can either be generated using an inbuilt method which
creates the mesh automatically depending on the physics employed in the simulation or the
mesh can be custom built. The downsides of the automatic mesh generation are the dependence
of the mesh on the total size of the geometry and the suboptimal usage of mesh element types.
Mesh element types are the building blocks out of which the mesh is being generated, e.g.,
tetrahedra or cubes. When letting COMSOL Multiphysics take responsibility of meshing,
parameters like the maximum mesh element size depend on the size of the geometry, hence it
is hard if not impossible to compare the same automatically generated mesh type on different
geometries. The second drawback of automatic mesh generation is the fact that it only uses
tetrahedra to build the mesh. Using these types of elements, any geometry can be meshed
but it comes with the disadvantage of unoptimised usage of mesh elements. A different mesh
element than the default may depict the spatial geometry as well as the employed physics in
a better way and therefore a custom mesh is usually superior compared to the automatically
generated one. Additionally, a custom-built mesh usually optimises the mesh with regard
to the geometry, i.e., the mesh is only as dense as necessary to depict the given problem.
Beyond a certain threshold, a mesh that is too fine will only result in longer computational
times without adding any precision. For certain geometries like ones with a high aspect ratio
(which is the case of most geometries in this thesis), these two factors may influence each
other in a bad way resulting in a highly suboptimal automatically generated mesh, therefore
creating a custom mesh is always advised. The idea of a mesh convergence study is to run
the same simulation for different meshes and compare the solutions against each other. When
the difference between solutions for different meshes is small enough one can conclude that
the obtained solution is independent of the mesh.

3.2.1 Mesh Parametrisation

Due to the square cell geometry a custom mesh was built made out of cubes. To be able to com-
pare solutions using different meshes conveniently against each other, all parameters involving
the mesh were defined using a single mesh parameter p. All used mesh properties are listed in
Table 3.2 and they were defined arbitrarily for the selected geometry.
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Table 3.2: Properties defining the mesh of the simple test cell. Using the function f(p) =1—p
and floor(p) which returns the nearest previous integer the parameters of the mesh are
defined. See text for details.

Property Value
Maximum mesh element size [mm)] f(p)
Minimum mesh element size [mm] 0.011(p)
Number of boundary layers 1+ floor[10 (1 — f(p))]
Boundary layer stretching factor 1.2
Thickness of first layer [mm] 0.05f(p)

Due to the square geometry of the simple test cell, a mapped mesh was chosen to build the
mesh. This mapped mesh was applied at the inlet and swept over the geometry, i.e., swept
from inlet to outlet. The properties defining the mesh which are listed in Table 3.2 will be
discussed briefly. The maximum mesh element size and minimum mesh element size define the
respective size a mesh element can be generated. The last three properties listed in Table 3.2
define the properties of the boundary layers. When using the laminar flow module the mesh
will be generated with a boundary layer mesh which is a denser mesh at the walls. This is
necessary because directly at these surfaces the fluid has zero velocity (no-slip condition)
which results in high velocity gradients. To resolve the solution in this regions a denser mesh
is required in the vicinity of the walls. The properties of this boundary layer mesh is defined
by the thickness of the first layer, the total numbers of boundary layers and the boundary
layer stretching factor. The latter property defines the factor of growth between each layer,
i.e., it specifies how much the next layer may grow with regard to the previous one. All these
mesh properties are now solely defined via the mesh parameter p which indicates the quality
of the mesh, with zero indicating a very coarse and one a very fine mesh, as shown in Fig. 3.3.
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Figure 3.3: Geometric presentation of mesh properties for the simple test cell. (a) shows
the maximum mesh element size, thickness of the first mesh layer, minimum mesh element
size and the number of boundary layers depending on the mesh parameter p as defined
in Table 3.2. Please note that the number of boundary layers is depicted using a linear
axis scale while the other properties are shown utilising a logarithmic axis. (b) shows the
number of mesh elements by generating a mesh using a certain mesh parameter p with
0.97 representing the maximum value. See text for details.

The total number of mesh elements may serve as a rough estimate for the simulation time.
Additional factors influencing the time a simulation needs to run are for example the employed
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element order as well as the time-dependent behaviour of the solution. Within each mesh
element as depicted in Fig. 3.4 shape functions are defined. The solution of the equations is
then the linear sum of these shape functions which can be for example of linear, quadratic or
cubic order which is the order of the employed polynomials. For higher-order shape functions,
i.e., higher element order, additional points must be defined across the mesh, hence the
increase in needed computational resources. Additional information about this topic can be
found in [51]. Creating a mesh using the parameter p yields a mesh with a certain amount of
mesh elements which is shown in Fig. 3.3b. For small parameters p the mesh is coarse and
has fewer elements compared to larger mesh parameter. The mesh consists of elements at the
walls of the geometry called boundary elements and elements at edges denoted edge elements.
Any other mesh element is called a domain element. This means, a domain element resides on
the inside of the geometry and is not connected directly to a boundary. A mesh visualisation
with a mesh parameter p = 0.25 is shown in Fig. 3.4.

Figure 3.4: Exemplarily depiction of a mesh using a mesh parameter p = 0.25. Ounly a
part of the mesh is depicted for visualisation purposes.

3.2.2 Application of Mesh Parametrisation for Mesh Convergence Study

Simulations regarding the simple test cell involve the following three steps

1. Stationary study: Laminar flow
2. Current distribution initialisation

3. Time-dependent study: Electrochemistry

All these steps are unified into one single study in COMSOL Multiphysics. This means, during
a simulation the above listed study steps are performed sequentially in their respective order.
At first, the physics solely concerning laminar flow are being solved. This can be done since
the concentrations of all species are low and their impact on the viscosity can be neglected.
Therefore, the flow profile is of static non-timedependent nature. The results of this first
step are used in the subsequent steps. This means, the generated species due to applied
electrochemistry move in the time-constant fluid velocity field. During the second study
step, the potential in the liquid and the overpotential are solved using a stationary study
which is called current distribution initialisation. This second step is necessary since each
step requires initial values which serve as an initial starting point for the simulation. Since
electrochemistry is usually hard to compute due to their highly nonlinear nature [19], setting
up this initialisation step is advised. The result of the stationary second study step serves as
an initial step for the final study step. This third step takes the solution from the initialisation
of step two as a starting point while considering the flow field to calculate the time-dependent
behaviour of the system due to the applied electrochemistry. All these study steps could
have been implemented via a time-dependent study during which all physics are solved for
simultaneously. But this would result in a longer simulation time due to the physics regarding
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laminar flow being solved during each time step. This study would yield the same results but
only if a computation succeeds in the first place due to the complexity of the involved physics.
Hence, it is recommended to split the study into steps if feasible.

3.2.3 Mesh Convergence Study

Since the study is split into three parts, the mesh convergence study can also be split into
parts. While the convergence study for the first two stationary study steps has to consider only
spatial convergence, the last one must consider the behaviour in time as well. Convergence can
occur globally or locally. An example of global convergence is when one considers the total
current flowing in the cell. With a finer mesh this value may converge against a value and one
may deduce convergence of the solution. But to obtain this variable, the local current density
must be integrated over the surface. Hence, one loses the local information about convergence.
The local convergence also considers variations depending on the spatial position of the mesh.
The first step of the study solves the Navier—Stokes equation which yields pressure and velocity
at any given point in space. As mentioned earlier convergence can occure locally or globally,
with the latter one shown in Fig. 3.7. For the simulations, inlet pressure was set to 1 Pa and
outlet pressure to 0 Pa.

3.2.3.1 Global Convergence Study

A global mesh refinement study was performed which is shown in Fig. 3.5.
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Figure 3.5: Global mesh convergence: Average fluid velocity magnitude. Depending on
the mesh quality this figure shows the average fluid velocity magnitude which was
calculated using the volume average in COMSOL Multiphysics. Additionally, the solid
line shows the analytical solution of the average fluid velocity magnitude given by Eq. (2.45)
(2.6042mms™1).

While there are regions where for subsequential meshes the average fluid velocity magnitude
decreases in accuracy, its value approaches the analytical solution with increasing mesh quality
in general. The average fluid velocity magnitude does not depend greatly on the mesh since
the difference between the best and the worst mesh is less than 2%. This means, the mesh
which is built out of hexahedra depicts the geometry at least for the fluid flow in a good way
even for lower quality meshes.
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3.2.3.2 Local Convergence Study

Since the global convergence study as described before averages over the volume it does not
depict local phenomena of convergence. One way to determine local convergence issues using
COMSOL Multiphysics is via a join data set. Using this data set, two solutions can be joined
by an operator and this resulting data can be visualised. Using this method, results from
simulations with different meshes were joined and the values for pressure and velocity was
investigated. The values of the pressure and the fluid velocity magnitude was evaluated on a
slice in the xz plane which is shown in Fig. 3.6.
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Figure 3.6: Local mesh convergence (stationary, laminar flow): Slices from COMSOL.
Using a join data set the percentage difference between the simulation results utilising
two different meshes was calculated in COMSOL Multiphysics. The three subfigures
on the left show differences in pressure and the three subfigures on the right show the
evaluation of the velocity magnitude. The considered mesh qualities are given in the
subfigure captions. Evaluation of the data was done for an xz slice at y = 0.
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Identifying regions where the solutions converge at a slower rate is crucial because these
regions need attention. This means, in these regions the mesh needs to be refined or settings
in the program must be altered which cause these local convergence issues. Most of the
changes in the pressure occur at the outlet (x = —4 mm) while for the rest of the volume the
changes are minor. While the differences in pressure at the outlet decrease with increasing
mesh quality, they persist for high-quality meshes. The main areas in which the velocity
magnitude changes with the mesh are the no-slip boundaries (z = 0 and 0.5 mm) in Fig. 3.6.
The data shown in Fig. 3.6 presents a descriptive overview of the differences residing on a slice
through the centre of the cell. A different way to present the same data set is by extracting
the desired data from a simulation and process this data externally which is shown in Fig. 3.7.
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Figure 3.7: Global mesh convergence (pressure & velocity), stationary laminar flow study.
Simulations for mesh parameters p = 0.6, 0.7, 0.8, 0.9, 0.95 and 0.96 were performed.
On a regular grid of distance 20 pm the values of pressure and velocity magnitude were
extracted in each point. Then the difference between two simulations in each point was
calculated and binned using a total number of 100 bins spread evenly between the found
minimum and maximum value. The lower index of the legend indicates the considered
data sets processed. (a) and (b) show a selection of the normalised obtained pressure and
velocity magnitude data, respectively.

Both approaches show the same data. Determining positions where convergence may be
an issue is easy to examine with a slice evaluation of a join data set in COMSOL Mul-
tiphysics directly. Binning and processing the data on the other hand gives information
about the convergence over the binned volume with the disadvantage that local effects are
not resolvable. Figure 3.7 shows a similar picture as Fig. 3.6. Please note that all data sets
shown in Fig. 3.7 are normalised to an area of one and therefore serve as probability density
functions.

The reasons for the pressure differences despite the high quality mesh utilised are either due
to mesh elements or boundary conditions. For example a mesh element can be distorted or
deformed in its positioning causing such behaviour (since all values are examined through
these elements). In this case the reason is most likely due to the boundary conditions employed
(pressure at inlet and outlet). There are various different ways to apply boundary conditions
in the laminar flow module in COMSOL Multiphysics like applying a pressure or a velocity.
Different boundary conditions have a different robustness of their implementation [27, p.141].
The reason for prescribing a pressure at both inlet and outlet is due to the simplicity in
this treatment and additionally the final cell design will be operating by applying pressure
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to exert a fluid motion. Due to the main focus of this thesis being electrochemistry, the
influence of the small pressure differences for a higher quality mesh at the outlet were
disregarded. Additionally, these differences do not interfere with the electrochemistry directly
since they do not occur in the vicinity of any electrode surfaces. Due to accuracy and memory
constraints, a mesh of quality p = 0.95 was chosen for the stationary step involving laminar
flow.

3.3 Transport of Diluted Species

At first a simulation using only the two modules transport of diluted species and laminar
flow was conducted. The study in this simulation consists of two steps. First the flow field
was calculated using a stationary study and following that a time-dependent study followed
which accounts for creation and diffusion of the species. Inflow of concentration was realised
using a concentration flux at the working electrode surface. Hence, all electrochemistry
was substituted with a simple model using a homogeneous concentration influx across the
electrode which means local effects caused due to electrode positioning are not resolved.
Various different experiments may be performed using the electrochemical cell, the one focused
here being square-wave pulse voltammetry. By using this technique, a voltage pulse of certain
duration is being applied at the working electrode while various different parameters of the
cell are under investigation. The applied flux on the WE surface is depicted in Fig. 3.8.

Flux [molm~—2s7]

0.15 040 0.65 090 1.15

Time [s]

Figure 3.8: Shape of the flux used in time-dependent mass transport studies. The flux is
defined by a lower limit of t = 0.15s and an upper limit of t = 1.15s. Around the rising
and falling edge, a size of transition zone of width 0.15s is being employed which smears
the pulse. The area under the curve is one.

The total influx of concentration Ciu . into the cell is 16 pmol. This can be calculated
using Ciot,e = Jo.. Awr At with a total flux Jy . set to 1molm~=2s~!, Awg being the working
electrode surface (16 mm?) and At the pulse duration of one second. Broadening or smearing of
the pulse at its lower and upper limits is a general approach when dealing with discontinuities
of any kind during simulations. Without smoothening the solutions may become discontinuous
in space and/or time. Therefore, it is always a good approach to smoothen out jump
discontinuities of any kind. During a real experiment using the electrochemical flow cell, the
applied voltage pulse at the working electrode provokes a reaction at the electrode-electrolyte
interface, accretion or decretion of species occur depending on the sign and magnitude of the
applied voltage. This generation of species propagates through space and time towards the
outlet of the cell where it may be detected for example by using a mass spectrometer. This
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recorded signal is one of the responses of the electrochemical system towards the excitation in
form of a voltage pulse and will be called residence time distribution (RTD) furthermore. As
will be later explained, the RTD-response depends on the geometrical shape of the cell as well
as its operational conditions. These conditions include for example operational parameters,
like the exerted pressure which defines the fluid flow speed through the cell and the shape
of the applied voltage pulse, as well other parameters like surface roughness of walls, used
electrolyte (Viscosity), temperature, etc. Hence, these response curves may serve as a metric on
the quality of the electrochemical cell. By applying an influx of concentration at the working
electrode (see Fig. 3.8) and tracking the concentration moving throughout the whole simulated
volume, the cell responses as shown in Fig. 3.9 can be generated.
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Figure 3.9: Total cell- and average outlet concentration. (a) shows the total concentration
and (b) the average outlet concentration in the cell for a time-dependent study using a

concentration influx as defined in Fig.3.8. The inset in (b) shows a zoom of the point
where the average outlet concentration starts to rise.

With the pressure difference between inlet and outlet set to 1 Pa, the average fluid velocity in
the cell is 2.5942mms~!. Due to the concentration influx using the square pulse, the first
species is being generated at 75 ms which is the time where the concentration start to rise in
Fig. 3.9a. With the shortest distance between the working electrode surface and the outlet
being two millimetres, the onset of the RTD curve happens at 0.77s. As will be shown in the
next section, for these conditions this happens to be the time it takes species to travel the
distance of two millimetres under the average fluid velocity. The maximum of the RTD can
be determined by considering the side of the working electrode closest to the inlet. Due to the
no-slip conditions at the wall, species transport away from the electrode surface only occurs by
diffusion. Species diffused further away from the working electrode surface will be accelerated
and be transported faster through the cell which is a major part shaping the RTD curve.
With the last species being generated at around 1.225s and the farthest distance between
outlet and electrode surface, the time it takes species to arrive at the outlet on average
is 3.69s which marks the maximum of the RTD. Beyond this point in time, concentration
is not generated anymore and can only leave through the outlet. Hence, the decrease of
detected species concentration at the outlet beyond the maximum detected concentration
occurring at around 3.54 s, as can be seen from Fig. 3.9b. The shape and form of these curves
depend on the chosen geometry, operational parameters and physical constants. The applied
pressure difference between inlet and outlet and the geometry define the velocity profile. The
diffusion in z direction away from the electrode surface depends on the diffusion coefficient.
All parameters used for this simulation were chosen arbitrarily.
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3.3.1 Parameter Variation

Simulations with different pressure differences between inlet and outlet were performed. While
pressure difference was the only parameter which was subject to change, its set value was
0.1, 0.4, 0.7, 1.0, 2.0, 4.0 and 8.0Pa. Figure3.10 shows the total cell- and average outlet
concentration depending on the applied pressure difference.
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Figure 3.10: Total cell- and average outlet concentration. (a) shows the total concentration
and (b) the average outlet concentration in the cell for a time-dependent study using a
concentration influx as depicted in Fig. 3.8. The legend indicates the applied pressure
difference between inlet and outlet.

When the geometry of the cell remains unchanged and only the pressure difference between
inlet and outlet is subject to change, the generated species are transported out of the cell
faster with increasing pressure. With a set pressure difference greater than 2.0 Pa, some
reaction products leave the cell before the applied pulse at the WE surface ends. Hence, the
total amount of generated species (16 pmol) is never inside the cell volume at any given time
which can be seen in Fig.3.10a. The average fluid velocity magnitude was extracted from
these simulations which is shown in Fig. 3.11a.
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Figure 3.11: Average fluid velocity magnitude depending on the pressure difference. (a)
shows the extracted average fluid velocity magnitudes from COMSOL simulations as
well as the analytical solution according to Eq. (2.45). (b) shows the velocity profile over
half the cell height (0.25 mm) defined by Eq. (2.44).
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Figure 3.11b is important for understanding how the reaction products move through the
cell, this defines the shape of both the total cell- and average outlet concentration (RTD
curve). The products are first generated at the electrode surface which is at height z = 0 in
this figure. That means, any species must diffuse away from the electrode surface before it
can get moved by the flow of fluid since a no-slip condition is assumed at the surface. For
higher pressure differences between inlet and outlet the fluid velocity increases faster with
increasing distance away from the electrode surface. This means concerning the shape of
the RTD curves, diffusion is mainly responsible for movement perpendicular to the electrode
surface and the flow moves the concentration in direction towards the outlet. Both effects
are connected since the velocity of the fluid depends on the distance diffused away from the
electrode. For each curve shown in Fig. 3.10b two times were extracted. The first is the time
at which the average concentration at the outlet starts to rise (onset of the RTD) and the
second one is the time at which the maximum average concentration is registered at the outlet
(maximum of the RTD). These two data sets are shown in Fig. 3.12.
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Figure 3.12: Maximum- and onset time of the average outlet concentration. Depending on
the applied pressure at the inlet, (a) shows the time at which the average concentration
at the outlet starts to rise and (b) shows the time at which the maximum average con-
centration at the outlet occurs. Both figures show the extracted values from simulations

as well as an estimation using the average fluid velocity magnitude. See text for details.
The estimations in Fig. 3.12 were done using

Onset of the RTD = 2mm/7,

3.5
Maximum of the RTD = 6 mm/v + 1.15s + 0.155/2, (8:5)

with the average fluid velocity magnitude v. The point in time at which the concentration
starts to rise was calculated by dividing the closest distance of the WE to the outlet (2 mm)
by the average fluid velocity. It can be seen that the first reaction products can reach the
oulet at earlier times than estimated in the case of low pressure difference (low fluid velocities)
because then diffusion has enough time to move the products to the centre of the cell, where

the fluid velocity is higher than the average. For high pressure differences, the reverse is
true.

For the calculation of the time where the concentration at the outlet has its maximum, 6 mm is
the distance on the WE farthest away from the outlet and the last two terms in the respective
equation shift the time to the end of the pulse (see Fig.3.8). Beyond this point in time no
concentration influx into the cell happens anymore. A detailed discussion of the results from
simulations using a pressure difference of 0.1, 1.0 and 8.0 Pa will be discussed and presented

following. Figure 3.13 shows the concentration in the centre of the cell (y = 0) for a selection
of times.
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Figure 3.13: Concentration profiles for different inlet pressures.
pressures (Ap = 0.1, 1.0 and 8.0 Pa) this figure shows the concentration in the centre of
the cell (y = 0). The evaluated times are given in the subfigure captions.
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Transport of Diluted Species

Figure 3.14 shows additional extracted informations from the simulations with a focus on the x
position of the maximum of the RTD curves (Maximum of the RTD).
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Figure 3.14: Concentration isolines, sum of concentrations and RTD maximum trace.
Each of the three columns shows extracted data from simulations using different pressure
differences (Ap = 0.1, 1.0 and 8.0 Pa). The first row shows extracted isolines from the
data presented in Fig.3.13. Each one of these lines enclose 95 % of the concentration
at the given time. The second row shows the sum of the concentrations in z direction
for each x value and additionally a linear function through their maxima is shown for
the data points with a time greater than 1s. The third row shows the x position of the
maximum of the RTD curve depending on time for all simulations. Additionally, the
time during which an influx of concentration occurs at the WE is highlighted in grey.

The evaluated times for the concentration isolines and the sum of the concentration (first
and second row in Fig.3.14) were chosen deliberately in a way to resolve the pulse. This
means, the first two times (0.5 and 1s) are the same for all three pressure differences. For
the remaining three data points the time interval between the end of the applied pulse and
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3 Methodology, Results and Discussion

the maximum of the recorded average outlet concentration was divided into equal parts. The
second row of Fig. 3.14 shows the sum of the concentrations which was generated from the
data which is shown in Fig.3.13. For each x value, all concentrations in z direction were
added up. The evaluation of these curves at the cell outlet (x = —4 mm) generates the RTD
curves (see Fig.3.10b). The third row in Fig. 3.14 shows the position of the maximum of the
z-integrated concentration as a function of time for the whole data set, i.e., for all simulated
time steps. From this figure one can see that, depending on the time, the maximum moves
linearly through the cell after the pulse was applied at the WE and the concentrations get
smeared out enough to show a well defined maximum (¢ > 1s for Ap = 8Pa, t > 125 for
Ap = 0.1Pa).

To gain a better understanding of mass transport depending on flow and diffusion, the
following simple model which is shown in Fig. 3.15 will be considered.

tl t2 t3 t4
m m i m
< At < At At <
— — —
L p—
WE "wWE "wE WE

Figure 3.15: Simple mass transport model (flow and diffusion). This figure shows a cross
section of the cell with the WE on the bottom and flow happens from right to left. The
flow profile is drawn schematically for the first time step t1. In total, four different time
steps (t1...t4) of the system are shown. The concentration during each time step is
depicted as the rectangle. These concentrations are assumed to just move directly away
perpendicular from the electrode surface (diffusion in x is neglected). Additionally, the
maximum concentration in the slice is highlighted by the shaded grey area.

This simple model gives an intuitive insight on the propagation of concentration through
the cell. As concentration diffuses farther away from the electrode surface it experiences a
greater velocity and gets displaced more in direction of flow than concentration in the vicinity
of the surface; this defines the shape of the high-concentration region (see Fig.3.13 and the
isolines in Fig. 3.14). The maximum of the concentration remains at the surface of the WE as
long as the pulse is applied since a steady concentration influx occurs during this time. After
the applied pulse the concentration in the cell moves towards the outlet, which defines the
location of the concentration maximum (since the concentration farther away of the surface
moves faster due to the flow).

Simulation results show that for the given geometry and a certain range of pressure differences
between inlet and outlet the maximum position and onset position of the RTD can be
estimated using Eq. (3.5). It is important to note that this estimation is only valid for this
geometry and applied pressure differences.

3.4 Electrochemistry with Concentration-Independent Current
(CIK)

In the previous discussion, all electrochemistry was substituted by using a homogeneous con-
centration influx through the working electrode. Following, results of simulations using the sec-
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ondary current distribution (see page 18) will be presented and discussed.

3.4.1 Omne-Dimensional Model

To gain a better understanding of the electrochemistry, a one-dimensional model will be
discussed first. All involved equations will be solved numerically and compared to results
from simulations. We assume a one-dimensional model consisting of two electrodes separated
by a distance d as shown in Fig. 3.16.

L

[ Y=}

o)

I X

0 d

Figure 3.16: Geometry and liquid potential distribution of the one-dimensional model.
The top part of the figure shows the considered geometry of the one dimensional model
consisting of a left electrode (L) and a right electrode (R). The bottom part shows
the potential drop in the liquid through the cell which follows a linear trend since the
electrical conductivity is assumed to be constant everywhere. Liquid potentials of the
electrodes are marked through a subscript, e.g., ¢ denotes the liquid potential at the
left electrode.

For this problem the potentials in the solid phase (¢% and ¢%) are given and the potentials in
the liquid phase ((blL and ¢ZR) are calculated. In this model, concentration overpotentials are
ignored and the behaviour of the system is mainly governed by the activation overpotential
as well as the electrolyte conductivity. For both electrodes, the activation overpotential
is calculated using 1 = ¢ — ¢ — Ecq. Additionally, on the electrode surface the current
density is described as a function of the overpotential, for example by the Butler—Volmer
equation (ignoring the concentrations). When only considering symmetric electron trans-
fer, i.e, a, = a. = «, the set of equations describing this problem can be formulated as
follows.
= o — ¢ — B
il(k) LA ) _ ) o <aF77(k)> both electrodes (k = R, L)
oc l 0 RT

R _ 4L
i = —0;% } Ohm’s law

The upper index denotes the electrode position, e.g., qSlR is the liquid potential at the right
electrode and the index i can either be R or L for the right or left electrode, respectively. For
each of the electrodes, the local current density ifo . given by the Butler—Volmer equation is set
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3 Methodology, Results and Discussion

to the scalar product of the liquid current density and surface normal vectors 7i*, which have

opposite orientation (7% = —1 and 7’ = 1). Since the current density is constant everywhere
in a one-dimensional model, one can rearrange the equations above into
R _ L F
Jl% =2} sinh [(%) (o — of — EeLq)} —  left electrode, (3.6)
nL
and
R _ L F
01@7@ = —2i}¥ sinh [(%) (oF — off — E) } —  right electrode. (3.7)
[ —
nk

The current densities at the electrodes have opposite sign which means that all charge entering
one electrode must exit the other one (conservation of current). Subtracting Egs. (3.6) and
(3.7) yields

F

24} sinh [(L) (oF —of — EeLq)] = 2y sinh [_ (O‘F
-

> =) e -ef —ER)]. 68

n n

For simplicity, we will focus only on the case where the exchange current densities i and i{* for
both electrode surfaces are equal (i§ = if' = iy). Therefore, Eq. (3.8) yields

— (o3 =o' = BL) = o0 — of — Egy, (3.9)
nR nL
which means the overpotentials have opposite sign (n* = —n’). The only unkown variables

are the liquid potentials (¢F and ¢f*). Solving Eq. (3.9) for ¢ and inserting this into Eq. (3.6)
yields

gl o aF
Z(9F —of — Bl + of — Bl —o) = 2io sinh | () (¢ —of —EL) |, (3.10)
—_———
¢t from Eq. (3.9) nt
which can be rearranged into
2i0d aF
0f — Bl + o — Bl, ~ 20} = = sinh (57)(6F—eF —EL)]. 1)

Solving Eq. (3.9) for ¢ and inserting this expression into Eq. (3.6) was an arbitrary choice. A
different approach which yields the same result would be solving Eq. (3.9) for ¢F instead of ¢f*
and inserting the obtained expression into either Eq. (3.6) or (3.7). Equation (3.11) represents
a transcendental equation which has no analytical solution and can therefore only be solved
numerically. The only unkown variable in this equation is the liquid potential at the left
electrode (¢). From the obtained value of ¢f, all remaining properties (¢, i;,etc.) can be
calculated. Solutions of the transcendental Eq. (3.11) compared to solutions from COMSOL
Multiphysics simulations will be discussed hereinafter. If not stated otherwise the following
parameters are used: a =0.5, d =0.0lm, o; = 10Sm~!, T = 293.15K, iy = 100 Am~2,
oF — ok =2V, Egl =2V and EeLq =3V.
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Figure 3.17: Current density and overpotential: COMSOL vs. numerical solution. Solu-
tions of Eq. (3.11) and results from COMSOL Multiphysics simulations with the same
set values® yielding the parameters i; and n” are shown in (a) and (b), respectively.

Solutions from Eq. (3.11) agree well with COMSOL Multiphysics simulations, as shown in
Fig. 3.17.

3.4.2 Three-Dimensional Model

In this section, simulations using the three-dimensional model as described in Sec. 3.1 will be
discussed. In these simulations a concentration-independent Butler—Volmer equation (2.28)
was applied at both electrode surfaces. The CE was set to ground and the potential at the
WE was changed according to the function shown in Fig. 3.18.

0.00 i Lo MR !

Time 8]

Figure 3.18: Shape of the applied potential pulse at the working electrode. This figure
shows the voltage pulse which is applied at the working electrode (WE) during the
simulations utilising electrochemistry. The potential at the WE (the electrode potential
¢s) was set to the open-circuit potential (OCV) plus the pulse as depicted in this figure.

8 Electrolyte conductivity o; was varied in steps of 5Sm~1. While Eq. (3.11) was solved with highest (machine)
precision, results from a COMSOL Multiphysics simulation depend on the resolution of the spatial grid
(mesh) as well as the set value at which the solver stops computing. For the mesh, the distance A between
the electrodes was divided into 100 parts of equal length and the solver was set to a relative tolerance of
10-6.
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3 Methodology, Results and Discussion

This means, the potential in the solid at the electrode surface (the electrode potential ¢5) was
a time-dependent quantity. Before and after the pulse, the open-circuit voltage was applied,
i.e., the current was zero. When performing a potential step experiment it is important to
know the potential at which no reaction arises. This value where zero current flows through
the cell is called open-circuit voltage (OCV). Without current flowing, no reaction happens
and no concentration influx happens either. Only when the potential step is being applied a
concentration influx occurs and this is the desired mode of operation for this experiment. It is
possible to calculate the OCV from the equilibrium potentials: Eeqwr — Feq,cr = —0.668V
(see Table3.1). Using simulations this value was verified.

The pressure difference between inlet and outlet was set to 1 Pa. These simulations resolve
the local current density at the electrode surfaces but they do not resolve effects caused by
concentration (Nernst equation). This means, the concentration overpotential is not considered.
To account for the concentration influx at the working electrode, an electrode surface coupling
was applied at the working electrode surface which sets the flux IV; in each spatial point of
the mesh depending on the local current density ¢;,. according to

Vi,m iloc

The constant v; ,, is the stoichiometric coeflicient, n,, the number of electrons involved in the
faradaic process and F' is Faraday’s constant. For the considered electrode material being
copper, v; , and n,, were set to one and minus one, respectively. The other electrochemical
parameters used are given in Table 3.1.

3.4.2.1 Current Density on the Working Electrode

Utilising the obtained OCV and a pulse exceeding the OCV by 1V, a time-dependent
simulation was performed. For this simulation the applied voltage at the working electrode (the
electrode potential potential ¢,) was set to the sum of the OCV and the pulse which is shown in
Fig. 3.18. From this simulation, the local current density on the working electrode was extracted
which will be discussed following. The distribution of the local current density is important
since it governs the rate of species influx. Figure 3.19 shows the normal current density on
the working electrode surface. This means, it depicts the current flowing perpendicular to the
surface.

Across the working electrode, the current density is not uniform since it depends on the
electrode positions. The highest absolute values of the current density occur adjacent to sides
where the counter electrode protrudes, i.e., at x = +2mm, as can be seen in Fig. 3.19a. All
current flowing at the sides where the counter electrode overlaps the working electrode takes
the shortest path, hence, the peaks in current density on the working electrode surface. The
trend of the working electrode having extreme values of current density on its boundaries as
shown in Figs. 3.19b and 3.20 can for example be found in [52-54]. It is important to evaluate
the current density close to the edges of the WE (x = £2mm) to resolve the trend of its
values at these positions properly. While the current density changes at the beginning and
end of the applied potential square pulse, the main contribution of the flow of current is where
the applied potential has its maximum. Hence, the visualisation in Fig. 3.19 for a simulation
time of 0.65s which is in the middle of the applied potential pulse. The local gradient of the
current density over the working electrode can be seen in Fig. 3.19b. The current density
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takes values of around —2.75 Acm~2 and —0.51 Acm ™2 at the edge (in x) and the centre,
respectively, yielding a change by a factor of five.
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[mm)]
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y coordinate
Current density [Acm™2]

Current density [A cm™2]

-3.0 :
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(a) (b)
Figure 3.19: Current density on the working electrode (contour plot and line evaluation).
For a simulation time of 0.65s, (a) shows the current density on the surface on which the
working electrode is positioned and (b) a line plot of the current density in the centre of

the working electrode (at y = 0). The utilised mesh was generated using p = 0.95. (a)
shows half of the spatial data indicated by the dashed symmetry line.

Since the current density over the working electrode is not uniform, the influx of species will
not be uniform either.

Mesh Refinement

The distribution of the current density across the working electrode changes drastically with
peaks at the boundaries. Hence, it is expected that the current density distribution across
the working electrode depends to a certain extent on the chosen mesh quality which is shown
in Fig. 3.20.

Equations in COMSOL Multiphysics are solved on a finite discretised spatial grid, and on
each of this grid point polynomials are defined which are called shape functions and their
order is named or element order. The final results are then interpolated between these
functions. Hence, using a higher element order increases the accuracy of simulations results
but also adds a significant amount to the total simulation time. Another option is to refine
the generated mesh locally which was done by a refinement in two small volumes defined by
x € [£1.8,£2.2],y € [-2,2] and z € [0,0.025] around the working electrode edges in units
of millimetres. In these two volumes the mesh was subdivided by a total number of two
times.

The extrema of the normal electrolyte current density at the edges of the WE (x = £ 2mm)
are better resolved for the optimised geometry which can be seen in Figs. 3.20a and 3.20c.
By using quadratic mesh elements the detail of the simulation results in these areas can be
improved additionally. To quantify the level of accuracy depending on the geometry and used
mesh element order, the data shown in Fig. 3.20 was integrated numerically which is shown in
Fig. 3.21.
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Figure 3.20: Current density on the WE for different geometries and element orders. This
figure shows the line profile of the normal current density on the WE at t = 0.65s in the
centre, i.e., at y = z = 0. (a) shows linear element orders with a non-optimised geometry,
(b) shows results using the non-optimised geometry with quadratic element order and
(c) linear element orders using an optimised geometry. The legend indicates the used
mesh quality parameter p. The figures in the second row show the current density for
the different geometries and element orders for two different meshes (p = 0.75 and 0.95).
See text for details.
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The differences for low-quality meshes are more significant than for meshes with a higher
quality, as can be seen from Fig. 3.21.
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Figure 3.21: Integration of the current density for different geometries and element or-
ders. Depending on the geometry and element order this figure shows the line integration
of the data shown in Fig. 3.20.
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Electrochemistry with Concentration-Independent Current (CIK)

Since there is no significant gain in accuracy of simulation results, a refined mesh at the
electrode edges combined with linear order mesh elements and a mesh quality of p = 0.95 was
chosen for simulations utilising concentration-independent kinetics. The reason for using the
optimised mesh is due to the higher accuracy in simulation results directly at the electrode
edges (x = £2mm). While there is no significant gain in accuracy for different mesh element
types and meshes, the mesh refinement as described in this section gives a general idea
what can be done to investigate simulation results depending on the mesh. The results
presented above show that the optimisation of the geometry and changing of the element
orders yield different results in the accuracy of the simulations. For this considered problem,
optimising (refining) the mesh is superior compared to employing higher-order mesh elements
combined with an unoptimised mesh. Depending on mesh quality and the used element order,
simulations may be more or less demanding with regard to, e.g., needed physical memory
which is shown in Fig. 3.22.
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Figure 3.22: Degrees of freedom and memory usage during simulations. Runtime information
for the simulations depending on mesh and element order. (a) shows the peak-memory
usage and (b) the number of total degrees of freedom (total DOF) during the respective
simulation. No simulations were performed using a mesh quality of 0.96 in combination
with quadratic elements due to memory constraints. These simulations were performed
using electrochemistry only (neither fluid flow nor diffusion was considered).

The three main factors influencing the memory usage and DOF are the quality of the mesh,
the employed element order and the utilised physics in COMSOL Multiphysics. While
the first two define the spatial resolution of the simulation, the latter one defines how
many dependent variables are defined in each spatial point which is presented in Table 3.3.

Table 3.3: Dependent variables depending on the used COMSOL Multiphysics module.
For the three physics modules laminar flow, transport of diluted species and electrochemistry
the second column lists the respective dependent variables and the third column the total
number of dependent variables for each module.

. . Number of
Physics module Dependent variables dependent variables

Velocity w(u,v,w)

Lamz 4
aminar flow Pressure p

Transport of diluted species Concentration ¢ 1

Electrochemistry Liquid potential ¢; 1
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3 Methodology, Results and Discussion

For the values given in Table 3.3 it is assumed that only one species occurs in the module
transport of diluted species, hence only one dependent variable for these two modules. The
modules solve for these dependent variables and all desired quantities are calculated from them.
For example the viscous stress tensor is calculated [27, p.182] using o = u(Vu + (Vu)T), the
concentration diffusive flux via the gradient of the concentration [28, p.121] and the current
through the electrolyte is calculated via Ohm’s law [19, p.104; 29]. The number of total
degrees of freedom is given by [55]

(#degrees of freedom) = (#nodes) * (#dependent variables). (3.13)

The number of nodes (#nodes) depends on the mesh element type and the used element
order (linear, quadratic, cubic, etc). For example when using linear element orders with
hexahedral elements the number of nodes is given by (#nodes) = 1.2 * (#elements), with
(#telements) being the number of used elements (hexahedra). Using quadratic element orders
the multiplication factor is 8.5 instead of 1.2 [55]. The simulations whose results are shown in
Fig. 3.22 were done using the electrochemistry module solely in combination with a hexahedral
mesh. The amount of dependent variables in this case is one and by using Eq. (3.13) the
degrees of freedom (DOF) can be estimated. The total amount of DOF is proportional to the
mesh elements (cf. Figs.3.3 and 3.22). Using this information the amount of DOF depending
on the utilised mesh, used element orders as well as the employed physics can be estimated.
It is important to note that up to now all considerations regarding the current density were
considered at a time of 0.65s for a location in the centre of the electrodes. Motivation for
this was the fact that the main impact of the total cell current has its maximum during the
plateau of the applied pulse (see Fig.3.18). Additionally, the current density on the electrode
surface is quite homogeneous with respect to the y coordinate, which can be seen in Figs. 3.19a
and 3.24a. During the onset and ending of the applied pulse, solutions in the current density
may be dependent on the chosen mesh. This is shown in Fig. 3.23.
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Current density [mA cm™2]
Current density [mA cm™2]
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Figure 3.23: Time-dependent convergence of the current density on the working electrode.
Simulations using a mesh quality of p = 0.95 and 0.96 were performed. Both figures
show the time dependent difference of the current density between these two meshes,
i.e., both show the difference pg.o¢ — po.95s. For times greater than 0.65s both figures
show a symmetric behaviour in time due to the symmetry of the applied voltage pulse.
While (a) shows a line profile at y = 0, (b) shows a line evaluation at x = 0. Please note
that (b) shows only one half of the spatial data indicated by the dashed symmetry line.

Differences emerge when the applied potential at the WE changes and current flows (¢ > 0.155s).
These differences are greatest at the boundaries of the working electrode (y = & 2mm) and dur-
ing the time where the applied pulse changes most (¢ € [0.0755s, 0.225]).

46



Electrochemistry with Concentration-Independent Current (CIK)

3.4.2.2 Current Density on the Counter Electrode

The local current density on the counter electrode is shown in Fig. 3.24. The mesh quality has
no great impact on the current density at the counter electrode, as can be seen in Fig3.24b.
Similarly to the current density on the working electrode, its distribution over the counter
electrode is not uniform and depends on the position of the working electrode. High values of
the current density occur where the counter electrode opposes the working electrode, as can
be seen in Fig. 3.24a. This can be explained with the current taking paths of least resistance,
hence the main contribution of current flows at areas where these two electrodes directly
oppose each other.

0 .
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0.2
-2
-3 .

-4 -3 =2 0 2 3 4

y coordinate [mm)]
Current density [A cm™2
Current density [A cm™2]

x coordinate [mm] x coordinate [mm]
(a) (b)
Figure 3.24: Current density on the counter electrode (contour plot and line evaluation).
(a) shows the local current density on the surface where the counter electrode is placed,
i.e., at z = 0.5 mm. The plot in (b) was generated by evaluating the data from (a) across
a line at y = 0 at t = 0.65s. The electrode surface defining the counter electrode is
within x = +3mm and y = £2mm. The highlighted area in (b) marks the enveloping
curves for all meshes. This means results from any simulation ranging from p = 0.55 to

0.96 reside in this area. The black dashed line shows the result using a parameter p =
0.95.

The local current density on the counter electrode does not change much depending on the
quality of the mesh. Therefore, the time-dependent change of the current density will not be
shown.

3.4.2.3 Total Current

The total current flowing through the cell can be calculated by surface integrating the
local current density across any of the two electrodes which is shown in Fig. 3.25. Due to
conservation of charge, the same total current must flow through both electrodes at any time.
Since only working electrode and counter electrode may conduct a current, any flow of current
exiting the counter electrode must also enter the opposite electrode. The average current is
obtained by dividing the values in Fig. 3.25 by the respective electrode surface area. While
these plots are not shown, the average current density of the counter electrode is smaller than
the value for the working electrode since the counter electrode has a higher surface area. This
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3 Methodology, Results and Discussion

explains why one usually designs an electrochemical cell in a way that the counter electrode
has a greater surface area than the working electrode. By doing it that way, the counter
electrode does not become the limiting factor with regard to the electrode kinetics. This
ensures probing the working electrode which is the surface of interest one wants to study.

Total current [mA]
| | |
D = [\~
o o o

|
o)
S

—100

Figure 3.25: Total current versus time on both electrodes. This figure shows the total current
in the cell at any point in time, obtained by integrating the normal electrolyte current
density over both electrode surfaces. This means, they the show the magnitude of current
flowing through the working electrode and counter electrode. For times greater than
shown here, the total current in the cell is zero. For visualisation purposes, the current
values at the counter electrode were multiplied by a constant factor of minus one.

Due to the exchange current density having a significant impact on the Butler—Volmer equation,
its value plays an important role in that regard (see Fig. 2.4).

3.4.2.4 Liquid Potential and Overpotential

In simulations the electrolyte potential, which is shown in Fig. 3.26, governs the current
flowing through the cell as described by Ohm’s law.
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Figure 3.26: Contour plot of the electrolyte potential in the cell. At t = 0.65s, (a) shows the
electrolyte potential in the centre of the cell, i.e., at y = 0, and (b) depicts the electrolyte
potential on a yz slice at the centre of the cell at x = 0. The colour bar in the middle
applies to both plots.
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The electrolyte potential in the liquid drops linearly between working- and counter electrode
due to the assumption of the electrolyte having isotropic electric conductivity which yields a
constant current gradient between both electrodes. Therefore, the current density i; near the
centre of the cell (x = y = 0) can be calculated using Ohm’s law i, = —oy(¢} — ¢7)/d*? with
¢l1 being the liquid potential at point one, ¢l2 being the liquid potential at point two and d'?
is the distance between the two considered points.

By evaluating the electrolyte potential in the centre of the electrodes, i.e., at x =y = 0,
values of —0.34V and —0.87V for the electrolyte potential are obtained on the working- and
counter electrode, respectively. The current density obtained by Ohm’s law using an electrolyte
conductivity of 4.8 Sm™! as well as a distance of 0.5 mm between the electrodes is 0.51 A cm ™2,
which agrees with Figs.3.19, 3.20 and 3.24. This comparison is only possible due to the
relatively high homogeneity of the electrolyte potential at the surfaces of both electrodes, as
shown in Fig. 3.26. The kinetic overpotential obtained by solving the Butler—Volmer equation

is shown in Fig. 3.27.
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Figure 3.27: Overpotential on both electrode surfaces. Both figures show the overpotential
evaluated directly on the working electrode and counter electrode surface for (a) and
(b), respectively. All values were evaluated at a time of 0.65s. In this figure only half of
the electrode surfaces is being shown indicated by the dashed symmetry line.

Since the overpotential is defined at the electrode-electrolyte interface boundary, its values are
only obtainable directly at the electrode surfaces and nowhere else. When the overpotential is
zero, no current flows and in that case the difference ¢, — ¢; represents the electrode potential
at equilibrium (OCV). The variable ¢, is the applied potential at the electrode. Therefore,
the overpotential indicates how far away the system is from equilibrium. The overpotential
drives the local current density on both electrodes as governed by the Butler—Volmer equation,
which can be seen in Fig. 3.27. Other than at the electrode edges, the overpotential is quite
homogeneous. While the overpotential on the working electrode has positive values, on the
counter electrode it has the opposite sign. Due to the different sign of the overpotentials on
the electrodes, the total kinetic overpotential between working electrode and counter electrode
is defined as the sum of both absolute values. By calculating the surface average of the data
shown in Fig. 3.27 the average overpotential for both electrode surfaces can be obtained. At
a simulation time of 0.65s the average overpotential at the CE and WE is —0.2955V and
0.1677V, respectively. In COMSOL Multiphysics the overpotential is calculated at both
electrode surfaces using 7 = ¢5 — ¢; — E.4. Using this definition the average liquid potential
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3 Methodology, Results and Discussion

¢; at the WE surface is given by

ocv
—
¢ =—0.668V+1V —0.1677V —0.52V = —0.3557V,
—_— —— T
?s n eq

and the average liquid potential at the CE surface is given by

¢ =0V +0.2955V —1.188V = —0.8925 V.
\d)/ —— T
s -n eq

Since no concentration dependency is considered in this model these values of the liquid poten-
tial are valid for all times where the applied voltage pulse is 1 V (see Fig. 3.18).

3.4.2.5 Total Cell Integrated and Average Outlet Concentration

This section describes time-dependent simulations including the laminar flow module. During
the simulations, the average concentration at the outlet and the total concentration depending
on time was evaluated. The average concentration at the outlet depending on time is called
residence time distribution (RTD). RTD curves connect the geometry of the cell to its
performance and can be used for cell optimisation [56, p.867ff; 57]. Everything was done the
same as for the simulations described in Sec. 3.3 but with the addition of electrochemistry.
This means, species generation is caused by the local current density on the working electrode.
Figure 3.28 shows these two concentrations.
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Figure 3.28: Total cell- and average outlet concentration (TDS and CIK). Each of the two
top figures show normalised results obtained from time-dependent simulations using a
concentration influx via the transport of diluted species (TDS) module and concentration-
independent kinetics (CIK) where the potential at the working electrode was set according
to the square pulse shown in Fig. 3.18. The current was set according to a concentration-
independent Butler—Volmer equation. (a) shows the normalised total concentration in
the cell as a function of time and (b) the normalised average concentration at the outlet
of the cell. The two small figures at the bottom show the respective difference plots, i.e.,
each one presents the difference between the two normalised data sets above.
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When applying electrochemistry it takes more time for the generated species to be flushed
out of the cell compared to simulations using the simplification of a constant concentration
influx through the working electrode surface. This can be seen in Fig. 3.28b. This is due to
the non-uniformity of the current density across the WE (see Fig. 3.19). Both concentrations
were normalised to an area of one. The difference between simulations with and without
electrochemistry can be seen easily in the difference plots at the bottom of Fig. 3.28. The
local extrema in these difference plots correspond to the local current density at the WE.
The species is generated at the electrode surface according to the local current density and
this concentration moves through the cell. At the outlet it is then being detected. In these
difference plots, three extrema are visible. These extrema get smeared out, i.e., they get
broader, with time passing. The reason for that is that any concentration must first diffuse
away from the electrode before it gets moved by the fluid flow. For example the last extremum
in Fig. 3.28b which occurs at around 8.5s corresponds to the concentration generated at areas
of the working electrode closest to the inlet. It takes the species generated at this position
longer to reach the outlet and due to diffusive broadening, this peak is smeared out more than
the other two extrema. The difference between simulations with and without electrochemistry
is not very large despite the non-uniformity of the current density across the working electrode.
To explore this further, the surface of the working electrode was subdivided into three parts
and a simulation using electrochemistry was done. Since the current density on the working
electrode has two pronounced extrema, its surface was subdivided into three parts. The
species generated from each of these three parts were tracked separately. Figure 3.29 shows
the results of this simulation.
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Figure 3.29: Total cell- and average outlet concentration (subdivided WE). The working
electrode surface was split into three parts ranging from —2 < z3 < —1mm, —1 <
z2 < 1mm and 1 < z; < 2mm, with the species c3, c2 and c¢; created in these region.
Propagation of these species was tracked separately with (a) showing the normalised
total cell concentrations and (b) their normalised average outlet concentrations. In both
figures the cumulative normalised concentration is plotted which means the coloured
difference between curves indicates the fraction of each respective species.

Splitting of the working electrode surface was done at certain x coordinates to reflect the
changes in the local current density which can be seen in Fig.3.19b. In the outermost
parts, i.e., giving rise to concentrations ¢; and c3, the current density is higher, hence, the
electrochemical creation of species should also be higher due to the current density. The sum
of the outer two regions has the same surface area as the single middle part. From Fig. 3.29b
one can see that at the outlet concentration cs is detected first, followed by ¢y and ¢;. This
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3 Methodology, Results and Discussion

is due to the positions of the regions with respect to the cell outlet. The maximum of the
total cell concentration occurs around 1.225s. At this point in time, the contributions of
the species concentrations to the total cell concentration are 7.24 a.u., 11.49 a.u. and 7.23 a.u.
for ¢1, co and c3, respectively. The contributions of species ¢; and c3 are almost the same.
This is to be expected since the surface areas where these species are being generated are
equal and the current density is symmetric across the working electrode (see Fig. 3.19b). By
numerically integrating the current density over each split interval of the working electrode,
the respective current density percentages may be obtained. As a result, around 27.5 % of
the current density occurs at each of the two outer split-surfaces where species ¢; and c3
are being generated. The respective area fractions are only 25 %. In the middle of the cell
where ¢y is being generated (area fraction 50 %), i.e., at a position of x values between minus
one and one millimetres, around 45 % of the local current density occurs. The ratios of
generated species correspond to the ratios of current densities. Despite the lack of substantial
difference between the two models, as can be seen in Fig. 3.28, one should not be tempted
to substitute all electrochemistry by using a constant concentration influx over the working
electrode instead. With the simplification of utilising an influx, local electrode effects like
surface etching due to faradaic currents cannot be investigated. Other effects, like the impact
of concentration on the current density, as described in Sec. 3.5 can not be resolved using
the simplified approach which utilises a concentration pulse as a substitution of all involved
electrochemistry.

Mesh Convergence Study

Both total concentration in the cell as well as the average outlet concentration depend to a
certain degree on the used mesh. This is shown in Fig. 3.30.
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Figure 3.30: Total cell- and average outlet concentration depending on mesh quality. For
different meshes ranging from p = 0.65 to 0.96, simulations using a concentration-
independent Butler—Volmer equation were performed. Depending on the mesh quality,
(a) shows the total cell concentration and (b) the average outlet concentration.

The dependence of both average- and total cell concentration is not very sensitive to the mesh
since both values average over the surface of the outlet and the total cell volume, respectively.
Hence, local concentration discrepancies are not resolved in great detail. The difference in the
velocity between the two meshes with the highest accuracy (p = 0.95 and 0.96) is less than
one percent and therefore the difference in the solutions is small, as can be seen in Fig. 3.30,
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which justifies the usage of a mesh with quality p = 0.95 for the simulations presented in this
thesis. Due to the higher velocity at the outlet, concentration gets transported out of the cell
faster for lower-quality meshes, as can be seen in Fig. 3.30b. For meshes with a quality lower
than p = 0.95, the decay of concentration happens faster after the concentration reached its
peak value compared to the two highest quality meshes. It is also worth noting that, similarly
to the data shown in Fig. 3.20, one must not conclude that a certain mesh is sufficient in
quality by judging only the difference in solutions between subsequent simulations. While
simulation results with mesh qualities p between 0.65 and 0.85 do not differ greatly, there is a
small but significant difference between p = 0.85 and 0.95.

3.4.2.6 Working Electrode Etching

COMSOL Multiphysics provides a timeint-operator which integrates any desired variable over
time in each spatial point of the mesh. Since the working electrode is the electrode of interest,
Fig. 3.31 shows the time integration of the normal current density ; and concentration over
this surface.
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Figure 3.31: Time integration: current density and concentration. (a) shows the time integral
of the normal current density over the working electrode for all simulation times and (b)
the time-integrated concentration over the working electrode for all times. This means,
the integration was performed for simulation times between zero and 14 s. Both figures
(a) and (b) only show half of the spatial data indicated by the dashed symmetry line.
Additionally, (c) and (d) present a line evaluation of the data shown above at different
y-positions indicated in the legend. Note that the flow direction is —z (right to left) in
all simulations.
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Mass removal from the working electrode surface can be estimated from Fig. 3.31a, which
may only serve as a worst or best case depending whether one is interested in preserving or
etching of the surface. The reason for this is that the current flow is assumed to happen only
by means of faradaic reactions. Thus, the mass removal is proportional to the local current
density over the electrode surface.

Due to the almost homogeneous current density distribution in most parts of the WE, the
influx of species occurs quite uniformly over much of the working electrode surface. Therefore,
the time integration of the concentration shows a roughly linear decrease over the surface
from inlet to outlet, as can be seen in Fig.3.31b. From this figure one can also get a
feeling what may change when applying concentration-dependent electrode kinetics. The
presence of reaction products counteracts the current density, hence, one can assume that the
current density at the outlet side to be smaller than on the inlet side, since over the whole
simulation time the surface closer to the outlet is being exposed to a higher concentration of
products.

3.4.2.7 Mass Transport in the Cell

Concentration can be evaluated in any point of space and time from simulations. Figure. 3.32a
shows data directly obtained from COMSOL Multiphysics, i.e., it shows the concentration in
the cell at t = 2s. From this scalar field isolines can be extracted which enclose a certain
percentage of concentration. Figure3.32b shows the extracted isolines for eight different
simulation time steps. To generate the isolines, the scalar concentration field was evaluated
on a plane and from this data the isolines were extracted.
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Figure 3.32: Concentration slice and extracted isolines for a selection of times. For a time-
dependent study as described above, (a) shows the concentration in a centre xz plane
of the cell at t = 2s extracted from COMSOL Multiphysics. (b) shows 90 % isolines
of concentration for a selection of times extracted from simulation results, as shown
exemplarily in (a) for t = 2s. This means, at any given time the corresponding lines in
(b) enclose 90 % of the concentration evaluated on a slice in the centre of the cell (at y
=0).

Additional information about the mass transport due to flow and diffusion can be found in
Sec. 3.3.1.
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3.5 Electrochemistry with Concentration-Dependent Current
(CDK)

In this section, results obtained from simulations using concentration-dependent kinetics will
be discussed and presented. These simulations are harder to compute than ones without
concentration-dependent kinetics since they require a finer mesh. This attention towards the
mesh is important since the concentration directly exerts a feedback on the current density as
described in Sec.2.2.2.4. Therefore a mesh with a high quality at the vicinity of the electrode
surface is necessary to resolve diffusion processes happening there. Hence, without proper
mesh quality there may occur rather large jumps in the current density during simulations
and in the worst case the simulation does not compute at all. Best convergence with regard
to the solver settings for the time-dependent step has been achieved by using a fully coupled
solver with the nonlinear method set to automatic (Newton), an increased minimum damping
factor, as well as the maximum number of iterations increased to 250. Additionally, by using
concentration-dependent kinetics (CDK), a finer mesh may speed up the simulation despite
the increased number of degrees of freedom (DOFs) solved for since the solver converges
better due to the larger time steps in the finer mesh compared to the coarser mesh. This
means, since during a time-dependent study the equations are solved in discretised time steps,
increasing the mesh quality may result in the solver taking larger time steps which is much
faster than the case where the time steps are very small (for the coarser mesh). Hence, a finer
mesh may result in a faster computatitional time which seems counterintuitive at first. In all
previous simulations which utilise electrochemistry and are presented in Sec. 3.4, concentration
dependence was not considered. The rate of concentration-influx was governed by the local
current density but the generated species did not affect the current density. The current
density changes as the voltage applied by the pulse rises and falls, but while the voltage is at
its maximum value (see Fig. 3.18), the current density at the electrode does not change. The
simulated electrochemical reaction was dissolution of solid copper through an applied voltage
pulse. An overview of this set-up, including the reactions assumed to happen at the electrode
surfaces, is shown in Fig. 3.33.

e —> /Y —> e
/
WE CE
_ Hs(g) _
e Cu+(aq) : e

t S \ y
o

Cu(s) 2H" (aq) Pt (s)

Figure 3.33: Overview of the electrochemical system including the participating reactions.
Due to the applied voltage between working electrode (WE) and counter electrode (CE)
faradaic reactions happen at both electrode surfaces. In addition to the reactions occuring
at these surfaces, the contributions of oxidising current (jor) and reducing current (jreq)
occuring at the WE are depicted.
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All simulations involving concentration-dependent kinetics were performed with the Butler—
Volmer equation on both electrode surfaces. Since the WE is the surface of interest and
additionally to keep the model as simple as possible only on the WE surface was subject
to concentration dependency. This means, on the WE the kinetics were simulated using
Eq. (2.31) while at the surface of the CE Eq. (2.28) was applied. Due to the applied voltage
pulse oxidation happens at the WE, i.e., solid copper loses an electron and is emitted into the
liquid as an ion. On the cathode (CE) reduction happens which means hydrogen ions are
assumed to be catalysed to hydrogen gas at the platinum surface. The Butler—Volmer equation
describes the current density as a sum of anodic and cathodic currents (see Sec.2.2.2.1) which
is illustrated in Fig.3.33 for the WE surface. This means, depending on the sign of the
overpotential an anodic or cathodic net current occurs at the electrode. At equilibrium both
partial currents cancel each other out and the electrode surface is in an (dynamic) equilibrium.
For example in the considered system as described above at the WE these partial currents
are given by

Joz : Cu(s) —» e + Cu""(auq)7
and
Grea i€+ Cut(aq) = Cu(s).

At the WE surface the concentration-dependent Butler—Volmer equation which is given by
Eq. (2.31) usually depends on the local concentration of reduced species Cg, oxidised species
Co as well as their reference concentrations Cy and Cf. The local concentrations are the
respective values directly at the electrode surface and the bulk concentrations are the values
of the concentration away from the electrode surfaces. The used variables depending on the
physics module in COMSOL Multiphysics are listed in Table 3.4.

Table 3.4: Variables used for concentration species depending on the used physics module.
For both physics modules transport of diluted species and electrochemistry this table lists
the variables for oxidising species Co and reducing species Cg.

COMSOL Multiphysics module  Variable Description
. . Co init Initial concentration for species Cp
T t of diluted e
ransport of diluted species { CR.init Initial concentration for species C'r
p Bulk ion f i
Electrochemistry C’? u conccntrat?on or spcc%os Co
Cy Bulk concentration for species Cr

The initial concentrations Co init and Cginit are used as initial values set in the module
transport of diluted species. This means, at the beginning of the simulation the concentrations
Co and Cg are set to the values of Co init and Cr init, respectively. Additionally, at the inlet
these two initial concentrations are set as a concentration boundary so that any inflow of
concentration has the respective concentration according to the set initial values. The bulk
concentrations C; and C¢, only apply to the electrochemistry module where they are utilised
in the concentration-dependent Butler—Volmer equation (2.31). In the transport of diluted
species module the two dependent variables which are solved for during a simulation are the
concentrations Cp and C'r. This means, initially these two concentrations are set to their
initial values and due to electrochemistry they are transformed into each other. Since the
Butler—Volmer equation describes a redox reaction (Ox + ne~ = Red) any increase of Cop
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must yield an decrease of the same amount of Cr and vice versa. In the current case (etching
of Cu), the reduced species (Cuo) are in the electrode, not in the electrolyte. Therefore, the
Cr/Cj, fraction in the concentration-dependent Butler—Volmer equation was set to unity at
all times [58], therefore the C'r values in the electrolyte are not used in the present simulations.
Hence, the concentration C'r acts as an infinite reservoir and the generation of copper ions
is not limited. At the start of the simulation no copper ions are present in the electrolyte,
i.e., the concentration Cp is zero. To ensure computation the concentration Cp jni: Was set
to epsmolm™3 with eps = 2.2204 x 10716, All other concentrations (Cr,init, Cx and C))
were set to 1000molm ™3 [58]. This means, the value of the open-circuit voltage (OCV) is
given for these concentration. In the simulation the concentration C'g represents the solid
copper (the WE) which should always be available for a reaction at the WE surface. Hence,
the term Cr/C7, in the concentration-dependent Butler—Volmer equation was set to one at
all times [58]. All other parameters used for the simulations were set the same as before for
simulations using concentration-independent kinetics (see Table 3.1).

3.5.1 Omne-Dimensional Model

To gain a better understanding of electrochemistry involving concentration-dependent electrode
kinetics simulations using a simple one-dimensional model were performed. To keep the
geometry as close to the three-dimensional model, the two electrodes were separated by a
distance of 0.5 mm which is the same distance as the one used in previous simulations. The
considered model is depicted in Fig. 3.34.

CE WE

0.5

Figure 3.34: Geometry of the one-dimensional model. In this one-dimensional model the
working electrode (WE) and counter electrode (CE) are separated by a distance of
0.5 mm.

To generate the mesh of this model the distance between WE and CE was divided into 1000
equal parts. All parameters were set as described previously but no fluid flow was considered.
In the three-dimensional model, fluid flows perpendicular to the direction between WE and
CE which is not feasible in a one-dimensional model. The beginning of the applied voltage
pulse was shifted one second in time to resolve effects preceding the pulse. The electrode
potential (¢5) at the WE was set according to OCV+pulse(t) where OCV is the open circuit
voltage (—0.668 V) of the cell with a Cu™ concentration of 1000 molm~2 and pulse(t) is the
voltage pulse as shown in Fig. 3.35.7

9 This is not the OCV at the initial concentration; see the discussion on page 58.
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Voltage [V]

Time [s]

Figure 3.35: Shape of the applied potential at the working electrode. This figure shows the
voltage pulse which is applied at the working electrode (WE) during simulations which
utilise concentration dependent kinetics (CDK) in studies concerning the one-dimensional
model. The shape is defined by the lower limit, upper limit and the size of transition
zone, which were set to 2.15, 3.15 and 0.15, respectively.

Simulations with these settings were performed which will be discussed and presented following.
Figure 3.36 shows the concentrations Cp and Cg, the overpotential at the WE and the current
density for the one-dimensional model. Two different kind of simulations were performed for
an infinite reservoir (Cr/C%, = 1) and for a finite reservoir in which this fraction was not set
to one.

When the factor Cr/C%, is set to one, independent of the actual Cg value (to simulate an
infinite reservoir of Cu) the concentration Cr of Cu’ can reach arbitrary (negative) values.
For simulations in which Cg in the electrolyte is considered as a reactant (limited current),
the concentration Cr can not reach negative values. The time-dependent behaviour of the
concentrations Cp and Cp goes as follows. At the beginning the system is at its initial
point, i.e., the respective initial concentrations are set (Coinit and Cr ini). Before the
applied pulse (t < 25s) the concentration of Cp is smaller than the equilibrium concentration
(1kmol m~3) which means during this time oxidation of Cu” happens and Cp increases to
~ 0.05 kmolm~2 until ¢ = 2s. Cr decreases by the same amount which has no substantial
effect, irrespective of whether its value is taken into account or not. During the applied
voltage pulse (2 < ¢ < 3s) the concentrations Cp and Cg change substantially, as governed
by the Butler—Volmer equation. The principle of equivalent change of oxidising and reducing
species an be seen here clearly since any change in Cp results in an equal but opposite change
in concentration Cg. In case of the unlimited current (Cr/C} = 1) the concentration Cr
reaches negative values since its contributions in the Butler—Volmer equation is suppressed,
i.e., Cr/C% is set to one. When this factor is considered (limited current, Fig.3.36b), the
oxidised species Cp reaches its maximum at 1kmolm™2 which is the initial value for the
species Cr (CRinit)- Since for the case of the limited current (Cr/Cj # 1) the concentration
CRr can not go below zero, the amount of Cp is limited by the C'r initially present. Therefore,
the current decreases in that case during the applied voltage pulse.

After the pulse both concentrations Cr and C converge against the equilibrium concentrations
(see Fig.3.37). In case of the unlimited current, the concentration Cp is greater than
1kmol m~3 directly after the applied voltage pulse (see Fig. 3.36a) which means redeposition
happens. In that case (unlimited current), Cu™ ions disperse via diffusion and the concentration
Co falls below 1kmolm™3. In the long term copper is oxidised until the equilibrium is reached
for the potential.
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Figure 3.36: Concentration, overpotential and current density (one-dimensional model)

This figure shows the concentration for oxidising and reducing species (Co and Cg),
the overpotential and the current density at the WE. In simulations which results are

shown in the left column the factor Cr/C% in the Butler

one (unlimited current).

Cr/C

‘Volmer equation was set to

Simulation results in which this factor was considered, i.e.,

limited current). Additionally,

(

pulse(t) # 0) is highlighted in grey.

not set to one, are shown in the right column

*
R

(

With the initial values of Co and Cg set to the respective initial values (Co,init and

the time during which the voltage pulse is applied
CR,init)

their values change due to the applied voltage pulse.

)
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3 Methodology, Results and Discussion

Any results presented in the following were done with Cr/C7, set to one (unlimited current).
To investigate and verify the concentrations at equilibrium, simulations without the voltage
pulse were carried out. This means, the electrode potential ¢, at the WE was set to the OCV
all the time. Results from these simulations are shown in Fig. 3.37.
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Figure 3.37: Concentration Cp, overpotential and current density at equilibrium. This
figure shows the concentration Co, the overpotential and the current density evaluated
at the WE. The top two figures show results from simulations for which the bulk
concentration Cf) was set to 1kmolm ™3 and the bottom two figures show results from
simulations for which C% was set to 10 kmolm™2. Please note the different scaling of
the left y axis of the two left figures.

At equilibrium no current flows and the overpotential is zero. Applying these conditions
to the concentration-dependent Butler—Volmer equation as defined by Eq. (2.31) yields the
concentration Co at equilibrium which is equal to the reference concentration Cf. Due to
the rate at which any concentration changes being proportional to the current it takes a long
time until equilibrium is achieved. At equilibrium the overpotential is zero and the absolute
value of the anodic and cathodic contributions to the Butler—Volmer equation are equal to
the exchange current density (24 mA cm™2). Please note that Fig. 3.37 shows results obtained
from a time-dependent study. During this current distribution initialisation (see Sec. 3.2.2)
which preceeds the time-dependent study as well as during initialisation of the time-dependent
step, initial values of the liquid potential and the involved concentrations are determined.
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Hence, the obtained values at ¢ = 0 in Fig. 3.37 deviate from the set initial values. For the set
intial values of the concentrations Cg init and Co init, the overpotential is approximately —1V
which can be calculated using Eq. (2.31). This means, at the beginning of the simulation strong
etching of the WE occurs due to the set initial values and the etching rate decreases with
time. Hence, at t = 0 the concentration Cp at the WE is ~ 4molm ™3 and the overpotential
is & —80mV. The transition from the set initial values to the corresponding values at t = 0
are not resolved in the obtained simulation results which are depicted in Fig.3.37. This
transition of parameters from their initial set values until their values at ¢ = 0 is not resolved
in any simulation concerning this thesis. The intial values of concentrations for oxidising
and reducing species were set so that simulation results utilising concentration-dependent
kinetics can be compared to simulations in which all electrochemistry was substituted using
an influx of concentration (see Sec.3.3). While the simulated operational mode (square-wave
pulse voltammetry) of the cell is only used to optimise its shape and performance, the final
operational mode of the electrochemical cell may differ substantially. In general, initialisation
of the electrochemical cell especially in regard to the set potential values is quite challenging
and must be considered carefully (in relation to the operational mode of the cell). Additional
information about this topic can be found in [59, p.470ff; 60; 61; 62].

3.5.2 Three-Dimensional Model

In this section the results of concentration-dependent kinetics using a three-dimensional
model will be discussed. The considered model is shown in Fig. 3.1 and only the WE was
subject to concentration dependency which was set up as described previously (infinite Cu
reservoir).

3.5.3 Comparison of CIK and CDK (Fluid Flow)

Simulations with different pressure differences between inlet and outlet were performed to
investigate the impact of mass transport by flow on the electrochemical cell. In the following,
a discussion of simulation results which utilised a pressure difference of 1 Pa between inlet
and outlet will be given. This applied pressure difference is the same value as the value used
in simulations using concentration-independent kinetics (see Sec. 3.4).

3.5.3.1 Concentration and Current Density on the Working Electrode

Similarly as the discussion of the current density utilising concentration-independent ki-
netics, the main focus will be on the current density at the centre line (y = z = 0) of
the working electrode, which represents a good evaluation due to the symmetry of the
cell. Figure 3.38 shows the time-dependent behaviour of the current density on the working
electrode.
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Figure 3.38: Time-dependent behaviour of the current density on the WE (line evalua-
tion). By utilising concentration-dependent kinetics, (a) shows the current density
evaluated on a line across the centre of the WE, i.e., at y = z = 0, exemplarily for three
different times of the simulation and (b) shows the difference between the two stated
data sets. The inset in (a) shows a zoom for values of the current density in the centre.

While for simulations using concentration-independent kinetics the current density does not
change while the applied voltage pulse is 1V its values change with time when concentration
dependency is considered. With the exception of the extrema on the edges of the WE (x = +
2mm) the current density is quite homogeneous over the electrode surface. Hence, discussion
of parameters can be done on three x points located at x = -2, 0 and 2mm. Figure 3.39
shows the time-dependent behaviour of the current density on the WE evaluated on these
three points as well as the concentration profiles across a line evaluation (y = z = 0) on the
WE for three different times.
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Figure 3.39: Point trace of current density and a selection of concentrations (flow). While
(a) shows the time-dependent behaviour of the current density evaluated on three points
residing at x = -2, 0, 2mm on a line in the centre of the WE, i.e., at y = z = 0, (b)
shows the concentration Co for three different times across a line in the middle of the
WE, ie.,aty =z = 0.

Figure 3.40 shows a point evaluation of the overpotential and the ratio Co /C,.
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Figure 3.40: Point trace of overpotential and concentration Co (flow). In the centre of the
WE (y =z = 0), (a) shows the overpotential and (b) shows the ratio Co/C¢ evaluated
at x = -2 and 2mm. The simulations were done using concentration-dependent kinetics
and the pressure difference between inlet and outlet was set to 1 Pa.

The prefactor for the reducing species Cr/C}, in the Butler—Volmer equation is set to one and
therefore the only source of concentration-dependence is due to the concentration Cp. Since
flow transports species C'o from the inlet to the outlet, more concentration accumulates on the
side closer to the outlet (x = —2mm). Depending on the sign and magnitude of the applied
potential, the emerging current in the cell depends on the Butler—Volmer equation. Figure 3.41
shows the corresponding potential-dependent current densities occuring at both electrode
surfaces for the considered simulated electrochemical system.
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Figure 3.41: Anodic, cathodic and total current according to the Butler—Volmer equation.
(a) shows the total current according to the Butler—Volmer equation for the WE and
CE surfaces with the x axis representing the electrode potential given by Eq. (2.27). (b)
shows a zoom of the data shown in (a) for the WE with the overpotential on the x axis.
Additionally, this figure also shows the anodic and cathodic contribution to the total
current density as well as the overpotential for three different x positions x = -2, 0,
2mm on the WE (evaluated on a line where y = z = 0).

No concentration dependence was considered in the depiction of the Butler—Volmer equation
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in Fig.3.41, i.e., the figure was generated using Co/C} = 1. This was done due to the
negligible impact of the concentration on the current density. The overpotential at the WE
ranges between approximately 0.15V and 0.24V at the centre and the edges of this electrode
surface, respectively. For these values of the overpotential the anodic part of the current
density prevails which is not subject to concentration dependence (infinite reservoir of solid
copper). Hence, the small impact of concentration on the current density. The average values
of the overpotential at the WE and CE are approximately 0.160 V and —0.295 V, respectively.
The average values of the liquid potential are —0.348 V and —0.893V at the WE and CE,
respectively. In all simulations the electrode potential ¢, was set to a certain (fixed) value
(another way of setting up concentration dependence is to prescribe a fixed (total) current
at the electrode interface which results in change of the potential with time). For example
between times 0.3 and 1.0s its value is OVC+1.0V and does not change with time. During
this time (¢ = [0.3s, 1.0s]), the average overpotential increases and the average liquid potential
decreases. Since the total current is governed by Ohm’s law the total current also decreases
in this time interval.

Figure 3.42 shows the anodic and cathodic part of the current density for two different points
on the WE.
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Figure 3.42: Point evaluation of the anodic and cathodic current density on the WE. This
figure shows the time-dependent behaviour of the anodic and cathodic contribution to
the total current density. (a) shows the point evaluation for x = 0 and (b) the point
evaluation for x = —2mm.

By adding up the anodic and cathodic contribution in each point in Figs. 3.42a and 3.42b the
corresponding values of the total current as shown in Fig. 3.39a can be obtained. The values
of anodic and cathodic current density are obtained by calculating the scalar product of the
current density obtained from the Butler—Volmer equation with the surface normal vector
(see Eq.(2.41)). Since the z component of the normal vector at the WE surface is —1 the
corresponding values have the opposite sign (cf. Figs. 3.41b and 3.42).

The change in current density across the electrode surface depends on the overpotential
as well as the local concentrations. In the centre of the WE (x = 0) the overpotential is
smaller than at the edges (x = + 2mm). Hence, in the centre the ratio of the anodic to the
cathodic contribution to the current density is smaller (taking absolute values). Since the
concentration dependence is only considered for the cathodic current, its impact is greater
for smaller overpotentials. This can be seen in Fig. 3.42a. The anodic contribution to the
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current density slightly increases its absolute value with time at positions x = 0 and 2mm
since the cathodic current increases. The impact of time on the current density is minor
since the Cr contributions in the Butler—Volmer equation were suppressed (unlimited current,
Cr/Cr =1).

3.5.3.2 Total Current

Integration of the local current density across the electrode surface yields to total cell current,
which is shown in Fig. 3.43.
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Figure 3.43: Total cell current versus time (CIK and CDK). (a) shows the total cell current
as a function of time for simulations using concentration-independent and concentration-
dependent Butler—Volmer kinetics denoted CIK and CDK, respectively. (b) shows the
difference between the two data sets shown in (a).

Surface integration of the local current density over either of the electrode surfaces yields
the total cell current, which has same absolute value but negative or positive sign depending
whether integration is being performed over the WE or CE, respectively. The negative sign
of the total cell current at the WE is a result of this electrode acting as an anode which
means it acts as an electron sink and hence, direction of the local current density must point
towards said electrode surface. By observing the trend of the total current in the cell, its
values for simulations using CIK are constant at the plateau of the applied voltage pulse,
i.e., at times between around 0.2 and 1.05s the total current in the cell remains constant for
CIK simulations. Using concentration dependence the total current decreases with time. The
reason for that is the decrease in local current density in the centre of the WE which makes
up the major part of the total current (see Fig.3.39a).

3.5.3.3 Total Cell Integrated and Average Outlet Concentration

A comparison of the total (integrated over the cell volume) and average outlet concentration
utilising different assumptions regarding electrochemistry is shown in Fig. 3.44. Each data set
shown in this figure was normalised to an area of one under the curve.
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Figure 3.44: Total cell- and average outlet concentration (TDS, CIK and CDK). Each of
the two top figures show normalised results obtained from transient simulations using a
concentration influx via the transport of diluted species (TDS) module, electrochemistry
without concentration dependent electrode kinetics (CIK) and electrochemistry including
concentration dependent kinetics (CDK). For simulations using electrochemistry, the
potential at the working electrode was set according to the square pulse which is shown
in Fig. 3.18, with the OCV at Co = 1kmolm™® applied before and after the pulse. (a)
shows the normalised total concentration in the cell and (b) the normalised average
concentration at the cell outlet at any given point in time. Both two bottom parts of
each figure show the respective difference plot, i.e., each one presents the difference
between one of the two above shown normalised data sets. The dashed data in these
figures shows the difference between TDS and CIK data which is also shown in Fig. 3.28
and the dotted line indicates the difference between CIK and CDK simulations.

The concentration Co does not reach zero when a concentration dependent Butler—Volmer
equation is used. This means, copper is being etched after the pulse has stopped which can
be seen in Fig. 3.44 for t > 10s.

3.5.3.4 Working Electrode Etching

With the timeint operater provided by COMSOL Multiphysics any variable can be integrated
over time in all mesh points. Using this operator, the surface charge density and total exposure
to reaction products (concentration Cp) of the working electrode surface during the whole
simulation time was calculated. This is shown in Fig. 3.45. The surface charge density depicts
the trend of the local current density over the WE. The extrema occur at the electrode edges
(x = & 2mm). In the y direction there is no significant deviation in the surface charge density.
The comparison between the two time-integrated data sets with and without concentration
dependence is shown in Fig. 3.46.
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Figure 3.45: Time integration: current density and concentration. (a) shows the time integral
of the normal current density over the working electrode for all simulation times and
(b) the time-integrated concentration over the working electrode for all times. This
means, the integration was performed for simulation times between zero and 14s. Both
figures (a) and (b) only show half of the spatial data indicated by the dashed symmetry
line. Additionally, (c¢) and (d) show a line evaluation of the data shown above at
different y positions (y = 0, —0.5,—1 and —1.5mm) indicated in the legend. For the
line evaluations in (c) the inset shows the difference between values of the surface charge
density located at x = —2mm and x = 2mm as a function of y.

During the time of a simulation a total electric charge of 0.1 C flows through each electrode
surface. Hence, for the considered reactions at both electrode surfaces the amount of species
generated is n = Q/F = 0.1C/96485 Cmol~! ~ 1 x 10~%mol. Assuming faradaic reactions
only, this amount of species is equivalent to a total number of transferred copper ions given
by m = nN4 =1 x 10~%mol - 6.022 x 103 Cu™ /mol ~ 6 x 10'” Cu™. The atomic volume
of copper is 1.182 x 1072 m3 [63]. Therefore, a total volume of ~ 7 x 1072 m3 is removed
from the WE during the simulated experiment. On average a depth of 0.46 pm copper is
removed from the WE surface which is equivalent to a number of around 2000 atomic layers.
On the CE hydrogen gas is emitted. Under standard conditions 1 x 10~%mol is equivalent
to ~ 12mm? (the molar volume of an ideal gas is approximately 22.4 x 1073 m?3 mol ! [64]).
Compared to the dimensions of the cell this generated gas volume is substantial and would
severely perturb the flow field.
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Figure 3.46: Time integration: current density and concentration over the WE (CIK vs
CDK). Evaluated on y = 0 on the WE this figure shows both time-integrated data
sets (normal electrolyte current density and concentration Co for simulations using
concentration-dependent kinetics (CDK) and concentration-independent kinetics (CIK).

3.5.4 Dependence on the Flow

In the following, the impact of different values of the pressure difference between inlet and outlet
will be discussed with regard to the local current density and concentration across the WE.
While the geometry remained unchanged (see Fig. 3.1) two different simulations with a pressure
difference between inlet and outlet of 0 and 10 Pa were performed.

3.5.4.1 Concentration and Current Density on the Working Electrode at Fast
Flow

In the following, simulations using a pressure difference of 10 Pa will be presented. Figure 3.47
shows a point evaluation of the current density and a line evaluation of the concentration Co
at the WE.
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Figure 3.47: Current density at selected points and concentration profile for Ap = 10 Pa.
Similar to the data shown in Fig. 3.39, (a) shows the normal current density as a function
of time for the points x = —2,0 and 2mm (y = z = 0). For a selection of three times,
(b) shows the concentration profile of the reaction products on the working electrode (y
=z = 0). Both figures present results from a simulation in which the pressure difference
between inlet and outlet Ap was set to 10 Pa.
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At the WE positions x = + 2mm the concentration Cp is the main impact on the current den-
sity. Please note the asymmetric distribution of Cp compared to Fig. 3.39b. The overpotential
and the ratio Co/C¥ are shown in Fig. 3.48.
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Figure 3.48: Overpotential and ratio Co/C{ at selected points for Ap = 10Pa. Similar to
the data shown in Fig. 3.40, as a function of time, (a) shows the overpotential and (b)
the ratio Co/C§ evaluated at the points x = -2, 0 and 2mm (y = z = 0). Both figures
present results from a simulation in which the pressure difference between inlet and
outlet Ap was set to 10 Pa.

3.5.4.2 Concentration and Current Density on the Working Electrode without
Flow

Simulation results during which no flow happens at all, i.e., where the pressure difference
between inlet and outlet was set to 0 Pa, will be presented in this section. Figure 3.49 shows
the normal current density at selected points and the concentration Cp evaluated on a line
across the WE.
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Figure 3.49: Current density at selected points and concentration profile for Ap = 0 Pa.
Similar to the data shown in Fig. 3.39, (a) shows the normal current density as a function
of time for the points x = -2, 0 and 2mm (y = z = 0). For a selection of three times,
(b) shows the concentration profile of the reaction products on the working electrode (y
=z = 0). Both figures show data in which the pressure between inlet and outlet Ap
was set to 0 Pa, i.e., no flow happens at all..
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The current density is the same for both points where x = + 2mm. Figure 3.50 shows the
overpotential and the ratio Co/Cf at x = -2, 0 and 2mm.
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Figure 3.50: Point trace of current density and concentration Co for Ap = 0Pa. In the
centre of the WE (y = z = 0), (a) shows the overpotential at x = -2, 0 and 2mm and
(b) shows the ratio Co/C% evaluated at x = —2, 0 and 2mm. The simulations were done

using concentration-dependent kinetics and the pressure difference between inlet and
outlet was set to 0Pa.

3.5.5 Total Current Depending on the Flow

In the following, impact of the applied pressure difference on the total cell current, which is
shown in Fig. 3.51, will be discussed.
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Figure 3.51: Comparison of total cell current depending on inlet pressure and time. a)
total cell current versus time for simulations utilising pressure differences between inlet

and outlet of 0 and 10 Pa. (b) shows a zoom of the same data for times between 0.3 and
1.0s.

While the impact of flow on the total cell current is very small, it is still interesting to analyse the
effect of flow in detail, see Fig. 3.51b. The absolute value of the total cell current decreases less
with increasing throughput and the decrease of current in time arises from the increase of the
concentration Cp. This effect is very small since the flow of current is mainly governed by the
electrical conductivity of the electrolyte rather than the overpotential.
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3.6 Parameter Variation

In order to investigate the cell performance with changing cell parameters, simulations utilising
different electrode positions and channel heights were carried out. The channel height is
defined as the distance between working electrode (WE) and counter electrode (CE), which
was set to 0.5 mm in previous simulations. This parameter is important when probing the
surface using infrared spectroscopy due to the liquid layer in the channel height attenuating
light due to absorption. Hence, this distance should be as small as possible. Additionally,
the surface of the WE must be freely accessible to infrared light. The placement of the CE
is crucial here since in general materials which conduct electricity either absorb or reflect
infrared radiation. Both parameters will be investigated independently, i.e., first the electrode
positioning will be varied while the distance between WE and CE is kept constant. Then, the
impact of changing the channel height for fixed electrode positioning will be examined. The
main focus of these studies was to determine the influence of both parameters on the current
density distribution on the WE.

3.6.1 Electrode Position Variation

All simulations in this parameter study were performed with the WE at a fixed position
while the position of the CE was subject to change. For this channel height of 0.5 mm the
simulations using concentration- and concentration-independent kinetics do not differ greatly
(see Secs. 3.4 and 3.5). Therefore, all simulations regarding electrode position variations were
carried out without concentration dependence. Two different studies were conducted, the first
one where WE and CE have the same surface area but are shifted against each other. The
second type of study utilises a split CE where its surface was split into two different parts.

3.6.1.1 Single Counter Electrode

At first, the relative positioning of two equally sized electrodes, as shown in Fig. 3.52, will be
discussed.

Figure 3.52: Model of the geometry with single CE displaced towards the inlet. Both
electrodes have the same surface areas (4 x 4mm?) and are separated by a fixed z
distance of 0.5 mm which is denoted channel height. Additionally, the counter electrode
(CE) is shifted relatively to the working electrode (WE) by the distance Azcg1, e.g., a
value Azcg1 = zero means both electrodes are perfectly aligned in the xy plane. The
subscript of the variable Axc g1 indicates that there is a single counter electrode present.
While the depicted geometry represents the whole geometry, in COMSOL Multiphysics
only one half was simulated, indicated by the grey xz symmetry plane. The red dashed
line which shows the intersection of the symmetry plane and the WE will be used to
evaluate data later on. All dimensions in this figure are given in millimetres.
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3 Methodology, Results and Discussion

Please note that size and position of the WE surface was not changed compared to any
previously performed simulations. The edge of the cell in £x direction was set so that there
is enough space between electrode surfaces and cell boundaries.

For these studies the symmetry of the model was implemented using [19, p.76]
i-n=0 and is-n =0. (3.14)

Equation (3.14) was applied over the whole symmetry plane which means neither ionic nor
electric current is allowed to pass through this surface. Simulations with and without symmetry
were done to verify their equality. Simulations for a parameter Azxzcgi between 0 and 8 mm
with a total number of 20 equally sized steps were performed. Figure 3.53 shows the current
density evaluated on the WE for a selection of simulation results.
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Figure 3.53: Line evaluations of the current density on the WE for different CE positions
Azcpi- The legend indicates the displacement of the counter electrode (CE) in units of
millimetres, i.e., the parameter Azcgi. All values depicted in this figure were evaluated
at a simulation time t = 0.65s with (a) and (b) showing a line profile of the current
density across the WE (along the red dashed line in Fig.3.52). (a) y = 0 and (b) y =
—1mm.

Even for the case in which CE and WE are placed directly opposite each other (Azcp; =
0) the current density on the electrode edges (x = £2mm) has extrema, due to edge effects.
With the CE being shifted in positive x direction, the absolute current density at the side
of the WE facing the CE (at x = 2mm) increases locally (up to Azcg1 < 4mm), as can be
seen in Fig.3.53. On the other side of the electrode, not facing the CE, (at x = —2mm) the
opposite happens (the current density decreases). At the x = 2mm side, the change is due to
the CE protruding over the WE in direction of the shift, i.e., in positive x direction, which
results in a similar current density behaviour as with the model described in Sec. 3.4 where the
CE protrudes over both sides of the WE. This behaviour is similar to the simulation results
shown in Secs. 3.4 and 3.5. In the model concerning these simulations, the CE overlapped
the WE on both sides and the current density on the WE exhibited local extrema at sides
closest to this overlap. For a value of Axzcg1 between 0 and 4 mm the current density depends
on Azcp (see Fig. 3.53a). Beyond this distance, i.e., for Axcg; > 4mm, the CE does not
face the WE any more. For Azcgi > 4mm, the shape of the j(z) curve does not change
substantially. In these cases, the current density just decreases over the whole electrode
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surface by a constant factor, as can be seen in Fig.3.53. This decrease in current density
with increasing values of Azcgi is governed by Ohm’s law. The resistance between both
electrodes increases since they are farther apart from each other.

The change in current density perpendicular to the shift direction can be inferred from
Fig. 3.53a. This figure shows a line profile similar to Fig. 3.53a but evaluated at y = 1 mm.
Comparing these two figures one can see that most changes in the current density across
the WE occur in the shift direction (x direction). In case where both electrodes directly
oppose each other (Azcg; = 0), there is no variation of the current density in y direction
(see Figs. 3.53a and 3.53b). As the CE is shifted against the WE, the absolute value of the
current density in the centre of the WE for a given x value has a minimum at y = 0. This
can be seen for example by comparing Figs. 3.53a and 3.53b at x = —1.5mm for values of the
parameter Azcgi set to 5.6 mm.

3.6.1.2 Split Counter Electrode

The surface area of the WE must be accessible to ensure probing with infrared light during a
measurement. While there are many ways to achieve this, this section will consider the case
in which the CE is split into two parts, giving direct unobstructed access to the surface of
the WE. The geometry considered in this study is shown in Fig. 3.54. Please note that in all
parameter studies involving a split CE; the parameter indicating the distance by which the
CE are shifted is denoted Azcgs.

symmetry plane CE

05

Figure 3.54: Geometry with a split CE. The sum of both CE surface areas is equal to the surface
area of the WE (4 x 4mm?) and the z distance between WE and both CE parts is the
channel height, set to 0.5 mm. Both CE are each shifted a distance Azcg2 against the
WE, as shown in the figure. Similarly to Fig. 3.52, this figure includes a grey symmetry
plane which was utilised during simulations as well as a red dashed line indicating a line
where values are evaluated. Dimensions are given in millimetres.

A total number of ten simulations were carried out with 0 < Azcgs < 3.6 mm. Figure 3.55
shows a selection of results from these simulations. From this figure one can see that results
using a single CE are similar to the results from simulations utilising a split CE. Shifting the
CE induces a strong gradient in the current density on the WE for 0 < Azcgs < 2mm (as long
as the electrodes at least partially face each other) and beyond Azcge = 2mm, the current
density increases without a major change of the shape of the curve.
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Figure 3.55: Line profile of the current density on the WE with a split CE. (a) current
density on the WE at t = 0.65s, evaluated across a line in its centre (see red dashed line
in Fig. 3.54), for different Azc g2 positions. (b) shows the ratio between the maximum
and minimum value of the current density for the whole data set shown in (a). Please
note that (a) only shows data for half the cell indicated by the dashed symmetry line.

This can also be seen in Fig.3.55b which shows that the relative difference between the
minimum and the maximum value of the current density has its minimum at around
Azcps = 2mm. Minimum- and maximum absolute value of the current density on the WE
surface occur in the centre (x = 0) and the electrode edges (x = +2mm), respectively. Please
note that Fig. 3.55a shows only half of the total geometry indicated by the dashed line at x
= 0. The distribution of the current density across the whole electrode surface is shown in
Fig. 3.56 for Axcgs = 1.2mm.
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Figure 3.56: Evaluation of the current density on the WE (split CE). (a) Current density on
the WE for a parameter Axcge = 1.2 mm. The projected x position of the CE edge on
the WE is indicated by a dash-dotted line. (b) Current density on the WE in x direction
with the shaded area indicating the variation of the current density in the y direction
(dark colour: |y| < 1.724 mm and light colour: |y| < 2mm). This means, for the three
Azcpg2 values in the legend, the profile of the current density across a line in x direction
will reside in the respective shaded area. See text for details.
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Extraction of the data as shown in Fig. 3.56b goes as follows. For three values of the parameter
Axcpgs, the current density was evaluated on a regular grid across the WE surface. One
of these data sets (Azcgz = 1.2mm) is shown in Fig. 3.56a. The y coordinate of this data
was then compressed. This means, for each x value of the scalar field, the corresponding
minimum- and maximum value of the current density in y direction was extracted. The
extracted data are shown in Fig.3.56b. To retain a certain amount of information on the
variation of the current density in x direction, two different intervals were considered. The y
value of 1.724 mm which divides these two intervals was chosen arbitrarily. Results show a
similar trend as results from simulations using a single CE (see Sec.3.6.1.1). At y = 0, the
absolute value of the current density has a minimum. With increasing or decreasing values of
the y coordinate, the absolute value of the current density increases. The largest change in
the current density on the WE occurs at its edges (at y = £2mm) and the gradient depends
on the value of Azcgs, as can be seen in Fig. 3.56b.

3.6.2 Channel Height Variation

This section deals with the impact of a change in the channel height, i.e., the distance
between both electrodes in z direction. To decouple effects caused by electrode positions and
due to a change in channel height, all simulations presented in this section were performed
using simulations with both electrodes at a fixed position, facing each other. The chosen
positions for working electrode (WE) and counter electrode (CE) represent the case for
Azcg = 0 (see Figs.3.52 and 3.54). All simulations regarding this study were performed
using concentration-dependent kinetics. To be able to compare different simulations utilising
different channel heights, the inlet pressures were set so that the average velocity in the
channel given by

h h
1 1 dp kP dp
0 0

was constant for any set channel height h. At the cell outlet a pressure of p = 0 is assumed and
the length over which the pressure difference is being applied remains the same for all simula-
tions. Using these premises and Eq. (3.15), a relationship between different channel heights and
inlet pressures, indicated by their respective subscript index, given by

=

S| =

hi\?
Din,2 = <h> Din,15 (3.16)
2

can be obtained. Equation (3.16) means that in order for the average fluid velocity to remain
constant, by increasing the channel height by a factor of two one must decrease the inlet
pressure by a factor of four. Simulations for this paramter variation were performed the
following. The average velocity in the channel was set to a constant value of 2.6042 mms™!
which corresponds to an inlet pressure p;, 1 = 1 Pa and a channel height ~; = 0.5 mm, which is
the value for the geometry and settings corresponding to all previously performed simulations.
Simulations with different channel heights hy were performed while the pressure p;, 2 was set
according to Eq. (3.16) to ensure a constant average fluid velocity throughout the cell. All
simulations were performed using concentration-dependent kinetics with the same settings
as before, e.g., the potential at the WE was set to a pulse of one second length according
to the function depicted in Fig.3.18, etc. Inserting the above given values of h; and pj,1
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into Egs. (3.15) and (3.16) yields the desired constant value of ¥ which is not dependent on
the channel height anymore. Figure. 3.57 shows the fluid velocity profile exemplarily for two
different values of the channel height.
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Figure 3.57: Fluid velocity profile u(z) for two different channel heights h2. Fluid velocity
u(z) as a function of the scaled z coordinate according to Eq. (2.44). The evaluation was
done using Egs. (3.15) and (3.16) with A1 and pin,1 set to 0.5 mm and 1 Pa, respectively.
The pressures 2.5 kPa and 250 kPa were set for channel heights 10 pm and 1 pm, respec-
tively.

From this figure it can be seen that the fluid velocity profile across the scaled z coordinate is
independent of the channel height. While the analytical solution and simulation agree down
to channel heights of 1pm, one should be careful because for example the role of surface
roughness becomes more important the smaller the distance between the electrodes gets;
this is not considered in simulations. Hence, the lower limit of the channel height for the
simulations was set to an arbitrary value of 5 pm and simulations with channel heights ranging
from 5 to 25pm in 5 pm steps were performed.

3.6.2.1 Current Density on both Electrodes

Figure 3.58 shows the current density on both electrode surfaces for simulations with a channel
height of 5 and 25 pm
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Figure 3.58: Current density on both electrodes (5 pm and 25 pm channel height). For
three different times all figures show the normal current density evaluated on a y = 0
line. The figures in the first row show results from simulations performed with a channel
height of 5 pm and the second row show results from a simulation utilising a channel
height of 25 um. The left column shows evaluated values on the WE (z = 0) and the
right column the corresponding values at the CE (z = 5 and 25 um). Additionally, the
grey areas highlight the respective electrode surfaces, e.g., the CE ranges between x =

3mm.
Similar to previously discussed simulations using electrochemistry, the current density on the

WE has extrema at the edges (x = + 2mm) for simulations utilising a small channel height.
At these small distances between WE and CE, the current flows to the most part only directly
between these two electrodes. This means, while the CE ranges between x = -3 and 3 mm
the current density is greater than zero only for -2 < x < 2mm which are the dimensions of
the WE. With the distane between WE and CE increasing, the current density on the CE is
non-zero at x < —2mm and x > 2mm (cf. Figs. 3.24b and 3.58d).

3.6.2.2 Total Current

Figure 3.59 shows the total cell current as a function of time, as was obtained by surface
integration of the local current density over the WE surface at each time step of the simulation.
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Figure 3.59: Total cell current as a function of time, depending on the channel height.
(a) shows the normalised surface integration of the local current density across the
WE depending on the set channel height and b) the maximum total current imaee as a
function of the channel height. Hence, values from (b) represent the factors by which
each respective plot in (a) was normalised.
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3 Methodology, Results and Discussion

The total current in the cell increases with decreasing channel height as can be seen in
Fig. 3.59b. Figure 3.60 shows a zoom of the normalised total current for times between 0.25
and 1.05s. § 100000
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Figure 3.60: Total cell current as a function of time, depending on the channel height
(zoom). This figure shows the same data as Fig. 3.59a for a zoom on the x axis.

3.6.2.3 Total Cell Integrated and Average Outlet Concentration

Figure 3.61 shows the total (integrated over the cell volume) and average outlet concentration
in the cell depending on the channel height. Each of the data sets was normalised to an area
of one.
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Figure 3.61: Total cell integrated and average outlet concentration depending on the
channel height. The top part of (a) and (b) show the total cell concentration and
average outlet concentration, respectively. Simulations using concentration-dependent
kinetics with varying channel heights between 5 and 25 pm in 5 pm steps were performed.
Each of the bottom parts in (a) and (b) show the difference between the data set for h
= 5pm and the four others, calculated for the data shown in the top part.

Increasing the channel height while adjusting the pressure difference in order to keep the
average fluid velocity constant causes the generated species to remain slightly longer in the
cell volume. For comparison, for a channel height of 0.5 mm the last concentration exits
the cell at around 12s (cf. Figs.3.28 and 3.61). This behaviour can be explained with the
information presented in Sec. 3.3.1. By keeping the average fluid velocity constant, the scaled
velocity profile in z direction is the same (see Fig.3.57). This means, for a larger channel
height the diffusion length away from the electrode in relation to the channel height is smaller
which results in the reaction products leaving the cell more slowly with increasing channel
height.
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3.6.2.4 Line Profiles of the Concentration on the Working Electrode
For a selection of times, Fig. 3.62 shows the concentration Cp on the working electrode. It
must be noted that these values are not physically meaningful, one would have to reduce the

voltage of the pulse for realistic values. Nevertheless, the results demonstrate the effect of

flow on the concentration profiles.
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Figure 3.62: Time-dependent line profiles of the concentration Co at the WE for different
channel heights. For a selection of times, this figure shows the concentration Co at y
= z = 0, for channel heights of 5, 15 and 25 pm in (a), (b) and (c), respectively.

3.6.2.5 Working Electrode Etching

The time integration of the current density and concentration Co across the WE surface is
shown in Fig. 3.63.
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Figure 3.63: Time integration: current density and concentration. (a) shows the time integral
of the normal current density over the working electrode for all simulation times and (b)
the time-integrated concentration over the working electrode for all times. This means,
the integration was performed for simulation times between zero and 14 s. Both figures
(a) and (b) only show half of the spatial data indicated by the dashed symmetry line.
Additionally, (c) and (d) present a line evaluation of the data shown above at different
y positions indicated in the legend.
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3.6.2.6 Mass Transport in the Cell

In the following, the transport of species C'o through the cell will be discussed depending on
time for two different channel heights.

Five Micrometre Channel Height

Figure 3.64 shows the concentration in the cell for a channel height of 5 pm for a selection of
simulation time steps. The concentration isolines should be compared with the ones as shown
in Fig. 3.32 on page 54 (500 pm channel height). Extraction of these lines was performed by
evaluation of the concentration Cp on a slice in the centre of the cell and from this data the
isolines were extracted as described on page 54. As for the thicker cells, inlet is positioned at x
= 4mm, the outlet resides on the opposite side, and fluid moves from right to left in Fig. 3.64.
The WE is positioned between x = +2mm. The concentration was evaluated on the central
plane of the cell, i.e., y = 0. Despite this evaluation on a single plane one can assume that
the shown concentration on a slice will be the same for a wide range in y direction. This is
due to the fact that the current density in y direction is very homogeneous which has been
shown previously.
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Figure 3.64: Reaction product concentration in the y = 0 plane and extracted isolines

(5 pym channel height). Both figures evaluate the concentration Co in the central
plane of the cell, i.e., at y = 0. (a) shows this concentration at a simulation time of 1s
and (b) shows 95 percent isolines of concentration at different times. This means, at
each time step the lines enclose 95 percent of the total concentration residing in the slice.

For times around up to 1s, the concentration Co has not reached the outlet side of the cell.
For times greater than 1.5, there is only one single isoline enclosing 95 % of the concentration.
Hence, the second line enclosing 95 % of the concentration is beyond the simulated cell outlet
for these times. Boundaries enclosing the 95 percent isosurfaces are straight lines since it
takes any concentration released at the electrode surface only a few milliseconds to reach to
opposite wall by diffusion. The time it takes a particle to diffuse the distance between the
electrodes can be calculated using Eq. (2.49).
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25 Micrometre Channel Height

For a channel height of 25 pm, the concentration Co in the y = 0 plane is plotted in Fig. 3.65,
exactly the same way as in Fig. 3.64.
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Figure 3.65: Reaction product concentration in the y = 0 plane and extracted isolines

(25 pm channel height). Both figures evaluate the concentration Co in the central
plane of the cell, i.e., at y = 0. (a) shows this concentration at a simulation time of 1s
and (b) shows 95 percent isolines of concentration at different times. This means, at
each time step the lines enclose 95 percent of the total concentration residing in the slice.

Using this channel height, it takes any species emitted at the electrode surface around 100 ms
to reach the other electrode side. Since the fluid velocity in the centre of the channel is higher
than at the vicinity of the WE surface, the lines enclosing 95 percent of the concentration are
curved in direction of the flow. From this figure it can also be seen that for larger channel
heights the concentration in the vicinity of the WE surface is higher due to the longer time
it takes species to diffuse away from the electrode surface (in contrast to Fig. 3.64, where
diffusion from the bottom to the top is extremely fast).

81



3 Methodology, Results and Discussion

82



Section 4

Conclusion and Outlook

n this thesis, simulations of an electrochemical flow cell were performed with the goal

to assess its performance and provide design criteria for the practical implementation of

such a cell. This section will present a brief summery and overview of the information
gained.

Designing an electrochemical flow cell is a challenging task especially in the field of surface
science. In this application, greatest care must be taken with respect to the probed surface
since one is interested in the state of the surface on an atomistic level. The final design
of the cell will incorporate many different techniques. These are for example coupling the
electrochemical cell to an ultra-high vacuum system, probing the surface during measurements
in-situ using infrared absorption spectroscopy and detection of reaction species via differential
electrochemical mass spectrometry (DEMS). The simulations in this thesis serve as a good
starting point to model the real cell. In this thesis an electrochemical flow cell was simulated
using a simple model geometry. The simplified square geometry was chosen to investigate
involved effects separately. These are for example the positioning of electrodes, mass transport
in the cell and the channel height (distance of the liquid above the surface which is being
probed with infrared).

The surface will be probed for example by applying a voltage pulse. Due to this voltage pulse
applied at the working electrode (the surface of interest) current flows in the electrochemical
cell. The local current density distribution on the electrodes depends on its positioning.
At the electrode-electrolyte interface the electric current is converted into an ionic current.
This means, species are generated and the rate of generation is proportional to the local
current density. The generated species are then transported from the surface to the outlet
due to fluid flow and diffusion. This concentration detected at the outlet yields the residence
time distribution (RTD curve). These RTD curves, which represent the average outlet
concentration depending on time, can be used to optimise the cell. Optimisations include
electrode positioning as well as other cell parameters like for example the cell geometry. Using
these curves one may for example determine concentration residing in the cell for an unwanted
long time (dead spots). This increases the tail of the RTD curves and using simulations, these
regions causing a prolongation of RTD curves may be identified.

Simulations of an applied voltage pulse were performed and this results in a local current
density on the electrode surface which depends on the positioning of the electrodes in the cell.
The electrodes in simulations were defined so that local effects caused by their placement
can be resolved. These effects are mainly the distribution of the current density over the
electrode surfaces. Using simulations, regions with high current densities, i.e., with a high
reaction rate can be identified directly via surface evaluation of the current density. With this
information the electrode positions in the cell can be optimised. The ideal cell has a uniform
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current density across the electrode surface. In this case the whole surface will be probed at
the same rate which is important in surface science. Different contributions of the current
density to the RTD curves can also be extracted using simulations as was demonstrated in
this thesis.

Mass transport by flow and diffusion plays an important role. Directly at the electrode
surface, the fluid velocity is zero. Therefore, any species generated at the electrode must
first diffuse some distance before it gets transported by the fluid flow. The flow of fluid is
necessary to transport the species away from the electrode to the point where it is being
detected. The time it takes for species to be moved away from the electrode therefore
depends on diffusion and the fluid velocity. With a low velocity, reaction products will
accumulate more in the vicinity of the electrode surface. An increasing concentration of
reaction products will shift the equilibrium potential and lead to a decreasing reaction rate.
Effects of concentration on the performance of the electrochemical cell, called concentration
dependence, are very important when designing cells which utilise a thin layer of electrolyte
(thin layer cells). Using the concentration-dependent Butler—Volmer equation, the RTD curve
was calculated and compared to the one without using concentration dependence. For the
chosen geometry which has a channel height of 0.5 mm and the reaction rate depending only
on the concentration of the reaction products, no substantial difference between these two
cases was observed (The channel height is defined as the height of the liquid layer above the
working electrode).

In the last part of this thesis, simulations were performed to investigate the impact of two
different cell parameters. These two parameters were positioning of electrodes and impact of
the channel height on the cell performance. For the first study the current density on the
working electrode (WE) was evaluated depending on the position of the counter electrode (the
counter electrode (CE) is the electrode which completes the circuit which means current flows
between WE and CE). For these simulations, both electrodes are assumed to have the same
surface area and are separated by a distance of 0.5 mm, i.e., the channel height. Starting from
the case where both electrodes are directly opposing each other, simulations were performed
with the CE shifted against the WE. Even for the case in which both electrodes are directly
opposing each other, the current density on the electrodes is not uniform but is higher on
the edges. With a shift between both electrodes, high local gradients in the current density
across the electrode surfaces occur and the reaction rate becomes very inhomogeneous. This
is especially important when the surface is probed with infrared spectroscopy, where a CE
facing the WE would block the IR light. The second parameter study involved the channel
height. In this study, only the distance between the electrodes was subject to change. The
in-plane positions of the WE and the CE remained the same (directly opposing each other)
and the channel height was changed. For channel heights between five and 25 pm, simulations
were performed, including effects of concentration dependence. Results show that for the
simulated experiment (dissolution of metal by an applied voltage) no significant impact of
the reaction products on the cell performance occurs. This means, results from this thesis
are only valid for this experiment and the simulations must be adapted if the experiment
differs.

Using simulations, the concentration of generated species can be evaluated at any point
and time. With this information it is possible to evaluate and visualise the mass transport
of reaction products through the cell due to flow and diffusion. An application of these
simulations may be to optimise the position of the DEMS detection. At the optimal position,
a maximum concentration of reaction products would be detected via DEMS which can be
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determined using simulations.

With all the above described, points a good starting point for an optimisation of the real cell
is provided. Depending on the final design, certain simplifications used in the simulations
performed in this thesis may not hold to a certain extent and certain points must be
considered.

e Two dimensional electrode surfaces (WE and CE)
The working and counter electrode were modelled using two-dimensional surfaces. A
three dimensional electrode will have a different current density distribution over its
surface. The more the real electrode placement of WE and CE differes from a two-
dimensional set-up, the more severe this effect becomes. This can only be resolved by
modelling these electrodes in three dimensions.

o Effects caused by the reference electrode

To keep the simulations simple, no reference electrode was considered. In COMSOL
Multiphysics the reference electrode is only available through a point constraint. This
means, it has no volume and it is simulated using only a single point. Since no current
flows through the reference electrode (the overpotential is zero) its measured reference
potential is proportional to the liquid potential [19, p.133]. Due to the spatial extent of
a real reference electrode it will average the sensed liquid potential. The greater the
variations of the liquid potential over the reference electrodes spatial extents, the more
severe this effect gets [65,66]. Using simulations this effect can be investigated. Since
the provided interface of the reference electrode is only available as a point constraint
in COMSOL Multiphysics version 5.4, an implementation this electrode in more than
one dimension must be set up manually.

e High current density
For simplicity the electric potential of the WE in all simulations utilising electrochemistry
remained the same. This naive approach resulted in large values of the current density.
This impacts the rate at which reaction products are generated and it also impacts the
potential drop in the electrolyte. Additionally, the potential in the electrolyte is not
constant which may impose problems with the reference electrode.

¢ Hydrogen gas evolution
The amount of hydrogen gas evolving at the CE depends on the current density at
the electrode surface. Depending on the operational parameters of the cell (spatial
dimensions, applied pressure between inlet and outlet, etc.) this effect may influence
the performance of the cell severly. Hence, its impact must be considered in the final
design of the cell.

¢ Reaction products reaching the counter electrode
Another important point are reaction products emitted from the WE reaching the CE
during a measurement. This is especially important for cells with a small distance
between the electrodes where probing with infrared is desired. One way to circumvent
this behaviour is to move the CE upstream which results in an inhomogeneous current
density over the electrode surfaces. Both effects can be investigated with the help of
simulations.
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e Electrolyte concentration
For all simulations, the electrolyte concentration was assumed to be high enough to
justify the usage of Ohm’s law with a fixed conductivity of the liquid phase. With a low
electrolyte concentration, this is not applicable and the Nernst—Planck equations must
be solved (named “tertiary current distribution” in COMSOL Multiphysics). In that
case, the current in the electrolyte phase is calculated using the concentrations of the
dissolved species.
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