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1 Introduction

In the last few decades, an increased environmental awareness and escalating
energy demand have more recently led focus towards utilising alternative energy
devices such as chemical-electrical energy converters (CEECs). For instance
electrolyser CEECs could one day be used to enable energy buffering capabilities to
environmentally friendly resources such as solar plants and wind turbines. In such a
scenario, energy is converted to and stored in the form of hydrogen outside peak
energy consumption, and then consumed using another CEEC, the fuel cell, when
required. A particularly valuable application of the fuel cell CEEC is in the transport
sector, wherein the emission of the greenhouse gas, CO,, is considerable. By
replacing conventional internal combustion engines with fuel cell technologies
operating from hydrogen fuel and the oxygen in air yielding water, an improved fuel-
to-wheel energy efficiency could significantly aid in reducing overall transport CO,
emissions. Theoretically, the thermodynamic efficiency of CEECs such as the
polymer electrolyte fuel cell (PEMFC) are superior to conventional internal
combustion engines [1]. State-of-the-art PEMFCs implement into prototype fuel cell
cars, have demonstrated efficiencies in the range of 45 to 55 %, whereas the internal
combustion engines operate with a maximum of ~35 % efficiency [2-3]. Despite this
advantage, however, PEMFC powered cars are still not commercially available,
which can be attributed to a number of apparent obstacles.

The largest of these obstacles is the high cost of the PEMFC, which is more than one
magnitude higher per Watt of power in comparison to the combustion engine [4]. A
significant proportion of PEMFCs costs arise from the large precious metal content
contained in the membrane electrode assembly (MEA) [5]. Strategies to reduce the
precious metal content of MEAs include alloying Pt with less expensive metals such
as cobalt and forming core-shell particles. By using core-shell particles, not only is
the Pt content reduced, but also the kinetics of the oxygen reduction reaction (ORR)
are enhanced [6]. It has, however, been shown that these alloys are not stable in the
acidic fuel cell environment [7].

A possible alternative to PEMFCs for low power applications are anion exchange
membrane fuel cells (AEMFCs). These alkaline fuel cells possess the advantage that

non-platinum catalysts, such as silver and even carbon electrodes, are active for the



oxygen reduction reaction [8-10]. Although platinum is still undisputedly the most
active material in alkaline electrolyte, the relatively cheap price of non-platinum
catalysts in terms of activity per € makes them interesting indeed. In contrast to
PEMFCs, the major challenge for the AEMFCs is the poor ion conductivity of anion
exchange membranes rather than the cost of the electrocatalyst material. Recent
improvements in anion exchange membranes have, however, significantly reduced

the difference to proton exchange membranes [11].

There are two approaches toward advancing our understanding of fuel cell reaction
processes in order to develop more economical catalysts. The first involves
investigating the parameters that influence the activity of catalysts based on model
systems such as single crystals and bulk polycrystalline electrodes. The second
approach is to investigate the properties of high surface area carbon (HSAC)
supported nanoparticle catalysts, i.e. applied catalysts that are developed for fuel cell
devices.

Both of these strategies were pursued in this thesis. Although electrocatalytic
measurements appear relatively straightforward to perform, both strategies demand
highly precise measurements with careful control over a variety of experimental
parameters, and a thorough understanding of the measurement system. For
instance, the inherent solution resistance between working electrode and luggin
capillary introduces a shift in the measured potential relative to the interfacial
potential. The magnitude of this potential shift is dependent upon the flowing current,
and hence is commonly termed the iR drop. Whilst this solution resistance cannot be
completely avoided, it can be measured and compensated for to ensure that it does
not introduce an unguantifiable error into the electrochemical measurement. This is
particularly important in electrocatalysis, where the exponential potential dependence
of the kinetic current can be significantly influenced by uncompensated solution
resistance [12]. Concerning HSAC supported electrocatalysts more specifically, an
additional factor comes into play. These catalysts are typically inhomogeneous, and it
is therefore important to investigate a considerable number of samples in order to
accurately characterise and compare their properties. An important property for
instance, is the electrochemically accessible surface area. Using a standard

electrochemical working station an experienced experimenter, along with a



considerable amount of time, is required for the experimental measurements and

their analysis. Consequently, an automated measurement system, with a higher

throughput, such as the one developed in this thesis, is extremely beneficial.

The aim of this thesis can be divided into three main objectives, which were:

to design, build and optimise a state-of-the-art electrochemical measurement
and analysis setup, which is largely automated and thus easy to operate, even
by inexperienced students. In addition, the setup should be flexible,
extendable to other electrochemical techniques, compatible with different
potentiostats, and suited for investigations in different acids, as well as alkaline
solutions.

to study the influence of surface oxide formation on the catalytic properties of
polycrystalline Pt towards the hydrogen oxidation reaction (HOR), oxygen
reduction reaction (ORR) and finally, the oxidation and reduction reactions of
peroxide. This is of fundamental interest because polycrystalline Pt serves as
a benchmark due to its high activity towards these reactions.

to characterise a nanopatrticle Ag catalyst for the ORR in alkaline solution. The
standard methodologies applied for characterising platinum based catalysts,
are not applicable to non-platinum particles, hence a new methodology was

developed.

The structure of this thesis is as follows. In the first section, theoretical aspects of the

electrochemical setup will be discussed (Chapter 2).This is followed by a description

of the development of an state-of-the-art electrochemical setup with respect to

hardware (Chapter 3) and software (Chapter 4). In the remaining sections, the

characterisation of Platinum (Chapter 5) and nanoparticle silver (Chapter 6)

electrocatalysts will be presented and discussed.



2 Theoretical aspects of the electrochemical setup

In the following chapter the theoretical details of electrocatalytic measurements are
shortly described. The first part of the chapter deals with the theoretical background
of electrode reactions and potential perturbation techniques applied for their
investigation. In the following parts the measure system and theoretical aspects of
the developed hardware are described along with considerations of how to classify

the term catalytic activity of an electrocatalyst.
2.1 Electrode Reactions

2.1.1.1 Faradaic Process

A faradaic process is a chemical process involving the transfer of one or more
electrons from an electrochemical active species to an electrode or vice-versa. An
electrode is a conductive solid introduced into an electrolyte, a substance containing

free ions.

A,n oxidation A +n- e (1)

reduction

As outlined in equation (1) the electron transfer away from the electroactive species
is defined as an oxidation process and the species is oxidized, whereas the opposite
process is called reduction. Out of convention an oxidation current is defined as
positive and a reduction current as negative.

The energy of the electrons (®) in the electrode is the decisive factor in which
direction the electrons are transferred. If the energy level is higher than that of the
lowest unoccupied molecular orbital (LUMO) of the electroactive species, an electron
can be transferred and the species is reduced, whereas if the energy level is lower
than the highest occupied molecular orbital (HOMO) of the species an electron

transfer can occur in the opposite direction and the species is oxidized.



Electrode Solution

T LUMO

Energy level
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Figure 2.1-1: Energy diagram. The electrons will transfer over the interface in

order to minimise its potential energy.

If an electrode is inserted into an electrolyte a faradaic reaction might occur, either
oxidation or reduction. For every reaction, the interface becomes more and more
polarised until an energetic equilibrium is reached. The polarisation of a single
interface cannot be determined experimentally, thus, a second electrode is needed.

The potential difference between two electrodes U is then defined as:

U=~ ¢, 2)
The voltage between the two electrodes correlates to the change of free energy AG
of the system by the thermodynamic relation:

AG = —-nFU 3)
, Wwhere n is the number of electrons and F the Faraday constant. Reactions can be
forced to proceed in a certain direction by applying a voltage difference between the
two electrodes that exceeds the thermodynamically induced potential difference.
Although a reaction might be thermodynamically favourable, the reaction does not
have to occur as a result of an activation barrier of the process. The study of this
phenomenon - the field of kinetics — is at the heart of electrocatalysis. It is
compromised by the fact that two reactions must occur in order to sustain neutrality
of the solution. As a result, the current-potential relation of an electrode of interest,
i.e. the working electrode (WE), depends on two reactions. A potentiostatic probe, a

reference electrode (RE), has therefore to be introduced into the measurement



system, such that current-voltage relationships occurring at working electrode can be
studied with respect to the RE, disregarding the second electrode, called the counter
electrode (CE). Thus the polarizing current flows through one circuit (which includes
the WE and the CE) while the resulting change in potential of the WE is measured
with respect to the RE in a different circuit, through which the current is essentially

zero. The electrochemical potential can therefore be defined as:
E = e — Pre 4)

Arrhenius showed that the rate constant k of many chemical reactions can be
expressed in the form:

Ea

k=A'e R (5)
where Ea is the activation energy, R the gas constant, T the temperature and A’ the
so called frequency factor. Deploying the rate constant to an electrochemical system

with a red-ox couple one yields the general Buttler-Volmer equation[13]:

nF 0 nF 0
—a——-(E-E 1-a)—(E-E
o (EET) (1-0) o (E-E°)

i, =FAKk,|C e Cse (6)

The Butler-Volmer equation relates the kinetic current ik of an electrochemical
reaction to the interfacial potential E referenced to a standard potential Eg, the
concentrations of oxidized Co and reduced Cgr species, the surface area A of the

electrode, the standard rate constant ko and the symmetry factor a of the energy
barrier.
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Figure 2.1-2  Visualisation of the Buttler- Volmer equation



A net reaction rate in one direction shifts the concentration of oxidized and reduced
species until a potential dependent equilibrium is reached. The standard potential of
a process defines this equilibrium under standard conditions.

The equilibrium potential of the process at an arbitrary concentration of the
electroactive species is given by rewriting the Buttler-Volmer equation with respect to
E, resulting in the Nernst equation:
C
E:Eo+ﬂln[ o] (7)
nF [Cg]

, which indicates that the equilibrium potential of a process shifts proportionally to the

logarithm of the concentration ratio of the redox couple.
The potential E is always measured relative to a reference electrode and not on an
absolute scale. In order to compare different reaction potentials a reaction that
defines 0 is required. For that purpose, the standard hydrogen electrode (SHE)
defines as 0 V the potential of the hydrogen oxidation- and evolution reaction in 1 N
acid electrolyte, or more accurately at a proton activity of 1.
2H" +2e =H, (8)

For the study of pH-dependent reactions, such as those occurring in fuel cells, it is
however more convenient to use a pH dependent reference potential, the reversible
hydrogen electrode potential (RHE):

Ere = OV e —60MV * pH ©)

2.1.2 Surface Reaction

A faradaic process can be divided into two classes; continuous and adsorption
processes. They differ by the fact that in the second case, the electrochemically
active species becomes adsorbed on the surface of the working electrode and blocks

it for further reactions (5).
A-+M=——=AM +e" (20)

These processes are distinguishable only by the different current response upon a
potential perturbation. This can be exemplified assuming the adsorption process
follows a Langmuir isotherm:

F
% LA (11)



, where K is the adsorption constant and 6 the ratio between the number of free and
the total number of surface sites. At equilibrium conditions, no net current will flow.
However, by perturbation of the system a net current flows in order to establish the
new equilibrium. Rearranging the equation and differentiating 6 with respect to the

time, the following expression describes the current:

F

F_ e de
RT F(EEO)]Z dt

(E-Eo)

3 =Q%=Q (12)

1+Ke RT

where Q is the total charge of a saturated adsorbate monolayer. It is seen that the
current response of a surface process does not only depend on the potential, but is
also sensitive to the rate of changing the potential, which is in contrast to a
continuous reaction.

The difference between a surface and a continuous reaction can be seen in figure
2.1-3, where equation (12) is visualised. Sweeping the potential from a negative
potential in positive direction a bell-shaped current response is obtained. The initial
exponential increase is inhibited by a decrease in available surface sites. As the
surface free sites continue to diminish, a maximum current is reached at a coverage
of 50%, followed by an current decline to zero. Sweeping the potential in the opposite
direction induces an identical reduction wave. The features discriminates the surface
reaction from a continuous reaction, for which the current would exponentially
increase as the as potential increases (see figure 2.1-2) until it is limited by the

transport of the electroactive species to the electrode surface.
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Figure 2.1-3: Visualisation of a surface reaction during a potential sweep in

positive and negative direction

2.1.3 Perturbation techniques

Several potential perturbation techniques can be used in order to measure faradaic
processes. The most commonly used are shown in figure 2.1-4; i.e. triangular waves,
steps, sinusoidal, and square wave (SW). In electrochemistry, the techniques are
better known as Cyclic voltammetry (CV) for a triangular wave, Chronoamperometry

applying potential steps and electrochemical impedance spectroscopy (EIS) for
sinusoidal potential perturbations.



Figure 2.1-4. Schematic presentation of common potential perturbation

techniques.

Given that the faradaic current is a function of both the potential and its derivative
with respect to time, upon applying these techniques from the current response a
reaction model can be deduced.

Furthermore, a combination of the techniques is possible, such as Square wave
voltammetry (SWV), triangular waves imposed by square waves, AC voltammetry
(ACV), or triangular waves imposed by sinusoidal potential perturbations. The
technique of choice depends strongly upon the experimental conditions and the
reaction variables of interest. In general however, a preliminary CV can give a good
“finger print” of the occurring faradaic process.

2.1.4 Mass Transport

2.1.4.1 Introduction

Studying the potential dependent rate of an electrochemical process, i.e. the activity
of an electrode material, mass transport limitations of the reactive species have to be
taken into account. At potentials where the rate of the reaction is fast, the reactants
immediately are transformed as they enter the vicinity of the electrode. The apparent
activity, i.e. the activity which is experimentally determined, is only governed by the
mass transport rate of the reactants to the surface, not the electrode kinetics. The

measured current in such situation defines the diffusion limited current (ig).
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Figure 2.1-5: Scheme of the electrode/electrolyte interface. At the left hand
side the concentration profile of the reactants during fast
kinetics is plotted as a function of the distance to the electrode
surface. For fast kinetics the reactant concentration close to the
electrode surface is zero. The observed current is limited by the
diffusion of reactants through the electrolyte layer at the
interface, i.e. the diffusion layer.

The label "diffusion limited" originates from the pure diffusive mass transport
occurring in the in vicinity of the electrode. Close to the working electrode, a volume
with a concentration profile of the reactants ranging from bulk to zero concentration at
the electrode surface is formed (see figure 2.1-5). Although the solution is stirred, in
this diffusion layer there is virtually no convection perpendicular to surface occurs.
Thus the reactants diffuse to the surface due to the concentration gradient. The
thickness of the layer is governed by the bulk solution velocity. Increasing the
convection results in a higher diffusion limited current because of the decrease in the
diffusion layer thickness. The flux of the reactants to the surface is proportional to the
thickness of the layer, their concentration in the bulk of the electrolyte and the
diffusion coefficient.

2.1.4.2 Factors influencing the measured current

The measured current, i, is at all times dominated by either kinetic limitation or
diffusion limitation. The exact relation between these two quantities depends on the

geometry of the electrode and the flow profile. For smooth, planar, and uniformly
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accessible electrodes, such as the rotating disk electrode (RDE), the measured
current can be described by the Koutecky-Levich equation:
e (13)
Im Ik IdI
As approximation, this equation can also be used to describe the current for some
non-uniformly accessible electrodes, such channel flow electrodes, given that ik < igj,
i.e. if the measured current is less than 50% of the diffusion limited current [14].
The smaller of the two, iqg or ix will control the measured current. In figure 2.1-6, the
equation has been visualised together with the kinetically controlled and the diffusion
limited current. Three potential regions can be defined depending on which factor
controls the current: the kinetically controlled, the mixed and the diffusion limited
potential region.

100 pA | Kinetic Mixed Diffusion

Current

-0.4 -0.2 0.0
E/V

Figure 2.1-6: Schematic presentation of the Koutecky-Levich equation. The
blue line indicates the potential dependence of the intrinsic
kinetic current, whereas the dashed red line shows the
measured current for a chosen diffusion limited current (dotted
line). The detection limit (dashed-dotted line) is determined by
the potentiostat.

It can be seen that the kinetically controlled current can only be measured directly at
a current magnitude of at least one order smaller than the diffusion limited current.

This is of course a great practical limitation as the potential range where the reaction

12



kinetics can be studied is quite small as a result of the detection limit of the

potentiostat.

2.1.4.3 Extracting the kinetic current in the mixed region

By rearranging the terms in the Koutecky-Levich equation, the kinetic current can
also be obtained in the mixed potential region where the measured current is partially

limited by diffusion.

= —mla_ (14)

[
lg — I

In other words, the measured current is corrected by the known diffusion limited
current in order to obtain the kinetic current. In order to keep the error low, however,
it is essential to elucidate the current region where this correction is valid.
Differentiation of ix with respect to iy and iy, gives the following expression for the
relative error:

Ay, + Al
— o Ay Ty Al (15)

I I P T A Ai : :
I <y

m
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The absolute error of the potentiostat is in general low, i.e. 0.1% of the chosen
current range. The relative error due to the diffusion limited current can however be
considerate, especially when the source of convection is not stable. From the error
estimation, we can see that if the measured current is small, the error on determined
kinetic current is dominated by the error of the potentiostat (neglecting any capacitive
currents). At the other limit, where the measured current approaches the diffusion
limit, the relative error of the determined kinetic current is dominated by the pre-
factor, which approaches infinity. As a rule of thumb, no kinetic data can therefore be
extracted from a measured current that is larger than half of the diffusion limited
current.

In order to obtain a kinetic current over a broad potential and current range, the
experimental setup should be optimized for a diffusion limited current that is as large
and stable as possible.

13



2.2 Measure system

2.2.1 Potentiostat

The electrochemical experiments are conducted using a Potentiostat; an electronic
device with a controllable current source, an electrometer and an ammeter.

Potentiostat

C R W

Figure 2.2-1: Scheme of an electrochemical 3-electrode setup

The Potentiostat operates by passing a current through the counter (CE) to the
working electrode (WE), where the current is measured. The potential difference,
required to force the current between the electrodes, depends on the potential drop
over the two interfaces as well as the solution resistance between the electrodes, see
figure 2.2-2.
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Figure 2.2-2: Scheme of voltage drop between the electrodes in a three

electrode setup

In order to exclusively study the reaction at the WE, a potential probe is introduced
between CE and WE. The probe, the reference electrode, is usually placed in a small
receptacle containing a high concentration of ions in order to have a stable red-ox
couple of the electrode and thus to fix the interface polarisation. The receptacle has a
small porous glass frit to allow the ion exchange with the main electrolyte. This
ensures an electrical contact, but minimises the anion diffusion/convection from the
receptacle to the main electrochemical cell. The current-potential relation of the WE
with the respect to the RE can thus be measured disregarding the interfacial potential
difference of the CE. Thus the WE is considered to be examined in a so called "half-

cell"(see chapter Half-Cell Model).

For the elucidation of the interfacial potential difference of the WE and its influence
on the electrochemical reactivity, one of the quantities, current or voltage can be
controlled by the potentiostat, i.e. the potentiostat operates in galvanostatic or in

potentiostatic mode.

2.2.2 Half-Cell Model

Using a three electrode setup, the so called half cell model, shown in figure 2.2-3,

can be used to describe the measure system.
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RE

Figure 2.2-3: The half cell model — an electrical circuit representation of the

measured system

Em corresponds to the measured voltage difference between WE and RE, and iy, to
the measured current, i.e. the current floating through the working electrode. The
resistor (Rse) corresponds to the part of the total solution resistance due to the spatial
distance between RE and WE (see also figure 2.2-2). As a consequence, the
interfacial potential difference (Ei,) can only be measured directly in absence of any
current, else it is given by:

E.=E,-R (16)

solim
The current source symbolizes the faradaic processes occurring on the WE and its
vicinity. The current (is) provided by the source is a function of the interfacial potential
(Eint) and the rate of change of the potential (dEi,/dt).

The interface capacitance (Ciy) is in parallel with the current source. It describes the
ion movement as a result of a change of the interfacial polarisation. Although
symbolised by a standard capacitor, it can still be a function of potential [13]. This
effect, however, in most cases is small and can be ignored.

The measured current i, is the sum of the current floating through the capacitance
(ic) and k. This complicates the determination of i; and hence a so called “background

measurement” can be necessary to determine ic.

2.2.3 Measure System Errors

The accuracy, in terms of the capability of the electronic system to measure both
voltage and current is in general quite high in any modern measure system. Hence,

often the major source of error in a measure system comes from the physical
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limitations of the cell setup. Therefore, it is important to optimise the cell setup in
such a way that electronic interference and sources of statistical noise become
negligible.

In addition systematic errors occur as the interfacial potential cannot be directly
measured. In order to elucidate systematic errors an analysis of the coupled system

with the respect to the potential and current can be performed.

2.2.3.1 Potential Error

The interfacial potential has been defined in equation (16), as the difference between
the applied potential and the potential over the solution resistance. The systematic
error of the potential can therefore be defined as the difference between measured
and interfacial potential, thus we get

AE, =-R (17)

solim
The error is a linear function of the measured current, thus its value can be both
positive and negative depending on the experimental conditions. The impact of this

error on a continuous faradaic process is exemplified in figure 2.2-4.
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Figure 2.2-4: Simulation of the systematic potential error resulting from an
uncompensated solution resistance. A faradaic current is
plotted as a function of potential without (black line), with 10Q

(blue line) and 30 Q (green line) solution resistance.
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Figure 2.2-4 |llustrates the influence of the solution resistance on the i-v-
characteristics for 3 different values of solution resistance (0, 10 and 30 Q). It can be
seen that at low currents, the curves coincide, whereas at higher current magnitudes
the curves deviate from each other due to the potential error. Explicitly, at a current of
1mA the resulting potential deviation is 10mV and 30mV, respectively.

The linear error term clearly causes the two latter curves to significantly deviate from
the expected exponential form of the “real” current curve, especially at large currents.
The underestimation of the solution resistance can thus lead to the conclusion that

the exponential slope of the kinetic current changes with potential, although it is not.

2.2.3.2 Scan Rate Error

A conventional potential perturbation technique is to sweep the potential at a certain
rate (v) and record the resulting current, i.e. a so called cyclic voltammogram. The
solution resistance introduces also a systematic error in cyclic voltammetry. As the
potential cannot be measured directly at the interface, the apparent scan rate can
deviate from that seen by the interface. Defining the interfacial sweep rate:

— dEim

V., — 18
int dt ( )
, and substituting Ej,; by using equation (16), the following expression is received:
di,
Vine = Vapp - Rsol E (19)

where Vvapp IS the apparent scan rate applied by the Potentiostat. Again, the error can
be defined as the difference between the interfacial and apparent scan rate:

Av,,, =-Rg, ddl_:[n (20)
From this equation we can see that a solution resistance and fast current change can
indeed cause an error in the real interfacial sweep rate. Compared to the constant
sweep rate of the potentiostat, the interfacial rate will either be "inhibited" or
"accelerated”, depending on the sign of the time derivative of the current. For
example, assuming a current change of 2mA/s as the potential is swept with
100mV/s, for a solution resistance of 10 Q a relative sweep rate deviation of about
20% is expected.
This effect can be visualised by a simulation, based on the current voltage relation in

figure 2.2-4. In the simulation, the apparent voltage sweep is applied in positive
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direction with a rate of 100mV/s and the current exponentially increases. The results
assuming different solution resistances are depicted in figure 2.2-5, where the real
interfacial scan rate has been plotted as a function of the apparent potential.
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Figure 2.2-5: Visualisation of the systematic scan rate error as a result of an
uncompensated solution resistance using i-E-data from figure
2.2-4. The effective (real) scan rate is plotted as a function of
potential without (black line), with XD (blue line) and 30 Q

(green line) solution resistance.

Obviously, as the potential and current increases, the interfacial scan rate decreases
drastically — the larger solution resistance, the larger the deviation. Notice that at a
certain point in the simulation the interfacial sweep rate curve crosses the O line,
which is an artefact and an indication of the limitation of the linear approximation. In a
real system such an effect cannot occur. Instead the interfacial scan rate would
approach 0.

The described effect creates a fundamental problem in the correlation between the
result of a measurement and a reaction model. The assumption that the sweep rate
is constant over time does not hold anymore. Thus fitting a mathematical expression
derived from a reaction model which uses this assumption can lead to erroneous

results.
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2.2.3.3 Apparent Current Error

The measured current has in general no systematic errors given a correct
experimental setup. As a consequence the measured current is a fingerprint of the
real conditions at the interface.
Because of the previously described potential and scan rate errors, however, the
actual conditions at the solid-liquid interface are unknown. The systematic error
induced by the potential and scan rate error can be interpreted as a systematic
current error using an error propagation. The measured current is a superposition of
faradaic and capacitive currents, which are both functions of scan rate and potential
difference.

I =1 (Vi Eine) H 10 (Vi Eie) (21)

A differentiation with respect to potential and scan rate results in the following

o=

From this equation we can see that the error of both potential and scan rate causes a

expression:

8i_
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deviation from the measured and the expected faradaic current. This is exemplified in
figure 2.2-6, where the expected current-potential relation of a faradaic process is

given assuming different solution resistances.
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Figure 2.2-6: Simulation of current response from a surface reaction in the

presence of an uncompensated solution resistance. The
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faradaic current is plotted as a function of potential without
(black line), with 10Q (blue line) and 30 Q (green line) solution
resistance. In addition, the relative scan rate for the respective
Rsol is plotted as dashed line. It is seen that as a result of the
non-constant scan rate and the scan rate dependency of the
surface reaction, in addition to the potential error a current error

is induced by the solution resistance as well.

In figure 2.2-6, the i-v-characteristic of a faradaic surface reaction which follows a
Langmuir isotherm is plotted for a constant potential sweep. Although always the
same reaction is assumed, the apparent characteristics change with increasing
solution resistance. As the current is proportional to viy, the measured current in the
presence of a solution resistance can be even larger than the current measured in
the absence of a resistance.

The measured current-voltage characteristics of a system perturbed by a solution
resistance mimics the behaviour of a more complex adsorption isotherm model [15].
Hence, although small, the solution resistance can indeed cause erroneous

conclusions.

2.2.4 Minimization of the systematic error

From the error estimation in the previous sections we have seen that a relative small
solution resistance can result in large systematic errors. It is therefore essential to
determine the solution resistance of the experimental setup and at the same time to
find strategies how to minimise it. In doing so, the cell design, electronic

compensation and/or post measurement corrections can be considered.

2.2.4.1 Measure the Solution Resistance

Given the model of the half-cell (see figure 2.2-3), the current response due to a
voltage perturbation differs depending on the characteristic time scale of the
perturbation. This is mainly due to the intrinsic interfacial capacitance of the working
electrode. At a long time scale, the capacitance has a large impedance and the
current floating through this element is negligible. As a result, the measured current is
determined by the faradaic current and the solution resistance. On the contrary, at

short time scale the capacitance has a very small impedance and the current
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measured as a result of the perturbing voltage is only determined by the solution

resistance.
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Figure 2.2-7: Simulation of the impedance spectrum of a half cell model in

comparison to a serial RC circuit

This behaviour is illustrated in figure 2.2-7, where an impedance spectrum is shown.
The frequency equals the reciprocal time, thus a low frequency corresponds to a long
time period. The spectrum resulting from applying a small sinusoidal perturbation
signal (<10mVpeak-to-peak) 10 the system is shown for various frequencies ranging from
0.1 Hz to 100 kHz. The small perturbation implies that linear approximations are valid
for each component. As a result, the faradaic current source can be approximated as
a resistance. In the absence of any faradaic processes, the half cell would resemble
a serial RC circuit. The impedance spectrum shows that the impedance decreases as
the frequency increases reaching a plateau of global minimum at a value

corresponding to the solution resistance.

Once the system is known, in order to determine the solution resistance it is sufficient
to apply only one frequency where the plateau is formed. Thus the resistance can

even be monitored online while performing other slow EC techniques.

2.2.4.2 Physical minimization of the solution resistance

The electrolyte is an electrical conductor with free moving ionic charges, similar to the

electrons in a metal. The resistance of such a conductor depends on the resistivity
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(p) as well as the geometry and can be described by the following equation in the
cylinder approximation:

I
Rsol =p K (23)

where, d the length and A the cross section of the conductor. The resistivity is
proportional to the inverted ion concentration and diffusion coefficient.

In order to reduce the resistance, an electrolyte with high ion concentration and, if
possible, at elevated temperatures should therefore be used. In cases where this
strategy is not adequate, the cell design can be improved. Decreasing the physical
distance between WE and RE results in a lower solution resistance. However, in

practise this is limited due to the form and size of the electrodes.

Luggin Capillary

Instead, the reference electrode can be placed in a separate compartment which is
connected to the main chamber via a thin capillary, a so called Luggin capillary [16-
17].

A potential difference over a resistor exists only if a current flows. As virtually no
current flows through the reference electrode and thus inside the capillary, no voltage
difference exists between the tip of the capillary and the RE. This implies that the
effective solution resistance is only proportional the distance between the tip of the
capillary and the WE, and not to the distance of reference electrode. In addition, the
small capillary does not suffer from size constraints and can be place much closer to
the WE.

2.2.4.3 Electronic Compensation

The potential offset resulting from the solution resistance can further be reduced by
applying an electronic compensation. With compensation, the potential between
working and reference electrode will no longer be the same at the output of the
potentiostat. Instead, a compensated potential Ecomp IS given and defined by

E E —R__j (24)

comp — =m comp'm
, Wwhere Reomp IS the compensation factor. As a result, the compensated voltage will
be smaller than the applied value for a positive current. Substituting En, in equation
(16) gives:

Eit = Ecomp T (—Reoi T Reomp)im (25)
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If Rsol IS known, Reomp Can be set if not fully to cancel out the solution resistance, but
at least to reduce the error. A full compensation is in general difficult due to the
induced instability of the control system of the potentiostat and the increasing noise
level.

With the help of the compensated voltage rather than the one measured in the
control loop of the potentiostat, the interfacial voltage can be probed with minimal
influence of the solution resistance. With a measure system which is entirely
analogue, the compensation scheme also works for high frequencies up to the
frequency limitation of the potentiostat, which is in contrast to a digital potentiostat.
The remaining uncompensated part of the solution resistance can thereby be
determined in-situ as an effective resistance (Ref) just as it would be the “normal”
resistance.

Reff = Rsol -R (26)

comp
Thus while monitoring the impedance at high frequencies, the compensation can be
tuned during the measurement until an optimal value for the compensation is found.
This also prove the functionally of the compensation system. The small error due to

the remaining Ref can be corrected after measurement if required.

2.2.4.4 Post measurement correction

Alternatively, the potential can be corrected after the measurement, given that R, or
the remaining uncompensated part of it, Re, iS known. The compensation can be
performed by using equation (24).

The accuracy of a post measure correction, however, suffers from the fact that part of
the measured current depends on the rate of potential change as capacitive currents
are always present. For a large solution resistance thus equation (24) might not hold
anymore. For surface reactions also the measured current has to be corrected (see
figure 2.2-6) as it is proportional to the rate of potential change, which might not be
constant.

In conclusion, in order to avoid a post correction treatment of the data the cell design

and active compensation should always be applied if possible.

2.2.5 Rotation disk electrode

As discussed previously, a major experimental goal in kinetic measurements is to

provide a steady and high convection rate of the reactants to the electrode in order to
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minimise the error induced by the diffusion limit and its determination (see Mass
Transport chapter). For that purpose a rotating disk electrode can be used. The RDE
consists of a flat electrode inserted in a cup of insulating material which is attached to
a rotating shaft.

An advantage of the configuration is that the radial symmetric geometry enables an
analytic approximation of the Navier-Stokes equation at the surface. This, together
with Fick's law, results in the so called Levich equation

i = (0.620)NFA,.CoD %1/ /00,"2 @7)

where n is the number of transferred electrons per reaction, F faradays constant, Ageo
the geometric electrode surface area, Co the concentration of the active species in
the electrolyte, D the diffusion coefficient, w the rotation rate, and v the kinematic
viscosity of the electrolyte. The Levich equation gives an analytic expression between
the measured diffusion limited current and the rotation rate, which enables the study
of diffusion phenomena with high accuracy.

Ageo should not be confused with the active surface area Ara Of the electrode. Due to
the "averaging effect” of the diffusion in general the same diffusion limited current is
measured although the real surface area can largely deviate from the geometric one,
especially if electrodes modified by nanoparticles catalysts are used. This is the case
if Areal IS @about the same size as or larger than Ageo. However, for Area << Ageo @
decrease in the diffusion limited current is observed because some active species
arriving at the surface do not reacted and but return to the bulk electrolyte. A similar
effect occurs if the WE is covered by a membrane which hinders the diffusion.

2.2.5.1 Diffusion phenomenon

Diffusion phenomena such as diffusion through membranes or arrays of pin holes

can readily be studied by RDE. In such a case, the diffusion limited current becomes

1 1 1
+

(28)

i, B’ e
where By is the pre-factor of the Levich equation and ig_e the supplementary diffusion
limitation. The plot 1/ iq vs. 1/w®° known as the Levich-Koutecky plot allows us to
calculate ig_e. The magnitude of ig e can be extracted by extrapolating the measured
points to the interception of the y-axis. At 1/w®® = 0 or in other words at infinite

rotation rate, the diffusion limitation is purely dominated by the igj e.
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2.3 Comparing Activities

One of the main experimental tasks of this work is the study of electrode kinetics,
which involves the determination of the faradaic current of a reaction as a function of
the interfacial potential difference between the catalyst and the electrolyte. Given that
the solution resistance error has been compensated for, the kinetic current is
acquired by correcting the measured current for the diffusion limiting current using
equation (14). As the kinetic current has an exponential potential dependence by
nature, the data are best visualised in a log i-E-plot, normally referred to as Tafel plot.
The characteristic reaction parameters to be determined are the voltage dependent
exponent of the exponential function as well as the current at a certain potential
value. These two values are enough to describe the ix-E relationship.

The exponent factor can be extracted by fitting the Tafel equation (29) to the data,
logi, =c + %Eim (29)

where b is the so called Tafel slope and c is a fitting-constant. This equation is a
simplified form of the Buttler-Volmer relation, see equation (6), hence b corresponds

to the exponent in the exponential function and c to the logarithm of the prefactor.

2.3.1 Activity

For a long time only flat, polished electrodes has been used for RDE measurements
due to the easy calculation of the surface area. The measured current density has
been referred to as the activity:

" (30)

Ageo

However, although the electrode is flat on a macroscopic level, the surface can

exhibit an intrinsic roughness on a microscopic level. Disregarding this effect would
result in a higher apparent activity with increasing surface roughness. For this reason
only on single crystals the correct activity can be directly determined from RDE

measurements without measuring the surface area accessible for the reaction.

2.3.2 Specific activity

The electrochemical active area (ECA) has been introduced in order to compare
polycrystalline materials of different surface roughness. The ECA can be defined as
the ratio between the charge required to remove (oxidize/reduce) a monolayer of an
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adsorbed species (Q ) and the charge measured by the same procedure for an

sample

ideally flat poly-crystalline surface of the same material (Q ) and multiplied its

reference
area ( Areference )

ECA = M Areference (31)

reference

For example in the case of polycrystalline platinum, 195 pC is used in our group as
the standard charge required to remove a monolayer of adsorbed hydrogen atoms
from a surface of 1cm?. This value has been experimentally determined using for
electrode preparation the so-called flame annealing preparation procedure [18]. It is
noteworthy to point out that this value depends on the preparation procedure as
during preparation different ratios of crystalline phases on the surface can be
induced.

The specific activity, Ji, i.e. activity normalized to the electrochemical active surface
area is:

i
J,.. =—=% 32
k:s ECA ( )

This quantity is of fundamental importance and can be used for example in the study
of the size effect of nanopatrticlulate catalysts of a certain material.

One intrinsic problem arises however in the activity comparison between catalysts of
various materials. The experimental procedure of determining the electrochemical
active area is material specific. As mentioned, for Pt based catalysts, which are the
most studied class of catalysts for hydrogen oxidation and oxygen reduction, the ECA
is calculated with respect to the stripping charge of hydrogen atoms from a PC Pt
sample of 1cm? [18]. For many non-platinum catalysts hydrogen atoms do not adsorb
on the catalyst surface. Thus, for a fair comparison, it can be discussed whether non-
platinum catalysts should be normalized to the same charge value as that of Pt
samples or to that of a poly crystalline sample of the same material. For single metal
substrates, it would not be a problem to determine such a number, however, for

alloys it probably would.

2.3.3 Turn over frequency

In order to avoid some of these definition problems, the turn over frequency (TOF)

can be introduced in electrocatalysis, analogue to the definition used in
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heterogeneous gas phase catalysis, namely: “molecules reacting per active site in
unit time” [19]. In electrochemistry, the number of reacting molecules is given by the
kinetic current, divided by the number of electrons transferred in the reaction of
interest, za, The exact number of active sites for a catalyst is often unknown, hence
each electrode atom which is electrochemical accessible can be considered as an
active site. The number of electrochemical active sites (NECAS) can therefore be
determined by an adequate in situ EC technique; thus resulting in a charge Q divided
by the number of electrons for that surface reaction, zg. The mathematical definition
of TOF is therefore given by equation (33).

molecules per unit time _ 5 iy
NECAS 1

Zg

TOF= (33)

The TOF can easily be related to the specific activity of platinum by multiplying with
defined normalization constant for the ECA and the number of transferred electrons

in that reaction.

2.3.4 Mass Activity

With the introduction of high surface area catalysts, the material required for a
reaction can be decreased due to the more advantageous surface-to-volume ratio
compared to a flat surface. For such catalysts a practical definition of activity is the
mass activity:

J

_ Yk _ ‘]k
Y =S A (34)
where m is the catalyst mass and o, the catalyst loading applied in the
measurement. The activity is easily accessible with a minimum of measurements.
However, care has to be taken that all the catalyst applied in the measurements is
indeed accessible for the reaction. Furthermore, this definition does not give any
information about the material properties as it is highly proportional to the
characteristic size of the particles. On the other hand, it is crucial for engineers
planning electrocatalytic devices. A significant fraction of the device price is
associated to the catalyst; hence a maximised mass activity is commercially

important.
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3 Technical hardware developments

In the following chapter the technical developments achieved as part of this thesis
are described. The first part of the chapter deals with the experimental details of the
applied techniques and the description of the available instrumentation. It is
described which improvements of the commercial tools have been performed as well
as which experimental hardware was entirely developed within this thesis. A basic
description of the necessary theoretical background is given in the respective
chapters.

The general goal of this part of the thesis was to create a measurement platform for
electrocatalytic investigations where all the experimental parameters can be
controlled by the computer in order to facilitate the measurements and increase their

reproducibility even for less experienced student users.

3.1 Rotating Disk Electrode

In the following first the design of the commercial RDE device used in this thesis is
described and then the improvements of the setup, which were performed as part of
this work. As discussed in the section “Theoretical aspects of the electrochemical
setup” of this thesis all electrochemical reactions are to a certain degree influenced
by mass transport limitations of the reactants to the electrode surface. The rotating
disk electrode setup is very practical tool to control mass transport in an
electrochemical cell thus enabling in a certain potential window the extraction of the

kinetic parameters of certain reactions.

3.1.1 Design of the commercial RDE device

The design of a rotating disk electrode device is exemplified by the commercial
available RDE setup (EDI101) from Radiometer. Figure 3.1-1 shows the device,
which consists of four parts; a rotating shaft, a middle part, an electric motor and the

electrode tip.
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Figure 3.1-1: Drawing of a rotating disk electrode including shaft and

electrical motor.

The rotating shaft consists of stainless steel, which is covered by Teflon
(polytetrafluorethylen). The inner part is a stable mechanical rotation transfer, but
also acts as electrical conductor between the sample and potentiostat contact. The
chemical inert and electrically isolating Teflon protects the inner shaft from corrosion
and thereby prevents a possible source of impurities in the measurements.

The middle part contains the ball bearings, which restrain the movement along the
axis and allow a friction free rotation of the shaft. The conical lower part permits a
fixed and easy fitting into the lid of an electrochemical cell. In order to ensure a good
electrical contact and to enable the rotation of the shaft, a soft spring pushes a
contact against the shaft. The spring is connected to an external banana plug for an
easy connection to the potentiostat.

The electric motor induces the mechanical rotation of the shaft. The rotation rate is
measured by an optical switch, which permits an accurate rotation control with only
+0.1% deviation. In the case of the EDI101 this design permits rotation rates up to
5000 rpm.

At end of the shaft, the working electrode tip is screw-mounted. The tip consists of a
Teflon cap, in which the working electrode is embedded.

This system permits a fast exchange of samples. This is very advantageous in the
research on high surface area catalysts, where sample preparation is in general quite
time consuming. The exchange of tips permits that the characterisation and

preparation (of new) RDE tips can be done in parallel.
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3.1.2 Commercial RDE Tip

The commercial electrode tips from Radiometer for the rotator used in this thesis
consist of a radial symmetric conductive cone encapsulated in a Teflon shell, see
figure 3.1-2(A). The cone acts as the working electrode and is commercially available
as glassy carbon, platinum, or gold tip. In principle, however, it can be made of virtual
any solid, conducting material. In order to contact the working electrode to the
electrical conductive inner part of the shaft when mounted, a spring pushes a steel
needle on to the back side of the electrode cone. The experiments showed that the
electrical contact of the commercial glassy carbon electrodes was not optimal and
with time the commercial RDE tips degenerate, independently of the working
electrode material. Typically, the edges of the cone are not sealed by the Teflon
anymore. The degeneration can severely influence the experiments, as will be
discussed in the section “General tip issues”. As an effect, new expensive tips have
to be frequently purchased, which is an economical burden.
A) B)

__1

Figure 3.1-2: Drawing of the top part of the RDE shaft with half unscrewed tip:
A) Commercial B) Homemade.

3.1.3 Developed in-house RDE tip

In order to improve the performance and reduce costs, we decided to develop and
manufacture a homemade version of the RDE tip.
The homemade tips consist of a Teflon cap in which a cylinder of the working

electrode material is embedded, as shown in figure 3.1-2(B). Using cylinders of the
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working electrode material rather than cones is advantageous as cylinders are easier
to manufacture and use less material. This is especially important if the working
electrode is made of a precious material, such as high purity platinum, gold or silver.
The working electrode tip is assembled by heating the Teflon cap with a heat gun to
temperatures above 250°C. At this point, Teflon becomes semi transparent, soft and
expands. The cylinder can then easily be inserted. As the cap cools down, the Teflon
contracts and mechanically seals the cylinder. This entails that the cylinder is
constraint and cannot fall out of the cap if a force from the electrical contact of the
back side is applied. Furthermore, the tight enclosing mechanically hinders the
electrolyte to get into contact with the side area of the cylinder; hence, the only part in
contact to the electrolyte is the flat, outwards facing disk area.

In order to ensure a low electrical resistance, the contact of the working electrode to
the electrical conductive inner part of the rotating shaft was improved. The original
steel needle with spring is exchanged by a inexpensive, commercially available and
replaceable gold plated steel spring and with a sharp needle tip, which pierces into
the backside of the electrode material. Thus the electrical resistance was lowered to
less than 1 Q.

3.1.4 General tip issues improved by in-house design

There are two important issues with the tips that can interfere with the experimental
results and have been considerably improved by our in-house design; a large contact
resistance and the lateral seal failure.

3.1.4.1 Contact resistance

The electrical contact resistance (Rcontact) between the needle and working electrode
cylinder can largely deviate from the ideal value of 0 Ohm. In such a case, as shown
in figure 3.1-3, the extra resistance contributes to the measured resistance which can

further increase the systematic error.
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Figure 3.1-3: Scheme of the half cell model including a contact resistance
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between the working electrode and the potentiostat cable.

A large contact resistant may occur if the needle contact or the backside of the
working electrode is corroded. Although these parts are never in direct contact with
the acid or alkaline electrolyte, water vapour can enter into the cap and cause
corrosion. This is almost impossible to avoid. Frequently visual and resistivity controls
are therefore needed to ensure that the contact is low. If the spring contact is
corroded, in the in-house design the inexpensive gold plated steel spring can be
easily replaced. It is also advantageous of implementing a practice of repeatedly
screwing a newly mounted tip in and out in order to remove corroded layers at the

metal connection.

3.1.4.2 Lateral seal failure

The second issue with the RDE tips is that the lateral part of the working electrode
cylinders can get in to contact with the electrolyte. The effect of such a contact is
demonstrated in figure 3.1-4(A) where the cyclic voltammogram of two glassy carbon
electrodes are displayed. In this potential window, no specific faradaic process
occurs; hence the measured current is dominated by capacitive currents. Although
having the same geometric size, the two electrodes exhibit quite distinctive
behaviour. For the electrode GC2 the capacitive current is increased by a factor of 5,

indicating that more than just the flat disk area is in contact with the electrolyte.
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Furthermore, the capacitive current is superpositioned by a linearly increasing

potential dependent offset.
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Figure 3.1-4: A) Cyclic voltammograms of two bare glassy carbon electrodes
in acid solution; one of the tips has a failed lateral sealing (blue

line). B) Electric model of failed lateral sealing.

In the absence of any faradaic processes, the potential dependent offset can be
explained by the electrical model shown in figure 3.1-4(B). The light blue colour
symbolises the bulk electrolyte, while the dark blue symbolise the microscopic gap
filled with electrolyte between electrode and the Teflon cap. In addition to the half-cell
model in the absence of any faradaic process (light blue area), a resistor and a
capacitor (dark blue) have been added to the model. The resistors symbolise the
immobilised electrolyte in the gap, while the capacitor symbolise the newly contacted
interface.

Given this model, the measured linear offset is due to the current passing through the
gap, Rgap. Upon a potential sweep, the current cannot flow fast enough through the
resistor. A potential difference therefore builds up between the bulk electrolyte and
gap, which forces more current through as the voltage sweep continues. Taking the
average between the positive and negative going sweep a straight line is obtained
and the reciprocal slope constant corresponds to Rgap. An estimation of Rgap, for both
tips in figure 3.1-4(A) , results in a value of 60 kQ and 0.6 kQ for tip one and two,
respectively. Ideally, the resistance should be infinitely large.
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Seal failures are wear and tear and cannot be avoided. In the developed design,
however, the glassy carbon (or metal) tip can be used further, by reassembling the tip
and exchanging the Teflon cap.

Furthermore, it is possibility to extend the life time of a tip if the working electrode by
coating it with an electrical isolation and chemical stable layer before assembling the
tip. Such a coating can be made of epoxy adhesive or Teflon lubricant. The two
component epoxy adhesive is easy to apply and the isolating coating is stable after
drying so that the tip can be assembled as described above. In the second case, the
Teflon lubricant is sprayed onto the electrode and a white dust is formed on the
electrode. After heating the tip to about 250 degrees with a heat gun, the Teflon dust
particles melt together and form an almost transparent layer. Over heating has to be
avoided, as this can damage the Teflon and change its chemical and isolation

properties.

3.2 Developed multi working electrode (MWE) array

The RDE is a useful tool for studying electrocatalytic reactions. One disadvantage for
the study of nanoparticles high surface area catalysts, however, is the low sample
throughput which complicates the statistical investigation of data. This disadvantage
can be overcome by the use of multi working electrodes (MWES). As such devices
are not commercially available a MWE was therefore developed as part of this thesis.
In general, the sample throughput rate of an electrochemical setup is not only
governed by how many samples can be measured in parallel, but also the time it
takes to exchange the samples and to perform another measurement. In that respect,
the RDE setup, as previously described, is a good model. The easy assembly of the
setup, as the RDE device enters the electrochemical cell through the lid, and the fast
tip exchange are very advantageous. A similar system for the MWE would therefore

be very beneficial. Hence, the MWE was designed with a shaft of exchangeable tips.

3.2.1 MWE tip

For the design of the MWE tip, several points were considered. Taking into account
that the solution resistance is proportional to the distance of the working electrodes to
the Luggin capillary, the electrode was designed as compact as possible.
Additionally, by placing the electrode symmetrically around the Luggin capillary it was

ensured that the electrodes have a similar solution resistance. Furthermore, the tip
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should be easily attached to the shaft, favouring a screw system. The tip material has
to be chemically stable both in acid and alkaline and easy to machine. As the primary
use of the MWE is to facilitate the characterization of high surface area catalysts, the

working electrodes should be of a chemical inert, conductive material.

<Q if:::i f:j}i! {f::ﬁ F:i

Figure 3.2-1 Drawings of the MWE tip from different angles

The MWE tip design developed in this thesis is displayed in figure 3.2-1. The tip
composes of 8 working electrodes arranged in an (2x4) array. The electrical device
does not have any restrictions on the amount of electrodes (see section “Multi-
Working Electrode system”), but rather as a compromise between the number of
samples and compactness of the MWE this number was chosen. In addition, this
basic design facilitated the machining of the tip.

As working electrode material glassy carbon (GC) was chosen, as it is stable in both
acid and alkaline solution. The GC electrode are cylinders d=5mm x h=3mm in size.
Thus the same GC electrodes can be used in the MWE and RDE setup, facilitating
the comparison of both methods.

The cap is made out of a Teflon block of the dimensions 21mm x 35mm x 23mm. The
inside of the cap has been extruded, except for a cylinder in the middle, so that the
tip can be mounted on the shaft top. The cylinder has a threaded hole in which a
screw can attach the tip to the shaft. The diameters of the holes for the working
electrodes are 4.6 mm, which is slightly smaller than the working electrode cylinders
(d=5mm) and the next neighbour inter-hole distance is 7mm. On the inside of the
cap, these holes are conical in order to facilitate the assembly of the tip and to ensure

a proper sealing of the GC tips in the Teflon block.
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The tip of the MWE is assembled similar to the previously described procedure for
the homemade RDE tips. After heating the Teflon cap to about 250°C, the GC
cylinders are inserted from the back side. Great care has to be taken that the
cylinders are inserted straight. The heated Teflon is very soft and is easily irreversibly
deformed. After cooling the latter seal might not hold. This will not only affect the
experiment, see description in RDE tip paragraph, but might also lead to electrolyte
flooding. The flooding could short circuit the electrical contact of the individual GC
electrodes, resulting in incorrect current signals.

After its assembly, the height differences between the individual GC electrodes in the
MWE tip has to be reduced. The tip might not be totally flat as the GC cylinders are
larger than the holes, which slightly deforms the tip. Therefore, after assembly the tip
is first polished with sand paper of different grain size and thereafter with aluminium

oxide powders.

3.2.2 MWE shaft

The MWE shaft, similar to the RDE shaft, extends the tip so the setup can be
introduced into the electrolyte. It also provides the electrical contact between the 8
working electrodes and a connector. The shaft consists of several pieces displayed in
figure 3.2-2.

S

B)

Figure 3.2-2: Drawings of the MWE shaft assembly including the MWE tip

The main body of Teflon (blue) has an extrusion and three additional holes. Into the
extrusion, another Teflon piece, the shaft top (green), is mounted and mechanically
restrained in place by two countersinked Teflon screws. This piece has the same size
as the inner diameters of the tip; hence it is used to hold the MWE tip. It has 8 holes
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corresponding to the centre of the working electrodes of the tip. Into these holes the
electric gold contacts are placed. In order to embed the electrical cables so that the
shaft top piece can be fully inserted into main body extrusion, diagonal trenches are
made from the holes to the closest off centred hole of the main body.

A centred hole is drilled through the assembly in which a PVC rod with a grooved
head and a threaded tip is inserted. PVC was chosen for this piece due to its better
mechanical strength compared to Teflon. With the help of the PVC rod, the tip can be
screwed onto the shaft and be held firmly in place.

To ensure good electrical contact between the glassy carbon electrodes and the
MWE device, 8 gold plated spring loaded steel pins pierce the backside of the
working electrodes. The pins are mounted in receptacles which are soldered to a
shielded electrical cable. Soldering the cables to the receptacles rather than to the
pins enables an easy exchange of the pins in case of corrosion. Each cable runs in
the trench to the centre of 4 pins. From here, the cables exit through one of the two
holes in the shaft on either side of the rod. The cables end in a 9-pin D-sub (DE-9)
connector, for the connection to the MWE device. Note that the two holes are placed
in the centre of 4 contacts. Their diameter is smaller than the distance between the
pins. As a result the pins are supported from the backside, as a reaction force must
act upon the pin so that the pin head can pierce the working electrode.

Additionally, the immersion depth of the electrode into the electrochemical cell (see
chapter 3.3.3) can be adjusted by the PVC rod, which can freely move along the
shaft. Tightening of the two screws, fixes it to one position. When inserted into the lid
of the electrochemical cell, the PVC piece blocks the shaft from further intrusion.

3.3 Electrochemical cells

The design of electrochemical cells can be rather simple and in some cases a
standard glass beaker is adequate. More practical glass cells with holder for the
different electrodes are commercially available [20]. Such cells are in many cases
sufficient for the study of electrochemical reactions. For an accurate determination of
fuel cell reactions, however, they are not suitable. Therefore, in this thesis several
homemade electrochemical cells were designed and built.

Fuel Cell catalysts are in general very sensitive to impurities and even small amounts

can greatly influence the determined activity [21-23]. The most common sources of
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these impurities are the reference electrode, the counter electrode, the electrolyte
and the cell material. Furthermore, the cell design and the inter electric properties
between the electrodes (see previous chapter) can also have an influence on the
measurement [24]. Thus a good cell design, which is optimized for a specific use, can
considerably improve the quality of the measurements.

The design of new electrochemical cells requires the consideration of different design
parameters. In general an optimum design is reached only by an “evolutionary try
and error approach”. In the following the different designs of electrochemical cells

developed in this thesis are presented.

3.3.1 Glass RDE cell

The built electrochemical glass cell for RDE measurements is based on a common
design of more advanced 2-compartment-glass cells. It was specifically designed for
the EDI101 rotator and is schematically introduced in figure 3.3-1. As can be seen,
the cell is composed of five separate parts. All parts are made of glass, except for the
cell lid, which is made of Teflon.

A) B)
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Figure 3.3-1: Drawing of the electrochemical glass cell designed for RDE

measurement.

The working electrode on the rotating shaft of the RDE is held in the centre of the
main compartment by the cell lid. The counter electrode is placed in the L-shaped
glass part on the side of the cell. Furthermore, a glass tube with a porous glass frit is
placed on the side, in order to saturate the electrolyte with different gases. The
elongated tip of the reference compartment ends at short distance to the working

39



electrode. The closed tap impedes the diffusion of ions from the electrolyte of the
reference electrode to the main compartment. The elongation of the reference
compartment is referred to as the Luggin capillary [12, 16-17]. As no current passes
through the capillary and the reference electrode, only the electrolyte between the
end of the tip and the surface of the working electrode contributes to the solution
resistance of the cell. In addition, the cell has a water jacket; hence the cell
temperature can be controlled by a thermostat.

Most electrochemical cells are made out of glass. Although it has several
advantages, such as being easy to clean and transparent, it has some disadvantages
as well. From a constructional point of view, for an electrochemical cell different glass
pieces must be molten together and bent into the special shapes. The manufacturing
of these advanced glass cells is difficult and time demanding, and less accurate than
mechanical machined parts. Thin glass pieces are also very fragile and can easily
break. From an electrochemical point of view, glass has the disadvantage of not
being stable in alkaline solution. In work connected to this thesis, it could be shown
that in alkaline solution small amounts of silicates and metals ions are leached out of
glass into the electrolyte. It was demonstrated that even such small amounts of
impurities can considerably influence the measured reaction rates [22-23]. Hence, an

alternative material for electrochemical cells was needed.

3.3.2 Teflon RDE cells

Teflon is a material with excellent chemical stability in both acid and basic solution.
This makes it more suitable for our experimental requirements. Furthermore, in
contrast to glass, Teflon parts can be mechanically machined with high precision
from a Teflon block. This enables the fast and easy production of different,

customised cells.

3.3.2.1 RDE cell version 1

The first version of the all-Teflon cell developed in this thesis is almost a direct copy
of the glass cell, see figure 3.3-2. A difference, however, is that the water jacket has
been removed because the machining of such a piece is very problematic. Another
change is that the tap on the reference compartment is removed as well. The

hydrophobic nature of Teflon caused considerable problems. A closed tap resulted in
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a too large resistance between WE and RE which hindered the potentiostat to

operate.
A) ® B)
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Figure 3.3-2: Drawings of the RDE Teflon cell design version 1. The cell is a
Teflon adaptation of the glass cell.

Furthermore, the conically tapered joints, often used in glassware, are not feasible for
Teflon. Therefore, the different compartments are connected by Teflon pipes and
tubing connectors with threads.

The Luggin capillary (red) is integrated in the main compartment, rather than being a
part of the reference compartment. The pipe is positioned in the centre of the cell,
underneath the working electrode, and a horizontal hole connects it to the reference
compartment.

In order to inhibit diffusion between the main compartment and the reference
electrode, an additional Reference electrode side compartment is placed into the
reference cell compartment [25]. This is the green object depicted in figure 3.3-1 (See
chapter Reference electrode side compartment).

In the absence of a water jacket, a new solution for temperature control is required.
For this purpose a direct heating device consisting of a Teflon encapsulated heating
coil entering the cell from the lid was designed. A digital temperature control unit
manages the current through the heating wire using a Teflon coated standard
thermal sensor (Pt100) [26]. A drawback of this setup is that the cell lid gets crowed
with cables. Another drawback is that only the main chamber gets heated, similar to

the case using a water jacket. As a result of heat diffusion to the reference
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compartment, the temperature of the reference electrode might be deviate from room
temperature and a careful adjustment of the reference potential is necessary.

A major source of electrical noise in the measured signals is due to the purging of the
electrolyte with gas. Significant improvement is observed if the gas purging is turned
off, especially if small currents are measured.

There are several weaknesses with this cell design: i) The cell has a relative large
cell volume and for measurements, at least 150ml of electrolyte is required of which
more than half is located in the reference compartment; ii) the large distance between
the electrodes results in a high resistance, requiring more operation power of the
potentiostat, which can cause artefacts [24]; iii) the cell is not a closed system and
small amounts of impurities could enter. Therefore, the design was improved in a

second version of the electrochemical cell.

3.3.2.2 RDE cell version 2

The main aim of this improved version of the electrochemical RDE cell was to reduce
the cell volume compared to that of RDE cell version 1. Rather than continuing to
optimise the design of the assembled cell type, we decided to design a totally new
type where all the compartments are extrusions from the same block of Teflon. An
advantage of a one-block-cell design is that the Teflon pipes and tubing connectors
are no longer needed, which reduces the overall space needed for the cell.
Additionally, the cell becomes very easy to handle as the amount of moveable parts
are reduced. The realised 2-compartment cell is shown in figure 3.3-3.
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Figure 3.3-3: Drawing of the RDE Teflon cell design version 2. All
compartments are made out of one block of Teflon which

results in a very compact design.

Two vertical main holes are drilled into the cell body to be used as compartments for
the working and reference electrodes. A small Teflon pipe (red) in the middle of the
main compartment acts as Luggin capillary. The capillary is connected to the
reference compartment via a horizontal hole. The entrance of this hole at the side of
the cell is sealed so no electrolyte can exit. The counter electrode is placed in a small
semi-circular hole.

The two gas bubblers for saturating the electrolyte with a specific gas are made of
two vertical holes entering each compartment; one for the main and one for the
reference compartment. The holes are horizontally connected to each other by an
inlet into which a tubing connector made out of Teflon is screwed in. The purging gas
passes through a piece of porous Teflon before entering the electrolyte. In addition, a

semi-cut Teflon pipe hinders gas bubbles to enter the main compartment.

This cell has a significant smaller cell volume than version 1. Only 40ml of electrolyte
is needed, a reduction of 70%. Another advantage of this cell is that all compartments
are purged with the same gas, which should reduce the amount of air entering the
cell. However, after continuous Ar purging in some cases traces of oxygen could be
still detected. A possible reason might be gas evolved at the counter electrode during
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the measurement. Therefore a third design of the all-Teflon electrochemical cell was

developed.

3.3.2.3 RDE cell version 3

In this version of the electrochemical all-Teflon RDE cell, the focus was to build a 3-
compartment cell and to implement a temperature control by a heating bath. In order
to avoid any impact of gas evolution on the counter electrode, a separate counter
compartment was implemented into which a Tschurl compartment can be placed.
The whole cell can be placed into a large beaker filled with water, which facilitates the
heat control as an ordinary heating plate can be used. The resulting design can be

seen in figure 3.3-4.

A B

Reference Gas Inlet

Counter

Luggin

Main

Figure 3.3-4: Drawing of RDE Teflon cell design version 3. The cell is a
membrane separated 3-compartment cell designed to be used in
a heat bath.

The design is similar to the RDE cell version 2 as it is machined from one Teflon
block. The compartments are interconnected to each other via a small hole in the
middle of the main compartment which also acts as Luggin capillary. A modified
Modified Tschurl compartment (green) is placed in the reference compartment. An
additional third compartment is placed in the semi-hole, tangent to the main

compartment. Here the counter electrode is placed.
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All compartments are positioned as close as possible together in order to minimise
the cell volume as well as the resistance between the electrodes. The cell requires
about 40ml of electrolyte for operation, which is similar to that to RDE cell version 2.
A new feature of this cell version is that in order to make the cell more robust the lid
is screwed onto the main body. Furthermore, the RDE can be adjusted in horizontal
direction. The vertical distance of the working electrode to the Luggin capillary can
thereby be optimised after cell assembly, thus minimizing the solution resistance
without introducing a disturbance to the convection of the electrolyte.

The inlet of the gas purging is placed in the cell lid in order to make the cell fit into a
beaker. Gas enters the electrolyte through a Teflon pipe in a side compartment,
which is connected to the main compartment by a series of holes which should avoid
turbulences in the electrolyte. As all compartments are connected under the lid, all
experience the same atmosphere.

Teflon has a large heat capacity. In order to avoid a sluggish response of the
electrolyte temperature to the water bath, the heat capacity of the cell was minimized.
The cell walls are made very thin (2 mm) and any “dead weight” is cut away. As a
consequence, the cell obtained an edged form of the lower parts, see figure 3.3-4(B).
Figure 3.3-4(C) shows the assembled cell together with the RDE in a water beaker.
Using a heating plate it takes about 15 min to heat the electrolyte from 25°C to 60°C.

3.3.3 Teflon MWE cells

The MWE array is not directly compatible with the previously presented designs of
the RDE cells due the rectangular electrode array. As a consequence a modification
of the design for an electrochemical MWE cell was required.

A general problem in using a MWE array is that the experimentally important
convection of the electrolyte to the electrode cannot be generated by rotating the
electrode. In contrast to the RDE, the shaft of the MWE is mechanically fixed. Instead
of rotating the working electrode, convection of the electrolyte could be generated by
a mechanical stirrer. However this would require a complicated setup. Instead, a

magnetic stirrer was used, which was placed underneath the electrochemical cell.
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3.3.3.1 MWE cell version 1

In its first version, the MWE cell design was based on RDE cell version 1, which was
adapted to the MWE array. Further modifications were needed in order to implement
the magnetic stirrer. The cell design is shown in figure 3.3-5.
With its increased size compared to the RDE, a centre position of the MWE array in
the main cell chamber would result in decreased distance of the gas inlet to the
working electrodes and thus the Luggin capillary. This could yield to distortions when
purging the electrolyte. Therefore, the Luggin capillary (red) was shifted off centre to
maximise the distance between the gas inlet and the MWE. Additionally, two holes
have been placed in to the bottom of the main body to place the magnets in. The
holes are located directly underneath the MWE, to create a strong and relative steady
convection of the electrolyte. Rather than using standard Teflon coated magnetic
rods, a cylindrical Teflon casing for the rod was designed, which fitted perfectly into
the holes. Thus the “wobbling” of the stirrer at high rotation rates was minimized.
Furthermore, the convection of the electrolyte to the electrode surface became more
uniform as the rod consisted of several “blades” in contrast to standard magnetic
rods.
The lid of the cell was re-designed as well. The rectangular extrusion of the lid is
positioned in way that the centre of the MWE array is placed directly above the
Luggin capillary.
) [
Tschurl /I(MCQ)VJ— Reference Mgt — Adiustable
? M height

. | Rotator?2
Luggin j /
Rotatorl Counter -

l
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Figure 3.3-5: Drawings of the Teflon MWE cell design number 1 - an adaption
of the Teflon RDE cell model version 1 to the MWE.

46



With this cell design, measurements under similar conditions as in a RDE setup could
be performed. For example, by a rate of 1000 rpm by the magnetic stirrer the
average diffusion limited current in ORR measurements was equivalent those
measured in a RDE setup at 1600rpm. The individual diffusion limited currents at the
MWE electrodes, however, showed differences up to 50%. Furthermore, the noise
level is in the current signal was significant larger than in the RDE setup.

It was found that the noise was strongly influenced by the magnetic stirrer, as well as
the angle between the pipe leading to the reference compartment and the radial
vector from the centre of rotation magnet.

The noise was could be minimised if the cell was placed in such a way that the pipe
had a 90°-angle to the radial vector. This can be explained by a Lorenz force acting
on the ions [27]. The magnetic field of the stirrer induces oscillations in the radial
direction of the ions in the pipe. The ion movement invokes an oscillating potential
drop between the reference electrode and the working electrode. Although a potential
error is induced, the feedback system forces a current through the working electrode
in order to cancel out the disturbance. Hence, the disturbance is observed as an
oscillation of current.

With the help of the adjustable shaft of the MWE, the solution resistance could be
minimised. In 0.1M perchloric acid, the typically obtained resistance is 2, although
in some cases values of up to 2@ were determined. These deviations most likely
can be related to a contact resistance to the electrode back side. They cause
relatively large systematic errors as the MWE device cannot be electronically
compensated for the resistance. Furthermore, it was observed that the resistance of
the electrodes closer to the counter electrode is smaller than for those further away.
The addition of supplementary counter electrodes to the setup, which were located

close to the MWE, reduced the differences.

3.3.3.2 MWE cell version 2

The aim of this improved cell design was to solve the problems identified for the
MWE cell version 1. In addition, a temperature control of the electrolyte and a 3-
compartment cell was introduced as well as the overall cell volume was reduced. The

cell design can be seen in figure 3.3-6.
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Figure 3.3-6: Drawings of the Teflon MWE cell design version 2. The cell is a
membrane separated 3-compartment cell designed to be used in
a heat bath.

The cell design includes many features of RDE cell version 3. The cell is made out of
one Teflon block. Both the counter and the reference electrodes are placed in
removable modified Tschurl compartments (green), which are placed in the holes,
positioned on each side of the MWE array; the reference compartment to the left, the
counter compartment to the right.

In order to reduce the fluctuation of the diffusion limited current resulting from non
uniform electrolyte convection, the small stirrers were exchanged by a large one.
During rotation the electrolyte flows in a channel loop in clockwise direction before
reaching the electrode in order to reduce turbulences. Thus the electrolyte convection
becomes more laminar before reaching the electrodes.

In order to reduce the current oscillation due to the rotating magnetic field, the Luggin
capillary (red) and the reference compartment, are placed in a way such that the
channel between them is directed transient to the rotation of the magnetic field, which
is centred underneath the magnetic stirrer.

The gas inlet and all electrical cables enter the cell from above as shown in figure
3.3-6(B). The cell can be placed in a large water beaker where the temperature can
be controlled by a heating plate. Thus a combined heating and magnetic stirrer
device can be used. The cell walls are made very thin (~3mm) in order to enhance
the heat transfer through the cell walls. Also the amount of electrolyte required to

operate the setup is reduced to about 70ml. This is about 50% less than in the
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previous version, MWE cell version 1. This reduction could be achieved by the
removal of the external reference compartment. Using this cell design catalytic
measurements with the MWE setup could be performed under similar conditions as
those in a RDE setup. Measuring the ORR, it was observed that a maximum
electrolyte flow is already reached at a rotation of the magnetic stirrer of 600 rpm.
Higher rotation rates did not increase the diffusion limited current, which equals the
one obtained in a RDE setup at 900 rpm rotation speed. Although this is slightly lower
than the limiting current obtained in MWE cell version 1, the differences of the
individual electrodes were significantly smaller. Furthermore, the current fluctuation
resulting from the magnetic stirrer is significantly reduced as a lower stirring rate can
be used and the magnet is placed perpendicular to the cell connection between
Luggin capillary and reference electrode.

The typical solution resistance using 0.1 M perchloric acid in this cell is 10 Q.
However, the working electrodes which are situated close to the counter electrode
exhibit in general a significantly smaller value than those working electrodes in the

second row.

3.3.4 Reference electrode side compartment

In an electrochemical glass cell, a closed electrolytic bridge between the reference
compartment and the main compartment can be used in order to reduce the diffusion
of chloride ions from the reference electrode into the main compartment, while still
providing electrical contact. In the case of an all-Teflon cell, because of the
hydrophobicity of Teflon a closed electrolytic bridge does not provide sufficient
electrical contact between the two compartments. As an alternative diffusion barrier
for the chloride ions in the reference compartment in this work a Nafion membrane
was utilised. The conductivity of the membrane is sufficient to provide an electrical
contact, but blocks any convection between the cell compartments. The attachment
of a Nafion membrane to a small Teflon vial, was coined as a Tschurl compartment
[25].

3.3.4.1 Tschurl compartment

The first version of a Tschurl compartment is shown in figure 3.3-7.
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Figure 3.3-7: Drawings of the Teflon made Tschurl compartment. A Nafion
membrane is separating the inner compartment from the
outside in order to reduce the diffusion of larger ions although

permitting good electrical properties.

The Tschurl compartment is composed of a Nafion membrane and 3 Teflon parts, i.e.
the main compartment, the screw-in bottom and the spacer. The parts are assembled
as shown in figure 3.3-7. By screwing in the bottom, the Nafion membrane is tightly
pressed against the main body, thus preventing any electrolyte flow. The “legs” on
the screw-in bottom guarantee that enough electrolyte is located between the bottom
of the Tschurl compartment and the reference compartment of the cell into which it is
introduced. This should ensure that a loss of electrical contact is avoided. The
measurements showed that nevertheless in some cases an air bubble was trapped

below or above the membrane, which lead to a loss of electrical contact.

3.3.4.2 Modified Tschurl compartment

In order to reduce the occurrence of such air bubbles, a new design of the Tschurl
compartment was adopted, as shown in figure 3.3-8. This new design also allowed
the use of the Tschurl compartment in the RDE cell version 3 and the MWE cell

version 2.
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Figure 3.3-8: Drawing of a modified Tschurl compartment. The position
Nafion membrane is altered and position vertically in order to

avoid the trapping of bubble.

The main difference to the first version is that the membrane is vertically positioned in

the compartment, which allowed wider holes and inhibited the trapping of air bubbles.

3.4 Automatic gas changer

For a complete electrocatalytic characterization of a fuel cell catalyst in a RDE or
MWE cell, the electrolyte has to be saturated several times by different gases, such
as Oy, Ar, Hy, CO. A computer controlled gas changer for the purging gas thus can
greatly reduce the time demanding manual work during the measurements.
Furthermore, the reproducibility of the measurements can be greatly enhanced as
programmed measure protocols can be executed, which guarantee that always the
same procedure is used in a catalyst characterization. A complete commercial gas
changing system suitable for our setup was not available. Nevertheless, a large
market exists regarding gas and gas flow elements; hence the gas system could be

build in-house by combining several commercially available elements.
For our purpose only a gas selection device without gas mixing was required. Hence

bipositional gas valves, which start and stop the gas flow in each gas line, are
sufficient for the setup. In order to incorporate them into the existing setup, the gas
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valves should be monitored by a digital electrical control system. For the flow rate of
the gas no computer control was required, as only a fixed flow for the different gases
is used which should be constant in time. As a result of the single gas inlet in the
electrochemical cell, the different gas lines have to be joined before the inlet. Thus a
single control device which fixes the gas flow was sufficient.

A multi position valve was chosen rather than several bi-positional devices. The multi
position valve has a fixed housing with several gas inlets and one outlet. Inside the
valve is a movable cylinder with holes. Depending on the position of the cylinder, a
hole interconnects a certain inlet with the outlet. The cylinder is turned and positioned
by an electrical step motor with gear box, and an actuator which can be controlled by
computer.

There are various gas flow controllers commercially available. One of the properties
to be considered is whether the mechanical flow controller should use up-stream or
down-stream pressure as reference. In our case, the gas is provided from gas bottles
with pressure reducers. The gas lines are relatively long and the pressure in the
respective lines can differ. As the gas pressure and flow at the inlet of the
electrochemical cell should be stable, a flow controller with a feedback reference
pressure in the downstream was preferable.

The knowledge of the exact flow rate of the gas, however, was not crucial. Therefore

a basic analogue flow meter was sufficient, such as the rotameter used in the setup.

Actuatar
Control
Lnit

Flows control

Flowmeter

Figure 3.4-1: Schematic outline of the assembled gas changer system.

The schematic outline of the gas system design can be seen in figure 3.4-1. All gas

sources are connected to the valve inlet, while the flow control in connected to the
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outlet. Further downstream the flow meter is placed. The system uses a flow
controller (model 300) and gas actuator (Microelectric actuator) with a multiposition
valve (6 positions) from Vici AG. The actuator has a control module with both a user
interface and a RS-232 interface for computer control. The flow rate is adjusted
manually. The flow meter is a "Mini-Master" from "Dwyer instruments inc.".

A drawing of the build gas changer built in this thesis is shown in figure 3.4-2. All
parts are attached to an underlying board. On the front panel are the user-interface of
the actuator control module, the analogue flow controller as well as the flow meter

attached. The gas changer can thereby also be manually operated.

Figure 3.4-2: The drawing of a gas changer, assembly of an electronic

controlled gas actuator, flow control and a flow meter.

3.5 The potentiostatic measure system

3.5.1 Measure system

In electrochemical experiments an active measure system is used. In other words, a
black box, i.e. the partly unknown physical system of interest, is actively perturbed
and the response is recorded. Thus a more complete understanding of the physical
system can be established. For the EC setup, the system is divided into three parts
as shown in figure 3.5-1: the voltage perturbation source, the potential control device
connected to the EC cell and the recorder device. It is therefore important to keep in
mind that any element in the “black box” can be the origin of a certain response.
Hence it is important to understand each element of the measure system and its

limitations.
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Figure 3.5-1: Outline of an active electrochemical measure system
comprising a signal generator, a “black box” and a signal

recorder.

3.5.1.1 Perturbation signal generation

Prior to the digital era, analogue signal generators were used to generate the
perturbation signal. As a result of their complexity in design and construction, these
devices were limited to only a few specific perturbation techniques which can be
easily generated in an analogue way (square waves, sinusoidal etc.).

With the introduction of fast digital-to-analogue converters (DAC) with high resolution,
virtually any arbitrary analogue waveform can be generated. This is a great
advantage for the electrochemist because a whole range of perturbation techniques
is nowadays available without supplementary investments in hardware. Several
techniques can easily be super-positioned, which decreases the time of sample
characterisation and results in an increased amount of information about the

measured system.

3.5.1.2 Signal monitoring

Each perturbation technique has a characteristic signal response with corresponding
key values; hence the visualisation of the measured data must be done with respect
to the specific technique.

Similar to the case of signal generation, the development of high speed analogue-to-
digital converters (ADC) with high resolution made analogue instruments for
monitoring redundant. For example, formerly a CV was visualized with a XY-plotter,
while the current transient after a potential step was better observed on a standard
plotter. Furthermore, with a sinusoidal signal of a specific frequency, it is only the

amplitude and phase of the response signal that is of interest and not the real signal.
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Hence, these values have to be extracted prior to the visualisation. With an ADC,
once the measured signal has been digitalized, the data can be mathematical
filtered. Albeit several perturbation signals are superposed, data treatment can

extract the key values. The key values can then be displayed in a suitable manner.

3.5.1.3 Potentiostat

A potentiostat is an electric device that can replicate an input signal to a perturbation
of the interfacial potential of the working electrode. The current-potential response is
monitored in order to elucidate the characteristics of the system. Physical constraints
of the potentiostat can cause measure artefacts, hence being aware of their limitation
is vital for correct measurements.

The potentiostat operates by sending a variable current through the counter
electrode to the working electrode. At the same time the voltage between the
Reference contact and the WE is measured. The current source is controlled by a
feedback loop, see figure 3.5-2 and figure 3.5-3, which enables either the control of
the voltage (potentiosatic mode) or the current (galvanostatic mode). In the
potentiostatic mode, the supplied current is adjusted until the E,, equals the desired
voltage Ewant. The current-potential relation of the WE with the respect to the RE can
thus be measured disregarding the potential needed to drive the current between CE
and WE.

u in Ucu( iout
|
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Figure 3.5-2: Scheme of the control system of a potentiostat in potentiostatic
mode. The voltage difference between the working and

reference electrode is fed back.
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Alternatively the potentiostat can operate in the galvanostatic mode. In this mode,
instead of the voltage the measured current (U;) between the WE and CE is fed back
into the control loop, i.e. the potential between WE and CE is adjusted until the

desired current flows through the system.
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Figure 3.5-3: Scheme of the control system of a potentiostat in galvanostatic

mode. A voltage representation of the current is fed back.

3.5.1.3.1 Solution compensation

As described in the chapter “Theoretical aspects of the electrochemical setup”, in a
three electrode setup the interfacial potential difference cannot be directly measured.
Instead, E, is shifted by a quantity corresponding to the potential drop of the solution
resistance between reference and working electrode. Several steps, e.g. using a
Luggin capillary, can be taken in order to minimise the solution resistance.
Nevertheless for highly accurate measurements an electrical potential compensation
is indicated to further reduce the voltage divergence.
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Figure 3.5-4. Scheme of the control system of a potentiostat with an
additional loop for compensating the solution resistance in

potentiostatic mode.

The compensation operates by adding a voltage quantity to the measured potential
difference in such a way that it cancels out the expected solution resistance. The
resulting Ecomp, instead of En, is then fed back into the control loop, as shown in
figure 3.5-4.

In order to evaluate the required compensation voltage, there are two main schemes

available: the positive feedback and current interrupt scheme.

Positive feedback

The most straight forward compensation scheme is the positive feedback. Given that
the measured current is converted in the measure system into a voltage, a quantity of
this voltage corresponding to a negation of the expected potential drop of the solution
resistance is added to the measured voltage.

The advantage is that a rather simple electronic circuitry can be used in order to
implement this scheme in the potentiostat. Furthermore, it operates reliable even at
high scan rate / high frequencies. In addition, the effective solution resistance, i.e. the
part of the solution resistance that is not cancelled out, can be determined during the
measurement thus indicating to the user if the compensation scheme works. The
drawback, however, is that the solution resistance has to be determined prior to an

experiment, which should not be changing during the course of a measurement.

Current interrupt
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With the current interrupt scheme, the potential drop over the solution resistance is
measured and feed into a control loop; hence no prior knowledge of the solution
resistance is needed. This method is very useful if the solution resistance changes
largely over time, which is the case for example in dropping mercury electrode (DME)
experiments.

The potential drop over the solution resistance is measured as the difference of the
measured potential prior and after a current interrupt. Hence, a relative complex
circuitry is needed as the compensation signal is desecrated in time. In general the
method has an updating frequency in the order of 100 Hz or less [28]. It is therefore
not adequate for measurements at scan rates above 100mV/s. Furthermore, large
capacitances of the EC cell can interfere with the accuracy of the method and hence

it should be used with care.

3.5.1.3.2 Technical difficulties of potentiostats

The feedback based control system of the potentiostat can generate problems. Not
only can measure artefacts be created, but in some cases it can lead to damage or
even destruction of the electrodes.

Measure artefacts can be created due the power limitation of the potentiostat. If the
potentiostat is not powerful enough, the required potential cannot be supplied to the
CE in order to adjust the desired potential difference between WE and RE. With
potentiostats that only measure the current signal, this potential artefact is in general
not noticed by the user.

Furthermore, it is vital that the RE and the CE have good electrical contact. If the
contact is lost, the current adjusting the desired potential difference between WE and
RE is not controlled anymore. In such a case, the potentiostat will supply its
maximum voltage/power to the system and can cause considerable damage to the
working electrode.

Additionally, the potentiostat can start to oscillate. In such a case the potential control
is lost, which can damage the working electrode as well. Oscillations can occur if the
solution resistance between reference and working is too small or if the applied
positive feedback compensation is too large.
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3.5.2 Commercial measure system

Analogue potentiostats have been on the market since the 1970s, and in order to
complete the measure system (see figure 3.5-1), additional instrumentation was
required. Beside the signal generator, plotters or oscilloscopes were needed as well.
In later years, in commercial potentiostats the signal generator was integrated into
the device in order to reduce the amount of different instruments. With the
introduction of affordable high resolution and fast DAC and ADC fully computerised
systems became available. Although the design and control of such an apparatus
requires a skilled programmer, the development of the software and computer
interface resulted in "plug-and-play"” electrochemical setups.

On the other hand, the integrated system limits their customization. As all
components are integrated, in general the computer controlled measurements have
to be performed using the software developed by the manufacturer. These programs
are often inflexible and can seldom be customized in order to incorporate additional
devices such as gas changers or temperature control units if these items are not
provided by the same company.

In addition, the intersystem data exchange is often problematic too. The software
restrains the user to only the mediocre data analysis software of the potentiostat
developer, rather than a specialized data analysis program with a wide range of

features.

In order to set up a fully computerized experimental platform, it is vital that all the
different systems; gas change, temperature control etc. are compatible, both on
hardware and software level. A commercial measure system would consequently not

be suitable.

3.5.3 In-house developed measure system

Due to the limitations of the commercial system discussed in the previous section a
measure system was build in-house. The schematic outline of the system is shown in
figure 3.5-5. As signal generator and recording device, a commercial DAQ card from
National Instruments was chosen. In order to produce the perturbation wave and
monitoring the experiment a software based on Labview was developed (See chapter

4. Software development for more details).
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Figure 3.5-5: Outline of the setup for electrochemical measurements.

An advantage of the chosen layout is that it permits any potentiostat with analogue in
and out channels to be used. This was a requirement as two different commercial
potentiostats were already at our disposal: the semi-digital Princeton 263A and the
analogue Bank POS2. Additionally, the flexible design facilitated the implementation

of the in-house developed potentiostats.

The reason for developing an in-house build potentiostat was that the performance of
the two commercial potentiostats at our disposal; the semi digital Princeton 263A and
the analogue Bank POS2 Potentiostat, was not entirely satisfactory. For example,
POS2 lacks an adequate solution resistance compensation scheme, whereas the
semi-digital 263A exhibits only a digital positive feedback compensation as well as a
current interrupt system. In the typically performed RDE measurements, the current
interrupt scheme does not offer an adequate compensation. It was found that the
measurements with and without active compensation only differed by a current
independent potential offset. The reason for this abnormal behaviour could not be
determined. Applying a solution resistance compensation via the positive feedback
scheme was feasible, although it was sometimes randomly switched off despite the
fact that the potentiostat indicated it to be active. Furthermore, the updating rate of
the DAC responsible for the compensation is below 1 kHz, hence the effective

solution resistance cannot be monitored in-situ, i.e. during the measurement.
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Figure 3.5-6: Scheme of the control system of the semi digital Princeton 263A
potentiostat including the compensation of the solution

resistance by a positive feedback scheme [29].

An additional drawback of the 263A potentiostat is shown in
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figure 3.5-6, [29]. The compensation scheme used in 263A deviates from the one
shown in figure 3.5-4 in the way that Uy, is measured instead of the compensated
potential Ecomp. Thus although a compensation scheme is applied to the system, Uyt
is not corrected, thus making it difficult to the user to control the effective
compensation. Given the unsatisfactory performance of the two potentiostats, within
the framework of the presented thesis an analogue potentiostat was developed which

is optimized to our requirements yet flexible in its design to hardware additions.

3.6 In-house designed analogue potentiostat

By constructing our own potentiostat, the design could be optimised for our

experimental requirements.
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The following requirements were chosen for the in-house designed potentiostat: i) the
current supply was limited 10 mA. This value is about a magnitude higher than the
typical current in a RDE experiment probing the oxygen reduction reaction (6 mA/cm?2
on a 0.2 cm? electrode [30]); ii) at the same time the accuracy should be highest in a
current range between 10 pA to 10 mA,; iii) the current range can be set in remote
control by the computer; iv) a positive feedback scheme for the compensation of the
solution resistance should be implemented. As discussed in the previous chapter,
such a compensation scheme is the most adequate to our requirements as the
solution resistance is expected to be constant during the experiment. The scheme is
electronically easy to implement and can compensate for the solution resistance
even at high frequencies. Hence, its performance can easily be demonstrated and

monitored.

3.6.1 Circuit Design

There are numerous examples of potentiostat designs in the literature. Based on the
ones given in refs. [13, 31-32], the potentiostat was planned.

The design of many active electrical systems is based on operational amplifiers (OP
amp). An op amp is an active component that produces a voltage at the output that is
several million times larger than the voltage difference at the two inputs. By
connecting different passive electronic components (resistor, capacitor and inductor)
to the OP amp, several well defined assemblies can be made, such as: an amplifier
with fixed gain, a voltage summing device, etc. These can be used as building blocks
in order to achieve a regulating system, such as the one needed in the analogue
potentiostat [33-34].

The components have to be carefully chosen, especially the operation amplifiers. The
characteristics of non-ideal amplifiers deviate largely from ideal ones. Each model
has different specifications in order to cover specific areas of operation. For example,
an operational amplifier that can deliver a large current is often relative slow

compared to an amplifier that can only deliver small currents.
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Figure 3.6-1: Simplified block diagram of the in-house made potentiostat.

The circuit block diagram of the in-house designed potentiostat is shown in figure
3.6-1. The layout corresponds to the one given in figure 3.5-4. The simplified block
diagram exhibits the main features of the operation of the potentiostat.
Supplementary components, such as the digital control circuitry for the remote switch
control has been deliberately excluded. In the following the most important parts are

described.

3.6.1.1 Electrometer

The voltage at the reference contact is measured by an electrometer, i.e. a voltage
follower. The output is connected to the inverted input (-), hence the output voltage
(Ur) is negatively fed back. The op-amp will supply maximum voltage as long as
there is a potential difference between the inputs. Because of the negative feedback,
the output voltage will dynamically adjust until the voltage at the inverting matches
that of the non-inverted input. In other words, the output voltage will follow that of the

non-inverted input.
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The specific operational amplifier used for this operation has a high input impedance
(>10™ Q) such that almost no leak current floats. This is vital for the reference
electrode since a current would shift the potential from equilibrium and introduce an

offset.

3.6.1.2 Current to voltage converter

In order to measure the current passing through the working electrode, the current
has to be converted it into a voltage. Therefore the current is passed through a
resistor and it can be calculated following Ohms law. Thus the conversion factor can
be chosen freely. As seen in figure 3.6-1, a voltage follower replicates the voltage
(Uw) over the resistance. Its high input impedance reduces the current through the
secondary path, via the operation amplifier to ground. Otherwise such a secondary
path could cause a large deviation.

The ADC, which records the voltage signal, operates in the range [-2,2] volts with
65536 discrete steps (16-bit). In order to minimise the relative measurement error,
the current signal has to be conditioned. The maximum reached current/voltage
should fit the interval range, while the digital resolution determines the detection limit
of small currents. Hence, by switching between different resistances, the current
signal can be converted to the optimal voltage value. Four different conversion
resistors were chosen: 50 Q, 500 Q, 5kQ, 50kQ. A supplementary amplifier
(“Gain 2x”) enhances the signal two times. As a result, 1V measured at the output
corresponds to a current of 10 mA, 1 mA, 100 pA or 10 pA, respectively, flowing
through the WE.

The switching between the resistances is performed by electrical relays (range
switches). These relays can either be controlled remotely by computer via the digital
channels of the DAQ-card or manually at the front panel of the potentiostat. The
known current-to-voltage factor is later used in the program to calculate the value of
the current through the WE.

3.6.1.3 Differential Amplifier

A differential amplifier circuit generates a voltage which is proportional to the
difference of the voltages at the two inputs. This can be achieved by connecting four
resistors of the same size (typically 10k to an operation amplifier as shown in

figure 3.6-1. In this case the voltage difference of interest is the one between the
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reference and the working electrode. Therefore, the two signals from the voltage
followers are connected to the amplifier. Thus, independent of the relative ground of
the reference or working electrode, the output of the amplifier gives the difference
between the two input values.

(35)

3.6.1.4 The solution compensation

In order to compensate for the solution resistance, a voltage proportional to the
measured current has to be added to the control loop. In the developed setup, the
working electrode is potentially not on ground, but shifted by the voltage over the
current measure. Hence if this voltage is fed back not with unity but scaled up, the

desired effect is achieved:

U, =Ug-(1+A)U, =E (36)

out — “—comp

where A is level of amplification.

The amplification factor of the variable amplifier in figure 3.6-1 linearly increases with
the variable resistance. The variable resistor ranges from 0 to 50 kQ. If the variable
resistor is turned to 0 Q, the amplifier behaves as a current follower, i.e. amplification
is 1 (A=0).

The amplification factor is furthermore influenced of by the second resistor. In order
to avoid that a change in current range influences the compensation, the second
resistor has to be changed in accordance to any changes in the current range. For up
to 50 QQ compensation, the second resistor is 50 kQ and 5 kQ for the current range
10 mA andl mA respectively. For the two other current ranges, the potential error
would be less than <5 mV if the solution resistance is less than 50 Q which can be
considered negligible.

The compensation of the solution resistance can be disconnected by a switch on

front panel which disconnects the output and connects the signal line to ground.

3.6.1.5 Operation Mode and Power Amplifier

The mode switch, see figure 3.6-1, sets the operation mode of the potentiostat. In the
potentiostatic mode, U_out is connected to the power amplifier, whereas in the

galvanostatic mode, |_out is connected to it.
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The power amplifier is an OP amp that can deliver both a high voltage as well as a
large current. The amplifier supplies the voltage needed to force a current through
the cell until the voltage at the two inputs of the amplifier matches. Hence in
potentiostatic mode, the negation of U_in corresponds to the generated voltage of
between RE and WE. In the second case, the current applied to the cell corresponds

to a fraction of the current range given by the negation of U_in.

3.6.2 Front Panel
Current Range Multimeter Compensation  Control

Overload

INPUT OUTPUT CELL Connections

Figure 3.6-2: Picture of the front panel of the in-house made potentiostat

The front panel of the in-house designed and manufactured Potentiostat is shown in
figure 3.6-2.

The upper part of the front panel features the manual settings. The current range can
either be set manually or remotely by turning the black knob to the appropriate
position. In either case a small light indicates to the user which current range is
currently active. The Multimeter display shows either the voltage between the WE

and RE contact or the current trough the WE (expressed as voltage). The solution
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resistance compensation can be switched on or off. Its value is set via the
potentiometer. The maximum compensation (10-turns) corresponds to 50Q. The 3-
position control switch sets the operation mode of the potentiostat and activates the
connection to the electrochemical cell. In the upper position, the potentiostat
operates in galvanostatic in the lower position in potentiostatic mode. In the middle
position the electrochemical cell is not electrically connected. This switch is over
ridden if the current range knob is set to REMOTE.

At the lower part of the front panel the electrical connections to the electrochemical
cell, the INPUT and the OUTPUT signals are found. BNC connectors are used in
order to shield the signals from electrical noise. There are two connectors available
for the signal INPUT, of which one is DC coupled and the other one AC coupled. At
the OUTPUT connectors, the voltage between RE and WE as well as the current
signal can be measured. The current output can be AC coupled in order to increase
the sensitivity of AC signal.

On the front panel there are two LEDs indicating an overload. The LED at the CE
connection indicates a voltage overload, whereas the second LED indicates a current

overload, i.e. if the range of the I/E converter is exceeded.

3.7 Multi-Working Electrode system

As discussed in the previous chapter, with the invention of high surface area
catalysts for low temperature fuel cells a new type of surface to volume optimized
catalysts was introduced. The properties of such a catalyst are more complex in
comparison to a flat electrode. The active surface area does not correspond to the
geometric area, but is rather proportional to the applied amount of catalyst mass and
the particle size. Hence, in order to be able to compare the catalytic activities, i.e. the
normalized reaction rates of different catalysts, the electrochemical surface area or
number of electrochemical active sites has to be determined [35]. In addition, there
are also more practical issues concerning the samples. At high loadings not the
complete catalysts might be accessible for the reactions anymore. Furthermore, part
of the catalyst can be lost upon introducing the working electrode into the solution,
but also due to the preparation method. All these factors result in errors for the

activity determination. Therefore, the characterization of a significant amount of
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samples is required in order to achieve statistically significant results. This can be

very time consuming.

3.7.1 Add-On Modular MWE device

In order to reduce the time needed for characterizing a catalyst, the measurements
can be conducted in parallel. Multi channel potentiostats featuring a simultaneous
individual potential control and current measurement of each electrode are
commercially available [36-37]. This permits to conduct different measurement
protocols to be synchronously applied to different WEs. As a result of their complex
circuit architecture however, multi channel potentiostats are in general expensive,
which has impeded their wide spread use. However, if the same measurement
protocol is employed, an individual potential control is not necessary, and hence a
more basic circuit architecture can be used. As part of the presented thesis a
modular add-on device was designed and built, which allowed to use the existing

instrumentation for multi-channel measurements.

The outline of the standard EC setup (see figure 3.5-5) with the additional MWE
modular system can be seen in figure 3.7-1. The MWE module is added between the

working electrode contact of the Potentiostat and the working electrode(s).
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Figure 3.7-1: Outline of the setup for electrochemical measurements using
several working electrodes. In addition to the normal setup (see
figure 3.5-5) there is a modular multi-channel I/E converter in
between the working electrodes and working electrode

connector of the potentiostat.
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The operation principle of the active device is to convert the current of each channel
into a voltage. Simultaneously, it actively strives to minimise the potential drop
between each electrode of the MWE assembly and the input potential of the WE
contact independent of the current floating through the electrode contacts. Thus the
control circuit of the potential is not affected by the module and the potential at the
working electrodes is still controlled by the potentiostat. In the following the design
considerations of the add-on modular MWE device and its realization are described

in more detail.

3.7.2 Circuit design

In order to realise the MWE system, a circuit design is required that permits an
accurate current measurement at an electrode without the addition of a potential
drop. This is achieved by an active current-to-voltage converter: a so called trans-

resistance amplifier.

Figure 3.7-2: The outline of a trans-resistance amplifier. The current is

converted into a voltage by the active element.

A trans-resistance amplifier, a circuit layout is shown in figure 3.7-2, consists of an
operation amplifier and a resistance (Rny). The resistor connects is connected
between the output and the inverting input (-), hence the output voltage (V) is
negatively fed back. The op-amp will supply maximum voltage as long as there is a
potential difference between the inputs. Due to the negative feedback, the output
voltage will dynamically adjust until the voltage at the inverting matches that of the
non-inverting input. There is only one current path for i, hence in order to keep the
voltage of the inputs equal the operation amplifier drives the same current in the

opposite direction. As the potential difference at the inputs is virtually 0, the potential
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at the output obtains the same value as potential drop over the resistor (U;). By

measuring V relative ground the current can be calculated given Ohm’s law.

i
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Figure 3.7-3: Simplified block diagram of the MWE module. The module
consists of several trans-resistance amplifiers in parallel, one

for each working electrode.

Several parallel trans-resistance amplifiers, one for each current channel, constitute
the add-on MWE module. The block diagram is shown in figure 3.7-3. In contrast to
the trans-resistance amplifier in figure 3.7-2, the non-inverted inputs of the amplifiers
are not connected to ground but to the working electrode connector of the
potentiostat. The working electrode connector of a potentiostat is in general not on
ground. Therefore, in order to measure the voltage of the outputs correctly, the DAQ
card has to be measured via the sense connection which is connected to all the non-
inverted inputs as well as the working electrode connector.

The circuit design is scalable and there is no theoretical limitation of the number of
working electrodes that can be used at the same time. However there are limitations

due to the power output of the potentiostat.

3.7.2.1 Realization

The MWE module designed and built is shown in figure 3.7-4 together with the MWE
shaft and the connection to the DAQ card. Considering the physical size of the MWE
assembly, the system features only 8 channels (see chapter “Developed multi
working electrode (MWE) array”). The device has a fixed current range of 1 mA,
corresponding to the maximum expected current during the measurement of the
oxygen reduction reaction. The current is measured over 1 kOhm resistors, thus a

current of 1 mA corresponds to 1 V.
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The circuit board, on which the operational amplifiers are positioned, is encased in a
metal box for shielding electrical noise (figure 3.7-4). Only standard components are
used in order to achieve a dynamic range of about 50 kHz. Each OP amplifier can
handle currents up to at least 5 mA without saturation.

Figure 3.7-4: Picture of the MWE device, MWE shaft and DAQ connection
board

On the front side of the module, there are two 9-pin D-sub (DE-9) connectors; one
male, to be connected to the array of working electrodes, and one female, to be
connected to the DAQ. The pin numbering of the connectors corresponds to the
matching channel except for Pin 9. On the female contact this pin is connected to the
non-inverted inputs of all operational amplifiers hence it should be connected to the
WE channel of the potentiostat and the sense channel of the DAC card. On the male
contact the 9" pin is connected to ground, to which the outer parts of the coaxial
cables connecting the MWE module to the shaft are contacted. Additionally, there are
two banana sockets for the current return feed to the potentiostat and the ground.

The DAQ card is set to measure the current channels in a Single-Ended-Non-

Referenced (NRSE) mode. Each channel is therefore measured with respect to a
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common reference (sense); in contrast to the Single-Ended-Ground-Referenced
(GRSE) mode where the signals are measure relative to ground. The NRSE mode is
also practical for other reasons. Ground loops which can induce electrical noise can
be avoided, as the ground of the DAQ is not connected to the MWE device [38].

During normal operation, ideally no current should float between the MWE device
and the potentiostat through the WE cable. However due to leak currents from the
non-ideal OP amplifiers a current of a few pA will float. In the case when an
excessive current is forced through the device, the amplifiers will fail to work properly
and a much larger current will float. In order to identify such an event, during a
measurement the current channel of the potentiostat is recorded and monitored in
addition to the current channels of the MWE device (See section “4.2.1.1 CV

program”).

3.7.3 Proof of functionality

In order to demonstrate the function of the device, an electrochemical setup was
assembled connecting the device to the Princeton 263A potentiostat. A MWE tip was
prepared with 8 samples of equal amount of carbon supported platinum catalyst and
the resulting CVs measured in 0.1M HCIO, solution are plotted in figure 3.7-5.
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Figure 3.7-5: Proof of the functionality of the MWE device. Simultaneously
recorded CVs of 8 different samples of the same carbon
supported platinum HSA catalyst. The scan rate was 200mVs™,

the electrolyte argon saturated 0.1 M HCIO,4 solution.
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The current response from the 8 simultaneously recorded channels shows almost
identical features of same magnitude. The CVs correspond well to the one obtained
in a single electrode setup [39]. The small deviations between the CVs are mainly
due to the different solution/contact resistances of each channel. The ECA or
roughness factor (R;) of Pt based HSA catalysts can be determined by integration of
the hydrogen adsorption/desorption current features or the charge from oxidizing a
saturated CO monolayer (CO stripping measurements). In table 3.7-1 the accuracy of
the R; determination by 5 individual RDE measurements is compared to 2 MWE
measurements. It is apparent that especially when using CO stripping measurements
the standard deviation of the values can be greatly reduced by the MWE. In only two
measurements the standard deviation of 16 individual values is as low as 5.1%. As
the surface area of a catalyst directly affects the calculated specific activity, the MWE

therefore reduces the statistical error in catalytic investigations.

Rf Rf
o o o
Hupp CO stripping
RDE 8.0 40.0 % 8.4 38.1 %
MWE 8.6 36.0 % 7.8 5.1%

Table 3.7-1: Comparison of the averaged roughness factors R; and standard
deviation o of a Pt/C catalyst determined by RDE and MWE
measurements. The R values were calculated from Hypp and CO
stripping measurements. The RDE values were determined from
5 individual measurements, the MWE values from 2 individual

measurements equalling 16 values.

3.7.4 Future Improvements

In its current status the MWE measure system has some limitations compared to a
single electrode setup. Due to the simple circuitry, only one current range exists. In
general this is no disadvantage because the setup is designed for a specific
application with little variation in the currents to be measured. A more critical

disadvantage is the lack of an electronic IR-compensation, which requires a good cell
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design with low solution resistance. Furthermore, a relative powerful potentiostat is
required which can supply the current/voltage to drive the experiment circuitry.
In the following some design improvements are discussed which could alleviate the

mentioned short comings of the current setup.

3.7.4.1 Negative impedance converter device

In order to enable an IR compensation of the solution resistance, a negative
impedance converter device (NID) could be used. Not only is the voltage corrected,
but the device can simultaneously be used as an I-V-converter, hence the trans-
resistance amplifier could be replaced by NIDs.

A) B) = Uy =

sol

Figure 3.7-6: The half cell model including the negative impedance converter
device (A). The NID introduce a voltage drop which equals out
the potential drop over the solution resistance. B) The

schematics of the device.

As shown in figure 3.7-6, the NID is similar device as a trans-resistance amplifier
(figure 3.7-2). However, at the NID two extra resistors are added: one between the
amplifier output and the non-inverted input and the other one between non-inverted
input and ground. The current can be measured as the potential over the resistance
Rm. The two additional resistors create an offset to the working electrode
corresponding to the size of the resistors and the current:
RuR,

UNID =—ly Rl

(37)

where Uyp is the compensation voltage, and the Ry, R1, Ry resistors shown in figure
3.7-6(B). The impedance of the device is given by:
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Lyn = ——2
NID R,

(38)

The value of the impedance is always below 0, thus the name of the device.

The NID can be implemented to the circuit of the half-cell model, shown in figure
3.7-6(A). As both the solution resistance and the NID impedance are in series, an
effective solution resistance (Rex) is defined by:

Rt = Reo +Zyio (39)
If the resistances are correctly chosen, the effective solution resistance is minimized.
As prior to an experiment the effective solution resistance is not known R, has to be
a variable resistor. Applying a high frequency AC signal to the system R¢ can be
determined.
A drawback of the NID, however, is that the working electrode is no longer at the
virtual ground. As a consequence the voltage difference between the amplifier output
and ground does not correspond to the voltage drop over the resistor. Hence, in
order to acquire the current, the voltage over the resistor must be measured
differentially. This increases the complexity of the measure system as well as its

price.

3.7.4.2 Extra amplifier stage

In order to enable to use of the MWE module with a low-power potentiostat, an
additional amplifier can be added to the circuit board. The amplifier boosts the
incoming CE signal from the Potentiostat and enlarges its power range.

MWE modul 2
CE Amp. CE
Y
| EC cell |
WE » MWE g
Current IR
DAQ -« Detection

Figure 3.7-7: Outline of an improved MWE module; an addition amplifier has

been added in order to give the measure system an enhanced

75



power range. Thereby can the module also be used by low

power potentiostats.
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4 Software development

In the following chapter the software programs which were written as part of this
thesis are described. The first part of the chapter deals with general details and
concepts of software programming. The second part describes the data acquiring
applications developed to control the electrochemical setup in detail. The third part
deals with the data analysis application created to facilitate the data treatment.

4.1 General

4.1.1 Motivation

In order to control potentiostats in electrochemical measurements software programs
are commercially available. The programs are in general developed to work with a
specific potentiostat and a limited amount of additional hardware. Hence, such
programs are not ideal for our purposes due to the lack of support for the specific
instruments used in our setup.

In order to use all the advantages of computerized control of the experimental setup,
it was necessary to develop our own software, both for the data acquisition
application as well as the data treatment.

Performing the experiments under full computer control is advantageous. Not only
can different potential perturbation techniques easily be used, but it also enables the
control over other experimental parameters such as convection, temperature, gas
purging, etc. Additionally, the computer control permits the execution standardized
measure protocols considerably enhancing the reproducibility of experiments. In such
case, the experimentalist only needs to setup the experiment and click on start.
Another advantage is that all parameters can automatically be saved into the data
file. As experimental parameters have a great impact on the measured current, this

simplifies both data management and the data treatment.

In order to write the code to our programs, it was necessary to choose the most
suitable programming language with respect to both learning curve and development
time of the program. In the following first the considerations for the chosen
programming language are discussed and then the developed software is introduced

in detail.
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4.1.2 Programming language

A programming language is an artificial language that is designed to express
computations that a machine can perform. Numerous languages have been
developed targeting different programming aspects. These are spread out on the
ladder of abstraction. The low level languages work close to how the physical
processor is working, which permit the programmer a close control of memory and
processor usage. Examples of such languages are C, C++, and Assembler. On the
other hand, high level languages use a higher level of abstraction. The detailed
control of memory processor is automatically handled, which let the programmer
focus on the main tasks of the program. This simplifies the writing of larger and more

complex programs [40].

A) B) i
int x,y; fi25
boolean k; ﬁ
X=5+8; Equf ..... E
y=X*2; MLiltiply x*YTF
k= (x==y); . o

Figure 4.1-1: Comparison of program syntax: text based program (A) and

visual based program (B).

Most languages are based on a text syntax which is more easily “translated” to
machine instructions. An example of the text syntax is shown in figure 4.1-1.
However, in the last decade visual program languages, i.e. diagrammatic
programming, have become more popular. They let the user create programs by
manipulate program elements, in contrast to text based program. As shown by the
example in figure 4.1-1, this kind of programming is more intuitive and easier to learn
also for non-programmers. The greatest advantage is that it facilitates to have a
better overview over large and complex programs and the dataflow between different
parts [40-41]. This becomes more important in modern programming as it is easy to
implement process parallelism, an important feature to optimise the processor usage.
Visual programming is also widely believed to increase productivity and thereby
reduce development time and cost [42].
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LabVIEW from National Instruments; the programming language chosen in this work,
is a visual program language that is especially developed for the data acquisition,
instrumental control and industrial automation [43]. The language is however not
limited to only these aspects but can with favour be used in more general purpose
programs such as an interactive tool to learn chemistry and physics [44-46].
Examples of electrochemical experiments controlled by LabVIEW can also be found

in the literature [47].

4.1.3 General aspects of the programming

Programming is all about organising simple instructions into complex patterns, and by
that, manipulating the computer to perform specific tasks. These instructions are
organized in tasks which are subsequently organized in processes. In general, a
program consists of a set of instructions that the processor should perform.

In order to build a sophisticated program one has to decide upon a strategy how to
organise the processes and in which order they should be executed. Taking the DAQ
application as an example, the program can be divided into 3 different processes
such as “write”, “read” and “treat”. While the write process invokes a perturbation of
the measure system, the read process records the data. The treat process applies
mathematically treatment to the data in order to reduce the large amount of data to
less but more characteristic values, which are display value to the user. In order to
create such a program, two possible schemes can be used; sequential and parallel.

These are shown in figure 4.1-2.

A) B)

Figure 4.1-2: lllustration of two different execution schemes of processes. In
sequential exaction each process must terminate before the
subsequent (A). Data which the subsequent process requires is
only available at the end of an execution process. In parallel
execution, the processes run simultaneously (B). Data flows

between the processes are created by FIFO queue systems.
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In the sequential strategy, the processes are executed one after another. As soon as
one has finished, data can be sent to the following one. As all the instructions have
been executed, the program is done, just like a basic calculator. This strategy is very
easy to implement, but has the limitation that it cannot be run continuously.

More advanced programs tend to be build based on a parallel scheme. Although
more complex, in the case of larger programs the benefits are predominant. Using
the example with the DAQ application, the user wants to both continuously measure
and in real-time observe the resulting values. This would not be possible in a
sequential strategy.

A parallel process scheme can use the processor more optimised. The development
of the computer has come to a limit where the processor cycle frequency cannot be
increased further because of physical limitations. The processor architecture
improvements have therefore turned toward enabling the processor to perform more
computations in parallel and thereby increasing its performance [48].

Although the program has a parallel structure the different processes are not
necessarily executed in parallel. The operation system of the computer organises the
computational tasks into threads, where each program gets one thread per default.
As the execution program sends “small packages” of computation task to the
processor, the execution is not truly parallel. In order to take full advantage of the
processor, the sub processes of the program must be executed in different threads.
A primary challenge of the parallel scheme, which is not present in the sequential
scheme, is how to ensure a real time data flow from “Read” to “Treat”. As these
processes never stop, the data transfer has to be realized over a shared buffer space
in the memory. In programming, such a space is called a shared variable, where one
process can write to the memory and another read. Such a system is often limited to
only one variable. A more advanced form is a First-In-First-Out (FIFO) queue system.
One process becomes the producer and writes to the memory space, while another
process becomes the consumer and upon reading liberates the used space. Using a
gueue enables the processes to run desynchronised. As an effect, the size of the
gueue can change during the time depending on which process runs the fastest. This
is a major advantage because non-time critical processes can be set in a way that
they are executed when the processor has free capacity which ensures that the time

critical processes always have access to the processor.
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A major issue when creating parallel processes is the abortion of their execution,
especially if an error occurs or if there is no known abort criteria prior to execution.
This can be solved by introducing a control process as shown figure 4.1-2. Such a

process, one can also be used to abort processes in a certain order.

Initialisation

Execution
needed?

Rate
Control

Calculation Task
Execution

inue?

No

Figure 4.1-3: Outline of the general parallel process scheme. The iteration is
rated limited in order to economise calculation power of the
CPU.

The outline of the control implementation on a single process level is shown explicitly
in figure 4.1-3, which illustrates the outlines of a general continuously executed
process. As can be seen the process is built around a loop of four tasks performed in
sequence. Firstly, the necessity of an execution of the calculation task is controlled or
in other words, the FIFO queue is queried as to whether it contains any data
elements. If that is the case a computational task is performed, such as averaging or
Fast Fourier Transform (FFT) calculation. Else, the task is bypassed. Subsequently,
in the third task, the control process is queried, and the iteration can be stopped. In
the fourth task, the iteration rate is limited. On the one hand, a rate limitation reduces
the calculation burden of the processor so it can perform other more time critical
tasks. On the other hand, having the process iterating very slowly makes the latency
between quitting commanded by the user or another process and the abortion of the

process to be elongated.
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4.2 Developed data acquisition applications

4.2.1 Applications

In order to control the experimental setup by computer, several data acquisition
applications were developed in this thesis. Each with respect to the specific
electrochemical technique used. The programs were developed in such a way that all
the different models of potentiostats to our disposal were compatible to it.

In addition the programs were developed in order to permit the identification of
inconsistencies and failure of the potentiostatic control system. Thereby the

occurrence of experimental artefacts can be minimised.

4.2.1.1 CV program

The CV program was developed in order to perform cyclic and AC voltammetry, as
the latter is a superposition of the cyclic voltammetry and a sinus perturbation. The
program exists in two versions: one for single electrode and one for MWE
measurements. Screenshots of their front panels are shown in figure 4.2-1 and in
figure 4.2-2.

The software program is also a tool to analyse the setup and a help to diagnose any
physical shortcomings of the setup. A Fast Fourier transform can be applied to the
measured signal in order to elucidate the amplitudes of different frequencies. It also
features online monitoring of the solution resistance.

Upon launching the program, the program detects which experimental accessories
are connected to the computer. Furthermore, communication with the preconfigured

potentiostat is initialised based on the saved settings (see section “Configure Panel”).
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Figure 4.2-1: Screenshot of front panel of the CV program - single electrode

The front panel of the CV program consists of three areas. On left most, the
experimental parameters can be set such as the start and end potentials as well as
scan rate of the CV [p-CV]. In addition a superimposed AC signal of arbitrary
frequency and amplitude can be added [p-AC]. While these parameters are only
active once the experiment is launched, an adjustment to the rotation rate of the RDE
[rotation] and current range of the potentiostat [i-range] are directly executed. The
experiment is launched upon clicking onto the start button. In the middle area, the
measured data are displayed in an I|-V-diagram. Only the three last recorded
voltammograms are displayed. In the upper most area, supplementary options are
given to the user. Particular voltammograms can be saved by highlighting the SAVE
button. The execution of the experiment can be halted [abort]. During the
measurement, by clicking on [FFT], a pop up window opens displaying a log-log-
diagram of the current and the voltage amplitude versus frequency. The effective

solution resistance is monitored in-situ during the measurement in the indicator
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[Rsoiution]- If the semi-digital Potentiostat Princeton 263A is used, a solution resistance
compensation can be applied by adding a resistance value to [IR Comp] (in case of
the home-built potentiostats this item is only manually available). By click on [AC
Data], a diagram with the impedance and phase versus DC voltage is shown.

Upon the launching the experiment by clicking on start, a popup panel is launched
where specific experimental constants can be defined (see Setup Panel). Upon
closing, the measurement is carried out and the current and voltage is displayed in
the I-V diagram. The experimental parameters can be changed at any time, however,
are only applied at the end of a cycle. When the experiment is aborted, a the pop up
dialog asks where to save the files (See "Data File” section). Each file corresponds to
one cycle.

The information displayed in the FFT-window can be used as an indicator of the
system stability. Electrical noise gets picked up and is amplified by the control
circuitry of the potentiostat. Ideally, the amplitudes of any frequency should be as
small as possible, excluding any applied perturbation signals. If getting too large,
noise can jeopardise the potential controlling stability and cause harm to the working
electrode.

For the online monitoring of the effective solution resistance an AC-signal of 5 kHz
and 5 mV is applied. In the case of the home-built potentiostat the level of solution
resistance compensation can easily be adjusted manually. Note that at low values of
the effective solution resistance ~2 Q, the measurement system can become instable
because of electrical noise problems. A post correction of the data might therefore be

necessary.
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Figure 4.2-2: Screenshot of the front panel of the CV application — multi

working electrodes.

The front panel of the CV program dedicated to the MWE setup is shown in figure
4.2-2. This program is almost identical to the single electrode program, except that
instead of only one current channel, an additional 8 current channels are measured
simultaneously as well. Thus the i-v-diagram is splitted into 4 windows showing two
channels each.

The current measured by the potentiostat is shown in the lower left corner. Ideally,
this current should be O pA, however due to leak currents from the operation
amplifiers, an absolute current between 0 and 2 pA is typically measured. In case the
MWE box is not able to control the potential of the multi-working electrodes as a
result of large currents floating through the device; a large current >>10 pA, will also
be measured by the potentiostat and is displayed in the window.

Analogue to the previous case, the solution resistance of each electrode can be
measured online if an AC signal is applied. A panel where these values are displayed
is launched by clicking on “AC”. This feature helps to control that all working

electrodes have good electrical contact and low solution resistance. Furthermore, as
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the MWE device cannot perform a solution resistance compensation, the resistance
values are saved in the measurement file for subsequent correction.

4.2.1.2 DC program

The DC program is used to perform chronoamperometric and chronovoltammometric
measurements. The measure current and voltage response upon the perturbation
can be monitored on different time scales depending on if transients or the steady

state condition is of interest. An AC signal can be added as well similar to the CV
program.
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Figure 4.2-3: Screenshot of the front panel of the DC program

A screen shot of the front panel of the DC program is shown in Figure 4.2-3. As the
CV program, it is divided into three areas. On the left sided the technique specific
parameters, i.e. the duration and potential, are set in addition to the rotation rate and
current range of the potentiostat (p-DC). In the middle part the i-t- and V-t-diagrams
of the measured data are displayed together with the FFT in a log-log amplitude-

frequency diagram. On the right hand site, the impedance amplitude and the phase



are displayed for the same frequency as the applied signal. A count-down timer is
also added for convenience.

Once the measurement is started, reading of the Al channels is launched exactly
100ms before the AO channel is updated. This simplifies the subsequent data
treatment as the potential and current level prior to the step is recorded as well and
can later be used as a reference.

The user can select how many data points should be saved per second. The
maximum number is limited by the ADC sampling rate (see Configure Panel).
However, in order to follow current transients resulting from potential steps, a high
time resolution is only beneficial on a short time scale. For this reason a dynamic
saving mode can be selected. In that mode, 10 points are saved per decade of time

up to 30s, after which 1 point is saved per second.

4.2.1.3 Macro Application

A macro application was developed in order to execute a measurement protocol
using either a single working electrode or a MWE. The use of measurement protocols
is especially useful when performing a sequence of measurements where one or
several experimental variables are investigated. This program is best used after
previously having controlled the setup and state of the electrode by the CV program.
The program has a build-in protocol editor, which permits the user to quickly create a
sequence. Electrochemical techniques that can be applied by the program are:

e CV+AC

e Chronoamperometry (Constant voltage) + AC

e Chronovoltammetry (Constant current) + AC

e SWV and SW

e EIS
In addition, the following variables can be changed:

e Purge gas

e Temperature (heating plate temperature)

e Convection (RDE rotation, stirrer rotation syringe pump)

e |R compensation
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Figure 4.2-4. Screenshot of the front panel of the Macro application

A screenshot of the graphical window is shown in figure 4.2-4, where the important
objects for the operation have been highlighted. The main panel is divided into three
areas. The upper area contains a text table (B), where each row corresponds to a
technique with all the necessary parameters, i.e. the protocol list. The estimated
duration of a protocol is automatically calculated [Estimated duration]. The left part
contains a tabbed window (A). Each EC technique or setup adjustment is assigned to
a corresponding tab. This window is used to create protocols. Furthermore, the
protocols can be expressed with respect to the RHE. By defining the RHE value
[RHE] with respect to the reference electrode used in the experiment, the applied
voltages are equally shifted. Additionally, the MWE can here be selected as well
[MWE].

In the main part [Technique monitor], the front panels of the different techniques will
be shown during the list execution.

Prior to launching an experiment sequence, a measurement protocol has to be
defined. This can be done either by loading of a pre-made list or by the editor. In

order to create a protocol, the user selects a technique in the tabbed window (A) and
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defines the parameters. Upon clicking on “Add” or “Add to end”, a row is added to the
protocol list (B) at the corresponding position. The user can at any time edit the list
and change the values, even during the execution of the macro. The duration of the
protocol is automatically estimated, in order to keep control of the overall duration of
conducting the experiment. At any time, the list can explicitly be saved.

A list is executed by clicking on [start]. The same setup window, as in the previous
described programs, pops up and the user can define experimental constants (see
Setup Panel). Once closed, a count-down timer [count down] starts based on the
estimated duration of the protocol time.

Upon completion, these files are copied to a new folder, which name is defined in the
field [Folder Name]. However, if not defined or if the name of an existing folder has
been given, the popup window will ask the user for a new folder name (see Data
File). In order to reduce the amount of unimportant files, only the last cycle of a CV
sequence is saved, independently how many cycles were performed. Additionally, a
measure protocol list is generated describing the actual performed techniques and is
saved along with the data files.

The program can also execute a succession of predefined measurement protocols.
By clicking on the button [Multi list start], a new windows opens. Per new protocol
entry, a directory name and path to the saved protocol have to be given. By adding a
path, the name of each protocol list is automatically used as directory name, if no
other name is given. Being able to perform a series of protocol is especially useful in
order to save the measurement files into different folders. This is beneficial when
comparing different catalyst under the same conditions.

4.2.1.4 Shared Panels

All applications share two common panels: Configuration and Setup. The panels are
used to define the measurement system and the experimental constants,
respectively. This information is saved along with the measured data in the save files,
which is beneficial for the post treatment of the data as all important experimental
parameters are digitally saved. Thus these data do not have to be written into the
laboratory book.
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Configure Panel

A screenshot of the configuration panel can be seen in figure 4.2-5. The panel
consist of two tabs. In the first one, “general”, the paths to the directory for temporary
data files and the regular data are defined. Additionally, the potentiostat that is
physically connected to the computer setup is selected. Each potentiostat differs in
how its current range is controlled; hence this control feature enables the use of the
program with every potentiostat at our disposal. The physical analogue output

channel connected to the rotation can also be selected.

[ Potentiostat. Ivclass:Co nfigure_change_panel_c.vi |X|

[&] Potentiostat. lvclass:Configure_change panel c.vi

General | DAG Channel General  DAQ Channel |
DA info
Path A0 Yoltage A0 sampling
Save Data Folder % Devi fan0 ~| F
vl fan - 5
% D:\Experiment E‘ " 100000
Temp Data Falder AD Yolkage DC e
b\ Temp E‘ [/D Devl/aol j 10000
Potentinstat Rotator Channel al i
sampling
| Princetan Kpevijeol v A1 Voltage .
% Devijaio = 8
100000
AL Current #s
1/o Devlfaiz j 10000
AL Aux
I/U Devl/ai2 j

Figure 4.2-5: Screenshot of the Configuration Panel

In the second tab, the DAC and the ADC parameters are defined. These parameters
create a virtual link between the physical channel on the DAQ card and the
corresponding digitised quantity. Furthermore, the sampling rate as well as the
amount of samples read per iteration of the sub process can be set (see subsection
“Write process” as well as “Read process”). In general a sampling rate 10 times

higher than the amount of samples read per iteration is used.

Setup Panel

The setup panel, where experimental parameters can be defined in a standardized
manner, is shown in figure 4.2-6. This panel has two tabs as well, one is dedicated to
the general setup and a single working electrode and the second one to the MWE.
On the first tab, the EC cell, the electrolyte, the reference electrode, the solution
resistance, and the temperature can be defined. By selecting a new gas, the gas

changer device is changed accordingly. Furthermore, additional information about the
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working electrode in use can be given, such as its material, the applied loading, RDE
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Figure 4.2-6: Screenshot of the Setup Panel for defining the experimental

constants

The second tab is dedicated to the MWE. For each electrode the material, the
loading, an additional note as well as the solution resistance can be noted. For the
macro and the CV application if the solution resistance is measured, its values can
automatically be added to the list by clicking on “Get Ru”.

4.2.1.5 Data File

All data files, independent of the EC technique, are saved as ASCII text-files in tab
delimited columns, although this format requires more space on the hard drive
compared to compressed formats. An example of a data file is shown in figure 4.2-7.
The advantage is of using ASCII text is that in general any data analysis program, for
example Igor, Origin, Excel, or an in-house developed program, can read the files
[49-51]. Hence, it is up to the user to choose the analysis software that is best

suitable.
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CV_AprO7_135422_U-2_D9_93.txt

pate: 2010-04-07 Time: 13:54:22 Method: Cv Maxpot: -250 Minpot:
950 Rate: 50 Loop: 2 Potentiostat: TUM 3 Current Range: 1mA
. IrR_Compensation: O A_Filter: 0 Mode: Potentiostatic RotSpeed: 0
File Header D_Filter: 0 AC Potential: 0 Frequency: 50
Electrolyte: HCLO4_0.1M Electrode: Pt Gas: Ar Cell: Teflon Temp: OcCdeg
ExElectrode: Ref.Electrode: SCE Tip: X6 Loading: ldug cmh-2

. R_solution: -l1ohm
Column Titles == |Time_s_ E_v_  T_A_
0.00000 -0,2475 -1.6756-4
0.02000 -0.2475 -6.816E-5
0.04000 -0.2465 4.586E-
0.06000 -0.2455 3.230E-
0.08000 -0.2445 4.649E-
10000 -0.2435 5.559E-
12000 -0.2425 6.443E-
14000 -0.2415 7.076E-
16000 -0.2405
18000 -0.2396
20000 -0.2385
22000 -0.2375
24000 -0, 2365
26000 -0.2355
28000 -0.2345
30000 -0.2335
32000 -0.2325
34000 -0.2315
36000 -0.2305
38000 -0.2295
L 40000 -0.2285
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0.44000 -0.2265 9.694E-

N

Data in columns <

jslelelelelelslelelelels e el

CLOUOYLOYREEE~I~I~
]
=
(=]
m

2
&5
m

[=1
w
=~
mr m
I IR R I I I A R |
WILILILIL T AL L LT L LA L L u un i i Gl

Figure 4.2-7: Example of the standard formatted data file generated by data
acquisition programs. The file is divided into 3 sections: header,
column title and data columns, in order to enable standardized

import in a data treatment programs.

The data file consists of three parts; header, column titles and data columns (see
figure 4.2-7). In the header, all experimental data is stored. Each entry follows the
same pattern according to “<Entry-title>: value<tab>". As a consequence, a data
treatment software program can automatically generate lists with these details
without knowing in forehand each entry-title. The column titles are given in the form
“Quantity_unit_", in order to avoid any confusion about what the file contains and how
to store it. The data are listed in columns and the data values are in general limited to

4 or 5 significant digits, in order to reduce the size of the file.

The duration of an electrochemical measurement can last from shorter than a second
to hours depending on the technique used. In the former case, a large amount of
data files is produced if the technique is repeated over a long period of time. As it is
the assembly of data files rather than one specific data point that is important, it is
enough to designate the data directories with a rational name rather than each
individual file. Therefore, a system to generate standard file names is necessary.

The file names are generated based on the electrochemical technique used, the date
and time, some technique specific parameters, and a random number. The following

line shows the generated filename from the CV program:
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Technique Date Time Tech.paramters  Rand Ending

CV _Sep02 153704 U-2 D8 _ 61. txt

The technique specific parameters are in this case the positive and the negative
turning points in the CV. Each file has a unique name and can easily be sorted with

the usual directory tools.

Each program automatically generates temporary data files with a name based on
the rule given above and stores them in the temporary data file directory. The data
files are therefore safe even if the host program would crash or the computer stops
before the copying phase.
The temporary data files are copied to a new folder when an experimental series has
finished. A new folder name will be demanded by a popup window. The folder is
thereafter created in the automatically generated folder tree of the structure in the
data file folder, as specified in the configuration panel by the following rule:

“data folder” / YYYY_MM / XXXX_YYYY_MM_DD / NN — Name
where Y is the year, M the month, D the day and X the name of the Potentiostat, NN
the program name and NAME is the chosen folder name. If the name is already in

use in that subfolder, a new name is demanded by the popup window.

4.2.2 General Application Structure

The user comes into contact only with the graphical user interface of the application,
without having to care about what is “going on under the surface". Although the
previously presented software programs are dedicated to different tasks and are
visually different, on a structural level they all share the same main arrangement. The
advantage of a common structure is that the code can be reused. Updates of the

code will affect all programs using the same code, which saves development time.
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Figure 4.2-8: Schematic oytline] of the general structure of the main
applications. The uper interface calls different sub programs in

order to have & spetific task performed.

The hierarchy structure of theﬂ'ams is shown in Figure 4.2-8. Highest in the
hierarchy is the graphical interface, followed by subprograms. The user interface is
event based, which means that the program is idle until the user creates an event,
such as pushing a button with the mouse. This avoids unnecessary usage of the
processor. Upon an event, a subprogram is executed in order to change an
experimental parameter or perform a measurement. The sub programs are executed
in different threads which permits running them in parallel. For example, the gas can
be changed while at the same time a perturbation technique is applied.

Due to their different purposes and internal program structure the subprograms can
be separated into two groups: EC perturbation and the accessory controlling. The two

next chapters will focus on these groups starting with the EC perturbation.

4.2.3 Potential perturbation sub program

The purpose of this section is to introduce the perturbation subprogram and to point
out general aspects on its architecture. There are many considerations which have to
be taken into account in order to succeed in writing a DAQ application.

The introduction of fast and high-precision data acquisition cards (DAQ) has
facilitated electrochemical measurements because of their digital-to-analogue and
analogue-to-digital converter circuitry. The digital-to-analogue converter (DAC)
enables the generation of almost any waveform as a quasi analogue perturbation
signal, while the analogue-to-digital converter (ADC) records the generated data. The
voltage data subsequently has to be converted to the quantity they represent. Rather
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than saving all samples recorded by the ADC, a few key values can be extracted in
order to reduce the information volume while at the same time preserving its content.
Hence, it is important to consider i) what experimental information should be saved,

i) how much data should be saved and iii) where should the data be saved.

4.2.3.1 Overview
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Figure 4.2-9: Schematic outline of the potential perturbation program. The
arrows symbolise data flow between processes and user

panels.

The schematic outline of the potential perturbation program is shown in figure 4.2-9.
The program is divided into 6 different processes; “write”, “read”, “treat”, “display”,
“save” and “control”. They are executed in parallel and run in different threads, as
previously discussed. Due to the graphical programming language, the diagram
shown in figure 4.2-9 closely corresponds to the actual layout of the program code.
Upon launching one of the sub programs, the technique parameters and the
information from the configure and setup panels are sent to the subprogram. The
processes are thereafter simultaneously executed.

During execution, there will be a dataflow from “read”, via “treat” to “save” and “plot”.
This is indicated in figure 4.2-9 by dashed arrows, symbolising the FIFO queues. The

reading process samples a large amount of data points. The subsequent treat
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process refines the data by different mathematical treatments depending on the EC
technique. The refined values are subsequently saved in a file and/or displayed to
the user.

All of the described applications are based on this schematic outline. However, the
differences between them can be observed on the process level. Therefore, the
following chapters will be dedicated to explain these more in detail. Note that the
basic structure of each process follows the structure shown in figure 4.1-3.

The presented outline also allows an easy implementation of auxiliary data
acquisition. One program, controlling the whole experiment, greatly simplifies studies
of the correlation between potential, measured current and the supplementary
guantity, as it can be monitored online. For example, a modified version of the
program has been used in order to build a differential electrochemical mass

spectrometer (DEMS) setup.

4.2.3.2 Write process

The Write process controls the analogue output of the DAQ card, i.e. the DAC. The
DAC can reproduce almost any arbitrary waveform, as previously mentioned;
however, there are some limitations. The analogue representation of a desired value
is limited by its quantisation both with respected to voltage and time. The DAC has a
given amount of discrete values which can be applied between the maximum and
minimum voltage output. In this thesis 16-bit cards were used. This corresponds to
65536 levels over a voltage interval of +2 V. The smallest possible difference
between two voltages is therefore 60 uV. The consensus is that a waveform should
be adapted to use as many levels of the card as possible in order to minimise the
guantisation error. In addition, a post analogue amplifier might be necessary.

The DAC has a certain sampling rate, i.e. updating rate. In the case of a sinusoidal
waveform, this introduces a restriction on the frequency with which analogue signals
can be reproduced. Given that at least 10 points are required to make a reasonable
representation of a sinus curve, the sampling rate has to be 10 times larger than the
desired signal frequency. Typically, the sampling rate is set to 100k samples per
second.

As the DAC is frequently updated, a new value always has to be available for the

device. The device therefore has a buffer from which the new values are temporary
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stored. The software has to frequently provide the DAC buffer with new values
otherwise a so-called “buffer underrun” occurs, which stops its execution. The rate,
with which the buffer has to be re-filled, depends upon the size of the buffer and the
sampling frequency as well as how many new values are written to the buffer in a
single writing event. Writing to the buffer is very processor intensive; hence the
writing of larger amounts of data less frequently is preferred over single-value
writings. Typically, 10k samples are written per event.

In contrast to the DAC, which has an exact and fixed sample rate, the software based
loop where the new values are written to the buffer is not 100% deterministic. For
certain times the iteration rate can largely deviate from the average because the
processor might be occupied with other tasks. In order to avoid a “buffer underrun”,
the buffer size for the DAC is set to a value corresponding to about 1s of continuous
running. The buffer is continuously monitored and if enough space is available, new
samples are written. This ensures that the buffer is almost always full and small
disturbances would not affect the stability of the program and the stable generation of
the analogue signal.

Waveforms suitable for the perturbation of the system, such as potential squares,
triangular, sinusoidal or combinations those, are easy to generate with build-in
functions in Labview. In order to create a triangular wave for example, the function is
given by its frequency, the amplitude and phase as well as the sampling rate and the
amount of measured data points. A vector with a discrete representation is generated
that can be written into the buffer. Note that if the given sampling rate would deviate
from that of the DAC, the analogue signal would be either compressed or elongated.
The outline of this process follows that of a general parallel process shown in figure
4.1-3. During execution, the main process loop iteration is limited to 1 kHz in order to
avoid unnecessary processor usage. In each loop repetition, the amount of available
samples in the buffer is checked. A waveform is generated according to the
corresponding perturbation technique and written into the buffer. In a typical case the
length of the waveform corresponds to 100 ms of DAC sampling time.

Once the technique is completed or the control process gives a break command, the

process is aborted.

4.2.3.3 Read process

In this process the analogue input channels of the DAQ are controlled.

97



The operation of an ADC is very similar to that of the DAC. An ADC has the same
physical limitation as the DAC, which was described previously. It is therefore
important that the analogue signal is conditioned in such a way that as many as
possible of the discrete levels are used. In the case of the current measurement, the
potentiostat has several current ranges so that the measured voltage always
corresponds to a certain interval.

For the sampling of analogue input signals always a distinction has to be made
between simultaneously sampled signals and the sequential sampling of channels. In
the former case every channel has a DAC, whereas in the latter case, the input
signals are re-routed by a so-called multiplexer (MUX) in a way that one DAC can be
used for all channels [34]. This has an economical advantage especially for a large
number of channels, as a MUX is cheaper than a DAC. The disadvantage, however,
is that the maximum amount of samples that can be recorded per channel is
inversely proportional to the amount of channels sampled at the same time.
Furthermore, the MUX unit enhance cross talk between channels, especially at high
sampling rates. This limits the practical sampling rate, which is therefore typically set
to 100k samples per second.

During execution, the ADC continuously samples values and places them into a
buffer. The ADC buffer has to be repeatedly emptied otherwise the buffer might be
full and data points will be lost due to overwriting which will abort the execution. As
previously mentioned, the deterministic characteristics of a software loop is limited,
hence the buffer size has to be considered in order to avoid a software crash in case
of extreme events. The buffer size is set 1 s.

Reading from and analogue writing to the ADC buffer is very processor intensive;
hence this should not be done too often. On the other hand, the user wants to see
the data in real time and in a steady flow. A reasonable compromise is to read from
the buffer about 10 times per second. This can be set in the software program by the
user in the configure panel setting the ratio between sampling rate and read samples.

The latter is typically set to 10k samples.
The outline of the process follows that of the general parallel process shown in figure

4.1-3. Similar to the write process, the iteration rate of the main loop is limited to

1kHz. The amount of samples in the buffer is controlled in each interaction. If the
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buffer contains enough samples, a certain number of samples are read and put into a
FIFO gueue as one data package.

The read data are packaged in an array of waveforms corresponding to the amount
of sampled channels. A waveform contains an array of samples along with a time
stamp and the time space between the samples. It is thereby possible to calculate
the exact time at an accuracy of < 1ys, when a specific sample was taken, which is
useful for the subsequent data treatment. Furthermore, independent of the technique
at least 2 channels are sampling: The potential and a voltage which proportional to
the current through the WE. In the case of the MWE, additionally 8 current channels
are sampled simultaneously. However this changes not the design of the process.
The process is only aborted if the control process gives out a break command or an

error occurs.

4.2.3.4 Treat process

As indicated in figure 4.2-9, after the read process the treat process is next in line in
the data flow. The aim of the treat process is to reduce the large amount of voltage
samples into a few values containing the key information. In addition, the measured
voltage representing the WE current has to be back-converted into a quantity
corresponding to the real current. Thereby the current range of the potentiostat has
to be taken into account. Although the key information differs depending on which
perturbation technique that is used, the general structure is the same.

The process layout deviates somewhat from the general process (see figure 4.1-3)
and the two previous processes as the treat process does not need a rate control.
Instead, the loop waits for a new item in the data queue. As soon as a data package
is in the queue, the item is removed and treated. In average, the rate of the loop
mimics that of the “read” process; however, at times a large deviation can exist if the
processor is occupied. This poses however no problems to the stability of the
program.

After the treatment performance, the reduced data are put into other queues in order
to be displayed to the user and saved into a data file in other processes.

Each electrochemical technique demands an individual data treatment, so in the

following they are described in more detail.
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423.41CV+AC

In order to compare CVs recorded with different scan rates the vast amount of
measured samples has to be reduced. This is done by averaging over a timeframe
(tavg) according to the following equation:

_1mVv
& Rate

where the rate is in mV/s. The amount of saved points is thus independent of the
scan rate and is only proportional to the difference between maximum and minimum
potential in the CV.

If the potential sweep is superposition by an AC signal, the signals from the potential
and current channels are extracted with respect to amplitude and phase using a
digital lock-in algorithm. The ratio of these values is subsequently calculated in order
to obtain the complex impedance.

Additionally, in order to make a distinction to which cycle the data belongs, a “new
cycle” notification is sent via the queues to the display and the save process prior to
the start of a new cycle.

4.2.3.4.2 Chronoamperometry, Chronovoltammetry + AC

For the chronometric techniques, i.e. chronoamperometry and chronovoltammetry,
the user can decide how many points should be saved per second. The sampled
voltage points are then averaged to the correspond timeframe. This permits the user
to optimise the time resolution in order to reduce the size of the data files.

In addition the dynamic averaging mode can be chosen as well. In this mode, from
the time of the potential step, for the first 30 seconds the data are averaged to 10
points per decade of time and afterwards to one point per second. This mode allows
fast transients to be recorded and saved, with a minimum amount of data points, as
the time resolution is optimised only in the time frame where it is required.

In the case of an AC signal superimposed to a CV, within the chosen timeframe the
signals from potential and current channels are extracted and the complex

impedance is calculated.

4.2.3.4.3 SWV

Similar to chronometry, square wave voltammetry has two modes of extracting the

data values as well. The sampled values are average to a certain number of points
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per second, as defined by the user. In the additional dynamic mode, only one point is
saved per potential step. Just before a potential step, a few samples are selected
and averaged to one point.

4.2.3.5 Display process

In the display process, the treated data are collected in order to display the measured
data to the user.

The rendering of graphs is a processor demanding task, hence this should not be
done excessively. On the one hand, a high update rate makes the visual impression
smoother, on the other hand the screen has a refreshing rate of about 100 per
second [52], which sets the maximum limit for a reasonable rendering rate.

In order to set the optimal update rate, the process has two different main loops. The
first loop consumes the queue of treated data and stores it in a “local” memory. The
memory space is limited to 5000 items and at each iteration the old value is
exchanged by a new one. Similar to the main loop of the treat process, this loop has
no rate limitation. It waits on the next element in the queue. The second loop updates
the graphs on the front panel. The iteration rate of this loop is limited to 10 times per
second. At this update rate, the data are displayed almost continuously, as it would
the case for an analogue instrument.

The display process for CVs has an additional feature as a colour distinction is made
between the different cycles. The last three cycles are stored in the first loop. At the
arrival of a “new cycle” notification, the oldest cycle is discarded and replaced by the

more recent one.

4.2.3.6 Save process

The Save process stores the treated data in files. The form of such a file has been
shown in figure 4.2-7.

The data file has to be created and in a certain sequence written to. Therefore, upon
the launch of the process, a file is created in the directory for temporary files (see
chapter Data File). As indicated in figure 4.2-9, setup and technique details are
gathered from the user panels and written to the file, followed by the headers of
columns. The header names depend on the technique and also the amount of

working electrodes.
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The main loop corresponds to that shown in figure 4.1-3. A rate control, however, is
not required as the loop is paused until a new item is added to the queue by the treat
process. As soon as an item is detected in the queue, it is written to the file. In the

case of a program failure, the data up to that instant are saved on the hard drive.

A difference exists in the save process of the CV compared to the other programs: A
new data file is generated at the start of a new loop. As soon as a “new loop”
indicator is sent via the queue, the file is closed for writing. Simultaneously, a new file
is created as described previously.

An additional difference in the CV save process is that at arrival of a “new loop”
notification, the amount of completed loops is compared to the one set by the user. If
all loops are completed, the process is aborted together with the whole subprogram.

This abort condition ensures that the data from the complete last cycle are saved.

4.2.3.7 Control process

The main purpose of the control process is to monitor the status of the other
processes and to centrally handle a user abort command.

The process consists therefore of a rate limited loop that reads from a global variable.
In this global variable all running processes share information about their status via a
global variable, see figure 4.2-9. In the case of a failure of one of the processes or
the exit command, all processes can be stopped. For the techniques with predestined
duration, this process contains a count-down timer and stops the processes when

completed.

4.2.4 Accessory controlling sub program

The main program can also open one of the accessory controlling sub programs, as
illustrated in figure 4.2-8. This class of programs are exclusively developed in order
change the physical state of an experimental setup, such as temperature.

The instrument in our setup has an internal processor with memory. Its internal
parameters can be remotely set and controlled. Once set, the setting will stay until a

new value is sent.
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Figure 4.2-10: Layout of the accessory controlling sub programs. A sequential

scheme is used due to the required single event action.

The basic structure of these programs therefore differs from the EC perturbations, as
only sporadic control is required in case a value needs to be changed. The structure,
see figure 4.2-10, is therefore based upon the sequential scheme described
previously. The user panel sends a new set of values that should be applied to the
sub program. The subprogram starts by initializing a communication session with the
device. After establishing contact, the values are sent to the device. Subsequently,
the newly set-values are requested from the instrument in order to double-check if
the new values have been applied. Lastly the communication is closed and the
subprogram exits.

Although the programs share the overall structure, the differences on the sub level

are considerate. A short description of the used subprogram is given in the following.

4.2.4.1 Potentiostat — change of current range

This subprogram changes the current range of the potentiostat, i.e. sets the current-
to-voltage conversion factor. The input of the program is the new current range of
one of the values: 1 YA, 10 pA, ..., 1 A.

Each potentiostat is commanded via different interfaces and has a diverse amount of
current ranges. For example, the Princeton 263A is commanded via GPIB and has 5
ranges between 1 pA and 100 mA, while the in-house constructed potentiostats are
controlled via the digital channels of the DAQ card and have 4 ranges between 1 pA
and 10 mA. Hence, upon execution of the program, a specific code is used based the
configuration settings (see Configure Panel) fitting only to the selected potentiostat.
Additionally, if the selected current range is not available, the closest existing one is

selected. The selected current range of the potentiostat is always double-checked as
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previously described. Hence, for the calculation of the current from the measured

voltage representation, always the correct conversion factor is used.

4.2.4.2 Gas control

This program changes the position of the gas valve that subsequently a different gas
will be used to purge the cell (see chapter “Automatic gas changer”). The user input
of the program is the name of the new gas.

The names are mapped with respect to the valve positions of the connected gas lines
in order to generate a number. After a serial connection to the control unit of the gas
valve is established via the RS-232, the number is transferred and the valve position
is changed. Furthermore, a command asking for the applied valve position is sent to

ensure that the correct execution of the command.

4.2.4.3 Temperature and magnetic stirrer control

This program changes the temperature and rotation rate of the magnetic stirrer of the
IKAMAG from the company IKA AG. The communication with the device is performed
via RS-232, as in case of the gas changer. The communication protocol used by the
IKAMAG differs however from that used by the gas changer; hence the code from the
gas changer cannot be reused.

The user input of the program is temperature in °C and rotation rate in rpm, and the
Boolean: “wait on temperature?”. A serial connection to the device is established and
subsequently both numbers are sent to the device. If the Boolean is true, the
program will continuously demand the current values of the temperature and rotation.
This is done with a frequency of 1 Hz until the right temperature has been reached
(0.5 deg.). This halts the macro list execution until the new temperature is reached.

4.2.4.4 RDE Rotation control

This program controls the rotation rate of the RDE device from Radiometer. The input
of this subprogram is the rotation rate in rpm.

The electrical control unit of the device has an input where an applied voltage is
converted to a rpm rate. An applied voltage of 1V corresponds to 1000rpm. Such a
voltage can be supplied by the DAQ card. Based on the selected channel (see
Configure Panel), the DAC is updated with the calculated voltage.
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4.3 Data analysis application

Using an automatic experimental setup, the data treatment can become the bottle
neck in the chain of fully characterising a catalyst. The initial data treatment, where
the data are reduced to a few characteristic values is in general time consuming. A
high sample throughput, especially when using a MWE, demands a fast and easy
data treatment.

To give an example: for every catalyst sample, the active surface area and the kinetic
activity for a specific reaction have to be determined. Although only rudimentary
mathematics is required in order to extract these values, the challenge lies in the
combination of the measured data files in order to cancel out unwanted measure
effects. Nevertheless, the same extraction procedure can be used for all catalysts. A
specialised program for this purpose can therefore significantly reduce the time to
treat the data.

Equally important is the data management. Backtracking of old results can be time
demanding and a system for fast backtracking is therefore required. For that purpose
automatically generated standard HTML reports can be used. Browsing through
HTML pages is much faster compared to loading files into any advanced program.

A standard data treatment program, such as IGOR, ORIGIN or EXCEL, can be used
for the data treatment as the text data files from the data acquisition program can be
read by those programs. The programs feature text based programming of
specialised scripts and the creation of customized user panels in order to reduce the
amount of specific tasks for the user. Excessive text based programming, however,

would be required in order to create a specialised platform for our purposes.

Thus for the purpose of data analysis and data treatment in this thesis a specific
software programs based on LabVIEW was written. The software called “EC_Treat”
program was developed in order to facilitate the extraction of the characteristic values
of a catalyst from the acquired CV data; independent whether a single working
electrode or a MWE is used. The characteristic values are calculated with a minimum
of user interaction. In order to support further data treatment, the program exports the
results directly into Microsoft Excel. A standard html report can be generated as well,
which enables a fast verification of the data.
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In the following a brief description of the program capabilities is given.

4.3.1.1 Main Panel
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Figure 4.3-1: Screenshot of the front panel of the data analysis program.

A screenshot of the main window of the “EC_treat_data” - program is shown in figure
4.3-1. The window is divided into two main parts with tabulated information of the
measurement (red) and with the action panel (green). In the setup table, all
informations saved in the file, such as date, measure parameters etc. are listed. The
MWE specific information is shown in the second table. The action panel contains
several tabs or pages: Overview, RHE, Background CV, Surface Charge Calculation,
Activity and Summary. Each tab is dedicated to a specific action based on the tab
name. A more detailed description of the actions will be given in what follows.

As shown in figure 4.3-1, there are four additional features. The data can be
smoothed if necessary. Inscribing any integer except for 0 in “Filter” activates a filter
with a left and right range according to the number. The sign of the number
determines which filter type is used; a positive value results in a mean filtering while a
negative value results in a median filtering. Note that the raw data are never filtered,;
only the duplication used the rendered images. Furthermore, the voltage can be
corrected for the deviation caused by the solution resistance by pressing the “IR
correction button”. The program uses the solution resistance values given in the file
in addition to the current channel data in order to calculate the correction values.
Analogue to the filtering, the IR correction only affects the rendered images.
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Additionally, the current can either be displayed as current or current density with
respect to the geometric surface area. Lastly, every graph in the program can be
exported. Selecting a graph in “Export Graph”, the specific graph is saved as a .png-
file and as a tab separated text spread sheet. The spread sheet subsequently can be
loaded into an external program (IGOR, ORIGIN etc.) for the rendering of more

visually attractive images [49-50].

4.3.1.2 Overview page
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Figure 4.3-2: Screenshot of the data treatment tool: Overview. From this view
files can be loaded to or removed from the memory. The data

raw data easily be viewed.

In figure 4.3-2, a screenshot of the first action page, the “overview”, is shown. This
page is used to load data files and discriminate the interesting ones from a large
amount of data files.

The loaded files appear in a list (blue). Each line carries an order number, file name
as well as green and dark green squares corresponding to the available current
channels in the data file. The order number is used in the subsequent action pages to
select a specific file. Furthermore, files can be unloaded by clicking on the red square
with an “x”.

The data are plotted by marking the specific channels and clicking on “Update”.
Subsequently, the data will appear in the I-V graph “G”. Prior to an image rendering,
the user has several display options: i) the current can be normalised to help
distinguishing between different effects. The normalisation can be done to the

catalyst loading, the rate and rotation rate, as well as to the square root of the rate
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and rotation rate; ii) the displayed data can be limited to certain parts of the CV such
as the positive or negative sweep. Furthermore, the data can be displayed as the
difference between the positive and negative sweep or as the average of them; iii) to
each graph per default a legend is generated and the user can choose on which
experimental parameter the names should be based. These display options are given

in each of the subsequent pages.

4.3.1.3 RHE page
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Figure 4.3-3: Screenshot of the data treatment tool: RHE determination. This

view is used to extract the RHE values from measurements.

In the second action page, as shown in figure 4.3-3, the RHE value with respect to
the used reference electrode is calculated. Once the RHE value has been
determined, all I-V graphs are shifted accordingly in order to display all data with
respect to the RHE. In order to avoid ambiguities, the reference electrode to which
the voltage is referred is shown in each graph.

In order to select measurement files and channels for the RHE calculation, the user
can select a number from a pull down list in listing “F”. The selected number
corresponds to the order number of the files listed on the “overview” page. Again, the
green squares correspond to the available current channels of the specific file. All the
subsequent pages follow this prototype of channel selection.

After the selection and a click on “update”, the data are shown in graph “G1”. The
second graph, “G2”, automatically shows a zoomed-in area around the current zero
crossing. The average voltage of the zero crossing is subsequently calculated and
presented in “Vrhe vs Vref”.
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The user can also define a RHE value if no experimental data files are available. This
is done by inscribing the known potential value versus the reference into “Vrhe vs
Vref”.

4.3.1.4 Background CV page
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Figure 4.3-4. Screenshot of the data treatment tool: Background CV in Argon.
The displayed graph will be part of the generated summary

report.

The third action page “Background CV” (figure 4.3-4) is dedicated to render an image
of the catalyst in the absence of a continuous reaction for the HTML report.

Like in the previous cases, specific current channels can be selected and normalised
before visualised. Moreover, a legend to the graph is generated based on a chosen
experimental parameter. A copy of the graph “G1” will appear in the report (see figure
4.3-8). Nonetheless, this section can be excluded from the report if required by

setting the “summary” button to the off position.
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4.3.1.5 Surface Charge Calculation page
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Figure 4.3-5: Screenshot of the data treatment tool: Calculation of surface
charge. The integration limits are manually set at “G1”. The
resulting integral function “G2” and value of the integral “T” are

shown for all selected curves.

The calculation of the specific charge from a stripping experiment is done in the
action page “Surface Charge calculation”, as shown in figure 4.3-5. In order acquire
this value, the current response from a background corrected stripping linear sweep
voltammetry has to be integrated.

The calculation is performed by selecting the data files of the current channels as
well as a background measurement. The resulting I-V curves are shown in graph
“G1”. In graph “G1”, the two vertical marker lines, which can be moved by the mouse,
indicate the integration limits. With the help of the data at these marker positions, if
required an additional two-point or single vertical background line can be generated
and subtracted from the data.

The integrand is shown in graph “G2”. Ideally it should have two plateaus at the
beginning and at the end. A deviation from this form indicates an uncorrected offset.
A summary of table “T” shows the calculated stripping charges for each current
channel as well as the average and the standard deviation of the entire data set.
Based on the stripping charge, normalised quantities are automatically calculated as
well. Using the defined number for the amount of electrons for the specific stripping
reaction, as well as the material factor “surface charge density”, the charge density,
the charge per gram, the NECAS, the specific surface area and the roughness factor
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can be calculated. The table contains all normalisation factors in order to facilitate the

post verification of the treated data.

4.3.1.6 Activity page
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Figure 4.3-6: Screenshot of the data treatment tool: Activity. The kinetic
region is manually set “G1”. The Tafel plot of the defined region

is shown in “G2” and the calculated activity is shown in “T".

Figure 4.3-6 shows a screenshot of the action page “Activity”, where the reaction
activity is calculated. In order to acquire the kinetic activity; the measured data have
to be background corrected as well as subsequently corrected for the diffusion
limitation.

Similar to the previous case, the data files and current channels containing the data
from a stripping and a background measurement are selected. The resulting |-V
curves are shown in graph “G1”. In graph “G1”, the two vertical marker lines indicate
the potential range where the diffusion limited current can be extracted. A horizontal
line defines the diffusion limited current that will be used for correcting the data. In
case the measured diffusion limited currents diverge between the different channels,
an individual diffusion limited current has to be used. The individual iy values are
defined as the current at a specific voltage.

The corrected data are shown in the Tafel plot “G2”. The potential range is defined by
the two markers in the previous graph. An exponential function can be fitted to the
data in order to determine the Tafel slope. Lastly, the activity for each channel at a

specific voltage is shown in table T. In addition, the normalised activities, i.e. the
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specific activity, the mass activity and the TOF values are automatically calculated if

the surface charge has previously been acquired.

4.3.1.7 Summary page

Figure 4.3-7: Screenshot of the data treatment tool: Summary tab. In tables
shows the surface charge calculation “TS” as well as the
normalised activities, i.e. the Specific Activity “T1”, the Mass
Activity “T2” and the TOF “T3".

The 6™ action page, the “Summary” provides an overview of all the calculated
characteristic values presented in four tables, as shown in figure 4.3-7. The table TS
displays the surface charge calculation. The other three tables exhibit the normalised
activities, i.e. the Specific Activity “T1”, the Mass Activity “T2” and the TOF “T3". As
the activity is a function of potential, the presented activities are given at different
potentials, from 0.6 to 1.1 V in 50 mV steps.

For further data treatment, these tables can be exported into excel. Upon a mouse
click on “Export Excel”, Microsoft excel is launched and a new file is created. The
tables are subsequently generated in different work sheets titled accordingly. The
specific experimental parameters are exported as well.

The HTML report can be generated by clicking on “Export HTML”. The report
contains the experimental information followed by the images from the tabs with a
highlighted “Summary” as well as the summary tables. An example of a generated
report can be seen in figure 4.3-8. Note that the report has been printed in order fit
into this document. In its original form it is more compact and would not appear as

different pages.
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Screenshot of an example of a generated HTML Report. The
report features all graphs and tables generated at the different

data treatment tabs. The information of the used data files is

Figure 4.3-8:

also included.
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5 The influence of platinum oxide formation on its

catalytic properties

5.1 Motivation

As a result of its high catalytic activity towards the oxygen reduction reaction and
hydrogen oxidation reaction (HOR) platinum is one of the most studied metals in
electrochemistry. Although Pt is considered to be the most active metal for these
reactions, the ORR still exhibits a significant overpotential of more than 0.2V i.e.
oxygen reduction currents are only observed below 1.0 Vgrue. In fact the observed
overpotential is one of the main inhibitors for large scale applications of low
temperature fuel cells as it reduces the efficiency of the conversion of chemical into
electrical energy. Thus studies on the nature of the overpotential are both of
fundamental as well as applied interest.

In previous experimental investigations of the ORR on Pt based on its pH
dependence and the comparison of Tafel slopes it was concluded that the first
charge transfer to the oxygen molecule is the rate determining step (rds) [53-55].
Furthermore, it was assumed that at low overpotentials the surface coverage of
oxygen intermediates affects the activation energy of the process while at high
overpotentials the influence becomes negligible. Later the concept of intermediates
affecting the reaction rate was extended to the influence of spectator species, i.e.
species not directly involved in the reaction but adsorbed on the surface and thus
blocking reaction sites [56]. A typical example for such a spectator species is the co-
adsorption of chloride anions from the electrolyte [57]. In this respect the adsorption
of OH exhibits a special role in aqueous electrochemistry. OHyg may be formed
directly from water and act as a spectator species or it is a reaction intermediate
during oxygen reduction. Recent theoretical descriptions of the ORR based on
density functional theory (DFT) calculations by Norskov et al. indicate that water
dissociation and the ORR are indeed two sides of the same phenomenon [58-59].
Indifferently whether the oxide species (adsorbed oxygen atoms or hydroxyl)
originate from water dissociation or oxygen molecules, the strong interaction with
platinum at potentials close to the equilibrium impedes the proton and electron
transfer. Only by lowering the potential, the stability of the oxygen bond decreases

and the ORR may proceed.
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As a consequence, in order to probe the ORR, the key is to understand the
adsorption of oxygenated species from water, i.e. the Pt oxide formation. Such
studies are best performed in alkaline solution, where except for OH no additional
anions such as chlorides are present in solution. The correlation between the
oxidation of the platinum surface and the measured catalytic activity is demonstrated
in figure 5.1-1, where the cyclic voltammogram of polycrystalline Pt recorded in argon
saturated 0.1 M KOH solution is compared to the polarization curves recorded in the
same solution but saturated by different other gases. Taking the ORR as an example,
in accordance with previous reports [60], it is seen that at potentials >0.8 Vrue a clear
correlation between the decrease in ORR current and the surface oxidation peak in
the CV is evident. A major challenge, however, is the determination of the potential
dependent nature and steady-state or equilibrium coverage of surface species. Not
only can discrepancies be found in literature if different electrochemical techniques
are used [61-62] but also the dependence of the current response on the surface
preparation complicates the data interpretation. For that reason probing the free Pt
sites, using a catalytic reaction, such as the hydrogen oxidation [63], can give

additional insights.
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Figure 5.1-1: Cyclic voltammogram and polarization curves of Pt recorded in
0.1M KOH solution saturated by Ar (black), hydrogen (blue),

oxygen (green), and with peroxide added to the solution (red).

The scope of this part of the thesis was to re-examine the role of surface oxides on
the kinetics of several important reactions on platinum in alkaline solution. The
hydrogen oxidation reaction, the oxygen reduction reaction as well as the
oxidation/reduction of peroxide (POR, PRR) are studied by different electrochemical

techniques and the results are compared to each other.

5.2 Experimental details

All electrochemical measurements were conducted in a setup developed in this
thesis and described in the previous chapters. The electrolyte solutions 0.1 M HCIOy,,
0.1 M KOH and 0.1 M KOH containing H,O, were prepared using Millipore water
(Resistivity = 18.2 MQcm™, TOC < 5 ppb), concentrated HCIO, (Normatom; VWR,
Germany), KOH pellets (Merck, Superpure) and 30% H,O, solution (Merck, analytical
grade). During measurements, the electrolyte was saturated with argon, oxygen, or
hydrogen, each of purity grade 5.
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As reference electrode, a Mercury oxide electrode was employed, however, the
reversible potential of hydrogen oxidation/reduction was determined for each
measurement, and all presented data are given with respect to the reversible
hydrogen electrode.

The working electrode used was a PC Pt disk (@ =5 mm, A =0.196 cm?) mounted
into a Teflon RDE tip. The disk was cleaned by polishing, inserted into a sonic
cleaner and finally inserted for 5 min in concentrated HCIO,.

Prior to each experimental series, the Pt electrode was cycled in CO saturated
perchloric acid (CO annealing) in a separate cell in order to obtain reproducible
surface conditions [64]. The electrode was thereafter rinsed in Millipore water and
finally inserted into the cell containing KOH solution.

The solution resistance between the working electrode and the Luggin capillary [12]
was determined using an AC signal (5 kHz, 5 mV), and thereafter electronically
compensated for using the potentiostat’s positive feedback scheme. The resulting
effective solution resistance was 2 Q for each experiment.
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5.3 Results

5.3.1 Cyclic voltammetry

1.5

1.0

E/ Vrue

Figure 5.3-1 Cyclic voltammograms of Pt in Ar saturated solution recorded at
different scan rates in 0.1M KOH solution.

Cyclic voltammetry is a practical tool for a basic characterization of the properties of
an electrodes surface. In order to examine adsorption processes and to distinguish
them from other faradaic processes, the measured current density J can be
normalized to the scan rate v. While the current related to adsorption processes is
both proportional to the scan rate and a function of potential, faradaic processes are
only a function of potential. Hence by varying the scan rate, information about the
dynamics of the surface processes become easily accessible with a minimal
distortion from background processes. If such studies are performed using probe
reactions serious complications arise as a result of the superposition of different
processes in the measured current. Thus for studying the dynamics of the oxide
formation/reduction on Pt and its influence on continuous faradaic processes, the
current responses from the different surface processes have to be separated.

In figure 5.3-1 CVs of polycrystalline Pt recorded in Argon saturated 0.1 M KOH are

shown. At a low scan rate (0.10V s™?) the well known base voltammogram of
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polycrystalline Pt recorded in alkaline electrolyte is observed. In the Hypg region
between 0.05 and 0.5Vgee two well defined peaks evolve due to the
adsorption/desorption of hydrogen atoms at different facets of the polycrystalline Pt
crystal, whereas the pseudocapacity between 0.5 and 0.75 Vgrye is traditionally
ascribed to charging and de-charging of the electrochemical double layer close to the
surface. Beginning at 0.7 Vgue In the positive going sweep, oxygenated species
become adsorbed on the surface. In contrast to Hypqg this process is reported to be
irreversible based on the negative shift of the reduction peak in the negative going
sweep, especially when scanning to more positive potentials (not shown). However,
increasing the scan rate it can clearly be seen that the oxide peak position, both in
positive and negative scan direction, is independent of the scan rate up to very high
rates (€10 V s™%). In contrast, the peaks correlating to the Hupa process merge with
increasing scan rates together and shift to more positive/negative potentials in the
positive and negative going sweep, respectively. These observations, which to the
best knowledge of the author were not reported previously, suggest that in alkaline
solution the initial oxidation of the Pt surface and its reduction are relatively fast
processes, whereas the Hy,y process is comparatively rather sluggish. Note,
however, that although the initial oxidation is fast, the magnitude of the peak current
decreases as Vv increases indicating that the equilibrium oxide coverage is not
reached instantaneously. It is noteworthy in this respect that these observations can
be only obtained if almost a full compensation of the solution resistance in the

electrochemical cell is achieved.
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5.3.2 Separation of faradaic and capacitive currents
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Figure 5.3-2  Polarisation curves of PC Pt recorded at different sweep rates in
hydrogen saturated 0.1 M KOH solution. The inset shows parts
of the polarisation curves after subtraction of a CV recorded in

Ar saturated solution at an equivalent scan rate.

As discussed in the introduction of this chapter, an alternative tool for the
characterization of Pt surfaces is to probe the influence of adsorption processes on
catalytic reactions such as the hydrogen oxidation reaction. While the currents of
adsorption/desorption processes scale with the applied scan rate catalytic reactions
do not. Thus the current responses from the different surface processes have to be
separated. This is demonstrated in figure 5.3-2, where polarization curves recorded
in hydrogen saturated solution are compared for different scan rates. At low scan rate
(0.05 mV s™), in the polarization curve mainly the well known characteristics of a
continuous faradaic process can be observed, i.e. close to the reversible potential of
the HER/HOR (0.00 Vgrue), the measured current is controlled by the kinetics of the
hydrogen oxidation, whereas in the region 0.1 <E < 0.8 Vgyg, it is limited by the
diffusion of hydrogen to the surface. Above 0.8 Vgrye the current decreases until
around 1.0 Vgue it almost reached zero, corresponding to the oxidation of the Pt
surface indicated in the CV. Note also the hysteresis (i.e. the difference between

positive and negative going sweep) in the oxide region, in contrast to the region
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around the reversible potential. In addition to these faradaic currents, only very small
features of the adsorption and desorption of hydrogen, as observered in the CV
recorded in Ar saturated solution, are discernible in the polarization curve.

Increasing the scan rate, Hypq and platinum oxidation features superimposed onto the
HOR appear more clearly. If a CV recorded with the same rate in Ar saturated
solution is subtracted the surface features can be removed and the activity of the
HOR extracted. Focusing on the oxide region as shown in the inset, the resulting
positive sweep curves are almost independent of the scan rate. In contrast, the
negative sweep curves exhibit a hysteresis which becomes more pronounced as the
scan rate decreases. Analogue to the HOR, performing this procedure in O,
saturated electrolyte leads to similar observations.
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Figure 5.3-3  Polarisation curves of the oxidation and reduction of HO;
recorded at different rotation speeds and peroxide
concentration in Argon saturated 0.1 M KOH solution. The inset

shows the normalised positive going linear sweep voltammetry.

As peroxide is discussed in the literature as a reaction intermediate in the oxygen
reduction reaction [65], the reduction/oxidation of hydrogen peroxide was

investigated as well. For this purpose H,O, was added to Ar saturated solution and
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CVs were recorded at 0.5Vs™. The resulting background subtracted polarization
curves in the positive sweep for different rotation rates demonstrate that in the
potential region < 0.8 Vgyg, diffusion limited reduction of peroxide occurs (-ig)
whereas more positive than 1.0 Vgpe, the diffusion limited oxidation current (ig) is
measured, which is of the same magnitude as the reduction current, see figure 5.3-3.
Focusing on the region where the reduction shifts to the oxidation, i.e. between 0.8
and 1.0 Vrug, it can be shown that also in this potential region both processes are
diffusion limited. As demonstrated in the inset of figure 5.3-3, where the curves have
been normalized to the diffusion limited current at 0.7 Vrug, the curves all coincide,
although measured with different peroxide concentration and rotation rates. This
indicates that the peroxide reaction is no redox-process and that no Kkinetic
information can be extracted from the curves. The potential of zero current (E;)

corresponds to equal oxidation and reduction reaction rates.

5.3.3 Oxide stripping

Apparently, while performing conventional CV, the oxide coverage is not at
equilibrium. Decreasing the scan rate to very low values (< 10 mV s) is not feasible
as the measured signal from surface reactions would be both very small and easily
be subject to artefacts. Therefore, in order to study the surface oxidation state at
equilibrium conditions, a stripping technique is more adequate. By firstly performing
chronoamperometry at deposition potentials (E4) in the oxide potential region for a
long enough time period (potential hold of 100s), the equilibrium oxide coverage is
reached. The following linear sweep voltammetry (LSV), starting at E4 towards more
negative potentials gives a dynamic response to the equilibrium properties of the
oxide. We denote this as stripping linear sweep voltammetry (sLSV) in contrast to
normal LSV, which has not been preceded by chronoamperometry, and is followed

by the subsequent positive going sweep, pLSV.
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Figure 5.3-4 shows the sLSV and the subsequent pLVS of PC Pt for different
deposition potentials recorded at 500mV/s in argon saturated
0.1 M KOH solution. For a better comparison the currents in the
plot are normalized to the scan rate and the Pt surface area. Key
features have been highlighted: charge integration of the oxide
peak (Qox) and Hypq features (Qu) as well as the oxide peak
position (Epp).

The results of the stripping procedure performed on PC Pt in Argon saturated
solution are shown in figure 5.3-4. The voltammograms are all recorded at a scan
rate of 500 mV s™. As can be seen the magnitude of the oxide reduction peak, its
integrated area (Qox), as well as its peak potential (E,p) change as a function of the
deposition potential E4, which is in agreement with investigations performed in acid
solution [62]. In contrast to the oxide reduction, the total charge determined from
integrating the Hy,q peaks (Qu) is unchanged indicating reversible behaviour.
Interestingly, for a wide range of deposition potentials (Eq=0.93 - 1.08 Vgrye) the
peak potential Ey, of the consecutive SLVS reduction curves stays constant (see also

figure 5.4-1) indicating a special significance of these two potential values.
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Figure 5.3-5 The influence of the technique on the measured reaction rate of
the HOR (blue), the peroxide reaction (red), and the ORR
(green); sLVS after potential hold at 1.08 Vgue (solid lines) and
concomitant pLSV curves (dashed lines) are plotted together
with the current recorded after chronoamperometry (A), i.e. the
current after a potential hold of 100 s at different potentials. The
rotation rate was 1600 rpm, the scan rate of the LSV 500 mVs™.
For better comparison, all currents have been normalised to the

respective diffusion limited current.

In order to investigate the influence of oxide formation on the PC Pt surface on its
catalytic activity, the HOR and ORR were probed under the same stripping procedure
as applied for the argon saturated solution, but in electrolyte solutions saturated with
H,, O, instead. Furthermore, the same measurements were performed with hydrogen

peroxide added to Ar saturated solution. The results are summarized in figure 5.3-5:
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for each reaction three curves are shown, i.e. the sLVS polarization curve (solid lines)
after potential hold at 1.08 Vrue, the consecutive pLVS curve (dashed lines), and the
current values after potential holds at different potentials for 100s
(chronoamperometry, triangles). In order to simplify their comparison all currents
have been normalised to the diffusion limited current of the respective reaction.

At potentials below 0.76 Vrue (not shown) the potential hold does not influence the
polarization curves, i.e. the currents of pLSV, sLSV and chronoamperometry all
coincide. Thus in KOH solution below 0.76 Vrye no blocking species are adsorbed on
the Pt surface. At more positive potentials, however, the potential hold does
significantly influence the observed polarization curves indicating the onset of oxide
formation. As can be seen, the normalized sLSV polarization curves after the
potential hold and the consecutive positive going pLSV scans do not coincide for any
of the three reactions, i.e. Oz, Hy, and HO;™ in line with the previous observation that
oxide formation is not an instantaneous process. Notice further, that for the O, and
HO, reaction the sLSV curves coincide with the chronoamperometric values,
whereas for the H, oxidation they do not. In addition, the sLSV polarization curves of
the O, and HO;™ reaction exhibit the same potential dependency, again, in contrast to
the H, oxidation reaction. These findings indicate a significant difference between the
ORR and peroxide reaction and the HOR. As discussed later in more detail, the
difference is that in the O, and HO, reaction OH.q is a reaction intermediate,
whereas it is not in the HOR.

Additional insight into the influence of the potential prehistory on the reaction
dynamics can be obtained by comparing for different deposition potentials E4 of oxide
species the half-wave potentials (Enw) of the consecutive polarization curves for the
O, and H; reactions in addition to the potential at zero current (E,) for the HO,~
reaction. Given that surface oxides can influence the reaction rate and that oxide
formation is not an instantaneous process, the Eyw and E; values obtained in sLSV
and the subsequent pLSV can be used as indicators of the oxide state of the surface

at the potential Eg.
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Figure 5.3-6  Halfwave potentials of HOR and ORR polarization curves as well
as the zero crossing potential of HO,” as a function of hold
potential Eq for sSLSV («) and subsequent pLSV (»). The gray
lines correspond to the proposed potentials of OH and O,

respectively, monolayer formation.

Such plots are shown in figure 5.3-6. It is demonstrated that for all pLSV curves Epyw
is independent more or less of the deposition potential Eg4. In other words, the positive
going polarization curves of the HOR and ORR are not affected by a previous
potential hold. This is actually the reason why in most ORR investigations only the
positive going polarization curves are evaluated. Because in contrast, the Epw values
of the sLSV curves exhibit a distinctive dependence on the deposition potential.

Especially the HOR is highly sensitive to potential holds above 0.93 Vgye. The
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difference in the half-way potentials of the sLSV and the constant pLVS polarization
curves increases with increasing oxide deposition potential. For the ORR, the half-
way potentials of the sSLSV and pLVS polarization curves do not coincide either, even
though a different behaviour is seen. Two potential regions can be distinguished. For
deposition potentials between 0.93 and 1.08 Ve the difference in Epw between the
SLSV and pLVS curves is more or less constant, while for E4 values above 1.08 Vgye,
Enw decreases in the sLSV curves (and stays constant in the pLSV curves).

In the case of the peroxide reaction, it is seen that the potential of equal peroxide
reduction and oxidation rates E; is different for the pLSV and sLSV curves, however,

independent of the chosen Eg.

5.4 Discussion

The presented results clearly indicate that the prehistory of Pt considerably
influences the observed reaction rates. In the following the findings will be compared

to each other and interpreted.

5.4.1 Hysteresis

Based on the CVs recorded in Ar saturated solution, it is seen that the initial oxidation
of the Pt surface is a fast process; no peak shifts are noticeable for the
oxidation/reduction process even at scan rates as high as 10 V/s in contrast to the
Hua process (see figure 5.3-1). The surface oxidation peak at 0.8 V exhibits
reversible behaviour although the peak area decreases with the scan rate. However,
once the system prolonged for 100 s at high potentials, the reduction peaks in the
concomitant sLSV curves shift significantly #70 mV) towards more negative
potentials; even at moderate deposition voltages (see figure 5.3-4).

The probed catalytic reactions show an analogue behaviour. A noticeable
dissimilarity can be observed comparing positive and negative scan directions of the
polarization curves for the HOR, ORR and peroxide reactions (figure 5.1-1). Although
the scan rate has only a small influence on the blockage of the HOR in the positive
potential sweep, the hysteresis between negative and positive going polarization
curve increases with decreasing the scan rate (figure 5.3-2). Using the stripping
procedure and comparing sLSV to pLSV the described effect becomes even more
evident (figure 5.3-5 and figure 5.3-6).
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5.4.2 H, as a probe molecule for the equilibrium oxide coverage

The decrease in the HOR rate on Pt at high potentials is demonstrated in figure
5.1-1. Bao et al. recently interpreted this decrease as a decline in the tunnelling
current through a growing isolating oxide layer [63]. However, considering that the
HOR is a catalytic reaction and not a Helmholtz reaction, the probing capability of the
oxide thickness by the HOR is questionable. Instead, the decrease in the HOR rate
can be interpreted as a decrease in available active sites due to blockage of the Pt
surface by adsorbed oxygenated species [66]. Hence, the absence of any HOR
current indicates a completely blocked surface. This state is reached at a potential of
1.08 Vrpe.

The microscopic information provided by the potential dependence of the HOR is
however limited. A direct correlation of the measured current to the number of free
sites cannot be extracted without the knowledge of the exact oxide growth formation.
Such a model is lacking so far. However, a partially blocked surface exhibits a
reduced apparent activity regardless of whether the active spots are macro- or
microscopic [67]. Assuming that the growth and the reduction of an oxide layer on Pt
follow the same mechanism, the half wave potential of different LSV curves
corresponds to the same oxide coverage, although the exact value is unknown. The
potential difference between the sLSV and pLSV curves therefore displays the
difference in available active sites for the reactions.

So far no single electrochemical experiment can determine the equilibrium oxide
coverage of PC Pt at a certain potential. However, by combining different methods a
clearer picture can be revealed. During a regular CV, the surface state is not at
equilibrium, which is obvious from figure 5.3-1 and figure 5.3-2, i.e. the scan rate has
a large influence on the current response. For that reason, an adequate analysis can
only be given by applying a stripping technique. The key values obtained from these

experiments have been summarized in figure 5.4-1.
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Figure 5.4-1
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The peak potential E,, of oxide reduction observed in LSV
recorded in Ar saturated electrolyte is compared to the
calculated stripping charge of adsorb oxygenated species and
Hupa oObtained in the same measurement as well as to the
normalized steady-state HOR current and the difference
between the halfwave potentials of sLSV and pLSV
measurements in H, saturated solution. All values are shown as

a function of the deposition potential Eg.

Based on the comparison of the results obtained from different techniques, the

equilibrium coverage of oxygenated species on the platinum surface can be divided

into 4 potential regions. Focusing firstly on the region above 1.08 Vgyeg, No HOR rate

is measured in this potential region indicating the complete blockage of all Pt sites by
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an oxide species. The negative shift of the Ep, as the potential increases is a strong
indication that a second oxide layer starts to form onto the first monolayer [68]. The
stripping charge of the oxide layer increases continuously with E4 and specificly at
1.08 Vrue, a ratio of 2:1 compared to the area under the Hypq peaks is found. It can
therefore be deduced that PtO is formed, reaching monolayer coverage at 1.08 Vgrue.
At a more positive potentials multilayers are formed.

Similar findings have been reported using other techniques. Electrochemical quartz-
crystal nanoblance EQCN experiments have shown an increase of 16 g/mol e in the
oxide region [69-70]. The onset of a more stable oxide was also identified by the
change of signal stability of the oxide upon exposure to an electron beam [69] as well
as clear change of surface morphology of Pt [111] using in situ STM [71].

The nature of the equilibrium oxide layer formed at lower potentials is, however, more
intriguing. No stripping peak can be observed for Eq< 0.7 Vgue, i.€. the surface is
oxide free in this region. At more positive potentials, the stripping charge increases,
the peak stripping peak position shifts more positive and the steady state current of
the HOR decreases. In particular at Eq = 0.93 Vrug, Qox becomes equivalent to Quypd
and the HOR reaction is almost totally inhibited. At the same time for Eq4 = [0.93-
1.08 Vrue] Epp is constant. Independent of whether the HOR requires one or two Pt
atoms as active site, the blockage exceeds that expected from a PtO species, i.e. a
coverage of 50 % based on Qo [72]. Thus the results are interpreted such that the
observed stripping charge is due to the adsorption of OH, which forms a monolayer
at 0.93V. Between 0.93-1.08 Vgye PtOH gradual transforms into PtO.

This transition can also be monitored by the difference between the HOR half wave
potential in pLSV and sLSV curves (AEjw.-+2, see figure 5.4-1). At a PtOH surface
coverage of ~80% a difference is measurable. At higher potentials the divergence
rapidly increases to reach a plateau a mixed coverage of PtO and PtOH. At more
potentials where PtO multilayers are formed the difference continues to increase.
These potential regions fit well to results published by Wakisaka et al. They did
potential hold experiments on Pt(111) and PC Pt in HF solution with subsequent X-
ray photoelectron spectroscopy in a vacuum chamber [73]. Adsorbed species with
different bonding energies were ascribed to OH,gs and O,gs. Their occurrence on the
surface was plotted as a function of potential for both Pt(111) and PC Pt surface. The

interpretation of which species predominates at what potential corresponds very well
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to those proposed for the Pt(111) surface, although a little less to the PC Pt surface,
for which an equal adsorption of OH,gs and Ogqys Starting at 0.8 Vrue Was proposed.
This disagreement could be attributed to the fact that in the current study real in-situ
investigations were performed and no emersion of the sample out of the electrolyte is
necessary like in vacuum studies. Furthermore, the different preparation method of

our sample, i.e. CO annealing, is known to reduce surface defects [39].

The results can be summarized in the following red-ox couples:

EC1 Pt+OH" ﬁ PtOH+e™ E.,=0.83 VruEe

EC2 PtOH (:) PtO+H" +e” E.,=1.01 VRrue

Where E.,; is defined as the potential of a 50% covered PC Pt surface. Note how well
the E,, of EC1 corresponds to the oxide peaks of the CV in figure 5.3-1. The two
reactions are compatible with the observation that oxide features for PC Pt appear at
the same potential (vs RHE) whether recorded in alkaline or acid solution [74]. In that

respect, EC1 is quasi stable intermediate to the full oxidised state of PtO.
Pt + HZO —->PtO+2H" + e~ E0=0.98 Vrue[75]

Furthermore, a negative shift of the oxide reduction peak of about 70mV between CV
and sLSV can also be observed (see figure 5.3-1 and figure 5.4-1). This can be
interpreted in terms that the oxide becomes stabilized given that the system is given
enough time to reach equilibrium conditions. Weaver et al. studied the oxide
coverage of Pt(111) in vacuum [76]. They proposed that although O,4 had a repelling
interaction at low coverage, once the oxide coverage exceeded 0.75 ML, the growth
of platinum oxide commenced which is energetically more stable than chemisorbed
atoms. The peak shift could therefore be due to a similar phase transition of the

oxide.

5.4.3 Pt surface oxide under steady state conditions

The reaction pathways of the catalytic ORR and HO," reduction include surface oxide
intermediates, thus the surface oxide coverage cannot be considered to be at
equilibrium. Indeed, comparing the J-E-characteristics of the different EC techniques
used in this work, a different behaviour of these two reactions compared to HOR is
observed. As discussed in the previous chapter in figure 5.3-5 it can be seen that for

both ORR and HO;", the chronoamperometry curve and that of SLSV measurements
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starting from 1.08 Vgye coincide, in contrast to what is found for the HOR. This is
more explicitly shown in figure 5.3-6 as Enuw-02 and E; of SLSV are independent of Eg4
< 1.08 VRgye, in contrast to Eyw-12. Hence, it can be deduce that during the ORR and
HO,™ reaction, PtO is formed at potentials lower than the potential where it is formed
from PtOH.

5.4.3.1 HO,

Peroxide is a metastable molecule and in the potential range, where the measured
current changes from oxidation to reduction, both reactions are thermodynamically
feasible [77]. Interestingly, the results demonstrate that the reaction activity, whether
oxidation or reduction, is always diffusion limited even in the mixed region where both
reactions occur (see figure 5.3-3). The measured current is therefore the net rate of
molecules being oxidized and reduced. Zero current indicates that both rates are
identical, i.e. only electroless decomposition of peroxide to oxygen and water occurs.
It is therefore concluded that in the vicinity of PC Pt peroxide is not stable at any
potential. The current magnitude and sign change of the net catalytic reaction should
therefore be related to the rate difference between oxidative generation and reductive
disintegration of surface oxides. This interpretation is supported by the
correspondence of E; in the sLSV curves, i.e. 0.84 Vgrue (see figure 5.3-6), to the
value of Es; in equation EC1. Furthermore, in contrast to the ORR and HOR even
high deposition potentials do not affect E,. This implies that during the peroxide
reaction, no PtO multilayers are formed, hence PtO is consumed in reaction (C2).
Diffusion limited oxidation currents are already reached at 0.93 Vgne. Hence, also
OHgq is removed in the reaction scheme (EC3).

From these observations, the following fundametal reactions are proposed which can
explain the observed currents at all potentials:

C1 Pt+HO,” > PtO+OH"

C2 PtO+HO,” ->Pt+0O, + OH"

EC1 Pt+OH = PtOH+e” E.»=0.83 VrHe
EC2 PtOHZ2PtO+H" +e” E.=1.01 Vgrue
EC3 PtOH+O,H > Pt+0, +H,0+e"
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The observed reduction current at potentials E< 0.84 Vgyg, is dominated by reactions
C1, EC1 and EC2. In the potential range between 0.84 and 1.01 Vrue the observed
net oxidation current is given due to reactions EC3 and EC1. At more positive, where
PtO starts to be the dominating adsorbed surface species, the oxidation current is
due to reactions EC1, EC2, and C2. Peroxide decomposition can be expressed by
EC3, EC2 and C1 or by C1 and C2.

5.4.3.2 ORR

As discussed in the previous chapter the overpotential of the ORR on Pt is often
correlated to the blocking effect of oxygenated species adsorbed on the surface.
These species can originate either from water or from the reactant O, and inhibit
further oxygen reduction as no free Pt sites are regenerated.

As demonstrated in figure 5.3-5, in a positive going potential sweep at 0.5 Vs™ no
ORR activity is detected on Pt above 1.0 Vrye. During such a condition the system is
not at steady state. At steady-state conditions ORR activity is observed only below
0.93 Vgyg, in analogue with the HOR. Bearing in mind the potential regions of the
different surface species from the previous discussion, the ORR only occurs as the
surface coverage of oxygenated species becomes less than a monolayer.

Moreover, if multilayer of PtO was formed (Eq > 1.08 Vgrye ), the half-wave potential of
sLSV is negatively shifted (see figure 5.3-6). This indicates that during the sLSV the
PtO film temporarily resides on the surface also at more negative potentials and
blocks active sites.

Associative pathway

Comparing the peroxide reaction with the ORR as demonstrated in figure 5.3-5, it can
be seen that the activity increase of the ORR occurs in the same potential region
where the net oxidation of peroxide gradually turns into a net reduction.

Based on these results, the proposed reaction pathway for the reduction of O, can be
expressed by the reaction EC3, and the reduction of peroxide, i.e. the reactions C1,
EC2 and EC1. That is, O, is first reduced to peroxide at bare Pt sites. As the
peroxide is not stable, the reaction can either proceed back to O, or peroxide is

reduce further to water and thereby regenerate a free Pt site.

EC3 PtOH+O,H -»Pt+0O,+H,O+e"
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C1 Pt+HO,” > PtO+OH"
EC2 PtOH (:) PtO+H" +e” E.,=1.01 VRrue

EC1 Pt+OH" (:> PtOH+e” E.,=0.83 VruEe

The potential dependency of the measured reduction current is therefore dictated by

reaction EC1, which requires the most negative potential for a reduction.

Dissociative pathway

An alternative pathway can be considered, where the first step is given by the
dissociative adsorption of O, (C3). The following steps are the reduction of the PtO to

water by reaction EC2 and EC1.

C3 2Pt+0, — 2PtO
EC2 PtOH (ﬁ PtO+H" +e” E.,=1.01 VruE
EC1 Pt+OH (:) PtOH+ e~ E.,=0.83 VruE

Also in this case EC1 dictates the onset of the measured reduction current. It is
therefore not possible from the conducted measurements to distinguish which

pathway is the dominating one.

5.5 Conclusion

In this chapter the role of surface oxides on the kinetics of the oxygen reduction
reaction, the oxidation/reduction of peroxide and the hydrogen oxidation reaction is
studied on PC Pt in alkaline solution.

The results indicate that in alkaline solution, the initial surface oxidation of Pt is a
significantly faster reaction than the H,pq process. This behaviour, which has not
been previously reported, becomes evident in the CVs normalized to the scan rate.
While the Hypq peaks clearly shift with increasing scan rate, the peak potential of the
oxidation peak around 0.8 Vrye exhibits a reversible behaviour up to extremely high
scan rates. The peak area, however, is sensitive to the applied scan rate which
indicates that the equilibrium coverage is not reached instantaneously. Furthermore,
a noticeable dissimilarity can be observed comparing positive and negative scan
directions of a polarisation curve of the HOR, ORR and peroxide reactions. Although
the scan rate has only a small influence on the blockage of the HOR in a positive
sweep, the hysteresis between positive and negative going sweeps increases at
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smaller scan rates. Hence, in order to study the correlation between the surface
oxidation and catalytic reactions under steady-state conditions, a stripping procedure
was used.

By correlating the results from the stripping procedure in Ar and H; saturated solution
the potential regions where at equilibrium conditions the different oxide species are
predominant on the Pt surface could be deduced. The onset of adsorbed oxide
species is established at 0.7 Vgye and at 0.93 Vgrue the formation of a monolayer of
PtOH is completed. Above 0.93 Vgye PtOH transforms into PtO, which completes a
monolayer at 1.08 Vgye. At even higher potentials PtO multilayers are formed. PtOH
can thus be considered to be an intermediate of PtO.

The same experimental procedure was used to study ORR and HO,™ at steady-state
conditions. It could be shown that at steady-state conditions the decisive reaction of
both the reduction of HO,~ and oxygen is the reduction of PtOH. Furthermore, during
these reactions PtO is formed at a potential more negative than the oxidation of
PtOH. As the reduction and oxidation of HO,™ on PC Pt is always diffusion limited it
was not possible to distinguish between the two possible reaction pathways of the

ORR, the associative and dissociative mechanism.
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6 Silver nanoparticles

6.1 Introduction

In order to reduce the costs of fuel cells replacing Pt based catalysts for the oxygen
reduction reaction by cheaper materials not containing any precious metals is a
strategy pursuit by several research groups. A fundamental difficulty in reaching this
goal, however, is how to make a reasonable comparison of the activity of different
catalyst classes. The state-of-the-art catalyst in fuel cells consists of nanoparticles
platinum dispersed on a conductive chemical inert carbon substrate. Such a catalyst
has a significant surface to volume ratio and is more complex to study in comparison
to investigations on a flat electrode as introduced in the previous chapter. The active
surface area of the catalyst does not correspond to the geometric area, but is
proportional to the catalyst mass and the particle size. There are also more practical
issues concerning the samples. Loading effects such as activity saturation can be
expected for too high loadings. If the diffusion of the reactant is not fast enough,
some particles within the catalyst will be inaccessible and thus be inactive as the
reactant concentration is zero.

The lack of a common methodology and benchmark activities for the study of
platinum high surface area catalysts is pointed out in the review by Gasteiger et al.
[5]. The differences of the presented activity results of Pt based catalysts, regardless
of being extracted from RDE measurements or membrane electrode assembly (MEA)
experiments, is a strong indicator of the relevance of this issue. The importance of
benchmark activities and thereby the necessity of a common methodology in catalyst
characterization cannot be enough emphasized. If the characteristic properties of a
system cannot be reproduced by other research groups, how to make a rational
comparison to other systems?

In order to address this issue, Mayrhofer et al. recently proposed a set of practical
guidelines [35]. These target the characterization of platinum based catalyst using
the RDE. In short, they point out the importance of active sites determination using, in
which potential region reasonable measured quantities can be extracted as well as
loading effect should be investigated. The guidelines are written with respect to

platinum but can be generalized to cover also non-platinum catalysts.
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As discussed in the previous chapters, one fundamental problem in the comparison
of different catalysts is the definition and determination of the ECA used to evaluate
the specific activity (Jx.eca); the meaning of real surface area depends on the method
of measurement, on the theory of this method, and on the conditions of application of
the method [78]. For Pt based catalysts, the ECA is usually determined by the
stripping charge of underpotential-deposited hydrogen (H.pq) Or more accurately by
the oxidation of an adsorbed CO monolayer. Both methods assume a one to one
ratio of the adsorbates and Pt surface atoms [22]. Furthermore, based on single
crystal data by some groups an average number of surface atoms is assumed for
polycrystalline Pt equalling a charge value of 210 pC cm™. The experimental
determination of this charge after flame annealing, however, led to an average value
of 195 uC cm™ [35].

By comparsion, for non-platinum metal catalysts these rather straightforward
methods are in general not feasible. A range of possible alternatives has been
reviewed by Trasatti and Petrii [78], suggesting for example under potential
deposition (upd) of foreign metals for metal nanoparticles systems. The methodology
of metal upd for the ECA determination has already been successfully applied by
Green and Kucernak [79] in the case Cuyg on PtRu alloy catalyst. For Ag based
catalysts, Pbyg [68] as well as Tl,g [80] are feasible options, both yielding

corresponding results.

The scope of this part of the thesis was to thoroughly characterise silver based
electrocatalysts for the ORR in alkaline electrolyte. Extending the guidelines for the
activity determination by the thin-film RDE technique of Pt based catalysts [35] and
applying an active compensation of the solution resistance. In this thesis a silver
nanoparticle catalyst and polycrystalline (PC) Ag are characterised in 0.1 M KOH
solution. For the determination of the number of electrochemical accessible surface
sites an underpotentially deposited lead monolayer is stripped of the catalyst in a
linear potential sweep. The obtained results of the ORR activity are compared to
those of PC Pt measured in the same electrolyte as well as literature values.
Although, nano particlulate silver catalysts and also silver based alloys have been
investigated in previous studies, the results could not be compared to benchmark

values of platinum due the dissimilar methodologies [30, 81-82].
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6.2 Experimental details

The electrolyte solutions: 0.1 M KOH and 0.1 M KOH + 125 uM Pb(NOs3), were
prepared using Millipore water (resistivity = 18.2 MQ cm™, TOC < 5 ppb), KOH
pellets (Merck, Suprapure) and Lead(ll)nitrate salt (Merck, analytical grade). During
measurements, the electrolyte was saturated with either argon or oxygen (Airgas,
purity grade 5.0). A standard calomel electrode (SCE) was employed as a reference
electrode. However, the reversible potential of hydrogen oxidation/reduction was
determined for each measurement, and all presented data are given with respect to
the reversible hydrogen electrode (RHE). The working electrodes used are Ag, Pt
and glassy carbon (GC) discs (each @ =5 mm, A = 0.196 cm?), the sides coated with
epoxy-resin (to minimise parasitic currents) and mounted into Teflon RDE tips. The
glassy carbon disc was cleaned by polishing, placing into a sonic cleaner and finally
placing it for 5 min into concentrated perchloric acid.

Prior to each measurement the solution resistance [12] from the working electrode to
the Luggin capillary was determined using an AC signal (5 kHz, 5 mV), and thereafter
electronically compensated for by a positive feedback scheme. In our setup, the
typical Rso was around 10 Q; however, in some cases values above 20 Q were
determined, which have a large effect if no compensation scheme is used. The CV
and ORR measurements in 0.1 M KOH were conducted in the Pb free cell, prior to
the surface area determination per formed in a separate cell, thus preventing any Pb

contamination that could affect the activity measurements.

6.2.1 Catalyst samples

The silver catalyst provided in powder form by Umicore AG & Co. KG, has an
average particle size of about 100 nm. It was suspended in Millipore water, dispersed
by a 2 s-insertion into an ultra sonic cleaner and thereafter kept on rotation by a
magnetic stirrer. An aluminium foil covered the glassware in order to protect the silver
catalyst from light. By these measures, agglomeration of the particles was reduced
and the upper limit of the catalyst solution lifetime was 1 week; however, by keeping
the solution longer in the sonic cleaner or unprotected from light, a visible
degradation appeared already after a few hours.

The catalyst layers were prepared by pipetting 20—40 ul catalyst solution onto an

electrochemically oxidised GC disc (100 mA for 5min in 2 electrode setup).
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Thereafter the electrode tip was put in a light sheltered dryer under N,-atmosphere.
Due to the hydrophilic nature of the oxidised GC reproducible smooth catalyst layers
could be produced without the usage of any additives, furthermore the oxidation also
enhances the sticking of the silver particles onto the GC [83-84].
In order to exemplify the difference between a successful sample preparation
compared to an unsuccessful one, 2 different examples are shown in figure 6.2-1. A
clear difference can be seen. The “good” sample has a faint homogenous nuance of
gray on the dark black substrate. In contrast, the “bad” sample exhibits strong greyish
patterns of darker and lighter areas. A scanning electron microscope (SEM) image of
the sample (magnification 3.500x) demonstrates that these gray patterns are
agglomerated patrticles.

A

Figure 6.2-1: Glassy carbon disk electrodes modified by silver particles: A)

successful sample, B) abortive sample showing gray patterns.
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C) SEM image of the gray patterns show that they consist of

agglomerated particles.

6.3 Results and discussion

Prior to the ORR and surface site determination measurements, the catalyst samples
were characterised by cyclic voltammetry in Ar saturated solution. A typical

voltammogram is shown in figure 6.3-1.
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Figure 6.3-1: Cyclic voltammograms of poly crystalline silver in 0.1 M KOH.

NP Ag and PC Ag exhibit no specific features between 0 and 1.05 Vgrye, and mainly
capacitive currents are observed in agreement with previous findings [85-87]. The
hydrogen evolution reaction occurs at more negative potentials than —0.3 Vrug,
whereas at potentials more positive than 1.05 Vgryg, large oxide features can be
seen. Silver oxide is irreversibly formed, as indicated by a white staining of the PC
Ag-electrode. This leads to a roughening of the surface [88-90]. In order to avoid any
potential induced changes of the catalyst, the potential window was kept bellow
1.05 Vg4e.

6.3.1 Oxygen reduction activity

ORR measurements were conducted in a Pb free cell by recording polarisation
curves in oxygen saturated 0.1 M KOH solution between —-0.3 and 1.050 Vgpg, with
active Rgg-compensation, see figure 6.3-2. Cycling below 0.0 Vgrue results in a
considerable increase in the ORR activity, which is associated with the reduction of
the Ag surface, as reported previously [8, 91]. The lower potential limit of —0.3 Vrue
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was chosen since it leads to a maximised ORR activity of the Ag catalysts, while at

the same time avoiding a major detachment of NP Ag from the GC electrode, which

was observed at even lower potentials.

Figure 6.3-2:
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Rs-compensated and capacitive current corrected polarization

curves recorded in oxygen saturated 0.1 M KOH solution at a
rotation rate of 900 rpm for NP Ag with 50, 100 and 200 uCcm™
loadings as well as PC Ag and bare GC. The scan rate was 0.1

Vst (B) Tafel plot of total kinetic current densities obtained

from the polarization curves shown in (A).

In figure 6.3-2(A) the ORR polarisation curves of NP Ag at three different loadings
are compared to the ones of PC Ag and bare GC. In contrast to Pt based catalysts no

hysteresis is observed between the positive and negative going scans. In order to

extract the faradaic current all polarisation curves are corrected for capacitive

currents by subtracting the corresponding blank CV recorded in Ar saturated solution.
From figure 6.3-2(A) it is discernable that GC has only a negligible influence on the
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ORR polarisation curves of NP Ag, since no oxygen reduction occurs above 0.7
Vgrue. Furthermore, it can be observed that with increasing catalyst loading, the
polarisation curves shift towards higher potentials as expected. This effect was
utilised to adjust the potential region for the determination of the ORR activity to
potentials relevant for FC applications. In the case of NP Ag, for instance, the kinetic
current regime applying a loading of 200 pgecm™ lies above 0.8 Vgue and thus in the
potential region of interest. At potentials below 0.6 Vgrye the current is limited by
diffusion of oxygen towards the electrode surface, and no kinetic data of the oxygen

reduction reaction were extracted.
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Figure 6.3-3: Levich plot. The interception of the extrapolated with the origin

shows that the current follows the Levich equation.

The analysis of a Levich plot of Jg at various electrode rotation rates (w) (see figure
6.3-3) indicates that the current follows the Levich equation and no additional current
limitation is active. Given the theoretical value of the diffusion limited current for a
four electron process of 4.4 mA cm™ at 900 rpm, calculated using the Levich
equation and literature data; i.e. O2-solubility (1.2 x 10~°mol cm™) [92], O2-diffusion-
coefficient (2.0 x 10°cm s7%) [92] and viscosity of the electrolyte (1.0 x 10%cm?s™)
[92]; the measured diffusion limited current obtained for a loading of 200 pgcm™ as

well as for PC Ag deviates less than 10% from the theoretical value in accordance to
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the guidelines for Pt based catalysts [35]. For catalyst loadings of 50 and 100 pgcm™
the diffusion limited currents deviate slightly more from the theoretical value,
indicating an incomplete coverage of the GC with Ag particles. In the potential region
of mixed diffusion and kinetically controlled current the kinetic oxygen reduction
current density, Jx, was calculated and utilised to construct a Tafel plot (log Jk versus
E). Figure 6.3-2(B) illustrates the corresponding Tafel plot of the measured data in
figure 6.3-2(A). Within a certain potential range, 0.7-0.9 Vgrye, the curves for the NP
Ag recorded for different catalyst loadings are parallel to each other with a constant
Tafel slope of 120 mV dec™, as determined by a linear regression of the data. The
current densities are shifted by the respective factor in the applied loading. This
scalability of the kinetic reduction current with the loading is an important prerequisite
for a reasonable analysis by the thin-flm RDE method. Only then the true catalytic
activity of an electrocatalyst towards the ORR, expressed by two equally important
characteristics, namely the mass specific activity (in short mass activity) and the

surface area specific activity (specific activity), can be determined from the Tafel plot.

6.3.2 Mass Activity

The mass activity (Jkm), i.€. the normalisation of the kinetic current to the catalyst
loading (o), is especially of economic importance, since it directly indicates the cost
of energy conversion related to the deployed amount of catalyst. A scalability of the
total kinetic current with the catalyst loading, as obtained for the NP Ag in this study,
guarantees that all the catalyst is used in the reaction. The mass activity of the NP Ag
catalyst determined by averaging 12 samples of several different loadings in the
range from 50 to 200 pgem™ is plotted in figure 6.3-4. At 0.9 Vrye the mass activity is
2.0 x 10° A pg™. The standard deviation of the NP Ag measurements in the
potential region of interest is less than 10%. Such a small error in mass activity over

a mass span of a factor of 4 additionally proves the full usage of the catalyst.
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Figure 6.3-4: Tafel plot the kinetic current density of the ORR normalized to the
metal loading of NP Ag (mass activity) obtained from 12
independent measurements with different loadings between 50

and 200 pgcm™,

6.3.3 Determination of Electrochemically Accessible Sites

The standard Pt surface area determination techniqgues CO and Hpq Stripping often
cannot be applied for non-platinum catalysts, as they are generally inactive towards
these reactions. Consequently for each type of catalyst a suitable surface area
determination technique has to be explored [78]. For the Ag electrodes in this thesis
Pbypa stripping (1), and for additional comparison the reduction of Pb(lV), were
implemented.

Pb + 30H 2 HPbO, + H,0 + 2e’ (40)

The upd of Pb on Ag has been described before [15, 93]. A monolayer of Pb can be
deposited onto an Ag electrode at potentials more positive than expected by the
equilibrium potential for bulk deposition. In order to form a complete monolayer of Pb,
different deposition potentials were chosen as negative as possible, while at the
same time avoiding Pb multilayer deposition. Latter introduces an additional peak in
the stripping voltammogram at lower potentials [see figure 6.3-5(A)], and thereby
leads to an overestimation of the active surface area. Furthermore, the deposition
time ty was varied in order to allow the system to reach equilibrium [79]. In detail, the
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optimised Ey4 was determined by conducting several stripping experiments with
several Egs between 0.2 and 0.5 Vgye and tgs ranging from 1 to 600 s. The optimised
values for PC Ag were a ty of 300 s and an Eq4 of 0.23 Vgye, respectively. Using these
parameters the Pb stripping charge reached a maximum without any visible Pb bulk
deposition [see figure 6.3-5 (A)]. Note, however, that these parameters may differ
slightly for different NP Ag catalysts. The number of electrochemically accessible
sites (Necas) was calculated from the stripping voltammogram assuming a one to one
ratio of Pb to Ag atoms. An additional methodology utilising Pb(IV) species was

employed to determine the surface charge for comparison.

0.0 1.2
1.0 1.0
L\Il [ .
. 0.5 0.5 =
< 0.0 00 >
=-05 N 053,
------ CV with rotation Lo
1.0~ —— Pbupdstripping — [~ \r / 171
| I | ' .

200 | I I I

Strip Charge / mCem”
GPb(II) =12 ]
Cppgyy =11

—— —

0.6 0.8 1.0 1.2
E /Vrhe

Figure 6.3-5: Voltammograms of a PC Ag electrode recorded with 0.1 V s in
Ar-saturated 0.1 M KOH + 125 pM PDb(NOs3), solution; (A) strip
voltammogram after 180 s at Ed = 0.23 Vgue (solid line),
consecutive voltammogram recorded with a more negative
potential limit and rotation rate of 900 rpm (dotted line). (B)
Pb(IV) stripping curves recorded at Eq = 1.160 and 1.180 Vgue.
(C) Optimized strip voltammogram of Pb upd (left) and Pb(IV)

146



(right) at 0.01 Vs from NP Ag sample with loading 100 pgcm™.
Shaded areas indicate the corresponding charges.

Pb(IV) forms an adsorbed monolayer on Ag electrodes dependent on the applied Egq
in the range of 1.15-1.20 Vgue, and is observed in the negative going sweep by a
reduction peak at 0.95 Vgue [see figure 6.3-5(B)]. If the deposition potential is
increased beyond 1.19 Vgye, lead-dioxide is formed (2) [75] and a ty dependent,
second reduction peak occurs at 0.75 Vgpe.

PbO + 20H = PbO, + H,0 + 2¢ (41)

Analogous to the optimisation scheme used in Pbyyqg stripping, the Eq and tq
parameters for Pb(IV) were found by maximising the monolayer Pb(1V) stripping peak
I, without forming the second reduction peak Il [figure 6.3-5 (B)]. Pby,q and Pb(IV)
stripping measurements on PC Ag reproducibly resulted in a charge density of 450
uCcm™. This is slightly higher than the values reported in the literature, i.e. 400
puCcm™ for Pbupd [68], and 200 nuCcm™ for the one electron process Tlypa [80], which
might be due to a slightly roughened electrode surface.

Figure 6.3-5(C) shows the optimised stripping voltammograms of Pby,y and Pb(IV)
from a NP Ag sample with 100 pgcm™ loading, resulting in a surface charge density
0g, pb = 1.2 mC cm™ and qpbevy = 1.1 mMC cm™, respectively. The difference of less
than 10% between the two stripping methods is a result of the error in the correction
of the capacitive currents and in the selection of the integration limits. Interestingly, it
was observed that compared to PC Ag the optimised Eq4 values for Pbpq are shifted
30 mV more positive, whilst the E4 for Pb(IV) are shifted 30 mV more negative. In
further contrast to PC Ag, the stripping charge of NP Ag was found to decrease by
=5% for consecutive Pbyyg stripping measurements, which could be due to a partial
detachment of particles. It is noteworthy, that the post-ORR surface areas of the Ag
particles in some cases diverted up to 30% from the surface areas determined before
measuring the ORR. Since the patrticles are only attached to the substrate by weak
electrostatic forces, these losses might be either due to the rotation during recording
the ORR and the cell exchange procedure or due to Ag dissolution. Although both
processes are difficult to distinguish during the measurement, the latter process was
minimised by limiting the upper potential to 1.05 Vgrye, Where in the CV still no Ag
oxide peaks are detected. In the case of a large discrepancy in the post-ORR surface
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area, the data were not further evaluated. That is, the activities of only those
measurements were analysed, where the surface area loss within the measurement

was negligible.
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Figure 6.3-6: Charge density of NP Ag determined by Pb stripping as a
function of the catalyst loadings in several independent
measurements according to method described in the text. The
dotted black line indicates a linear regression (loading of 400

ngecm~2 is not included); the determined slopeis 12 C g™~

The surface area determination can be applied to probe the full accessibility of the
catalyst surface, as proposed in the determination of the mass activity. The results
from the stripping experiments as a function of NP Ag loading are shown in figure
6.3-6. It can be seen that o, indeed depends linearly on the catalyst loading up to
200 pgecm™; so all the catalyst is utilised and these samples can be used for
determining the specific ORR activities. For higher loadings of 400 pgecm™, however,
the ratio deviates from the linear regression, so that specified mass activities lead to

erroneous results and have to be discarded.

6.3.4 Specific Activity/Turnover Frequency

After determining the electrochemically accessible sites, the surface area specific
activity of the catalysts can be calculated by assuming a standard charging value per
surface area for the material. However, for alloys or the recently reported Fe/N/C type
of catalysts [94] the correct standard charging value is often problematic. For
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example for a Pt alloy system in alkaline solution the exact surface composition is in
general not known and thus a standard value in terms of charge per surface area
cannot be given. Instead, a normalisation of the catalytic activity to the implicit
charging/decharging value avoids such assumptions, resulting in an activity in the
form of a turn over frequency (TOF) [19]. In the presented work both properties were
determined; the TOF of the ORR by dividing the number of reacting molecules per
unit time (determined by Kkinetic current) by the number of electrochemically
accessible sites (determined by the Pb stripping charge measured after the ORR).
The specific activity was calculated by multiplying the TOF value with 400 pCcm™,
i.e. the normalisation constant of a two electron process for the surface area of PC
Ag as given in the literature [68]. In figure 6.3-7 the resulting TOF determined from
the same 12 samples as in figure 6.3-4 are plotted as a function of potential along
with the TOF values obtained for PC Ag and PC Pt. Analogous to the standard
deviation of the NP Ag mass activity, the deviation in the potential region of interest is
below 10%. Furthermore it can be seen that at 0.9 Vgye the TOF of NP Ag is 0.1 Hz,
equivalent to that of PC Ag and one order of magnitude less than PC Pt. At lower
potentials, the difference in activity between Pt and Ag increases further due to the

different Tafel slopes.
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Figure 6.3-7: Tafel plot of the established turn over frequency of the ORR on
NP Ag (markers), PC Ag (solid line) and PC Pt (dashed line) in
0.1 M KOH.
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6.3.5 Comparison

The thorough evaluation of the NP Ag catalyst enables a comparison with activities of
PC Pt and Ag from literature. The kinetic parameters of the ORR obtained in this
work are summarised in Table 6.3-1 along with values from other references.
Although the literature data for the ORR kinetic activity of PC Pt varies significantly, it
is one of the most active materials and should serve as a benchmark for any
comparison. Note that PC Pt exhibits a hysteresis during ORR in contrast Ag. In
general, the forward scan is taken as comparison although it is not under steady
state condition. In this work we obtained a TOF of 1 Hz at 0.9 Vrue on PC Pt, and a
Tafel slope of 60 mV dec™; these values compare reasonably well with literature
values for Pt PC in perchloric acid electrolyte [5, 35]. Thus results from this work
indicate that there is a comparably small difference in the TOF on PC Pt in acid and
alkaline solution. However, in the literature one order of magnitude lower TOF values
are reported for the ORR in alkaline electrolyte [74, 95-96]. In these previous studies
contradictory values of the Tafel slope from 60 [96] up to 120 mV dec™ [74, 95] are
determined, demonstrating that even a basic system like PC Pt is subject to
inconsistencies. It should be pointed out that latter measurements were performed in
standard electrochemical glass cells, allowing impurities from the glass to leach into
the alkaline electrolyte [22-23], whose detrimental effects on activity measurements
cannot be ruled out.

Comparing the Ag data of this study with the literature, the TOF of PC Ag of 0.1 Hz at
0.9 Vgue is (as for PC Pt) up to one order of magnitude higher than previously
reported [8, 91, 97]. Possible reasons for this are the complete reduction of Ag, the
Rsoi compensation and the applied subtraction of the capacitive current. The
reduction of silver has an enhancing effect on the ORR and the reduction potential
used in this study is more negative than in previous studies. Furthermore, the actual
faradaic current at 0.9 Vgye is small; consequently the measured total current is
highly subjective to the influence of any capacitive currents, which therefore must be
considered. The Tafel slopes obtained for PC Ag correspond well to the literature
values for PC Ag [8, 91] and Ag single crystals [97]. Since in contrast to previous
studies a compensation of Rs, Was applied, increased activities and a linear Tafel

slope were observed in a potential window of over 200 mV. Different Tafel slopes
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obtained in previous studies in a low and a high potential region are most likely an
artefact of RDE measurements due to an improper Rso cOmpensation.

Previous studies on Ag nanoparticles have provided unsatisfactorily comparable
activities, as the catalyst surface area was not measured, nor was the scalability of
the activity with loading investigated [30, 82]. The mass activity for the NP Ag catalyst
of this study is 2.0 x 107° Aug™. Interestingly, the Tafel slope of =120 mV dec™ for
unsupported NP Ag does not correspond to that of PC Ag of 90 mV dec™, while the
TOF at 0.9 Vge is identical. The reason for this behaviour is still unclear at this point.
Comparing Ag to Pt, it is evident that in alkaline solution the TOF on PC Ag at 0.9
Vrue IS about one order of magnitude lower than on PC Pt (see Table 6.3-1). The
mass activity for the NP Ag catalyst of 2.0 x 10° A ug™ is significantly lower than
that of a state of the art carbon supported platinum high surface area catalyst. The
divergence is partially due to the difference in particle size, i.e. 100 nm for Ag versus
sub-10 nm for Pt, and the therefore lower active surface area. So the mass activity of
NP Ag could still be increased decisively by further reducing the particle size, as long
as no eventually opposing particle size effect as for the ORR on Pt appears [98]. The
Tafel slopes for NP Ag and PC Ag are, however, higher than the Tafel slope for Pt,
which is clearly a disadvantage at higher overpotentials. Neglecting any other
influence, such as long-term stability, required catalyst film thickness in the MEA,
etc., the economical conversion efficiency is quite similar. Albeit having one
magnitude lower specific activity for ORR than platinum, Ag and alkaline based FCs

might be a plausible candidate in future due to their low cost.
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TOF

Spec. Activity

Mass Activity

Catalyst for ) .. | Tafel Slope
log(TOF/Hz) | log(Jk-eca’/Acm™) | log(Je:m/Apg ™) Reference
ORR (mV/dec)
at 0.9 VrHE at 0.9VruE at 0.9VruE
Ag(110 -1.1 -4.4
9(110) ] 80 [97]
Ag(100) -1.6 -4.7 (cont. changing)
-0.9 -4.0 90 figure 6.3-7
PC Ag -
-2.0 =-5 90 [8, 91]
NP Ag -1.0 -4.0 -5.7 120 Here
-0.1 -3.1 60 figure 6.3-7
0.2 -2.9 60 [35]¢
0.6 -2.6 60 [5]27
PC Pt - b
-0.9 -4.0 104 [95]
-0.6 -3.7 120 [74]°
1.3 4.4 60 [96] P
Pt/HSC-E T
-0.7 -3.7 -4 - [5]2

45.9% (TKK)

Table 6.3-1;

ORR kinetic parameters on bulk Silver (PC Ag), platinum (PC

Pt), and nanoparticles of Silver (NP Ag). The TOF from literature

source were calculated by dividing the specific area with the

charge density of the specific material, i.e. 195 uC/cm?2 for
Platinum [35], 200 uC/cmz for PC Ag [68], 185 uC/cmz for Ag(100)
[99] and 140 uC/cmz2 for Ag(110) [99]. Due to the large scatter of

the data and for the sake of an easy comparison, the values are

given with an accuracy of only one digit.

%in acid electrolyte

®in basic electrolyte

T experiment at 60°C
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6.4 Conclusion

A standardised ORR thin-film RDE study of a non-platinum catalyst was performed,
by applying a similar methodology as for platinum high surface area catalysts
reported previously. A silver nanoparticle catalyst supported on glassy carbon was
characterised with respect to the number of electrochemically accessible sites and
the activity of oxygen reduction in alkaline solution. The full catalyst layer usage was
verified by the linear scaling of NECAS and ORR activity with loading up to values of
200 pgem™. Due to the loading optimisation and an adequate Rso-compensation,
representative activities were obtained with high accuracy at FC relevant potentials.
Regarding the activity of the catalysts, no differences were found between the TOF of
the NP Ag catalyst and PC Ag. The TOF on NP Ag and PC Ag at 0.9 Vrue is about
one order of magnitude less than for PC Pt. Furthermore, it is established that the
TOF on PC Ptin 0.1 M KOH and 0.1 M HCIO,4 do not vary significantly and exhibit

the same Tafel slope of 60 mV dec™.

6.4.1 Guidelines

The following guidelines that can be applied for the characterization of various kinds
of catalysts by the thin-film RDE methodology:

G1l. The number of electrochemical active sites (Necas) has to be determined. The
obtained value has to independent of the applied methodology

G2. Capacitive currents must be subtracted for the evaluation of the
electrocatalytic activity

G3. Compensation schemes for the solution resistance (Rsq) must be used

G4. The diffusion limit current of ORR should be within 10% of the theoretical
value

G5. The current at the potential of interest has to be within 10% and 80% of the
diffusion limit current, ideally below the half wave potential

G6. The electrode thickness for the thin-layer method should not exceed 0.1 pum

G7. Reaction rate and Negcas must depend linearly on loading

G8. Normalized activities, i.e. mass activity and turn over frequency, should be
expressed in a fuel cell relevant potential window vs. the reversible hydrogen

electrode

153



The first five guidelines are applicable to all activity measurement, whilst the last
three are specific for nano-sized catalysts. The measurement of Necas (G1) and the
subtraction of capacitive currents (G2) enable adequate evaluation and normalization
of the activity. (G3) ensures a correct potential determination and application, i.e.
minimizes the potential errors due to solution resistance; while (G4) indicates the
complete coverage of the GC with the catalyst. The potential window of measurable
kinetic currents can be shifted by changing the catalyst loading; thereby avoiding
extrapolation errors (G5). The range of useful loadings has an upper limit, since the
catalyst layer must be kept thin (G6) in order to avoid any diffusion resistance. At
higher loadings the catalyst usage is below 100%, shown by a deviation from the
linear activity/Necas to loading relation (G7). Lastly, the data should be presented in a
manner that enables a straightforward comparison (G8); not only to other RDE

measurements, but also to flow cell and actual fuel cell data.
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7 Summary

The objectives of this work can be separated into three different topics: the design
and development of a state-of-the art electrochemical experiment setup, which is
then followed by two separate experimental studies in alkaline electrolyte. These
studies demonstrate the capabilities of the experimental setup, and each focus on
separate model catalysts. The first study investigated the influence of Pt oxide
formation on the measured catalytic activity of FC relevant reactions on
polycrystalline Pt in alkaline electrolyte. The second study focused on the
characterisation of the ORR for a non-platinum catalyst, in this case Ag, by adapting
the established thin-film RDE methodology employed for characterising Pt based
electrocatalysts.

A state-of-the-art electrochemical experimental setup comprises of a largely
automated setup that allows meticulous control over experimental parameters such
as potential, temperature, purging gas and solution convection. In order to realise
such a setup, both experimental hardware and software were developed. In
particular, a custom built analogue potentiostat optimised for single working electrode
measurements was constructed. The potentiostat features Rso-compensation which
can be monitored online due to its fully analogue design, allowing the precise current
and potential relationship to be measured. In addition, the experimental throughput
was enhanced by fabricating a modular add-on device, the MWE, which allows
simultaneous electrochemical measurement on up to 8 parallel working electrodes.
The MWE device is compatible with any single channel potentiostat, enhancing
existing instrumentation. Several Teflon cells were designed for electrochemical
investigations in acid and alkaline electrolytes, and were adapted to work using either
the RDE or MWE. A gas changer was also assembled, which enabled computer
controlled switching of electrolyte purge gas. Furthermore, in order to control the
potentiostat and the accessory hardware, several data acquisition software
applications were programmed with Labview. These programs feature both manual
and text script control over the electrochemical techniques and experimental
parameters. Using text script control, standardized measurement protocols consisting
of several EC techniques can be executed in order to perform numerous experiments

with identical measurement procedures. To allow rapid treatment, analysis and
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comparison of electrochemical data, a custom data treatment program was also
created.

Once the electrochemical setup was established, the role of surface oxides on the
kinetics of the ORR, the oxidation/reduction of peroxide and the HOR was studied on
PC Pt in alkaline electrolyte. This is of fundamental interest because a significant
change in ORR activity occurs in the same potential region as the onset of Pt oxide
formation. Although Pt surface oxidation is relatively fast in alkaline solution, the
coverage could not be considered to be at equilibrium during the course of a CV.
Therefore, a stripping procedure was used in order to probe the role of the
equilibrium coverage of surface oxides on the measured activity. By correlating the
key observations of the stripping procedure (stripping peak potential and charge) in
Ar, with the activity and halfwave potential of the HOR as function of the deposition
potential, the potential regions in which the different Pt oxide spectator species
predominate could be deduced. This experimental procedure was then applied to the
study of the ORR and HO, reduction reactions. In doing so, it was shown
experimentally that at steady-state PtOH is not simply a spectator species, but is
directly involved in the ORR and HO; reduction reaction pathway. During these
reactions, PtO species are formed at potentials more negative than that required to
oxidise PtOH, and consequently the PtO is quickly reduced to PtOH. This causes the
number of OH species on the Pt surface to increase, shifting the coverage away from
equilibrium and driving the reduction of the PtOH surface species to H,O freeing a Pt
site. It was not, however, possible to distinguish between the two possible ORR
mechanisms, either associative or dissociative using this technique because the
reduction and oxidation of HO,™ on PC Pt is always diffusion limited.

In the second study, a methodology was developed in order to determine the ORR
activity of a non-platinum catalyst using the thin-film RDE technique. Here, a Ag
nanoparticle catalyst deposited onto a glassy carbon substrate was first
characterised in terms of the NECAS using the upd of Pb. The catalyst utilisation was
assessed and verified by scaling the NECAS and ORR activity with catalyst loading
up to values of 200 pg cm™. Once an appropriate loading was established, both the
TOF, mass and specific activity of Ag nanoparticles towards the ORR in alkaline
solution could be precisely determined at FC relevant potentials. No difference was

observed between the ORR activity of the NP Ag catalyst and model PC Ag
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electrode. Furthermore, the ORR TOF on Ag at 0.9 Vrye (0.1 Hz) is approximately
one order of magnitude less than on PC Pt. Finally, a set of methodology guidelines
were recommended for future characterisation of both Pt and non-Pt nanoparticle
catalysts, in order to facilitate meaningful activity comparisons between different
types of catalysts.

To summarise, the state-of-the-art electrochemical setup developed in this work
allows precise study and characterisation of various electrodes using a variety of EC
techniques under controlled experimental conditions. Its effectiveness was
demonstrated by the experimental elucidation of the role of PtOH species on the
measured catalytic activity of the ORR. Finally, a methodology to characterise the

catalytic activity of a non-Pt catalyst towards the ORR was developed.
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