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Preface

This work is a master thesis for a master’s degree in materials technology at the Norwegian
University of Science and Technology (NTNU) in Trondheim, Norway. The work is done in
collaboration with researchers at SINTEF Materials and Chemistry in Trondheim. The work is
a part of the three year NEXPEL (Next-Generation PEM electrolyser for Sustainable
Hydrogen Production) project, which is coordinated by SINTEF. The other members of the
project are CEA LITEN (FR), Fraunhofer ISE (DE), FuMA-Tech GmbH (DE), Helion-
Hydrogen Power (FR), Statoil ASA (NO) and University of Reading (UK).

The initial hypothesis of this work was that the electrocatalytic activity of a supported Ir
catalyst for the oxygen evolution reaction depended on the properties of the support material,
such as electronic conductivity, surface area and surface properties governing the dispersion
of the Ir particles on the support. However, at an early stage it was found that the WO;
powder in possession was not suitable for the polyol synthesis method. The WO3; powder
could not be dispersed in neither ethylene glycol, ethanol nor in water, and it was found that
WO; has a smaller surface area and a much lower electronic conductivity than ATO. Due to
this no catalysts supported on WO3 could be synthesised, and thus no study of the effect of the
different support properties was possible.

In elucidation by this it was decided to dedicate the further work to investigation of the effect
of adjusting the synthesis conditions to obtain different Ir particle sizes, and further perform
electrochemical characterisation to investigate on the effect that the particle size has on the
catalytic activity of the catalyst.

The author would like to thank the people who have contributed to the experimental work; Per
Erik Vullum, Luis Colmenares and Spyros Diplas, and supervisors Magnus Skinlo
Thomassen and Svein Sunde.

Trondheim, June 7", 2011

Katrine Dretvik Sandbakk
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Abstract

In this master thesis supported catalysts based on iridium for the oxygen evolution reaction in
PEM water electrolysers were synthesised using a polyol method. The catalyst powders were
characterised using techniques such as cyclic voltammetry (CV), steady state polarisation,
electrical impedance spectroscopy (EIS), scanning and transmission electron microscopy
(SEM and TEM), BET surface area analysis, energy dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS). In addition a conductivity measurement apparatus
was constructed and used for comparison of the electronic conductivity of two different
support materials, antimony tin oxide (ATO) and tungsten oxide (WOs3).

The aim for this work was to study the effect of using support materials and different
synthesis conditions on the electrocatalytic performance of iridium based, supported catalysts.

The results obtained in this work shows that out of the two chosen support materials ATO
possesses the most suitable properties for use as a support material in an electrode system, in
that the electronic conductivity is higher and the specific surface area is larger than in WOs.
Characterisation of the synthesised catalysts supported on ATO shows that the performance is
comparable, or better than, other catalysts prepared for the same purpose. The changes in
synthesis conditions (pH and material concentration) did not appear to have any significant
effect on neither morphology, catalyst particle size nor the catalytic activity of the catalysts.

Sammendrag

| denne masteroppgaven ble det syntetisert iridiumbaserte katalysatorer pa en beererstruktur
for oksygenutviklingsreaksjonen i en PEM vannelektrolyser, ved hjelp av en polyolmetode.
Katalysatorpulverne ble karakterisert ved hjelp av bade elektrokjemiske (syklisk voltammetri,
polarisasjon og impedans), og fysiske metoder (SEM, TEM, BET, EDS, and XPS). I tillegg
ble det konstruert en apparatur for maling av elektronisk ledningsevne, og denne ble benyttet
for & sammenlikne den elektroniske ledningsevnen til to ulike barermaterialer, antimondopet
tinnoksid (ATO) og wolframoksid (WO3).

Malet for arbeidet var a studere effekten som bruk av baerermaterialer og ulike synteseforhold
har pa de elektrokatalytiske egenskapene til iridiumbaserte katalysatorer pa berere.

Resultatene fra dette arbeidet viser at av de to valgte baerermaterialene sa har ATO de mest
egnede egenskapene for bruk som baerermateriale i et elektrodesystem, i det at den
elektroniske ledningsevnen var mye hgyere og det spesifikke overflatearealet var sterre enn
hos WO3. Karakterisering av de syntetiserte katalysatorene pad ATO viser elektrokatalytiske
egenskaper som er pa samme niva som, eller bedre enn, andre katalysatorer laget til samme
formal. Forandringer gjort pa synteseforholdene (pH og konsentrasjon av materialer) virket
ikke & ha noen effekt av betydning pa verken morfologi, partikkelstarrelse eller den
katalytiske aktiviteten til katalysatorene.
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Symbols
A area [m’]
An area occupied by one adsorbate molecule in the monolayer [m?]
b Tafel slope [V decade™]
C concentration [M] or capacitance [Ohm]
D diffusion coefficient [cm? s™]
dp diameter of particle [nm]
E potential [V]
Ep potential at which the peak current I, occurs [V]
e charge of one electron, 1.602:10° C
F Faraday constant, 96485.3 C mol™
h height [m]
I current [mA]
io exchange current density [mA cm™?]
j imaginary number
o peak current [mA]
L thickness of catalyst layer [nm] or inductance [Ohm]
m mass [g]
My molar weight [g mol™]
Na Avogadro’s constant, 6.022-:10%° mol*
n number of electrons transferred per mol of product
Ne number of repetitions of a cyclic voltammetry scan
p actual vapour pressure [bar]
Po vapour pressure at saturation [bar]
Qi inner charge [mC]
Jo outer charge [mC]
ar total charge [mC]
Omax maximum charge [mC]
R gas constant or resistance [Ohm]
Ra particle radius [cm]
Sa Specific surface area [m? g™
T temperature [K]
t time [s]
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W finite Warburg element

W infinite Warburg element

Xm mass of adsorbate forming a monolayer on unit mass of adsorbent [g]

z impedance [Ohm]

Zy impedance of Warburg element [Ohm]

S asymmetry parameter in the Tafel equation

@ angle separating the rotating vectors of the voltage and the current or porosity of
a powder
overpotential [V]

o density [mg cm™®]

Ob bulk density [mg cm™]

o apparent density [mg cm™]

v sweep rate [mV s]

) angular frequency [Hz]

@D breakpoint frequency [Hz]

viii
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Abbreviations
AC Alternating current
ATO Antimony tin oxide
BET Braunauer, Emmet, Teller
Ccv Cyclic voltammetry
DC Direct current
DI De-ionised (water)
DSA Dimensionally stable anodes
EASA Electrochemically active surface area
EDS Energy dispersive X-ray spectroscopy
EG Ethylene glycol
EIS Electrical impedance spectroscopy
ICP-MS  Inductively coupled plasma mass spectrometry
OER Oxygen evolution reaction
ORR Oxygen reduction reaction
PEM Polymer electrolyte membrane or proton exchange membrane
ppm Parts per million
ppt Parts per trillion
PVP polyvinylpyrrolidone
PzC Point of zero charge
RSD Relative standard deviation [%]
SEM Scanning electron microscopy
SPE Solid polymer electrolyte
TEM Transmission electron microscopy
XPS X-ray photoelectron spectroscopy
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1 Introduction

The need for sustainable energy sources on earth is inevitable, and it is a necessity that this
energy is made available for the consumers in the form of either electricity or gas [1]. Due to
this, there is a need for efficient energy transformers, as well as different energy harvesting
systems. Fuel cells and electrolysers represent two such energy transformer technologies; fuel
cells with their ability to convert the energy stored in gas into electricity, and electrolysers
with their ability to convert the energy the opposite way.

Water electrolysis by polymer electrolyte membrane (PEM) water electrolysis is an efficient
way of producing hydrogen gas (H2) from water and electrical energy. The motivation for
doing this is the high efficiency of hydrogen as an energy storage medium. However,
commercialisation of PEM water electrolysers has so far been restricted by their high costs.

The NEXPEL project, which this work is a part of, aims to construct and demonstrate an
efficient PEM water electrolyser integrated with a renewable energy source as illustrated in
Figure 1 [2]. The NEXPEL electrolyser will incorporate technological innovations such as
improved electrocatalysts, new membrane materials, highly stable porous current collectors
and bipolar plates.

Fuel cell/H, engine

Figure 1 Hlustration of a system with an electrolyser integrated with a renewable energy source.

The main factor limiting the progress in PEM water electrolysis development today is the
oxygen evolution reaction (OER) occurring at the anode, as will be described further in
section 2.1.2. Due to high anode potentials and acidic environment, corrosion resistant and
expensive noble metals are required for the electrocatalysis of the OER.

Because the costs of the noble metals are very high, it is desired to reduce the amount of metal
catalyst. This can be done by increasing the utilisation of each catalyst particle, which in turn
can be achieved by increasing the active surface area of the metal.

The hypothesis of this work is that improvements in the catalytic activity of the anode catalyst
can be achieved by using a catalyst support material with ideal properties, and by optimising
the catalyst particle size by making changes to the synthesis conditions. The materials that
were chosen for this work are the noble metal iridium (Ir) and as support materials the oxides

1
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antimony tin oxide (ATO) and tungsten oxide (WQOs3). Figure 2 illustrates the intended effect
of using a support material, which is that it prevents catalyst particle agglomeration, and
enables a good distribution of small catalyst particles.

()
°goe.
e°e

a) b)

Figure 2 a) Unsupported catalyst particles, and b) smaller particles of supported catalyst [3].

The work with WO3; was terminated at an early stage due to the findings that its electronic
conductivity is very low and its BET surface area is small compared to that of ATO, and that
adequate dispersion of the WOj3 in the synthesis procedure could not be achieved.

The first chapters in the theory section of this work gives an introduction to the PEM water
electrolysis technology, with main focus being on the oxygen evolution reaction and the
requirements in properties of the materials used on the anode side of the PEM water
electrolysis system.

Further, the theory behind the experimental techniques used in this work will be given. This
includes an introduction to the polyol method for synthesis of supported noble metal
nanoparticles, as well as the electrochemical and physical characterisation techniques. The
electrochemical characterisation techniques include cyclic voltammetry (CV), electrical
impedance spectroscopy (EIS) and steady state polarisation. Physical characterisation
methods were scanning and transmission electron microscopy (SEM and TEM), energy
dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), surface area
measurement analysis by the Braunauer, Emmet and Teller (BET) method and determination
of the electronic conductivity of the support materials.
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2 Theory

2.1 Water electrolysis

Simplified, one can say that the reaction that occurs in a water electrolyser is the splitting of
water into hydrogen and oxygen gas, as shown in equation (2.1) below.

1
H,0 = Hy + 50, (2.1)

The ability of splitting of water by electrolysis was discovered by Nicholson and Carlisle in
the year 1800 [1]. The first large water electrolysis plant went into operation in 1939, and had
the capacity of producing 10,000Nm® H, per hour. Today, development of proton exchange
membranes and high temperature solid oxide technology, and optimisation of alkaline water
electrolysers has made water electrolysis a very promising technology.

Kreuter and Hofmann [1] summarises the most important requirements in electrolysers as
follows: Electrolysers have to

have high efficiency

be low cost

be able to cope with intermittent operation
have a large range of operation

have immediate response to control, and
have built-in safety

2.1.1 PEM water electrolysis

Water electrolysis by electrolysis using the solid polymer electrolyte (SPE), or polymer
electrolyte membrane (PEM) technology has several advantages over the classical alkaline
water electrolysis technology [4]. Since there is no caustic soda involved the technology is
safer, the solid polymer membrane prevents mixing of the product gases and supports high
differential pressures, corrosion problems are rarer, and the cells are more compact.

PEM water electrolysis is actually the reverse of a PEM fuel cell process [5]. This means that
a direct current (DC) voltage is applied, which makes water split into O,, H" and electrons at
the anode. The electrons flow from the anode to the cathode via an external circuit. The
solvated protons will pass through the polymer electrolyte membrane together with small
amounts of water, to the cathode where it recombines with the electrons to form H,. The
process is illustrated in Figure 3.

The reactions occurring in a water electrolyser are as follows [6]:

Anode: 6H,0 () » 0,(g) +4H;0" + 4e” (2.2)

Cathode: 4H30% + 4e”™ = 2H,(g) + 4H,0(1) (2.3)
. 1

Cell reaction: H,0 (1) - E02 (9) + Hy(g) (2.4)
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H, 050,
T = —=J)
Membrane | & Be| 00 . Current
(solid polymer) ="~ AR B 1T distributor
cathode anode
---------- Bipolar
Electrode --------4 H,O olate (BiP)

(electrocatalysts)

Figure 3 Schematic of a PEM water electrolysis cell.

2.1.2 The oxygen evolution reaction

The oxygen evolution reaction is a well studied but not widely understood process [3]. The
process is difficult to interpret, and Trasatti [7] suggest that this is due to the reaction being
very sensitive to the surface properties of the electrode, and that the kinetics of the process
may be time dependent as the electrodes go through changes at the potential ranges that are
required.

Several reaction mechanisms have been proposed and three of them will be given here, as
they were explained by Marshall [3]; the electrochemical oxide path, the oxide path and the
Krasil’shchikov path.

The “Electrochemical Oxide Path”:

S+H,0 & S—0Hyys +e~ +H* (2.5)
S—OHygs ©S—0+H" +e” (2.6)
25—0 - 0, +2S (2.7)

In the first step of this mechanism a hydroxonium ion from the supplied water is chemisorbed
on an active site (S) on the catalyst surface. In the second step the adsorbent is deprotonated,
and in the final step an oxygen molecule is formed and two active sites are made available on
the catalyst surface. The two first steps involve one electron charge transfers. Rasten et al. [8]
found a reaction mechanism in good accordance with this from polarisation curves and
electrical impedance spectroscopy (EIS) measurements performed on IrO, powders.

The oxide path:

S+ Hy0 S — OHygs + H* + e~ (2.8)
25 — OHygs ¢ S — 0 + S + H,0 (2.9)
(2.10)

25—0-25+0,

It can be seen that it is the second step (equation (2.9)) that separates this mechanism from the
electrochemical oxide path, in that water is formed and one active site is made available.
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The Krasil’shchikov path:

S+ Hy0 S — OHyye + H* + e (2.11)
S—OHyy & S—0" +H* (2.12)
S—0"oS—0+e" (2.13)
2.14)

2S—0 - 25+ 0,

Compared to in the electrochemical oxide path where the loss of one proton and oxidation of
the adsorbed oxygen atom is described in one step, this is described in two subsequent steps in
the Krasil’shchikov path.

The reaction mechanism that is valid for a system can be determined by performing steady
state polarisation measurements and analysing the Tafel slope, but it is important to be aware
that the Tafel slope can only be associated with a given path in which a certain step controls
the over-all rate of the reaction [9]. It has been found that a Tafel slope of 40mV per decade
corresponds to the second electron transfer (equation (2.6)) of the electrochemical oxide path
mechanism being the rate determining step. A Tafel slope of 30mV per decade suggests the
recombination step (equation (2.9)) in the oxide path mechanism as the rate determining step
and a Tafel slope of 60mV per decade suggests the dissociation of the surface complex
(equation (2.12)) in the Krasil’shchikov path as the rate determining step.

The oxygen evolution reaction is the main source of overpotential in a PEM water electrolysis
cell [8]. The reversible potential of 1.23V is high in itself, but in addition the cell is often
operated at a potential above the thermoneutral voltage, which is 1.482V vs. SHE [5]. The
thermoneutral voltage is the voltage at which all input energy for the electrolysis process
comes from the electrical input energy [10], and, the voltage at which no heat exchange with
the surroundings occurs [11]. A cell operated at this voltage remains at the temperature of the
surroundings by consumption of the electrical energy not used for electrochemical reactions,
whereas operation at potentials below the thermoneutral voltage requires addition of thermal
energy. The high operating potential resulting from this raises the need for highly corrosion
resistant electrode components.

The oxygen evolution reaction is a complex system which deviates from ideal behaviour [12].
This is among other things demonstrated by the reversible potential rarely being observed in
aqueous solutions and the continuously decrease in the evolution current at constant anodic
overpotential. The formation of an anodic oxide film on the active surface is one reason for
this deviation from ideality. This alters the activity of the surface, and is also believed to be
directly involved in the oxygen evolution reaction.

2.1.3 Catalyst materials

As mentioned the oxygen electrode is the main source of overpotential in the PEM water
electrolysis cell [8]. Due to the high overpotential in addition to the acidity of the commonly
used Nafion membrane, non-noble catalysts are not an option due to corrosion problems.
Other metals, such as Pt, are also excluded due to formation of oxide films with low
electronic conductivity.

As can be seen from Figure 4 it is ruthenium oxide that possesses the highest activity for the
oxygen evolution reaction, both in alkaline and acidic solutions [13]. Iwakura, Hirao and
Tamura [14] found that Ru has a very low overpotential for the oxygen evolution reaction, of
only 0.24V vs. SHE at a current density of 0.1A cm™. However, Millet et al. [15] found that

5
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Ru is too unstable at potentials above 1.45V vs. SHE, making it less suitable for PEM water
electrolysis applications. The second highest activity for the oxygen evolution reaction is

found for iridium oxide [13], and success has also been made with using alloys of Ru and Ir
with each other and other metals [16].

Their great affinity for oxygen and wide range of accessible oxidation states makes the
behaviour of the noble metal oxides as oxygen evolution catalysts complicated [12]. When it
comes to surface reactions the number of unpaired electrons in the d-orbitals is very important
[10]. The number of unpaired d-electrons is 1.7 for Ir, compared to 2.2 for Ru and 0.55-0.6 for
Pt. The oxygen evolution reaction however always occurs on an oxidised metal surface, and
there are several other factors that may influence the activity of the oxidised metal surface so
that it differs from what is expected of the metal. Some important factors are pH, thickness,
structure and stoichiometry of the oxide.

Cyclic voltammetry results indicate that formation of the oxide initiates at about 0.4V, and
continues at least until the oxygen evolution begins at about 1.4V. The thick oxide films
provide enhanced electrocatalytic activity for the oxygen evolution reaction and a lower Tafel
slope compared to the bare metal [17].
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Figure 4 Vulcano plot of electrocatalytic activity in O, evolution at various oxide electrodes as
function of the enthalpy of the lower to higher oxide transition in alkaline (open spheres) and
acidic (filled spheres) solutions [13].

Miles et al. [16] performed potentiostatic experiments on oxide covered electrodes in 1.0M
H,SO, at 80°C, and found striking differences in activity for the oxygen evolution reaction.
For the catalysts tested by them they found the order of the electrocatalytic activity towards
the OER to being Ru > Ru-Ir alloy ~ RuO,/TiO, ~ Ir >> Ir-Pt alloy > Ru-Pt alloy > Pt. The
alloys tested here were 50-50 atomic percent. As mentioned a high potential leads to the
formation of a non-conductive oxide layer on Pt, and the authors assume this feature to being
the reason for the poor electrochemical activity in the presence of Pt. In this study Miles et al.,
also found that pure Ru electrodes corroded during oxygen evolution, whereas the other
electrodes, including those of Ru alloys were stable under the same conditions.
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As mentioned the number of unpaired d-electrons is important for the surface reactions. Other
important catalyst properties are [13]:

good electrical conductivity

high surface area

good mechanical and chemical stability
enhanced selectivity

minimized gas bubble problems

good availability and low cost

health safety

Marshall et al. [18] point out that when characterising and understanding the electrocatalysis
process one cannot look at only one of these properties. In fact, important properties such as
active surface area, specific activity, electronic conductivity and particle/layer structure all
need to be optimised to achieve catalysts with high efficiency and performance. A good
catalytic activity is further associated by a high exchange current density i and a low Tafel
slope b [17].

2.1.3.1 Catalytic activity of Ir electrodes for oxygen evolution

Direct comparison of the activities of new catalysts and commercial catalysts is naturally the
best way of determining whether the new catalysts are better options or not. Because there is
little detailed information both on the composition and performance of such commercial
catalyst, and because there are few commercial PEM water electrolysers on the market, this is
not easily obtainable. Another issue is that the catalysts can be characterised under several
different conditions (electrolyte concentration, temperature etc.) that will affect the
performance, and comparisons should only be done between catalysts that are characterised
under comparable conditions. In this section results from two works are presented, and these
will later be used to evaluate the performance of the catalysts prepared in this work.

Lee and Kim [19] recently synthesised an electrocatalyst for the oxygen evolution reaction
and compared it to a commercial catalyst from Johnson Matthey Co. JM. This catalyst was a
99.95% (metal basis) iridium catalyst with a specific surface area of 30m?g™. The catalyst
prepared by Kim and Lee [19] consisted of Ir dendrite nanoparticles with sizes in the order of
10nm. In the electrochemical characterisation of these catalysts Lee and Kim [19] prepared
working electrodes with a loading of 0.050mg cm™. Linear sweep experiments revealed a
much higher anodic current in their synthesised catalyst than in the commercial one, as shown
by the polarisation curves in Figure 5.
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Figure 5 Polarisation curves obtained by Lee and Kim [19], showing a comparison of their
synthesised Ir dendrites and a commercial catalyst.

Marshall et al. [18] have investigated on a system of IryRuos.xSngsO. Polarisation curves
were recorded in 0.5M H,SO, and the specific catalytic activities found from these
experiments are shown in the figure below. The figure illustrates the potential necessary to

achieve a current of 0.02mAmC™, which is the current normalised by the outer charge (see
section 2.3.3.1), vs. the composition of the system.
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Figure 6 Potential at 0.02mA mC™ vs. mol% of Ru in the work of Marshall et al. [18].
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2.1.3.2 Intercalation electrodes based on iridium

Application of porous electrodes has several advantages compared to solid electrodes.
Amongst other things they provide large interfacial surface areas per unit volume, and their
compactness can reduce the distance through which the current must flow and by that
decrease the ohmic potential drop [20].

Iridium shows a remarkable symmetry about the potential axis in oxide region of the cyclic
voltammograms [10]. Also, there is a rapid increase in the oxide peaks under continuous
potential cycling, indicating growth of the oxide film. With time, several suggestions have
been made to explain the origin of this behaviour [21-23]. One of the more likely explanations
is given by Buckely and Burke [23], who suggest that stoichiometry changes in the film
occurring during cycling is due to migration of protons according to the following reaction:

IrO, + H* + e~ > IrOOH (2.15)

This model is now widely accepted [10], and describes how protons are intercalated into the
IrO, particle as a means of maintaining the electron neutrality during the coinciding reduction
of the noble metal and evolution of oxygen. IrO, has a rutile structure consisting of corner and
edge sharing octahedra, and in this arrangement there are vacant channels that can act as
transport channels for intercalated ions [24].

When applying a potential to a porous intercalation electrode, as is done in PEM water
electrolysis, ions in the electrolyte will migrate towards the electrode due to the electric field
that is imposed [24]. They then enter the electrode through a charge transfer process. A
concentration gradient of intercalated ions is formed, which acts as a driving force for
chemical diffusion of the ions in the electrode.

The intercalation of protons into the 1rO, has been investigated extensively in connection with
the use of thin films based on this oxide for electrochromic applications [24-25]. It appears
that the intercalation mechanism depends on how the thin film is prepared. For anodically
grown iridium oxide films (AIROF) the generally accepted mechanism is [26]:

IrO(OH), + H* + e~ & Ir(OH); (2.16)

whereas the assumed mechanism for sputter deposited iridium oxide films (SIROF) is the
same as the one suggested by Buckley and Burke [23] above. In both these cases the
intercalation of protons/hydroxyl ions leads to a bleaching of the oxide’s colour.

Buckley and Burke [23] discovered that different behaviours in the iridium surface could be
seen depending on how high anodic potentials it was exposed to. Whereas anodisation at
potentials up to 1.935V lead to formation of a non-stoichiometric oxide film, keeping the
anodic potential below 1.6V produced potential against time curves with distinct arrests,
indication formation of stoichiometric oxides such as e.g. IrO,. Cyclic voltammetry
measurements further revealed that the Ir surface exposed to potentials above 1.6V provided
very low oxide charge capacities compared to the non-deactivated surface that was not
exposed to such high potentials. The deactivation occurring at high potentials the authors
attribute to loss of the outer oxide layer due to corrosion.
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2.1.3.3 Catalyst particle size

The catalyst particle size affects two important properties for the electrocatalytic activity;
surface area and number of favourable adsorption sites. Smaller noble metal particles have a
larger surface area, and thus one can assume that more of the catalyst is available for catalysis
of the desired reaction so that the reaction rate is increased. On the other hand, smaller
particles means that there are more surface atoms are located in corners and edges relative to
the number of atoms in the faces of the structure, compared to what is the case in larger
particles.

Several studies [27-29] have been done on the particle size effect in Pt-based catalysts for the
oxygen reduction reaction (ORR) and the electrooxidation of methanol. Min et al. [29] found
that for catalyst particles with sizes of 3-11 nm the smaller particles exhibited a lower specific
catalytic activity than the larger ones. Frelink, Visscher and Veen [27] found similar results in
their study on Pt/C catalysts for the electrooxidation of methanol. For particles in the size
range 1.2-4.5nm the specific activity decreased with decreasing particle size. For larger
particles (4.5-10nm) the activity was constant. As summarised by Kinoshita [28] a lot of
different results have been found regarding the effect of Pt particle size on the activity for the
oxygen reduction reaction. However, after interpreting the different results Kinoshita
concludes that it is in fact a structure sensitive reaction, and that the specific activity increases
with increasing particle size. These are the same conclusions as were made by Min et al. [29]
and Frelink, Visscher and Veen [27] for their systems.

Ir-based catalysts are not as well studied as the Pt-based, but there are some results found in
the literature on systems similar to that investigated in this work. Rasten et al. [8] observed
that for 1rO, powders an increasing IrO, particle size lead to a decreacing active surface area,
an increasing electronic conductivity and poorer electrocatalytic properties. The effect with
the electronic conductivity they attributed to the smaller interfacial contact resistance related
to larger particle sizes.

Marshall and Haverkamp [30] performed a study on an ATO supported IrO,-RuO, catalyst,
and found that if the clusters of the active catalyst was too small, then the specific
electrocatalytic activity decreased. As in the literature described above, they concluded that
there were too few adjacent active sites for the OER.

Whether an increased surface area will increase the reaction rate, or if the lack of adjacent
active surface sites will limit the reaction rate in the system investigated in this work, is a
question that would be interesting to have answered. It is likely to believe that these two
effects to some degree will dominate in different particle size ranges.

2.1.4 Use of catalyst support

The need for noble metal catalysts highly increases the costs of the PEM water electrolysis
technology, and together with the polymer electrolyte membrane itself this holds back the
development of this technology [31]. Due to this it is desired to improve the performance and
durability of the noble metal catalysts, so that the use of noble metal can be reduced.

One way of decreasing the costs of the PEM water electrolysis technology is by decreasing
the amount of the noble metal that is used in each cell. This can in turn be done by increasing
the electrocatalytic active area of each noble metal particle by reducing the particle size, and
by taking measures to prevent catalyst particle agglomeration during operation. It has been
found that the use of catalyst supports to a high degree facilitates this.
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A support material used on the anode side in the PEM water electrolysis cell necessarily has
to withstand the same conditions as the noble metal catalyst itself. As for the catalyst material,
electrical conductivity, surface area and mechanical and chemical stability are important
properties. In addition it is an advantage if the noble metal can be easily recovered from the
support after use.

The stability issue is of great importance, as a long lifetime is a necessity for making the
water electrolysis cells competitive with alternative hydrogen production systems. During
operation the catalysts are prone to both physical and chemical degradation [32]. Supports
may corrode as a consequence of high temperature, high water content, low pH, high oxygen
concentration, and existence of the electrocatalyst and/or high potential. When the supporting
material corrodes or oxidises, the attachment of the electrocatalyst particles to the support
surface weakens. This means that the electrocatalyst will eventually detach from the support
and the catalyst active surface area, and thus the cell performance, will decline.

2.1.4.1 Metal oxide supports - antimony tin oxide and tungsten oxide

In PEM fuel cells the most common commercial support material is carbon black, Vulcan XC-
72 by Cabot Corporation. The issue in water electrolysis cell is of course that carbon supports
cannot withstand the high anode potentials.

Traditional metal oxides has been proposed as possible supports for water electrolysis cells
because of their corrosion resistance [33]. However, it is made difficult because of their
electrical-insulating properties below temperatures of 200°C. Sub-stoichiometric metal oxides,
doped metal oxides and nanostructures metal oxides are on the other hand electrically
conductive materials with high corrosion resistance and may be proven applicable. According
to Antolini and Gonzalez [33] the most promising materials as catalyst supports are doped
TiO, and SnO,, WO3; and WC because of their high stability and activity.

Antimony tin oxide (ATO) is one material that has been suggested as a possible catalyst
support for PEM electrolysers. Lee et al. [34] investigated the effect of using ATO
nanoparticles instead of carbon black as the support for a Pt catalyst in direct methanol fuel
cells. They found that the Pt/ATO catalyst had higher activity than the Pt/C catalyst, and
attributed this to the better dispersion of Pt particles on ATO. They also found that the
Pt/ATO catalyst exhibited much higher stability than the Pt/C catalyst. This they attributed to
the better corrosion resistance of the ATO support. Finally, they pointed out that larger active
surface areas, higher electrical conductivity and more appropriate pore sizes can be achieved
by improving the ATO synthesis.

In this work ATO from Sigma Aldrich has been used as a catalyst support. The ATO
delivered by Sigma Aldrich is in form of a nanopowder with particle size <50nm and surface
area 47m’g™ [22]. The powder is actually tin oxide (SnO,) doped with Sb. This means that
Sn-sites have been occupied by Sb, which has one more electron available in the d-orbital.
According to the manufacturer [22] the nanopowder consists of 7-11% antimony pentoxide
and 89-93% tin (1V) oxide.

Tungsten oxide is an n-type semiconductor. An intrinsic electrical conductivity arises from
the many oxidation states of tungsten, which gives rise to a donor level formed by oxygen-
vacancy defects in the lattice [35]. In the lemon yellow oxide WO3, tungsten has an oxidation
number of six.

11
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In PEM water electrolysis cells protons are conducted from the anode side to the cathode side,
as shown in Figure 3. On its way it has to pass both the proton exchange membrane and the
catalyst layer. This means that there is a requirement that also the catalyst support is proton
conducting. Hydrated tungsten oxide (WO3-2H,0) is well-known for its high proton
conductivity [36].

Kulesza et al. [37] have shown that tungsten oxide can enhance the oxygen reduction
reaction. They formed an ultra-thin film of WO3 on top of RuSex particles supported on
carbon through a sol-gel aggregation aging process, and characterised the catalysts using a
rotating disk electrode in 0.5M H,SO,. They proposed a bi-functional electrocatalytic
mechanism where the RuSey initiates the electrocatalytic reduction of oxygen, whereas the
WO;3 enables decomposition of the unwanted intermediate hydrogen peroxide. This increased
the overall efficiency of the reduction process.

In another work Kulesza and Faulkner [38] showed that mixed valence tungsten (VI, V) also
can be useful as supports for Pt in catalysis of the hydrogen evolution reaction and for the
oxidation of methanol. In a hydrogen evolution reaction using Pt as electrocatalyst hydrogen
is adsorbed onto the Pt particles before it is electrochemically desorbed and forms hydrogen
gas. In the presence of the mixed valence tungsten oxide it is proposed that the Pt-H bond is
weakened, and that the hydrogen is adsorbed onto the oxide to form a tungsten bronze,
HxWO; [39]. Kulesza and Faulkner [38] conclude that the electrocatalytic properties of the
tungsten oxide supported Pt arises from the reactivity of both the Pt and the hydrogen
bronzes. They observed that the electrocatalytic activity is strongly influenced by the strong
interaction between the metal and the hydrogen bronze.

It has been observed that the WO3 dissolves in an acidic medium, but Tseung and Chen [39]
claim that this can be avoided by covering with a thin layer of Nafion.

The tungsten oxide used in this work is supplied by Nanostructured & Amorphous Materials
Inc., consists of 99.5% WOj3 and has an average particle size of 30nm. The powder consists of
nearly spherical particles, and has a real density of 7.16 g cm™.

2.2 Synthesis of supported noble metal catalysts - the polyol synthesis
method

Nanosized noble metal colloids can be synthesised relatively easily by the polyol synthesis
method, and this method has been employed by several others [40-43] for synthesis of
powders and colloids of many different metals.

A polyol is an alcohol with two or more —OH groups, and in the polyol synthesis method this
acts as both solvent and reduction agent to a metal precursor [40]. A commonly used polyol is
ethylene glycol (EG). In many cases addition of polyvinylpyrrolidone (PVP) is necessary to
prevent sintering of the particles, however Bonet et al. [40] found that this can be omitted in
the synthesis of Ir colloids.

Bock et al. [43] succeeded in synthesising carbon-supported PtRu catalysts using a method
where the noble metal salts were reduced in EG at elevated temperature, before allowing it to
deposit on a carbon support. This is a convenient synthesis procedure as it does not involve
addition and subsequent removal of any organic stabilisers for stabilisation of the colloidal
catalyst solutions.

12
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Bock et al. [43] describes the mechanism for the reduction of metal precursor salts,
accompanied by oxidation of EG, by the scheme shown in Figure 7. The —OH groups of EG
(A) interact with the metal ion sites, leading to oxidation of the alcohol groups to aldehydes
(B and C). The aldehydes are unstable and are readily oxidised to carboxylic acids; glocolic

(D) and oxalic (E) acid. In an alkaline media these may oxidise further to CO, or carbonate. In
these oxidation steps electrons are donated that will reduce the metal ions.

H Oy H
HC —CHy— HC — G +2H' — ¢ 420"
Pl it 2 =0 Y N
H COH
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|
OH O .-OH
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Figure 7 Reaction mechanism for reduction of precursor salts, accompanied by oxidation of
ethylene glycol [43].

In their investigation of this reaction mechanism Bock et al. [43] found that the main product
of the EG oxidation reaction is glycolic acid, and that the ratio between formed glycolic acid
and oxalic acid was independent of the pH in the suspension. On the other hand, they
observed that at high pH values a greater amount of the anion of the gycolic acid, glycolate,
could be observed. The change in concentrations of glycolic acid and glycolate with pH can
be seen in Figure 8. The pH values during the reduction part of the six syntheses done in this
work are also plotted in this figure.

In their study Bock et al. [43] also found that smaller noble metal particles could be obtained
by increasing the pH of the suspension during the oxidation/reduction step. They attributed
this to the ability of glycolate to stabilise the noble metal colloids, enabling the formation of
smaller particles. Thus, steric stabilisation of the metal colloid seems to be facilitated by the
glycolate. After this step in the synthesis no further changes in the pH appeared to influence
the final noble metal particle size.

Bonet et al. [40] observed that the initial metal concentration, the reaction temperature and the
concentration of PVP (if added) affects the particle size, and Knupp et al. [44] found that the
metal particle size also could be adjusted by addition of water to the suspension. They
observed that an increased water content lead to formation of larger metal particles. Similar to
Bock et al. [43] they attributed this effect to a reduction in the steric hindrance effect when
reducing the amount of the glycolate in the suspension.
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Figure 8 Changes in glycolic acid (HA; red, full line) and glycolate (A-; blue, dotted line)
concentration with pH. In these calculations a total HA + A- concentration of 1.5:10% M, and an
acid dissociation constant value of 1.48:10™ M were used (reproduced from [43]).

Besides from the metal salt reduction step another important step in the synthesis is the
deposition of metal particles onto the surface of the support material. Here it is essential that
the small metal particles are well dispersed on the support surface, and that the degree of
agglomeration is kept at a minimum. Good deposition of metal particles is obtained by
tailoring the environment so that the two components (metal and support) have surface
charges of opposite sign and thus are attracted by each other. This is done by adjusting the pH
of the mixture.

Mineral oxide particles in solutions tend to polarise and get electrically charged [45]. Because
most oxides are amphoteric the nature of this charge is a function of the pH of the surrounding
solution. In acidic media the particle will be positively charged, and in basic media the
opposite is the case. In between these cases a pH exists where the overall charge of the
particle surface is zero. This pH value corresponds to the point of zero charge (PZC). Thereby
it follows that the optimal pH value for good deposition of metal on the support is one that is
below the PZC of one of the components and above the PZC of the other, making one of them
positively charged while the other is negatively charged. Unfortunately, useful information of
the PZC of the materials in the conditions used in this work is not easily obtainable, and the
adjustment of the deposition pH is thus here merely based on empiricism.
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2.3 Catalyst characterisation

2.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a potential sweep technique which can be very useful in
preliminary mechanistic investigations [46]. Such techniques have been applied to an
increasing range of systems over the past couple of decades, and the mathematical description
of these techniques have developed sufficiently to enable kinetic parameters to be determined.
CV is frequently used in the study of oxidation/reduction reactions, the detection of reaction
intermediates, and the observation of follow-up reactions of products formed at electrodes
[47].

In cyclic voltammetry, the electrode potential is swept linearly between limits E; and E; at a
known sweep rate or sweep rate, v, as shown in Figure 9 [46]. When reaching E; the potential
is reversed. When again reaching E; the potential can either be halted, reversed, or it can be
continued further down to a potential Es. In aqueous solutions, the turn-round potentials are
usually chosen to lie between the hydrogen and oxygen evolution potentials, 0.0 V and 1.23 V
respectively [46]. This has the advantage that adsorbed impurities that might block the
electrode process can be either reduced or oxidised, and thus removed.

E2

Energy

El

E3

Figure 9 Potential vs. time in cyclic voltammetry.

When performing CV, one can get reproducible voltammograms. The voltammograms are
however dependent on the purity of the electrolyte, the electrode material, the speed of
rotation of the electrode and the potential sweep rate [46].

Figure 10 illustrates the effect the sweep rate has on the shape on the voltammogram. It is
evident that the peak current |I,| increases with increasing sweep rate. The potential at which
the peak current occurs, Ep, is on the other hand independent of the sweep rate.
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Figure 10 Effect of sweep rate on CV of Ir-black

Useful information can be derived from the relationship between the peak current and the
sweep rate. In processes that can be assumed to be controlled by diffusion of reactants to the
electrode surface it has been observed a peak current that is proportional to the square root of
the sweep rate [48]. A peak current that is proportional to the square root of the sweep rate
can occur for both reversible (Nernstian) and irreversible reactions. In processes where the
surface reactions are assumed to be controlling the peak current has shown to be proportional
to the sweep rate.

The relationship between the peak current and the sweep rate is described in Figure 11. What
the figure basically describes is that when the diffusion coefficient is low compared to the
thickness of the diffusion layer the diffusion is what limits the process. And it is in such cases
that it has been observed a peak current that is proportional to the square root of the sweep
rate. Although this model is applied for a thin film, the spherical diffusion occurring in the
system investigated in this work is not believed to differ much from the model.
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Figure 11 Relationship between peak current and sweep rate depending on diffusion coefficient
and thickness of the diffusion layer.

In this work the metal that has been studied is iridium (Ir). Figure 12 illustrates the
voltammogram of Ir-black at a high sweep rate (300mV s?). One can see that the
voltammogram has two characteristic peaks, at potentials of about 1.0V for the anodic sweep
and about 0.96V for the cathodic sweep. These are the peaks of oxidation of Ir** and
reduction of Ir** respectively. Because the peaks are very broad it is not possible to precisely
determine the potentials at which the redox processes occur.

Equation (2.17) gives the charging/adsorption process for iridium oxide [49]:

Ir0,(0H) © Ir0q45(0H)p_s5 + SH' + Se” (2.17)

The peaks can also give information on the reversibility of the adsorption process occurring.
Sharp and symmetrical peaks with no significant difference in peak potentials between the
anodic and cathodic peak indicates a reversible adsorption [46]. In irreversible adsorption
processes on the other hand, the anodic peak is hon-symmetrical and the cathodic peak does
not occur (irreversible adsorption = no desorption). In between these one has quasi-reversible
reactions, where both peaks occur, but they are not symmetrical and there is some difference
in the potentials of the anodic and cathodic peak [46].

The reversibility of the reaction can also be investigated by looking at the net charge during
the cycling. For a completely reversible process the charge and the discharge will be of the
same value, meaning no net charge.
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Figure 12 CV of Ir-black, recorded at sweep rate 300mV/s.

2.3.2 Steady state polarisation

Polarisation curves are obtained by steadily increasing the potential of the system using a very
low sweep rate to obtain steady state conditions. Often it is useful to make so-called Tafel
plots of these data. The Tafel plot is a plot of the potential versus the logarithm of the current
density.

The Tafel equation has the form [50]:

n = a+ blogli| (2.18)
The magnitude of b is known as the Tafel slope, and has the value

—2.303RT
h=——""°""

- (2.19)
BnF

S is an asymmetry parameter

n is the number of electrons transferred per mol of the product
R is the gas constant

T is the temperature in Kelvin

F is the Faraday constant

The Tafel slope can be found experimentally by making a Tafel plot as mentioned above. This
plot can also be used to find the exchange current density, io, which is the current density at
zero overpotential, which is at the reversible potential of the electrochemical reaction. This is
done by extrapolation of the line giving the Tafel slope.

As mentioned a good electrocatalyst is recognised by a high exchange current density and a
small Tafel slope, so Tafel plots are very useful for comparison of different electrocatalysts. It
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IS however important to keep in mind that the exchange current density varies with

concentrations in the electrolyte, so only catalysts characterised in the same electrolyte can be
directly compared.

2.3.3 Normalisation of currents

When comparing different electrocatalysts it is convenient to normalise the polarisation
currents. Common ways to normalise the polarisation current is with respect to
electrochemically active surface area (EASA) and the actual mass of noble metal catalyst
applied to the electrode during the electrochemical characterisation.

One way of estimating the EASA is by investigation of the adsorption charges involved when
performing cyclic voltammetry, and using this as a measure of how many active sites are
available for the electrocatalytic reaction. The following section will describe a procedure for
finding charges involved in adsorption reactions at infinite and zero sweep rate proposed by
Ardizzone, Fregonara and Trasatti [51].

2.3.3.1 Estimation of of adsorption charges at infinite and zero sweep rate

Cyclic voltammetry (CV) measurements can be plotted as charge g [mA h] versus time t [s].
In the experiments that have been done in this work CVs have been recorded at 16 different
sweep rates, ranging from 2-1000mV s™.

As can be seen in Figure 13 there is an evident relationship between the sweep rate » and the
voltammetric charge g, and Lodi et al. [52] attributes this to the progressive exclusion of less
accessible surface regions as the rate of the reaction is enhanced, i.e. as the sweep rate is
increased. At low sweep rates the protons have time to diffuse through pores, cracks and grain
boundaries in the oxide, meaning that more of the material is available [3]. At high sweep
rates on the other hand, the protons do not have time to diffuse as far into the material, and
only the easier accessible active sites will contribute. Thus, one can say that the total charge
gr is the sum of the charges related to the “inner”, less accessible regions and the “outer”,
more accessible surface regions denoted g; and g, respectively [52]:

qr=q; + 4o (2.20)

q" [mC cm?|
8
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Figure 13 Sweep rate dependence of g [51].
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Ardizzone et al. [51] have investigated the relationship between the recorded charge for
dimensionally stable anodes (DSAs) of RuO; on a Ti support, in basic and acidic media. This
was done to separate g; from g,, and to elucidate the meaning of the observed phenomenon
and the mechanism by which q is established. It is the method described by them that is used
in this work for estimation of the electrochemically active surface area of the catalyst. The
procedure is described below:

It is expected that g is a function of the diffusion time and that q is inversely proportional to
1/+/v. This gives the relationship

q) = qo + const. (1/+v) (2.21)

where ., = go. A plot of g versus1/+/v, as shown in Figure 14, reveals a linear relationship
between these parameters. If the straight lines obtained from such plots are extrapolated to
1/+/v = 0 (infinite sweep rate) one obtains ¢, which then is the charge related to the “outer”,
easily accessible surface of the electrode. By this g, represents the electrochemically active
surface area of the electrode, and when the polarisation current is normalised vs. this
parameter it results in the specific catalytic activity of the catalyst [18]. The specific catalytic
activity is the ability each catalytic site has to increase the rate of the reaction. This way of
normalising the charges were also employed by Marshall et al. [18] in the work cited in
section 2.1.3.1.
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Figure 14 Linear relationship between q and v*? [51].

Since q increases linearly with 1/+/v, 1/q will decrease linearly with /v, as shown in Figure
15. Thus,

1/q = (1/qo) + const.’ \Jv (2.22)

where qo = gr. If the straight lines obtained from a plot of 1/q versus +/v are extrapolated to

Vu = 0 (zero sweep rate) one obtains 1/q,. Thus, one can find the total charge associated
with all of the available catalyst being accessed, and one can calculate g; from equation (2.20).
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Figure 15 Linear relationship between 1/q and v*?[51].

This linear relationship was also shown by Hu and Huang [53] in their study of DSAs of
hydrous ruthenium oxide, as shown in Figure 16. This plot was made from CV run in 0.5M
H,SO, at 25°C.
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Figure 16 Linear relationship between 1/q and v, shown by Hu and Huang [53].
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The maximum expected charge if all Ir atoms on the electrode were active can be found by
equation (2.23), assuming that there is a Ir(+1V) < Ir(+I1l) transition involving one electron
transfer per Ir atom. Assuming a 20wt% loading of Ir on the support material, the mass of Ir
on the electrode my, will be 0.0056mg (see equation (2.24) in the following section), and the
maximum charge will be 2.81mC.

_MurNpe (2.23)
Qmax MW

Na is Avogadro’s constant (6.022-10% atoms mol™)
eis the charge of one electron (1.602-10™° mC atom™)
M, is the molar weight of Ir (1.922-10° mg mol™)

By rearranging this expression the total charge found by the method described above can be
used to find the maximum electrochemically active mass of the catalyst applied to the
electrode.

2.3.3.2 Normalisation vs. mass of noble metal catalyst - catalyst activity

One of the objectives with working to improve the catalysts used for PEM electrolysers is to
reduce the amount of metal catalyst that has to be used to achieve acceptable oxygen
evolution rates. Because of this, a very important measure when comparing different catalyst
is the obtained current per mass of Ir used on the electrode.

In this work the target amount of catalyst in each experiment is

2.0mg - Ir loading - 14ul . (2.24)
10004l = Ir loading - 0.028mg

coming from that the concentration of the catalyst dispersion put on the electrode is 2.0mg ml’
! and that 14ul catalyst dispersion is applied to the electrode for the electrochemical
characterisation.

When the polarisation current is normalised by this value the resulting value gives the
catalytic activity or mass activity [54] of the catalyst. This is the catalyst’s ability to enhance
the rate of the desired reaction. Note the difference between the catalytic activity and the
specific catalytic activity explained in the previous section.

2.3.4 Electrical impedance spectroscopy

The impedance of a system can be found by applying a small alternating current (AC)
sinusoidal wave in potential on top of the direct current (DC) potential [55]. This results in a
current response that contains an AC component whose phase is shifted from the phase of the
potential. The phase and magnitudes of the complex numbers E and j resembles the phase and
magnitudes of the AC components of the potential and current. The impedance Z is given by
the ratio of these complex numbers:

g-E_4V (2.25)
A,

The theory of AC circuits is described in the book Instrumental Methods in Electrochemistry,
chapter 8 [56]. In this book the voltages and currents are thought of as rotating vectors and are
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represented in complex planes. This is the so-called phasor concept of the sinusoidal
alternating current.

A sinusoidal voltage E is represented by the equation

E = AE sin wt (2.26)

whereas the current density i is represented as

i = Aisin(wt + ¢) (2.27)

o is the angular frequency (o = 2xf, where f is frequency in hertz)

E is an instantaneous value of the voltage

AE and Ai are the maximum amplitude of voltage and current respectively
@ is the angle separating the rotating vectors of the voltage and the current

In Figure 17 E is the rotating vector representing the sinusoidal voltage. The current is also in
most cases sinusoidal and has the same angular frequency o as the voltage. It is however
different in phase and amplitude, hence the addition of the angle ¢ in equation (2.27).

/2

3n/2

Figure 17 Phasor diagram with voltage and current phasors separated by the angle ¢.
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Figure 18 Relationships between current and potential with phase angles of zero (red, dotted
line) and 90° (green, dashed line).

Table 1 shows defining relations and impedances of the passive elements that can serve as

components in an electrical circuit [57]. Passive elements in this context are elements that do
not generate any current or potential.

Table 1 Defining relations and impedance

Defining relation Impedance Unit

Resistor —\N\WW\— V(t) = RI(t) Zg =R Q
(t) ,
Inductor =L —= Z, = jwL H
md 110 Vo =L, L=Jo
. V(t) _ 1
Capacitor —| I— It)y=¢ n Zc =t F
j is an imaginary number, given by:

j=v=1 (2.28)

The resistors, denoted R, represent the conductive pathways for transfer of electrons and ions
[58]. This means the electrolyte’s resistance to transport of ions, and the conductors’
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resistance to transport of electrons. In addition, resistors represent the resistance to the charge-
transfer process occurring at the electrode. Zg = R stems from that the resistors have no
imaginary part.

Capacitors, denoted C, are associated with the electrochemical double layer, and inductors,
denoted L, are associated with the adsorption and desorption processes at the anode and
cathode [58]. Under steady-state conditions, where dI(t)/dt =0 and thus V(t) = 0, the
inductor is equivalent to a short circuit [57]. Under the steady state condition dV (t)/dt = 0
the capacitor is equivalent to an open circuit.

The impedance measurements are repeated at different sine wave frequencies [55]. At low
frequencies all processes can “keep up” with the perturbation from the AC sine wave. But as
the frequency is increased beyond a certain level the process respond with less amplitude and
an increasing phase shift. The level at which this occurs is the reciprocal of the characteristic
time constant of the given process. At even higher frequencies the process no longer responds
at all. The different processes of an electrochemical system all have their own characteristic
time constant [55]. Thus, by observing the frequency at which the processes drop out one can
map out the kinetic behaviour of the entire system.

Figure 19 shows how the different processes drop out at different frequencies, corresponding
to their characteristic time constants. The different elements in the equivalent circuit can be
determined from the slopes of the straight parts of this graph. A resistor has a slope of zero, a
capacitor a slope of -1, a Warburg element has a slope of -1/2, and an inductor has a slope of
+1.

reaction

adsorption

log(|Z))

-1/2
diffusion electrolyte
I— resistance

A

double la}-'_er

log(frequency)

Figure 19 Plot of the logarithm of the magnitude versus the logarithm of the frequency [55].

When passive elements such as those described above are connected in parallel the potential
difference is the same for each dipole, and the overall current is the sum of the current lowing
in each of the elements [57]. The impedance for this arrangement is then:

Z—[1+1
lz 7,

In the case where the passive elements are connected in series on the other hand, the overall
potential difference is the sum of the sum of the potential difference for each element, and the

-1

(2.29)
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same current flows through all elements. The impedance for this arrangement is then given
by:

Z=17,+17, (2.30)

2.3.4.1 Impedance in porous electrodes

A Randles equivalent circuit as the one shown in Figure 20 can be used to describe the
electrochemical response of the intercalation process that occurs in the porous iridium oxide
electrodes [59], that was explained in section 2.1.3.2. It consists of ohmic resistance Ronm for
the ions flowing through the electrolyte and for the electrons flowing through the wiring, a
charge transfer resistance R representing the interface between the electrolyte and the
electrode, a double layer capacitance Cg, and Warburg impedance Zy representing diffusion
of the intercalated ions inside an electrode of infinite size. In this work the Randles circuit has
been generalised to include a finite Warburg element W,.

ROhm

Rct ZW
Figure 20 Randles equivalent circuit for the intercalation process.

At high frequencies one can see from the defining relations in Table 1 that the impedance of
the resistors is very high, and from this is follows that the measured impedance is that of the
resistor representing the Ohmic resistance in the Randles circuit in the figure above. As the
frequency is decreased the impedance of the capacitor is increased, and both the resistor
representing the charge transfer and the capacitor representing the charging of the
electrochemical double-layer contribute to the measured resistance.

As illustrated in Figure 21 the depth of the intercalation of protons into the porous particle
depends on the frequency of the imposed AC current. The reason for this is that at very low
frequencies, the protons have more time to diffuse into the porous particle, even all the way
into the centre of the particle at sufficiently low frequencies. On the other hand, at very high
frequencies the protons only have time to diffuse a short distance into the particle before the
imposed current is reversed and they diffuse out again. Note the resemblance with the effect
of the sweep rate described in section 2.3.3.1.

This means that at low frequencies the impedance of the Warburg element is increased, and
this also contributes to the total impedance. Because the intercalation particles in the system
in this work is of a finite size, eventually, at very low frequencies the particle will not be able
to accept any more protons. The particle then behaves as a capacitor [60], and the resistance is
purely imaginary. The frequency at which this occurs is called the breakpoint frequency wp.
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Increasing w

Figure 21 Intercalation of porous particle.

In Figure 22 it is shown where the different contributions to the impedance are observed in a
Nyquist impedance pl