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Abstract

Proton exchange membrane (PEM) water electrolysis presents an attrac-
tive technology allowing to produce hydrogen for further use as a renewable
energy source in the “Hydrogen cycle”. Electrolysis of water steam at ele-
vated temperatures has several advantages over the low temperature process.
However, at the same time it involves increased demands to dimensional and
chemical stability of components against corrosion environment.

Therefore, materials utilized in low temperature PEM electrolyzers cannot
be used in systems operating above 100 °C and new candidates should be
tested.

The materials in question are those for bipolar plates, gas diffusion lay-
ers (GDLs), catalysts and catalyst supports. This work is focused on de-
veloping bipolar plate, GDL and catalyst support materials for the anode
compartment of PEM electrolyzers, operating at elevated temperatures.

The thesis starts with Chapter 1, which gives an introduction into the sub-
ject and Chapter 2 subsequently presents the theoretical background of the
topic and describes techniques used to characterize catalysts and construc-
tion materials.

Chapter 3 presents general principles and overview of materials used for
PEM water electrolysis.

Chapter 4 reports results of testing different types of commercially available
stainless steels, Ni-based alloys as well as titanium and tantalum as possible
metallic bipolar plates and construction materials for HTPEMEC. The cor-
rosion resistance was measured under simulated conditions of high temper-
ature PEM steam electrolyzer. Steady-state voltammetry was used in com-
bination with scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) to evaluate the stability of the mentioned mate-
rials. It was found that stainless steels were the least resistant to corrosion



under strong anodic polarization. On the contrary, Ni-based alloys showed
higher corrosion resistance in the simulated PEM electrolyzer medium. In
particular, Inconel®625 was the most promising among the tested corrosion-
resistant alloys for the anodic compartment of high-temperature steam elec-
trolyzer. The tantalum coated stainless steel showed outstanding resistance
to corrosion in selected media, while passivation of titanium was weak, and
the highest rate of corrosion among all tested materials was observed for
titanium at 120 °C.

Today, there is a high interest in the field towards investigation of new cat-
alyst materials, which can make it possible to avoid noble metals. However,
this work suggests a different approach of decreasing the loading of the active
component at the oxygen electrode by using a catalyst support.

In order to achieve that, investigation of a novel SiC-Si compound was per-
formed and is presented in Chapter 5. The active iridium oxide was de-
posited on the SiC-Si in-situ by the Adams fusion synthesis and charac-
terized by different techniques. XRD and nitrogen adsorption experiments
showed an influence of the support on surface properties of the IrO, particles,
affecting IrO, particle size. The prepared catalysts were electrochemically
characterized by cyclic voltammetry experiments at 25, 80, 120 and 150 °C.
In accordance with the observed variation in particle size, a support loading
of up to 80% improved the activity of the catalyst. Powder conductivity
measurements were also performed, which showed the influence of the sup-
port on the packing of IrO, particles. Investigation showed that even a
support material with poor electrical conductivity contributes beneficially
to the electrocatalyst active surface area, increasing its utilization. Results
demonstrated potential perspectives of using low conductive ceramics as a
catalyst support which means that further research in this field is of high
interest.

An essential part of the study was devoted to the development of a method
of elevated temperature catalyst electrochemical characterization, which was
implemented for the evaluation of the performance of the synthesised cata-
lysts.

Chapter 6 consists of concluding remarks and proposals for the future re-
search.

Chapter 7 contains two articles, which were published during the project
period.



Dansk Resumé

Vandelektrolyse baseret pa polymer elektrolyt membraner (PEM) er en
lovende teknologi, som tillader at produktion af brint. Da brint muligvis kan
blive en fremtidig energibaerer i en “Brint cyklus”. Elektrolyse af vanddamp
ved forhgjede temperaturer har flere fordele i forhold til en lavtemperatur
elektrolyse proces. Dog betyder den forggede temperatur samtidig et gget
krav til konstruktionsmaterialerne i cellen, f.eks. kommer der et gget krav
til dimensionsstabiliteten og den kemiske stabilitet under de stzerkt korro-
sive forhold som findes i systemet. Materialer der benyttes i lavtemperatur
elektrolyse kan saledes ikke ngdvendigvis anvendes i systemer, som virker
ved temperaturer over 100 °C og nye materialer skal derfor undersgges.

I afhandlingens kapitel 1 gives en generel introduktion til emnet, medens
Kapitel 2 gennemgar teoretiske aspekter vedrgrende elektrokatalyse. Desu-
den beskrives de teknikker, der er blevet benyttet til karakterisering af
katalysatorerne og kontruktionsmaterialerne.

I kapitel 3 gennemgas opbygningen af PEM elektrolysatorer, samt litter-
aturen vedrgrende de forskellige materialer der indgar, dvs. membraner,
katalysatorer og konstruktionsmaterialer.

I kapitel 4 fremleseggers resultaterne af korrosionstests af forskellige typer
kommercielle rustfrie stalmaterialer, nikkel-baserede legeringer, samt tita-
nium og tantal for anvendelse som mulige bipolare plader og konstruktion-
smateriale for hgjtemperatur PEM elektrolyseceller (HTPEMEC). Korro-
sionsresistensen er blevet malt under betingelser som simulerer en hgjtem-
peratur PEM dampelektrolysecelle. Steady state voltammetri er blevet an-
vendt i kombination med skanning elektron mikroskopi (SEM), og energi dis-
persiv rgntgen spektroskopi (EDX) er benyttet for at evaluere stabiliteten
af ovenfor naevnte materialer. Det blev fundet at blandt legeringerne var
de rustfri staltyper mindst modstandsdygtige overfor korrosion under steerk
anodisk polarisering. Af nikkel-legeringerne udviste Inconel 625 stgrst po-



tentiale som et muligt materiale i hgjtemperatur elektrolyse celler, da den
var den mest korrosionsbestandig blandt de testede stalmaterialer og nikkel-
legeringer.

Tantal-belagt rustfrit stal viste fremragende korrosionsbestandighed ved de
undersggte betingelser, derimod var der ringe passivering af titanium, som
da ogsa havde den hgjeste korrosionshastighed blandt de undersggte mate-
rialer ved 120 °C.

I dag er der stor interesse for nye katalysatormaterialer, som kan ggre det
mulig at undgé sedelmetaller, men der mangler stadig et afggrende gennem-
brud. I dette arbejde er der benyttet en anden strategi, nemlig formindskelse
af den anvendte katalysatormeengde pa anodesiden, ved brug af et beerema-
teriale.

Som mulig anodekatalysatorbzaerer er her undersggt et SiC-Si-materiale. Ud-
fgrelsen og praesentationen af dette findes i kapitel 5. Det katalytisk aktive
IrO, er blevet pafgrt pa SiC-Si ved “Adams fusion synthesis”, og karakteris-
eret med forskellige teknikker. XRD og BET maélinger viste indflydelse af
baerematerialet pa egenskaberne af de dannede IrO, partikler. De frem-
stillede katalysatorer blev karakteriserede gennem cyklisk voltammetri og
andre elektrokemiske metoder ved 25, 80, 120 og 150 °C. I overensstem-
melse med den observerede variation i partikelstgrrelsen, vil en 80 % load-
ing af IrO, pa beerematerialet give en maximal forbedring af aktivitet af
katalysatoren. Malinger af elektrisk ledningsevne af pulverene viste en ind-
flydelse af beerematerialet pa pakningen af IrO, partiklerne. I dette tilfeelde
kunne det konkluderes, at et materiale med darlig elektrisk ledningsevne
godt kunne bidrage til en forggelse af udnyttelsen af en elektrokatalysator.
Resultaterne peger saledes pa fremtidige perspektiver ved brug af lavt ledende
keramiker som baerematerialer, og for videre forskning inden for dette emne.

En veaesentlig del af arbejdet har veeret helliget udvikling af en metode til
elektrokemisk karakterisering af katalysatorer ved forhgjede temperaturer.

Kapitel 6 bestar af afsluttende bemaerkninger og forslag til fremtidigt arbe-
jde.

Kapitel 7 udggres af to artikler der er publicerede i lgbet af projekt perioden.
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CHAPTER 1

Introduction

“Water, taken in moderation, cannot hurt anybody.”

(Mark Twain)

1.1 Hydrogen and modern society

Energy is a main aspect of modern life. Traditionally, the ever-increasing
need for mechanical work in industrialised societies has led to an intense
investment on energy-related research and development. In the last years,
there has been an increasing focus on energy technologies. From energy
sources, going through transformation and distribution, to energy system
management, the prominence of energy in modern society has been reflected
in its comprehensive flourishing.

However, in recent decades, the growing public awareness of the effects of
man on the environment through the different forms of pollution, ecosystem
alteration, and lastly, the alteration of climate, have shown the need for a
different model of interaction with natural systems, where conservation and
sustainability are central concepts. In this aspect, much of the responsibility
for the degradation of environment and human health is attributed to pol-
lution sources coming from the energy sector. This way, exhaust emissions
from vehicles, as well as emissions from industries and power plants, con-
tribute to most of the anthropogenic sources of greenhouse gases, CO,, NO,
and other substances. This state of things requires, thus, the development
of new energy technologies at all levels.
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Figure 1.1: A taste of 20th century: Smog over New York in 1988 [3].

Hydrogen has been known as a fuel ever since its discovery. A main difference
between hydrogen and other fuels is that, since the only combustion product
is water, it is one of the cleanest fuels available. It is mostly because of this
that hydrogen has been proposed as an alternative fuel in substitution of
fossil fuels, most notably oil fractions like gasoline or diesel [23].

Although hydrogen is commonly mistaken as an energy source, there are
no significant amounts of elemental hydrogen on the Earth surface. It is
rather an energy carrier, which means that its generation is as important as
its transportation and consumption in terms of efficiency and performance.
In the following section, a brief review of the main options for hydrogen
production are described.

1.2 Hydrogen production

Since the two main sources for hydrogen on Earth are hydrocarbons and
water, all current methods used for hydrogen production involve extraction
from one of them. There is an important difference in terms of energy
content between them.

Typical hydrocarbons like petroleum or natural gas are substances relatively
reduced with respect to the oxidising conditions in the Earth atmosphere,
which is rich in O,. Thus, it is possible to extract energy from hydrocarbons
by oxidising them, to CO, and water as final products, which is the basis of
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the use of fossil fuels as energy sources. The simplest hydrocarbon, methane,
burns following the reaction:

CH, +20, — 2H,0 + CO,, AH = —889 k.J/mol (1.1)
The general reaction for burning of hydrocarbons is:

3n

L 102 — (n+1)H,O +nCO,, AH<O (1.2)

C,Haon + 5

The main advantage of the use of hydrocarbons for hydrogen production is
that they do not need an external energy source. The reforming of natural
gas is a good example [24]:

CH, + H,0 = CO + 3H,, AH =206 kJ/mol (1.3)

CH, +2H,0 = CO, +4H,, AH =165 kJ mol (1.4)

Even though these reactions are very endothermic, the process can be fu-
elled with the combustion of more methane or other fuel, making thus the
whole process self-sustained in terms of energy. The absence of the external
energy need makes this technology more competitive than the ones based
on hydrogen production from water.

Water is, on the contrary, a substance that cannot be further oxidised to
extract energy from it. In order to obtain hydrogen from water, energy needs
to be spent, according the equation 1.5:

1
HyO0g/1) — Ha(g) + 5059, AH >0 (1.5)

Energy needed to split water from liquid or gas phase is different [15]:

For water steam:

1
H,0(5) — Hay(g) + 50y, AH =+242kJ/mol (LHV) (1.6)

For liquid water:

1
Hy00) — Hy(g) + 505(y), AH = +286kJ/mol (HIV) (1.7)
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The difference in AH of 44 kJ/mol between the lower heating value (LHV)
and the higher heating value (HHV) is the molar enthalpy of vaporisation
of water.

1.3 Hydrogen and renewable energy

When Jules Verne wrote his famous novel about the Mysterious Island which
was published in Paris between 1874 and 1875 (Lile mystéruse), and pre-
dicted “water replacing coal”, he was aware of the technology of electrolysis,
which was discovered by William Nicholson in 1800.

Electrolysis is a word coming from Greek, where “lysis’ means “cutting” or
“separating”.

However, hydrogen production from water by electricity has the disadvan-
tage of energy required for being produced. At the same time, compared
fossil fuels as gasoline and diesel, an equivalent mass of hydrogen contains
about three times more energy.

But one would ask then: “Why bother synthesising hydrogen from water,
when it can be done from hydrocarbons?”. The increasing fossil fuel prices
can only worsen this disadvantage, as the more the energy costs, the less
economical sense water splitting has.

The answer lies in the so-called renewable energy sources. Basically, these
can be described as natural energy sources that have, in principle, an infi-
nite supply. Most of these sources, like biomass or wind, come ultimately
from natural sources. Others, like geothermal energy, are not particularly
renewable, but their final depletion is so far in the future that, for all intents
and purposes, they can be considered as renewable. A main issue with most
of these sources is their availability in time.

Decentralized production of hydrogen by means of water electrolysis is favour-
able in this case. When renewable energy sources are considered, electrolysis
is a practical way of converting the surplus electrical energy into chemical
energy and to be used when the power is needed [25].

For example, considering sunlight as a source of energy, photovoltaics is a
technology which is used for harvesting solar energy. It will collect as much
energy as possible in the given amount of time. This means that the limiting
factor for the energy throughput will be the energy source itself. Since
the amount of sunlight reaching the Earth’s surface depends on astronomic
factors (which are predictable) and weather (which is not), it is easy to see
that solar energy and its related technologies are inherently unsteady as
energy suppliers.
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Figure 1.2: A possible application of hydrogen as an energy vector: the conversion
of solar energy into fuel for transportation [4].

This problem is especially important when considering energy conversion
to electricity. It is a known characteristic of electric energy that genera-
tion (supply) and consumption (demand) have to be carefully balanced to
maintain the AC power grids working, as power lows and blackouts cause
enormous economic losses or even equipment breakdown.

In this context, there is a great need of improving the availability of re-
newable energy sources. A way of achieving this is to store, at least tem-
porarily, the generated energy, which is available for consumption during
high-demand periods [26]. This is where the extensive use of hydrogen can
be helpful.

Production of hydrogen from the energy of blowing wind attracts much
attention. The wind power is stored in the form of produced hydrogen to
even out the fluctuations in production due to natural variation of the wind.
One of the proper wind-hydrogen systems has proven a valuable experience
for the coming generations of wind-hydrogen systems. The station is located
on the island of Utsira in the Atlantic Ocean, where Norsk Hydro and its
partners have been running a wind generator-based hydrogen system since
2004 [25]. Two wind generators of 600kW each deliver electric energy to a
small electrolyzer which stores its hydrogen under pressure. The hydrogen is
used for powering a number of houses on this small island. A 12kW fuel cell
from a Danish producer, IRD A/S, delivering the power in addition to 50kW
of electric energy originating from an internal combustion-based generation
unit. The combustion generator has an appreciably longer start up time
than the fuel cell and the interplay of the two has proven a development
challenge.

As an energy storage option, the hydrogen cycle can be very appropriate.
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Therefore, most of long term visions about the use of hydrogen as an energy
carrier include electrolysis. It requires an inexpensive reactant, water, and
electricity to split it. From an environmental point of view, hydrogen has also
the advantage of being a relatively clean energy carrier [23, 27]. The main
drawbacks of hydrogen as compared to similar technologies are the lower
round-trip efficiency, and the high dependency from electricity prices [28].

Polymer electrolyte membrane (PEM) water electrolysis systems offer sev-
eral advantages over traditional technologies, including higher energy effi-
ciency, higher production rates, and more compact design [29]. This method
of hydrogen production is envisioned in a future society where hydrogen as
the energy carrier is incorporated in an idealized “energy cycle”. In this
cycle, electricity from renewable energy sources is used to electrochemically
split water into hydrogen and oxygen [30].

This technology is environmentally friendly and usually possess more com-
pact size characteristics and power cost. Besides the high purity of produced
gases, there is an opportunity of obtaining compressed gases directly in the
installation [31].

1.4 Targets of the project

1.4.1 Corrosion tests

The first part of the project has been focused on selection and development
of construction materials for porous gas diffusion layers and bipolar plates for
high temperature electrolyzer stack. Intended corrosion studies, evaluating
corrosion stability of materials in phosphoric acid and temperatures higher
than 100 °C are scarce. The anodic part of the system was in the main focus
in this work.

A series of austenitic steels (AISI 316L, AISI 321 and AISI 347) and Ni-
based alloys (Hastelloy® C-276, Inconel® 625 and Incoloy® 825), as well
as titanium and tantalum, were tested. In order to characterise the sam-
ples, anodic polarisation was performed on electrodes made of the selected
materials under experimental conditions, simulating those of an electrolysis
stack.

It was found that among tested candidates, the only capable of high resis-
tance under these conditions was actually the CVD-tantalum coated stain-
less steel.
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1.4.2 Supported catalysts

Another part of the project involved developing and testing of a catalyst
support material for the oxygen evolution reaction (OER). The support
was implemented in order to reduce high noble electrocatalyst loading.

Importance of use of a support for the catalyst and further research towards
the development of more efficient and lasting oxygen evolution electrodes
(OEEs) are discussed. Among promising candidates, a commercial SiC-Si
composite material was finally selected and studied in this work.

One of the main goals was studying of influence of the selected support on
the electrochemical behaviour of active IrO, catalyst. To accomplish this,
supported catalysts with different compositions were prepared, in addition
to pure samples of both IrO, and SiC-Si.

The electrochemical characterisation of the electrodes was performed using
the CV technique in experimental conditions similar to those found in high
temperature PEM electrolyzer cells (HTPEMECs). Physico-chemical char-
acterisation of these materials was done by means of the X-Ray Diffraction,
implementing the Scherrer equation for the crystal size calculations. BET
surface area experiments were done for estimating the specific surface area
of the materials, being an important factor in the electrode activity. Powder
electric conductivity measurements were also performed for all samples in
order to assess the effect of the support on conductivity of the electrodes.

1.5 List of publications

The research results have been reported in the following publications:
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CHAPTER 2

Theory and Background

2.1 Principles of water electrolysis

The principles behind water electrolysis include the electrochemical splitting
of water into hydrogen at the cathode and oxygen at the anode. From the
energy point of view it is a conversion of an electrical energy to chemical
energy in the form of hydrogen. The overall chemical reaction of water
splitting process was presented in Section 1.2, equation 1.5.

Conventionally, 3 types of electrolyzers exist, defined by the type of elec-
trolyte implemented. Those are alkaline, acidic, and solid oxide electrolyzer
cell (SOEC). Depending on the type of electrolyzer, different half-reactions
take place at anode and cathode compartments:

e Alkaline:
cathode : 2H,0 +2e~ — Hy +20H™ (2.1)
1
anode : 20H™ — 502 +2H,0+2e” (2.2)
e Acidic:
cathode : 2H' +2e™ — Hj (2.3)

1
anode : H,O — 502 +2HT +2e” (2.4)
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e SOEC:

cathode : Hy,O +2e~ — Hy + 0%~ (2.5)

1
anode : 0%~ — 502 +2e” (2.6)

The main commercial electrolysis technology used nowadays is the alkaline
process (equations 2.1, 2.2). The electrolyte is an aqueous alkaline solution,
with nickel-based alloys as electrodes. The working temperature is usually
around 70-80 °C. This method has the advantage of long-term performance
and relatively low investment costs. On the other hand, it has the disadvan-
tage of having high energy requirements, mainly because of high activation
energies. Another problem is that, being the electrolyte alkaline, the sys-
tem needs to be CO,-free, in order to avoid the formation of carbonates in
the cell. Current research on alkaline electrolysis focuses on new electrode
materials, electrolyte additives and designs [41].

Being the only practical todays technology for producing hydrogen from
water, the main advantage of electrolysis is the high gas purity achieved.
However, the high production costs compared to hydrogen from fossil sources
results to only around 0.1% of worldwide hydrogen production coming from
water electrolysis [42].

2.2 Thermodynamics and kinetics

2.2.1 Thermodynamics

Both thermodynamics and reaction kinetics should be considered when elec-
trochemically splitting water into hydrogen and oxygen. The Gibbs free en-
ergy (AG) for the net reaction for producing hydrogen and oxygen by water
electrolysis is given by:

1 1
AG = pHyg) + 510, — 1, 00) = AG® + RTin(pH,p 502) (27

where ,uHQ( 9)’ ,uOQ( 9 and pH,O(;) are the chemical potentials of hydro-
gen, oxygen and water respectively, pH, and pO, are the partial pressures
of hydrogen and oxygen respectively and AGP is the Gibbs free energy at
standard conditions (1 atm, 25 °C).
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The energy balance for the cell reaction may also be written, with the energy
required to break and form molecular bonds and to bring the reactants to
their reference states being the enthalpy (AH):

AG = AH — TAS (2.8)

giving (at standard conditions):

U = T F (2.9)
where Uy, is the thermoneutral potential difference. If E.oy > Uiy, heat is
lost from the cell (the cell produces surplus heat). When the cell potential
FEcon < Uiy the cell absorbs heat from the environment, the produced Joule
heat does not meet the heat demand and the cell cools down if the heat is
not provided by other means.

Efficiencies for the overall reaction 1.5 can also be written with the thermal
energy efficiency defined as:

Utn
DAl = =2 % 100% (2.10)
Ecell

The energy efficiency, based on Gibbs free energy is defined as:

E
NAG = o x 100% (2.11)
Ecell
In an electrochemical process the energy efficiency is better expressed by

nag which represents the efficiency in terms of the available work.

Since water electrolysis becomes increasingly heat consuming with tempera-
ture (Figure 2.1), larger portion of the total energy demand can be provided
as heat at elevated temperatures. This provides an opportunity to utilize
the Joule heat, that is inevitably produced due to the passage of electrical
current through the cell. In this way, the overall electricity consumption
and, thereby, the H, production price can be reduced.

2.2.2 Kinetics

The equilibrium potential (E.q) is the theoretical electromotive force (EMF),
calculated for the net reaction from the equation 2.12:

AG

Bea ==

(2.12)
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Figure 2.1: The theoretical cell voltage [5]

The equilibrium potential (Eqq) of electrochemical splitting of water can be
found using the Nernst equation:

RT

1
- = in(pm,p?o,) (2.13)

Eoq = E°
where n is the number of electrons involved, R is the gas constant, 7" is tem-
perature (K), F is the Faraday constant, and E is the standard potential.
At standard conditions (298 K, 1 atm) Eqq = 237349/2- 96487 = 1.230 V.
Although thermodynamics gives the minimum potential required to split
water, due to the kinetics of the electrochemical reactions there will always
be overpotentials decreasing the efficiency:

Ecen = E*9+ Nanode — Teathode + 112 (2'14)

where Ecell, Manodes Neathodes and IR represent the actual cell potential, the
anodic overpotential, the cathodic overpotential, and the voltage gain due
to the cell ohmic resistance correspondingly. One of the main targets of the
electrolytic industry is to achieve an applied cell potential difference, Fcp,
as close as possible to the thermodynamic value Feq.

Both two overpotentials and the ohmic resistance vary with current density.
The resistance is given by the Ohm’s law, whereas the overpotentials can be
given by the Tafel equation (which is a simplification of the Butler-Volmer
equation (see equation 2.29).

The overpotential terms for the anodic (n,) and cathodic (7.) reactions
increase logarithmically with I, while the ohmic drop (IR) rises linearly.
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This means that ohmic problems become more and more important as the
electrolysis rate is increased.

Minimizing of 7, and 7, is a question of electrocatalysis and will be in details
discussed in Section 2.6, while the ohmic drop is in principle a problem
of cell engineering and electrolyte, although the two quantities are often
interrelated.

A general electrode reaction in an electrochemical cell can be simplified to a
simple charge transfer reaction between an oxidized and a reduced species:

O+ne” =R (2.15)

where O and R are oxidized and reduced species respectively and n accounts
for the number of electrons transferred per reaction. With no current ap-
plied to the cell, potential of the electrode is given by the Nernst equation,
introduced previously (2.13):

E*=E° - %ln <g> (2.16)

If current is applied to the cell, the net current i, is expressed as a difference
between cathodic and anodic currents:

inet = 'L'a + ’L'c (217)

where i, is cathodic current, which is negative and i, is the anodic current
which is positive. The forward reaction rate and the backward reaction rate
for the electrode reaction 2.15 are linked to the current at the electrodes.
Furthermore it is assumed that the electrode reaction is a first order reaction
and the rate constants are named in a similar way, i.e. ky and k,. The
concentrations of oxidised and reduced species are functions of distance from
the electrode (x) and the time (t). The currents at the electrode surfaces
are then given by:

ic = —nF Ak;Co(0,1) (2.18)

ia = nFAk‘bCR(O,t) (2.19)

where A is the surface area of the electrode. The net reaction rate is the
forward reaction rate plus the reaction rate of the backward reaction. This
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results to the extended expression of the net current, which is given by:

inet = la +ic = nFA(kibCR(O, t) - kaO(Oa t)) (220)

A general reference point for a potential at the electrode is EY". The potential
reference point is defined as the potential where the forward and backward
rate constants are equal. The cathodic and anodic activation energies are
defined as AG%C and AGga. If the potential changes, so does the energy
needed to reside an electron on the electrode. By introducing the transfer
coefficient, «, the Gibbs free energy of the electrodes equals:

AGE = AG), — anF(E — E") (2.21)

AGE = AGE, — (1 —a)nF(E - EY) (2.22)

The transfer coefficient can range from zero to unity. It can be used to
express the rate constants in case it is assumed that the rate constants can
be described by the Arrhenius equation:

AG!
AGH
ky = Ea,exp =T (2.24)

where E'4 ; and E4, are the activation energies for the forward and backward
reactions correspondingly. The Arrhenius expression and the equations for
AG%C and AG%CL can be combined, giving:

AG] —ank /
ky = Ea exp (RTOC) - exp ( T (E —E° )) (2.25)

AG; 1 —a)nF :
ky = Eaexp <}§:’9“> -exp <(1§,)n (E —E° )) (2.26)

Assuming that a solution has the same concentration of oxidant and reac-
tant. Then E = EY and the rate of the forward and the backward reaction
are the same, k;Co = kyCRr. Since the concentrations, the rate constants
are equal and it is shown that the reference point E? is the potential at
which the rate constants have the same value.
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The entire first part of the equations can be considered as a rate constant

at the reference potential £ = EY and is called the standard rate constant
KV,

kp = kO exp <_g;F (E - EO)> (2.27)
ky = KO- exp (“‘ROJ‘,)W (E - E0)> (2.28)

This hides the temperature dependence of k°. The values for the rate con-
stants can now be inserted into the equation for the total current and this
gives the Butler-Volmer formulation of the electrode kinetics, which is an
important equation linking together electrode current and potential:

1 =14+ i

RT (2~ EO)) Cr(0,1) (2.29)
—e <_§;F (B~ E“’)) Co(O,i))

Sometimes the Faraday’s constant, the ideal gas constant and the temper-
ature is combined to a single symbol “f” hiding the other temperature de-
pendence:

nkF

1= %7

(2.30)

The standard rate constant k° is a simple measure of the kinetics in the
redox reaction. High values of the k” mean that the reaction reaches equi-
librium fast. The reverse is true for low values of k. The highest measured
values are 1-10 cm/s for very simple electron transfer reactions such as the
reduction/oxidation of many aromatic compounds as it only requires elec-
tron transfer and resolvation.

It is important to remember that the reaction rate constants ky and kj can
have relatively large values even though & is small if an extreme potential
relative to E? is applied. The result is that the electrical energy is used to
achieve the required activation energy.

When there is no net current at equilibrium there will still be a Faradaic
activity at the electrode, but the anodic and cathodic currents are equal
in this case. It can be interpreted as an exchange current, which can be
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expressed in the terms of k0. It will be shown below with the Butler-Volmer
equation. With no net current the Butler-Volmer formulation gives:

0 = nF AR (exp((1 — A)f(E — E*))Cr(0,t) — exp(—af(E — E))Co(0,1))
=
nF A exp(—af(E — E))Co(0,1)
= nFAkexp((1 — a)f(E — E*))CR(0,t)
(2.31)

The concentration of oxidant and reactant at equilibrium is not a function
of distance hence the concentrations are equal in bulk solution and at the
surface. The equilibrium concentrations are called Cjj and Cx:

nF A exp(—af(E — EY))Ci = nF Akexp((1 — a)f(E — E*))C5  (2.32)

Either side of this equation can be interpreted as the exchange current ig.
If the left side of the equation is used then:

io = nFAK°Cgexp(—af(E — EY)) (2.33)

The exchange current density (ig) is a material dependent value and is often
used for comparison of the electrocatalytic activity of different catalysts.
The exchange current density is a fundamental property of an electrode’s
behaviour and it can be defined as the rate of reaction at an equilibrium
electrode, expressed in terms of current density. A high exchange current
density means that the rate of reaction is fast and this means that the
catalyst is effective.

Instead of using the standard rate constant k° as a reference, the value of
the exchange current ig can be used. The advantage of using the exchange
current is that the current can be described as a deviation from the equilib-
rium potential which is called the overpotential (n). This eliminates the use
of the formal potential E?'.

Dividing by the expression for the exchange current and eliminating the for-
mal potential EY, one of the approximations derives the so-called “current-
overpotential” equation from the Butler-Volmer formulation [6]:

i = ig(el VM — gmafmy (2.34)

This approximation assumes that the solution is well stirred, or currents are
kept so low that the surface concentrations do not differ appreciably from
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Figure 2.2: Plot of the electrode current according to the Butler-Volmer equation.

the bulk values, which means that the mass-transfer effect is completely
excluded. This behaviour is depicted on picture 2.2. The black curve shows
the total current, which is the sum of anodic and cathodic components i,
and 7.

At low values of the overpotential the current-overpotential curves are linear.
This is because of the limits of the natural exponential function at low values.
For values of x, the exponential e* can be approximated as 1 + x. Applying
this to the Butler-Volmer equation simplifies it significantly:

L e-afn _ g—afn 1-(1-a)fn)— 1 —afn) forn—0 (2.35)
io

= i=—igfn (2.36)

which shows that the net current is linearly related to overpotential in a
narrow potential range close to Feq. The ratio —n/i has units of resistance
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and is called the charge-transfer resistance and is given the symbol Rc:

_RT
- nFio

Ret (2.37)

This parameter is the negative reciprocal slope of the current-overpotential
curve where it passes through the origin (n=0, i=0) and serves as an index
for kinetic facility and can be evaluated directly in some experiments.

For large values of overpotentials (either negative or positive) the first part

of the Butler-Volmer equation can be neglected and simplifies to:

Lo ima)fn _gmafn — _omafn g 7 — 00 (2.38)
io

If instead the overpotential is isolated it gives:

e L VAN % <Z) =—afn &
10

io
1 ] 1

n= a—fln <ZZO> en= a—f(lm' — Inip) & (2.39)
RT . , ,

n= E(lm —Inip) = a — (1 — x)lni

The last equation is called the Tafel equation and the associated Tafel plot
(logarithm of current density vs. overpotential) is very useful for determin-
ing kinetic parameters. The exchange current density can be determined
experimentally directly from the Tafel plot (Figure 2.3). The use of the
above equation will be showed in details in Section 2.4.2.

The term

nFo
the reaction mechanism (see Section 2.3.2).

is defined as the Tafel slope, which can be used to determine
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Figure 2.3: Tafel behaviour at large n [6].

2.3 Electrode reactions in PEM water electrolysis

2.3.1 Hydrogen evolution reaction (HER)

The electrochemical activity of hydrogen evolution reaction (HER) for dif-
ferent metals can be compared by a so-called “Volcano plot”, where log of
exchange current density is related to the bond energy of chemisorbed H
to the metal [7]. As can be seen in Figure 2.4 the metals of intermediate
bond-strength energy are the most active towards the HER. Those are rep-
resented by the noble metals. For the metals of low bond-strength the H
desorption step becomes the rate determining, while for the metals with the
high bond-strength the H desorption step becomes the rate determining [43].
Particularly, for the acidic type of electrolyzer (equations 2.4 and 2.3), the
noble metals are of high interest due to their high corrosion resistance in
such media.

Pt is known as the most active catalyst for the HER and is commonly used
in PEMFCs both for the hydrogen oxidation and oxygen reduction [20, 44].

The HER on platinum catalyst occurs on a strongly bounded underpotential
deposited (UPD) monolayer of H atoms. UPD hydrogen starts to cover the
Pt surface at the potential ca. +0.35 V vs. standard hydrogen electrode
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Figure 2.4: Volcano plot of the HER for dirrerent metals [7].

(SHE) and at 0 V vs. SHE the Pt metal surface is fully covered with H
atoms [43].

Based on the thermodynamical considerations, it is not possible for UPD H

to form H, when E > 0 (in this condition the M-to-H bond energy is higher
1

than §H2 bond. A typical voltammogram of Pt in 1.0 M H,SO, solution is

shown in Figure 2.5 and presents the peaks of weakly and strongly adsorbed
hydrogen at ca. 0.12 and 0.25 V vs. SHE electrode respectively. This is
a classic example of the adsorption process (more details in Section 2.4.1).
The formation of an oxide film on the platinum surface can be noticed during
the further anodic sweep. At the potential around 0.7 V vs. SHE the film
is reduced back to metallic platinum.

The presence of adsorbed hydrogen atoms on the metallic surface can give
rise to different reaction routes, while two mechanisms are generally consid-
ered important [9]:

I. Hf +e +M—> M- H
2M-H — 2M + H, + e~

- H +e  +M—> M- H
M-H+H" +e” — M +H,

(2.40)

Both of the presented mechanisms require the formation and then the cleav-
age of a M-H bond. Even for platinum different crystal phases on its surface
provide different adsorption properties [45].
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Figure 2.5: CV for Pt in 1.0 M H,SO, solution [8].

Platinum is an example of a cathode material , for which two Tafel regions
are observed. Close to Eoq, a Tafel slope of (30 mV)~! is observed, while
a higher overpotential region is characterised with a slope of (120 mV)~!
(Figure 2.46).

For the hydrogen cathode electrode, metallic nanodispersed platinum is the
best today’s solution in terms of balance between efficiency and cost. Dif-
ferent grades of Pt catalysts are available on the commercial market, mainly
presented in the form of carbon supported metal catalyst. However, plat-
inum is an expensive noble metal and lots of efforts have been made to
substitute it. Nevertheless, until now nothing practical was found, while
Pt catalyst for the HER remains one of the most widely investigated elec-
trocatalysts in the field. For today, the focus in investigation is shifted
to development of novel catalyst supports, thus optimising the use of no-
ble metal, rather than finding new candidates, able to facilitate the HER.
However, this study will not be focused on the HER and cathode catalyst
materials.

2.3.2 Oxygen evolution reaction (OER)

As it was shown before, the anodic electrode reaction of oxygen evolution in
acidic media involves the formation of four protons and four electrons (equa-
tion 2.4). The OER is a very complex reaction with the standard potential
1.23 V vs. SHE, which is higher than almost all the standard potentials of
solid elements, which puts considerable limitations on the materials to be
used as an oxygen electrode.
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Figure 2.6: A Tafel plot for a Pt cathode in 5M H,SO, [9].

The OER involves complex pathways of high activation energy and high
energetic intermediates [46]. Oxygen species cover the metal surface by
UPD by discharge of water before the liberation of O,. Since the M-O
bond strength is always stronger than the O-O bond strength in the gaseous
molecule, the OER always takes place at oxide surface [47, 48]. This includes
oxide phase formation on the metal surface by formation and breakage of
new bonds between the oxygenated species and the surface metal ions during
the anodic reaction [11]. Therefore, the OER catalysis is not a simple surface
process, but also involves electrode material transformation processes.

A simplified mechanism with a bivalent oxide can be written [49]:

Electron transfer:
~M(OH) = —~M*(OH) + e~ (2.41)
Chemical reaction in acidic electrolyte:
—~M*(OH) +2H,0 = —M(OH)y + H;0™" (2.42)

These electron transfer and chemical reaction are subsequently repeated
until four adjacent hydroxyl groups can react:

4—M(OH), = 4—M(OH) + O, + 2H,0 (2.43)
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Different Tafel plot slopes indicate other direct electron transfer reactions,
e.g. a two-electron transfer:

—M(OH); + —M(OH) + H,0 = [-M(OH)],0 + H;0" + e~ (2.44)
Consequently the OER takes place from adjacent sites:

2[— M(OH)],0 = 4 —M(OH) + O, (2.45)

As it was previously mentioned in Section 2.2.2 (equation 2.39), the reaction
mechanism and rate determining step can be determined from analysis of
the Tafel slope.

The experimental values of measured Tafel slopes for the OER are generally
reported to be around 60 mV -dec™! for the Ti/IrO,-based dimensionally
stable anode (DSA) electrodes in 1 M HClO, [10]. Another work reported
the data for RuO,-IrO, mixed oxide alloys prepared by radio frequency (RF)
sputtering. The values were changing from 30 to 50 mV - dec™! with growing
RuO,, content in the mixture [50]. For the mixed IrO,-SnO,, electrodes the
values were reported around 40 mV -dec™! [51]. At the same time, the
slope was around 55-60 mV -dec™! for similar DSA electrodes [52]. The
symmetry factors a and (1 — «), which are often assumed to be 0.5 were
shown by several authors to be different from this value [53, 54].

The kinetic parameters of the OER differ with material, electrolyte, pH,
etc. The Tafel plot will reflect these differences presented by its slope value.
The OER data for some oxide electrodes is presented in Figure 2.7 [10].
However, there is always a problem of these results accurate reproducibility
due to different physical properties of the active layer. Among them are
roughness factor and porosity.

The complex combination of reactions involving surface species and material
transformations, has lead to the formation of a Volcano plot (Figure 2.8).
The figure shows the correlation of the electrocatalytic activity in terms
of n, related to the enthalpy for the oxide formation from a lower to a
higher oxidation state (AH?) [11]. As materials with intermediate values
of AH?, Ru and Ir are the most active catalysts towards the OER. This
was also confirmed by a number of publications [11, 55]. Materials whose
AH¢ is high are too easily oxidised and therefore the intermediates bind too
strongly, while those with low AH{ are difficult to oxidise (e.g. PbO,) and
therefore the intermediates are absorbed too weakly [56]. Electrocatalytic
activity of electrodes towards the OER have been also correlated with the
redox potential of the metal present in the active oxide phase [57]. Therefore,
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Figure 2.7: Schematic overpotential-logi curves for the OER on various oxides
from acid solutions [10].

the ability of the oxide to undergo solid state redox transitions is important
in respect to the materials electrocatalytic activity.

Since the OER is a complex system including the transfer of four electrons
and four protons, it is in principle possible to propose a large number of
reaction mechanisms.

Bockris has described a method for evaluating kinetic expression of electrode
reactions, where several intermediate steps are involved. This method was
applied to study different paths of the OER and many different possible
paths and rate expressions for the OER have been listed within this refer-
ence. Among them, three common paths have been suggested to occur on
iridium and ruthenium oxide coatings (equations 2.46,2.47,2.48). More de-
tailed discussion on the oxygen evolution mechanism can be found in several
publications [54, 56, 58-63].

The electochemical oxide path and the oxide path are both speculated to
occur on RuO, and were proposed by J. Bockris in 1956 [53].

e The Electrochemical Oxide path [53].

S+ = S—OH(ads) + H" +e~
S—OH(ads) = S—0O +H" + e~ (2.46)
25-0 — 2S + 0,4(9g)
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Figure 2.8: Electrocatalytic activity in O, evolution at various oxide electrodes
as a function of the enthalpy of the lower to higher oxide transition.

(o) Alkaline and (e) acid solutions [11].

e The oxide path.

S—FHQO(:)S—OH(adS)—I—H—F—I-e_
S*OH(ads);>S*O+S+HQO+€_

25— 0 = 25+ Oy,

(2.47)

The Krasil’shikov path applies for both IrO, and RuO,. It involves a

negatively charged oxygen atom attached to the active site:

e The Krasil’shchikov Path [64]

S+ HyO =S5 —OH )+ H" + e

S—OHq = S—-0" +H
S—0 " 28-0+e
25 -0 =25+ 0y,

where S is the active site.

(2.48)

In all proposed mechanisms the oxide surface is initially covered by a layer
of OH-groups by discharge of water, which are further oxidized by ejection
of HT and electrons along with an increase of the valence state of the metal
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ion. This creates an unstable higher valence oxide which decomposes with
liberation oxygen gas and may require rearrangement of the surface. Those
oxides which are hardy oxidized further adsorb the intermediate too weakly
and water discharge becomes the rate determining step. Oxides which are
oxidized too easily absorb the intermediate too strongly and removal of
oxygenated species becomes a limiting step [11]. As the affinity towards
oxygenated species increase (increasing valence of the metal ion), the rate
determining step moves further down the route and the Tafel slope decreases
accordingly. Too high affinity towards oxygenated species will cause the
release of oxygen gas to become rate determining and a limiting current
density will be observed [65].

2.4 Electrochemical analysis techniques

2.4.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most used techniques in electrochem-
istry and covers a number of practical applications: studying of redox cou-
ples in the solution and on the electrode surface, investigating of adsorbed
species, analytical applications in case of preceding/following chemical re-
actions, etc. Traditionally, CV is used for investigation of reversibility of
redox processes occurring at the electrode. The mathematical background
of the technique is sufficient to calculate the kinetic parameters of the mech-
anisms [9].

Usually, a standard 3-electrode electrochemical cell is used to perform CV
experiments and consists of a working, counter and a reference electrode
(Section 5.1.3.1). The potential of a working electrode is swept vs. reference
electrode during the experiment between 3 values, which are initial potential,
vertex potential and final potential. This creates the potential window of the
experiment. The sweep rate v defines the speed of a potential change and
in most experiment is varied from 10 mV/s to 10 V/s. In CV experiments
v effects the parameters of the voltammetric curve, which are the cathodic
(anodic) peak current Ig(a), the peak potential E;(a) and half-peak potential
E, /5 (Figure 2.9). The relationship between these parameters and v is widely
used for definition of mechanism of electrochemical reactions. Usually the
reversible (controlled by electrode kinetics) behaviour of a system is observed
at low v and irreversible at high values of v (Figures 2.10, 2.11).

However, during the interpretation of voltammograms the fact needs to be
taken into account that cyclic voltammetry is a non-steady state technique.
The current passing through the system is a sum of different processes, and
some of them, like double layer charge-discharge, are transient processes that
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Figure 2.9: Typical cyclic voltammogramm and its basic parameters [9].
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Figure 2.10: Dependence of the peak potential one the log of potential sweep rate.
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Figure 2.11: Dependence of the I, on the v?, showing the transition from re-

versible to irreversible regimes [9].
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Figure 2.12: A CV curve of the reversible electrochemical adsorbtion reaction [9].

make difficult a straightforward interpretation of the results.

The most applicable techniques in electrocatalysis are the measurement of
integrated charge and capacitance.

Integrated charge analysis One of the useful applications of CV is the
quantitative studying of the adsorption mechanisms on the surface of elec-
trocatalysts.

The active surface area of the electrocatalyst can be estimated by calculation
of the charge, associated with adsorption of active species. Considering a
simple case of the electron transfer (equation 2.15), where O and R are
in the adsorbed form in this case and the mass transport effect is ignored
(adsorbtion and desorbtion of reactants are the limiting steps). In the case
of a reversible reaction, the peaks are sharp and symmetrical (Figure 2.12).
If the adsorbed particles do not interact with each other (a case of the
Langmuir adsorbtion isortherm), then:

~ p2p2 vALG(bo/br)exp [(nF/RT)(E — EY)
o . (2.49)
RT {1+ (bo/br)exp[(nF/RT)(E — EY)]}

where bp and bg are adsorption constants for O and R, I'j; is the amount of
O particles adsorbed on a monolayer (surface excess), and EY is the Nernst
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equilibrium potential of the redox couple O/R.

The peak current density is expressed by:

. n2F2F0
lip|= ART vA (2.50)
where
Q
Iy =|— 2.51
0= 17l (2.51)

The peak current in this case is proportional to the sweep rate, v, rather
than to a square root of v. The peak current and the peak charge () are
proportional to the number of catalyst active sites. The charge of adsorbed
species can be calculated using the area under polarisation curve:

Q:/I-dt
L
S dt
1
dt == -dV
v
1 1
Q—/I~-dV—~/I-dV
v v

In this case () should be independent of v.

Capacitance In case if current is proportional to the scan speed, the be-
haviour of the electrode is capacitive. The total capacitance of an electrode
can be expressed:

_Q_dQ
C=v=a
dQ = C-dv
dQ AV
[=—=_(C.2_=(C. 2.52
i (2:52)
_ 1
_U

Considering a reversible process having the capacitance nature, no any peaks
during CV are observed.
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Considering the CV technique, at least two processes occur simultaneously
due to the dynamic change of potential. The first is a reaction on the elec-
trode surface, with kinetics described by the Butler-Volmer equation 2.29.
Then, in parallel, the charge of an electrochemical capacitor formed by the
interaction of the planar electrode surface with the electrolyte. Since the
potential is continuously changing:

V(t)=Vo+uv-t (2.53)

the corresponding capacitive current can be calculated as:

Z.cap:C'E:C‘U (254)

This contribution can be important depending on the relative magnitudes
of the reaction rate and the electrode capacitance. In order to minimize the
contribution of the capacitive current, pulse potential methods are normally
used. Instead of a linear potential ramp (linear sweep voltammetry), a
staircase potential ramp can be applied (linear staircase voltammetry). With
this method, the current is measured at the end of each potential step. Since
the capacitive current decreases exponentially with time, its contribution to
the total current will be minimised.

2.4.2 Steady state polarisation and corrosion studies

Traditionally, the weight loss technique has been used to determine the cor-
rosion rates of different materials [66-70]. It involves the periodic weight loss
measurements after the defined time intervals having a sample immersed in
an electrolyte. This technique is straightforward and does not require any
knowledge of corrosion reactions that are occurring, however, prolonged test
periods are needed (over 200h) for reasonable accuracy in this technique [71].

The electrochemical techniques potentially offer a faster way of determining
corrosion rates, as nature of corrosion in electrolyte solutions is electrochem-
ical. Therefore, generally considering corroding species of valence n, will give
the following equation:

M — M"* +ne” (2.55)

As it was earlier shown in Section 2.2.2, the Tafel equation 2.39 describes
the current density as a function of the electrode potential and can be used
for the study of corrosion speed and mechanisms. The rate of the uniform
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Figure 2.13: Hypothetical cathodic and anodic polarization diagram [12].

corrosion can be calculated through the exchange current density value di-
rectly to the mass loss rates or penetration rates (corrosion rate). It is made
by means of the Tafel extrapolations [12].

The overpotential 7 is plotted against the logi value through the Tafel plot
(Figure 2.13). The linear approximations intersection of two branches of the
plot defines the corrosion current (corrosion current density icopy), which is
attributed to the main corrosion reaction taking place (equation 2.55). dcopr
equals to iy at Eeor (equations 2.56-2.61). The values of the measured
exchange current will show the maximum possible rate of corrosion in these
conditions, as the effect of passivation is not taken into account.
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1—a) n F
fOTE>> Ecora i:ia:iO'exp{(ORi)j—,n'(E—Ecor)} (256)
. . —a-n-F
for B << Ecor, 1 >~ 1. = —ig - exp {RT (E— Ecor)} (2.57)
. ) l1—a)-n-F
Ini, =1Inip + (R)T -(E — Ecor) (2.58)
. ) —a-n-F
In —lec = In 10 + T . (E - Ecor) (259)
Ini, =In—i, - F = Eeor (2.60)
ia(Ecor) = o (2.61)

The corrosion potential (Fcor) (Figure 2.13) is another key parameter which
gives an indication of how inclined to corrode an electrode material is, or
what is the minimum potential at which it starts to undergo corrosion.

Another alternative is to use the so-called “Cyclic Tafel voltammetry” tech-
nique [36, 72]. In this case after the forward polarisation, the scanning
direction is reversed and the corrosion potential and current are measured
for the “passivated” material.

The corrosion current .. is found from the slope of the anodic polarisation
curve, presented in the coordinates “electrode potential” vs. “log of the
current density”, as shown in Figure 2.13. The detailed ASTM technique
description can be found elsewhere [12].

The assumption needs to be taken that the current distributes uniformly
across the area of the electrode while using this technique. In this case, the
current density equals:

ICOI‘

lcor — 7 (262)

where A is the exposed specimen area, cm?

Further, the Faraday’s Law is used for the calculation of the corrosion rate.
For the penetration rate (corrosion rate (CR)) the derived from Faraday’s
Law equation is:

CR =K, ’C;r EW (2.63)

e CR is given is mm/year

e icor in pA/cm?
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e Ki =3.27-1073, mm-g/uA - cm - year [73]
e p is the density of material

e KW is considered dimensionless in these calculations

2.5 Physicochemical analysis techniques

2.5.1 X-Ray powder diffraction (XRD)

XRD is one of the oldest and most important analytical techniques used
for characterisation of catalysts. The technique allows to define different
crystalline phases in the sample, as well as, to a certain extent, to calculate
the average crystalline size. The technique is based on the interaction of
generated X-rays with atoms in regular structures.

If one put a single crystal in X-Ray beam, it will be hard to find any diffrac-
tion from it. Diffraction originates from the condition, where crystal has to
be placed in the beam so as to fulfil the Bragg condition for diffraction (the
Bragg’s law). Another approach is to investigate a powder, which virtually
has an infinite number of crystals. In this case, there will always be many
crystals in the right position for diffraction from any of the lattice planes,
which is the simple condition for powder diffraction. It is essential using
this method to have enough crystals to fulfil the condition of always hav-
ing enough crystals in position for diffraction for each lattice plane. This is
why it is also important when a sample needs to be studied with the X-Ray
Diffraction that a sample is grounded to a properly prepared fine powder
(e.g. with mortar and pestle).

The Bragg’s law defines the diffraction angle dependance on the lattice spac-
ing and the wavelength (equation 2.64):

nA = 2d- sinf (2.64)

where n is an integer number, A is the wavelength of incoming X-rays, d is
the distance between crystal planes and 6 is the diffraction angle between
incoming X-ray and the lattice (Figure 2.14).

The interaction of an incoming front wave with each atom creates a sec-
ondary wave; the interference between different waves creates a diffraction
pattern. This effect will be stronger if the wavelength of the radiation is com-
parable to the distance between elements of the crystal. Since these distances
are usually in the order of L&, X-rays are used for crystallographic studies.
The wavelength of Cu-Ka X-ray source, A = 1.5405981 A) Wavelengths of
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this range can penetrate into the bulk of the sample under investigation,
making it a bulk composition analysis, rather than a surface investigation.

S dsing

—o ° ® ° *—

Figure 2.14: Illustration of Bragg’s Law.

In crystalline substances, multiple diffraction planes are present. When
X-rays interact with a crystal, they are interacting with every plane. Con-
sidering different orientations and distances, for a given incident angle only
one plane may give a signal, according to the equation 2.64.

Starting from here, a rather complex systematic study can be made to assign
each signal to a crystalline plane. This way, it is possible to identify a
substance and its crystalline phase, and even mixtures, with this method.
In practice, crystallography databases are used [74], usually with the aid of
software, for identifying the different phases in a sample.

Usually the sample in the X-ray diffractometer rotates during the analy-
sis, ensuring that all possible crystal orientations are tested, and thus no
diffraction peaks are lost in the measurement.

The Scherrer equation can be used for the calculation of the mean crystal
size [75]:

KA
= B cosf

(2.65)

where K is a shape factor, usually taken as 0.9; X is the X-ray wavelength; £
is the peak width in radian; and 6 is the Bragg angle of the peak. According
to the equation 2.65, peaks broaden as crystal size decreases. In theory any
diffraction peak can be used for calculating the crystal size. However, in
practice, it is convenient to use peaks with a high signal-to-noise ratio. The
calculation can involve some uncertainties. Apart from the crystal size, there
are other parameters which contribute to the peak width. Among them are
noise and particle strain. This makes 7 a lower size limit and decreases the
use of this method. Nevertheless, similar samples can be compared between
each other.
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Figure 2.15: Scanning electron microscope schematic overview.

The Rietveld method was introduced by Hugo Rietveld in late 1960s and is
used for analysing powder diffraction data and presents a method of struc-
ture refinement, where the whole point-to-point pattern fitting of the dif-
ference between experimental and calculated intensities is used [76]. The
crystal structure is refined by fitting all the reflections to a calculated pat-
tern using a least squares approach for refining a theoretical line profile. This
method, unlike others, is able to deal accurately with strongly overlapping
reflections.

As in a multiphase powder diffraction pattern the integrated intensity of
reflections for a single compound is related to the phase abundance in the
mixture, it can be used for the quantitative phase analysis of the mixed
phase powders [77].

2.5.2 Scanning electron microscopy (SEM)
SEM is a powerful microscopy technique, which allows to investigate the
texture and morphology of the samples (both of powder and bulk materials).

The schematic overview of the scanning electron microscope is presented in
Figure 2.15 and it consists of the following components 2.1:
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Table 2.1: Main components of scanning electron microscope and their functions.

Component name Function

Electron gun (electron emitter) Producing of a narrow beam of accelerated electrons,
which have a defined kinetic energy

Lens system Focusing of electrons into a beam by the electrostatic
or electromagnetic apparatus.

Secondary electron detector Reading the secondary electrons emitted
by the sample

Backscattered electron detector Reading electrons produced by

the secondary electron emission
energy dispersive X-ray spectroscopy detector = Measuring of the emitted X-ray radiation
(optional, see Section 2.5.3)

Two types of electron detectors can be used and both secondary and backscat-
tered electron detectors read the emission of electrons from a solid object
when it is bombarded by the primary electrons (emitted from the electron

gun).

First type of electrons are those, mainly created by colliding of the primary
electrons with the outer electrons in the sample and are called the secondary
emitted electrons (Figure 2.16). Secondary electrons arise from the depth
region of ca. 10 nm from the surface of the sample and therefore give the in-
formation about the surface morphology. The diffusion of incident electrons
within the specimen has little influence on the image, thus allowing the best
resolution to be obtained using the secondary electron detector.

Another type of electrons is called backscattered electrons. They appear if
the acceleration voltage of the primary electrons is high enough and some of
primary electrons can penetrate inside the sample, interact with the nucleus
and be backscattered with virtually undiminished energy and emitted again
from the specimen surface (Figure 2.16). Then the backscattered electron
detector registers these electrons. The contrast of the backscattered electron
image depends on the mean atomic number of the substances which consti-
tute the specimen. Therefore, the backscattered electron image is commonly
used to obtain the information on specimen composition.

The important parameters in SEM imaging can be listed as following;:

e Magnification

e Depth of field

e Working distance
e Resolution

e Contrast

e Saturation

e Signal intensity

e Signal/noise ratio
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Figure 2.16: Interaction between an incident beam and a specimen [13].

2.5.3 Energy dispersive X-ray spectroscopy (EDX)

The impinging electron of high energy (usually more than 10 kV) in the
primary beam can interact with the electron on the inner shells of the atom,
ejecting an electron from its orbit and creating a positive hole. This ejected
electron is called secondary. As the atom is in an excited state and has too
much energy, it returns to its stable state by filling this created hole one
of the electrons from an outer (high energy) level, restoring its status quo,
releasing the excess energy in the form of an X-ray quantum of characteristic
wavelength. The outermost missing electron is replaced by one form the free
electrons always present in a material and the amount of released of X-ray
radiation is further detected by the EDX detector . The amount of this
surplus energy depends on the atom, since it is related on the energy of the
initial and final levels. Then the analyses of the emitted readiation gives
a possibility to analyse the chemical composition of the sample. The EDX
spectrometer makes a spectrum of X-rays emitted by the specimen on the
basis of their energy. Spectra show distinctive peaks for the elements present
in the sample (corresponds to a wavelength of the emitted X-rays) and the
peak height (intensity of the X-rays) indicates the element concentration.
The principle scheme of EDX is shown in Figure 2.17.
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Figure 2.17: The principle scheme of EDX spectroscopy.

2.5.4 Sample preparation for scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX)
for catalyst powder analysis.

The combination of SEM and EDX techniques is a very powerful micro-
analysis instruments. Investigating the supported electrocatalysts it allows
to detect the sites of catalyst location on the support matrix, morphology
of the prepared powder and average particle size. This information is im-
portant for the estimation of possible decrease of electrocatalyst particle
agglomeration.

However, the importance of the sample preparation procedure in microscopy
is hard to overestimate. It differs depending on the observation technique
used. Moreover, various sample preparation methods can be used within
the same technique, which often gives different results. One or few would
usually be chosen, depending on the subject of interest for the sample under
investigation. For studying of powder electrocatalysts, there are several pos-
sibilities. One of the techniques is the same as in powder sample preparation
for X-ray fluorescence (XRF') analysis, where powder pellets compressed un-
der high pressure are commonly used [78]. This technique involves a risk
of significant grain reorientation during pressing, which can give a wrong
image on the original geometrical arrangement of the particles.

Another potential technique includes preparation of a "catalyst ink” disper-
sion on the metallic support plate. This method is commonly implemented
to characterize the electrocatalytic activity of powders [55]. In this case,
the dissolved polymer is used as a ”"binding agent” for a nano-sized catalyst
particles. The usage of this "catalyst ink” suspension can disturb SEM in-
vestigations. The polymer material can partially cover the active catalyst
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surface, which will lead to the charging artefacts. It happens if polymer
particles create a nonconductive surface layer on the powder. In this case,
when it is illuminated with a negatively charged electron beam, the charge
would be accumulated on the surface, preventing the emission of electrons.

More appropriate appears a technique, where the catalyst powder is dis-
persed in ethanol solution. Further, the prepared dispersion is applied on
the backing plate and sent for SEM or EDX investigations.

2.5.5 SediGraph particle size analysis

The SediGraph method of particle sizing has been used since 1967. Al-
though, the are more “modern” methods available, the SediGraph method
still remains viable and satisfy the needs of certain applications.

The principles of this method lie in particle sizing by measurement of set-
tling (sedimentation) velocity and mass fraction determination by relative
absorption of low-energy X-ray. National Institute of Standards and Tech-
nology (NIST) in a guide to particle size characterisation defines the Sedi-
Graph as a robust technique, providing rapid analyses and having the capa-
bility to be used over a broad size range with minimal changes [79].

Sedimentation size analysis depends on the fact that the measured equilib-
rium velocity of a particle through a viscous medium, resulting from the
action of the gravitation force, can be related to the size of the particle by
the Stoke’s law. For spherical particles, the Stoke’s law is expressed by:

D = Kv'/? (2.66)

where D is the diameter of a spherical particle, v is its equilibrium sedimen-
tation velocity and K is the constant of proportionality and accounts for
density of the particle and physical properties of the liquid medium and is
expressed by:

K = [(18n)/(p — po)g] (2.67)

where p is particle density. Liquid is characterised by its density pg, viscosity
7. ¢ is the gravitational acceleration.

Those equations apply rigorously provided that as the particle settles and
displaces of the liquid, laminar flow around the particle is maintained. This
condition is satisfied while the particle Reynolds number is less than 0.3:

Dvpg <03 (2.68)
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In practice, truly spherical particles are seldom encountered, and Stoke’s law
is not exact for any other shape. Since irregular shapes cannot in any case
be described by a single linear dimension, it is accepted practice to specify
the size of non-spherical particles in terms of the diameter of a sphere of
the same material that should have the same material that would have the
same sedimentation velocity. Thus, for non-spherical particles, the terms
“Stoke’s diameter” or “equivalent spherical diameter” are universally under-
stood. The term equivalent spherical diameter (ESD) is some times used in
a different context to mean the diameter of a sphere of the same material
that would have the same mass as the particle in question. That is, the
results of measurements of particle dimensions from electron micrographs
are frequently reduced to size distribution curves in terms of mass ESD. In
general, the relationship between these two measures of size is given by the
inequality:

Sedimentation ESD
<1 2.69
Mass ESD - ( )

The ratio expressed in the equation 2.69 is usually close to unity. Data con-
cerning the sedimentation velocity of suspended particles may be obtained
in two ways:

1) By measuring the concentration of particle remaining in suspension as
a function of time.

2) By measuring the quantity of sediment produced as a function of time.

The letter approach is less desirable mathematically because of the graphical
differentiation required to reduce the data to a size distribution curve.

Measurements based on the first approach are traditionally performed in the
following way: a dilute, deflocculated dispersion of the fine particle material
is stirred to render it homogeneous and then allowed to stand tranquilly
while undergoing sedimentation. Time is measured from the beginning of
the settling period. By Stoke’s law, a particle of diameter D will settle a
distance h in time t according to the expression:

D = K(h/t)}/? (2.70)

where K is defined by equation 2.67. Consequently, after a given time ¢, all
particles larger than the corresponding diameter Dy will have fallen below a
given distance h from the surface of the suspension. If the initial (uniform)
concentration of material was Cy (g/cm?) and the concentration after time
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t, at distance h is Oy (g/cm?), then Py, the weight percent of material finer
than Dy, is given by:

Py = 100(C4/Cy) (2.71)

By obtaining values of C; after various times, the corresponding values of
P, and D1 may be calculated. Then the yield can be plotted in integral, or
cumulative distribution of particle size in terms of Stoke’s ESD.

The SediGraph uses a finely collimated X-ray beam to measure particle
concentration in terms of the transmittance of the suspension relative to the
suspending liquid. The transmittance to X-ray is a function of the weight
concentration of suspended solids. Since X-ray beam can be made extremely
small and because it does not disturb the suspension, it constitutes the
ideal measuring technique. If a sample container or cell of rectangular cross
section is irradiated from a direction perpendicular to one of its sides by a
collimated X-ray beam, the fraction of the incident radiation transmitted by
the cell when filled with the suspension under study is given by

I/Iy = 1/exp[—(a1¢1 + asps) L1 — acLo] (2.72)

where I and I are the transmitted and incident intensities, a1, as and a. are
the X-ray absorption coefficients of the liquid, the particulate solids, and the
cell walls, respectively. ¢; and ¢ are the weight fractions of liquid and solid
present in the suspension. L is the internal cell thickness in the direction of
irradiation and Lo is the total thickness of the cell walls. Incident intensity I
is a measured baseline of a transmitted X-ray beam that has been projected
through the liquid medium prior to the introduction of the sample.

By using the relation ¢; = 1 — ¢ and by defining a transmittance I as the
ratio of the transmission of the cell when filled with a sample dispersion to
its transmission with pure suspending liquid, there is obtained:

1
r= exp[d)s(as - al)Ll] (2‘73)

or

InT = —Ag, (2.74)

where A is a constant for particular apparatus and suspension components.

By collimating the X-ray beam through horizontal slits with a vertical di-
mension small compared to the sedimentation depth, h, the measured values
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of T' can be used in calculating the particle size distribution:

P = 100(InT} /InTp) (2.75)

where Ty refers to the transmittance of the initial suspension.

2.5.6 Brunauer-Emmett-Teller (BET) surface area

The surface morphology as well as the specific surface area of an electrode
are related to its performance, as provide information about hypothetical
amount of active surface sites. The method of physical gas adsorption on
the surface of the solid sample can be used for calculation of different prop-
erties. One of them, the specific surface area of the powder can be measured
by the nitrogen gas adsorption technique, known as BET and named after
Brunauer, Emmett and Teller who derived it. The BET method is based
on a physical adsorption model where the formation of multiple layers of
adsorbate can be formed. The formation depends on the partial pressures of
the adsorbed gas and the properties of the sample. By selecting an adequate
range of data points from the adsorption isotherm, it is possible to calcu-
late the surface area of the sample. The BET equation can be expressed as
follows:

1 C—1/(P 1
V(P,/JP)—1 V,,-C (Po> Ty.c (2:76)

where V' is the volume of gas adsorbed at pressure P, V,, is the gas mono-
layer adsorption capacity, Fy is the vapour pressure of the gas at the exper-
iment temperature (saturated vapour pressure) and C' is a BET constant,
depending on gas type and temperature.

The monolayer capacity V;, is defined as the quantity of adsorbate required
to cover the adsorbent with a monolayer. Usually a second layer may be
forming before the monolayer is complete, but V;, is determined from the
isotherm equations irrespective of this. It is done by plotting so-called ad-
sorption isotherm in terms of the volume of gas adsorbed as function of the
equilibrium pressure. A plot of P/V(Py — P) against P/ P, yields a straight
line having a slope (C' — 1)/V;,c and an intersect 1/V,,C.

When ¢ >> 1, equation 2.76 takes the form:

(Po— P)V = RVy (2.77)

Therefore, it may be assumed that for high ¢ - values the BET plot passes
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through the origin and the slope is inreversely proportional to the monolayer
capacity. Thus only one experimental point is required. This simplification
is frequently applied for routine analysis.

2.6 Electrocatalysts and their properties

The general meaning, attached to the term “Electrocatalysis” is “The depen-
dence of the electrode reaction rate on the nature of the electrode material”.
Electrocatalyst is a material that favours the kinetics and/or selectivity of
an electrochemical reaction of interest. Fundamental research sees in it a
link to applied problems, and therefore the need to establish a conceptual
guide to selection and design of new materials. Industry looks at electro-
catalysis with the hope to be able to improve electolyser performance, thus
reducing operational costs. The horizons of application of electrocatalysts
in the field of oxide electrodes were opened by Henry B. Beer in 1960’s [80].

As it was earlier discussed in Section 2.2.2; the thermodynamical demand
to split water is only 1.23 V. In the reality, there are several factors which
make this potential to be higher. One of them is the kinetics of the electrode
reactions, which require some extra energy in order the reaction to proceed
at reasonable rate. This parameter is called the electrode overpotential (1)
and its schematic contribution to the total cell voltage is shown in Figure
2.18.

The value of 7. and 7, depends directly on the type of material used as an
electrode. Electrocatalyst reduces the activation energy reguired for the re-
action to occur. Therefore, electrocatalysts are characterised by the value of
overpotential they posses for the reaction to proceed at a fixed rate (current
density). But the decreased half-reactions overpotential is not the only factor
to consider developing an electrocatalyst. In one of his numerous works on
electrocatalysts, Sergio Trasatti put together requirements for technological
applications of electrodes or electrocatalysts (Table 2.2) [11].

Attributes, which define the performance of an electrocatalyst can be col-
lected in the following Table 2.3 [11, 81].

2.6.1 Crystal structure of catalysts

As it was mentioned in Section 2.3.2, OER catalysts are limited to noble
Ir and Ru metals and their oxides. In this work the most attention will
be put on catalytic powders of IrO,, which have greater stability and rea-
sonable activity in comparison with Ru-based catalysts [55]. Both Ru and
Ir oxides have the same lattice structure, which is identical to the mineral
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Figure 2.18: Dependence of the components of the potential difference applied to
an electrolysis cell on current flow [14].

Table 2.2: Requisites for electrodes for technological applications

) High surface area
2) High electrical conduction
) Good electrocatalytic properties
) Long-term mechanical and chemical stability at
the support/active layer and at the active
layer /solution interface
(5)  Minimized gas bubble problems
(6) Enhanced selectivity
(7)  Availibility and low cost
(8) Health safety

rutile. In virtue of this they have a metal-like electronic conductivity. The
rutile crystal structure presents a tetragonal unit cell and consists of par-
allel chains of octahedrons, where a metal ion is coordinated by six oxygen
atoms (Figure 2.19). Ruthenium oxide is slightly oxygen deficient while the
iridium oxide has a slight access of oxygen compared to the stoichiometric
value [14].

2.6.2 Electrical conductivity

The high electrical conductivity of electrodes is important in energy conver-
sion devices. A sufficiently low resistance is necessary to avoid undesirable
losses through the ohmic drop. It is also highly responsible for the overall
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Table 2.3: Factors of electrocatalysis at oxides

(1)  Chemical nature of the catalyst

Morphology (dispersion, crystal size, crystallinity, lattice distortion, etc.)

Magnetic properties
(5) Band structure of the oxide
(6) Bond strength of M-O
(7)  Number of d-electrons
(8)  Effective Bohr magnetron (electron magnetic dipole moment)
(9)  Surface electronic structure
(10) Geometric factors
(11) Crystal-field stabilization energy
(12) Synergetic effects (effects of mixing and doping)

(2)
(3)  Non-stoichiometry (ionic defects, electronic defects, solid-state redox etc.)
(4)
5

Figure 2.19: Rutile structure of IrO,

performance of OER electrodes [14]. As it was mentioned in a previous sec-
tion, high electrical conductivity is atributed to Ir and Ru oxides, while most
of other inorganic oxides are insulators, having a covalent type of bond.

The phenomenon of rutile oxides metallic-type conductivity is explained by
the spreaded electron orbitals, which facilitates the excitation of electrons
from valence to conduction band [82]. Electrical resistivities of IrO, and
RuO, are 6 and 5x1075 Q- cm respectively, measured at 300K [83]. It was
suggested that for these two oxides, electrical resistivity is mainly located
in the intergrain regions and conductivity has a “hopping” mechanism from
grain to grain [14]. It means that electrical conductivity of these oxides
depends on crystallite size and the gap between two grains. The larger the
gap is, the lower is conductivity, as it provides the tunnelling of electrons
through it, thus defining the apparent energy barrier.
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The electrical properties of electrocatalytic oxides were summarised in sev-
eral publications [81, 84]. As Matsumoto has outlined, the practical elec-
trodes usually include the stabilising non-conductive agents, e.g. TiO,,
which creates a semiconducting interlayer. Even though the created space
charge layer decreases the performance of electrocatalyst, the overall con-
ductivity of the catalytic layer is tolerable. This artefact is explained by the
insignificant potential drop for a p-type semiconductors under the condi-
tions of anodic polarisation. Due to the mentioned property, they are under
higher interest rather than semiconductors of a n-type [81].

In practice, metal oxide electrodes possess mixed amorphous-crystalline state
conductivity properties, and these will depend on the degree of crystallinity.
Nevertheless amorphous hydroxides of lower average valence present elec-
tronic conductivity of a semiconductor nature [65]. The electrical conduc-
tivity of amorphous oxides can be improved by introducing of defects in the
crystal structure. By contrast, distortion of the crystalline oxides’ lattice
of metallic conductors such as RuO, and IrO, may change the band width,
decreasing the electrical conductivity [14].

2.6.3 Catalyst support

Besides factors, such as composition and the atomic structure of electro-
catalyst, geometrical particle structure and the specific surface area should
be considered. The geometrical parameters of the catalytic powder eventu-
ally influences dispersion and utilisation of material, available surface area,
layer morphology, mass transport parameters, electrical conductivity and
mechanical stability of the layer.

As any catalytic reaction takes place on the atomic surface of the catalyst,
the specific active surface (surface area per mass) is a crucial property that
is to be maximized. The only one way of achieving this is minimizing the
particle size of the catalyst. As it is known, the surface-to-volume ratio is
higher, the smaller a particle is. For instance, for a spherical particle:

S 4w R?

3
v = %wR?’ =& (2.78)
However, small particles tend to grow into bigger ones, agglomerating due to
their higher surface energy. The lower surface area over the time means the
loose of the catalyst activity. This phenomenon becomes more probable with
higher working temperature. A way of stabilising the small particles is to
use a support, to which the active catalyst is affixed. It lowers the particles’
energy and thus slows their agglomeration. Most of the catalysts in the
chemical industry are supported (e.g. hydrodesulfurization process) [85, 86].
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A typical supported electrocatalyst structure implicates active nano par-
ticles of active material, being arranged on larger particles of a support
(Figure 2.20). This increases the specific surface area of active component
significantly due to larger macro pores of support material. If the electrical
conductivity of the support is higher than that of the active component, it
will decrease the ohmic resistance of the layer, and accordingly the overall
IR drop, presented before (equation 2.14 and figure 2.18).

Figure 2.20: The idealised structure of carbon-supported platinum catalyst for
PEMFC [15].

Another potential advantage of use of a catalyst support in the catalytic
layer could be due to the increased pore size and following decreased mass
transport limitations at high current densities [87]. Bigger particles of a
catalyst support would provide additional surface area and bigger pores for
the escape of produced gases.

Catalyst support can also affect the electronic structure of the catalyst, al-
tering its reactivity and/or selectivity [88]. It was shown that supported
catalyst shows different catalytic properties due to metal-support interac-
tions [85]. Presence of a support can contribute to the electrochemical reac-
tion itself. For example, in case of RuO, used as a support, it will possess
partial ionic conductivity and transport protons in a way which carbon sup-
port doesn’t [88, 89].

2.6.4 Electrochemical behaviour of IrO, and RuO,

As it was mentioned in Section 2.4.1, CV is a useful technique for investiga-
tion of the surface properties of the metal oxides. Typical voltammograms
for IrO,, RuO, and their mixture are shown in figure 2.22 [17]. Electrodes,
containing noble metal oxides in the active layer are often prepared by the
DSA technology (see Section 3.6).

Redox reactions on the surface of electrocatalyst give rise to redox peaks dur-
ing CV scanning. As the adsorbed species collect charge on the electrode
surface, the type of behaviour can be designated as pseudo capacitance. It
is important not to mix it with the double layer capacitance (charging of the
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Figure 2.21: TEM image of a TiC-supported Ir catalyst [16]. The darkest zones
are richer in Ir.
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Figure 2.22: Cyclic voltammogram of Ru,Ir;_,0O, for x=1, 0.5 and 0 in 1 N
H,S0, [17].
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double layer). Pseudo capacitance is a Faradaic process, including crossing
of the double layer by electrons [90]. The surface electrochemistry of IrO, in
acidic media is usually associated with with 2 redox processes of Ir3* /Ir4+
and Ir*t /IrS* having the characteristic peaks on CV plot at ca. 0.8 and
1.25 V vs. SHE correspondingly [91]. However, some authors [92, 93] re-
ported the broad peaks formation explained by formation of different iridium
oxidation states on the electrode surface. Since the current and the charge
corresponding to these peaks is proportional to the active catalyst area, the
measurement of the charge is usually used for comparing the relative activity
of different catalyst samples (see Section 2.4.1). The charging process for
iridium oxide catalyst can be presented by the following reaction 2.79 [94]:

IrO,(OH), = Il"O(a_H;)(OH)(b_(;) +8HY + de” (2.79)

Both IrO, and RuO, when placed in electrolyte are covered with the hy-
droxide layer, as it is shown in reactions 2.79,2.82. The reaction mechanism
for the oxygen oxidation on the IrO, surface has been studied by several
authors as well as several models for the OER were proposed. One of them,
proposed by Kotz, includes the formation of IrO;. According to this model,
the mechanism includes four reversible reactions. The assumption is taken
that iridium hydroxide is protonated in acidic media and with following loos-
ing of a proton and an electron three times and further evolution of oxygen
on the deprotonated IrO4 [58]:

Ir(OH)3 = IrO(OH)y + H" + e~
IrO(OH)y == IrO2(OH) + H' + e~
IrO2(OH) = IrO3 + HT 4+ ¢~ (2.80)

1
II’O3 + HQO o 502 + ITO(OH)Q

From the proposed reaction mechanism follows that it requires two active
adjoining iridium sites for realising of one molecule of O,.

Recently, another oxygen formation mechanism on the surface of IrO, was
described. It is speculated in the model that the two O atoms are most
likely to split in the O, molecule simultaneously from the same active site
of IrO, (Figure 2.23) [95] .

In this model, pure metal on the surface hydrates two times, accorded with
splitting the water into a proton, an electron and a hydroxyl group. Fur-
ther, two protons and electrons are released to form an unstable triagonal
IrO, complex, which is assumed to release oxygen gas and reform the metal
surface. More detailed discussion on the possible mechanisms of OER on
oxide sites can be found in Section 2.3.2.
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Figure 2.23: One-catalytic site model for the OER on Ir surface

According to Burke, corrosion of IrO, can proceed along with the OER,
forming a soluble iridate [8, 58]:

IrO3 + HyO — IrO4%~ + 2H* (2.81)

The charging process of RuO, was assumed to have the similar mechanism
as for IrO, [94]:

Rqu(HQO)y — RHO(I_H;) (HQO)(y_(;) +26 HT +26e” (2.82)

As suggested by Wen, this process has three characteristic pair of redox tran-
sitions: Ru?t/Rut, Rut /Ru*t and Ru*t/Ru®*, showing 3 broad peaks
on the CV [96]. A possible corrosion of RuO, to volatile RuO, was out-
lined by several authors (see Section 2.3.2). The potential of this transition
is around 1.4 V, which is within the typical potential range of operating
electrolyzer.



CHAPTER 3

High Temperature PEM Water
Electrolysis

3.1 Principles of PEM water electrolysis

As it was mentioned in Section 2.1, there are mainly 3 types of electrolyzers:
alkaline, acidic and SOEC. This study will be concentrated on acidic elec-
trolyzers, where reactions follow the described pathes (reactions 2.3, 2.4).

The efficiency of water splitting by electrolysis is rather low for conventional
electrolyzers and there is hence a large potential for improvement. One of
the potential advantages of PEM cells over more abundant alkaline elec-
trolyzers is that they were shown to be reversible [97-99]. The type of an
electrochemical cell working both as a fuel cell and a water electrolyzer is
called a unitized regenerative fuel cell (URFC) [100-103]. These devices
produce hydrogen from water in the electrolysis mode, while electricity can
be inversely produced in the fuel cell mode. This mode of working is ben-
eficial when the lack of electricity changes with the excess energy available
(periods of low consumption) [104].

PEM water electrolysis technology is frequently presented in literature as
a potentially very effective alternative to more conventional alkaline water
electrolysis [105-107]. Among advantages are higher production rates and
energy efficiency [29]. In a future “hydrogen society” this method is envi-
sioned as a part of the “energy cycle”, where hydrogen acts as an energy
carrier. In this cycle, electricity from renewable energy sources is used in
electrolysis for electrochemical splitting of water [1]. A PEM electrolyzer
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Figure 3.1: The schematic diagram of a PEM electrolyzer cell [18].

cell (PEMEC) is schematically presented in Figure 3.1. PEM cells usually
use perfluorinated ion-exchange membranes as an electrolyte (known under
the trademark Nafion®).

The first PEM electrolyzers were created in 1966 by General Electric Com-
pany. However, those systems were developed for special purposes, e.g.
spacecraft and submarines.

In a PEM cell the electrolyte is a solid ion-exchange membrane, which does
not involve compulsory circulation of electrolyte through it. Different types
of ionic membranes will be discussed in Chapter 3.7. The electrodes are
usually directly sprayed or pressed on the opposite sites of the solid polymer
electrolyte (SPE), thus being the origin of a membrane electrode assembly
(MEA)[102, 108-110]. Also, electrodes can be sprayed on the GDL, and then
put together leaving the SPE between them [111, 112]. A PEM electrolyzer
stack consists of a combination of several cells (as many as 100), electrically
connected in series [113]. The cells are separated from each other by a
metal plate (also called a bipolar plate), which serves both as a current
collector and as an interconnect to the next cell in the stack. Flows of
evolved hydrogen and oxygen are usually swept out through the bipolar
plate by water flow and further separated from it outside the cell.

The main advantages attributed to PEM cells are:
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Figure 3.2: Commercial Hogen® PEM water electrolyzer unit [19].

e electrolyte layer can be very thin, meaning lower ohmic loses and thus
higher overall efficiency (see Section 2.2.2).

e smaller mass-volume characteristics and power costs [114].

e reversibility (one device can both work in electrolyzer and fuel cell
mode) [115, 116].

e an opportunity of operating at differential pressure [117-119].
Among disadvantages referred to PEM cells are:

e the cost of electrolyte is high [120, 121].

e the electrolyte is corrosive which limits the choice of materials [122-
124].

e variety of catalysts is still limited to noble metals.

Several commercial types of PEM electrolyzers are available today on the
market [19, 125, 126] and one of the models is shown in Figure 3.2. Some
units have power up to 44 kW and the claimed lifetime up to 40,000 hours.
Still, the main drawbacks of such systems are the price of materials and
complex system components, which ensures save and reliable function.

Several academic and industrial groups are nowadays involved in the PEM
electrolyzer research. Among a number of them are: Norwegian Univer-
sity of Science and Technology (NTNU) [120, 127], Matsushita Electric
Works, Ltd and Fuji Electric Co., Ltd. in Japan [128, 129], CNR-ITAE
in Italy [130, 131], School of Materials and Metallurgy and Institute of Fuel
Cell in China [16, 132], “Institut de Chimie Moléculaire et des Matériaux”
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in France [133, 134], Hydrogen Energy and Plasma Technology Institute,
Russian Research Center “Kurchatov Institute” [31, 87], etc.

3.2 High temperature PEM electrolysis. Advan-
tages and drawbacks

At temperatures above the boiling point of water, the energy efficiency of
water splitting can be significantly improved because of decreased thermo-
dynamic energy requirements, which is one of the major advantages of these
systems. The equilibrium potential decreases with higher operating temper-
atures (Section 2.2.1, Figure 2.1). Since the reaction of water splitting is
not spontaneous and the Gibbs free energy is positive, a positive change of
a factor T'- AS® in the equation 3.1 means less energy needs to be applied.
As the reaction has a positive entropy, the equilibrium will be displaced to-
wards the products for high temperatures. The term T - AS® increases with
increasing temperature, thus increasing the contribution of thermal energy
to the total needs for the water splitting reaction [135]. Therefore, the part
of heat, which can be used for the reaction is higher, meaning that the pro-
duction costs of hydrogen are decreased [136]. It was noticed much earlier
that econonomic reasons force to move towards high temperature electrolysis
(120-150 °C) [47].

AG® = AH® —T.AS°
AG® = —nFAE®
dG© 3.1
AS® bl (3.1)
S >0— IT <0
dAE® — dAG® -0
ar dT

According to the Arrhenius’ equation 2.23, the kinetics of the electrode
reactions is enhanced at elevated temperatures. It is associated with lower
overpotentials at the electrodes, giving higher efficiency for electrolysis.

Another positive opportunity provided while operating at temperatures above
100 °C is that water is not in a liquid phase (at ambient pressure) and this
fact significantly simplifies water/gas management. In this case all the reac-
tant /product flows are in a steam phase and the transport of them is easier,
which provides simplified stack construction and operation [137].

The heat management is also easier for high temperature systems, as the
heat flow out of the system is proportional to the temperature gradient
between the cell and the ambient. This means that cooling is more effective
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in elevated-temperature systems, as there are less efficiency losses associated
with the forced cooling of the cell [44].

Another benefit of high temperature systems is attributed to the decreased
sensibility of catalysts towards poisoning by adsorption of inhibiting agents.
This effect is acknowledged to be a considerable advantage of high temper-
ature PEM fuel cells (HTPEMFCs) [137]. The inhibition mechanism usu-
ally involves chemisorption of species on the catalyst surface, covering and
screening it from interacting with the reactants. This adsorption is weaker
at higher temperatures, giving higher tolerance to impurities [138].

However, with increasing temperature, the probability and rate of side pro-
cesses, such as dissolution of the electrodes and components corrosion, is
higher. This decreases the lifetime of the whole system and increases de-
mands to all materials used with respect to corrosion and thermal stabil-
ity [106, 139]. The corrosion issue for construction materials in such cells
will be addressed in the following Section 3.3.

3.3 Construction materials for high temperature
PEM water electrolysis (bipolar plates and cur-
rent collectors)

Elevated working temperatures involve increased demands for corrosion re-
sistance of catalysts and current collectors, while the contact resistance in
the GDL should remain reasonable.

High temperature PEM cell cannot be build from the same materials as a cell
working below 100 °C. Among new materials to be developed are polymer
membranes, as commercial Nafion® membranes lose their conductivity at
temperature above 100 °C due to membrane dehydration [108]. This means
that different membranes should be used for this temperature range. It will
be further discussed in Section 3.7. Elevated temperatures as well create
more severe corrosion media for other components in the cell.

The anodic compartment of electrolyzer is expected to have stronger corro-
sive conditions than cathodic due to high positive polarization in combina-
tion with presence of evolving oxygen. This will be even more severe when
the temperature is elevated. It is therefore an important task to choose ma-
terials which possess sufficient corrosion resistance. This demands further
development of all materials from which electrolyzer cells are built.

One of the important components in PEM stack is a bipolar plate. Bipolar
plate is a multifunctional and expensive part in a electrolysis stack as it col-
lects and conduct current from cell to cell, permits an adequate gas flow, and
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the flow channels in the plate carry off produced gases, as well as providing
most of the mechanical strength of the stack. In a typical PEM electrolysis
stack, bipolar plates comprise most of the mass, and almost all the volume.
Usually they also facilitate heat management in the system. These complex
requirements make a task of finding proper materials difficult [140]. The
highly oxidising acidic conditions in the oxygen electrode compartment pose
a serious challenge to the materials used in these systems [139].

The most crucial demands for bipolar plate materials are resistance to
spalling, dimensional stability and resistance to corrosion in electrolyte me-
dia under anodic/cathodic polarization. Numerous research projects have
been devoted to bipolar plate materials in fuel cells [122-124, 141-145]. How-
ever, the number of suitable materials for PEM electrolyzers is still limited
because of high requirements for corrosion resistance at the oxygen electrode,
where high overpotentials are combined with low pH media of electrolyte.

In Nafion®-based systems, titanium is the most widely used bipolar plate
material, which is ideal in terms of corrosion resistance and conductiv-
ity [102, 146-148]. Porous sintered titanium powder commonly serves as
a GDL material [87, 149].

The conductivity of Nafion® membranes decreases dramatically at temper-
atures above 100 °C (Section 3.7.3). Thus, PBI membranes doped with
phosphoric acid are typically used in PEM fuel cells at elevated tempera-
tures [148]. However, materials like steels corrode easily in phosphoric acid
solutions and therefore it is important to study other alloys and materi-
als for current collectors [67, 150]. Tantalum and nickel alloys show better
corrosion resistance than stainless steels partly due to higher corrosion po-
tentials and partly due to the formation of passive oxide layers on the metal
surface [69, 151]. Titanium generally has rather limited resistance to phos-
phoric acid [152]. Previous studies showed that titanium current collectors
would considerably suffer from corrosion at temperatures above 80 °C in
concentrated phosphoric acid environments [36, 153].

Different types of stainless steels can be used as bipolar plates, and they have
advantages of being good heat and electricity conductors, can be machined
easily (e.g. by stamping), are non-porous, and consequently very thin pieces
are able to keep the reactant gases apart.

A possible alternative to stainless steel bipolar plates can be the use of nickel-
based alloys [151]. Ni-based alloys are widely applied in process industry and
energy production in nuclear power plants. When compared to conventional
stainless steels, generally a higher degree of resistance against corrosion is
observed for these materials. This can be explained partly by more noble
corrosion potential of Ni and by different properties of the oxide films formed
on Ni-based alloys [151]. Also, it has been proposed recently that nickel and
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stainless steel alloys can be used as a construction material in PEM water
electolysers, but at temperatures no higher, than 100 °C [153].

In order to simulate corrosion conditions at the anodic compartment of
a PEM water electrolysis cell during half-cell experiments, it is necessary
to choose a proper electrolyte. Investigating systems including membranes
based on perfluorinated sulfonic acid, e.g. Nafion®, 0.5M sulphuric acid
is commonly used as an electrolyte, simulating the electrolyzer cell condi-
tions [55, 120]. Similarly, HyPO, can be used to model systems based on
membranes doped with H;PO,. 85% solution of H;PO, can be chosen to
study the limiting case of corrosion, considering that in working electrolyzer
systems the actual concentration of active acid at the electrode-electrolyte-
water three-phase boundary would by much less than in this limiting case.

In a highly oxidizing media such as the anodic compartment of high tem-
perature steam electrolysis stack, it is essential to characterize the effect of
different parameters on the behaviour of the protective oxide films. To date,
no works have been addressed to the study of Ni-based alloys for use as
bipolar plates in high temperature PEM steam electrolyzers.

In this work, metal alloys, namely austenitic stainless steels AISI 316L,
AISI 321, AISI 347 and Ni-based alloys Hastelloy®C-276, Inconel®625,
Incoloy®825, as well as titanium and tantalum were tested in terms of cor-
rosion resistance. Platinum and gold were also investigated for studying the
potential window of concentrated H;PO,. All samples were subjected to
anodic polarisation in 85% phosphoric acid electrolyte solution at 120 °C.
The corrosion speed of metal alloys was investigated additionally for 30 °C
and 80 °C to show the influence of temperature on corrosion resistance.

3.3.1 Metal coatings and a CVD technique

As the requirements to construction materials are quite severe and the price
for materials which fulfil these requirements tends to be rather high, one of
the approaches can be use of a coating on the less expensive and available
material. If the technology is robust and affordable, the price of the ma-
terials can be significantly reduced, as expensive material use is restricted
to the surface. Tantalum was shown to have superior resistance towards
acidic solutions [154]. This is attributed to the formation of a thin Ta,O4
passivating film. As the cost of this material is rather high, its use is often
limited to the coatings.

Cardarelli et. al showed that IrO, electrodes, prepared on copper base
material, which is coated with tantalum by molten salt electroplating present
much better corrosion stability than coatings, made on pure titanium [155].
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Chemical vapour deposition (CVD) process can be used for tantalum coat-
ings preparation, where product is deposited on the surface of a substrate
inside the reaction chamber. The most common process of chemical vapour
deposition (CVD) coating is hydrogen reduction of a metal chloride [156].

In this work a commercial CVD “Tantaline” coating on stainless steel AISI
316L, provided by Tantaline A/S (Denmark) was tested for corrosion in
HTPEMEC environment [157].

3.4 Oxygen evolution electrodes (OEEs)

Present research attention in the field of electrolysis is concentrated on ex-
tending the lifetime, developing oxygen electrodes and stack design [134,
136, 158, 159]. The oxygen electrode is one of the main contributors to
the loss of overall efficiency as it gives most of the activation losses due to
slow kinetics of the OER. This problem arises from the complex mechanism
of the oxygen/water reaction [100]. For a reaction involving 4 electrons per
oxygen molecule, the activation energy is higher than that for hydrogen evo-
lution. Several steps of this reaction are proposed, without agreement on a
mechanism (see Section 2.3.2).

As electrodes have to be able to withstand strong corrosive acidic and ox-
idizing conditions at the anode compartment, noble metals and other sub-
stances, like their oxides and alloys were chosen at the dawn of research in
this field as materials for the oxygen evolution electrodes [160]. The best
catalyst seemed to be iridium-ruthenium metal based alloys [161]. On the
contrary, platinum was found to have relatively high overpotential towards
the OER due to the formation of a poorly conductive oxide layer on the
surface of electrode. The electrical resistance of PtO, is about 10 orders of
magnitude higher, than that for IrO, and RuO,, [160].

Despite of attempts to replace iridium and ruthenium by cheaper manganese-
based compounds [162], present applicable OER electrocatalysts are mainly
based on iridium, ruthenium noble metals and their oxides [55].

As was shown in Figure 2.8 (Section 2.3.2), ruthenium oxide is known as
the most active catalyst towards the OER [11] and has been widely stud-
ied [94, 163-167]. However, it is inclined to corrode. According to thermo-
dynamical calculations, the oxidation of RuO, to RuO, occurs at potentials
more positive than 1,387 V (vs. SHE) [168]. The proposed mechanism of cor-
rosion can be found in Section 2.6.4. The instability of Ru-based anodes at
high overpotentials in acidic media has been proved by several studies. The
mechanism of corrosion is explained by the conversion of RuO, to soluble,
non-conductive and volatile RuO, [58, 169]. This compound was reported
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to have a boiling point of around 130 °C [170, 171]. It was confirmed exper-
imentally that durability of ruthenium oxide anodes in the long-term test is
poor [110], which limits its practical use. Elevated temperatures will aggra-
vate corrosion of RuO,, thus making impossible the use of Ru and its oxides
as catalysts for the OER in high temperature PEM steam electrolyzers.

Several studies were intended to improve the stability of RuO, during anodic
oxygen evolution by mixing it with IrO,. This causes a decrease in the cor-
rosion rate of RuO, depending on the IrO, content in the mixture [17, 172].
IrO, appears to have greater stability and a reasonable activity compared
with Ru-based electrocatalysts for such systems [55]. Apparently, IrO, is
the most stable OER electrocatalyst for PEM water electrolyzers studied
until now.

However, other works showed that a binary catalyst mix of IrO, and RuO,
gives quite promising results [96, 173]. Moreover, Kotz confirmed that cat-
alytic properties of binary Ru-Ir alloys depend on a shift in a redox potential
towards the OER and surface segregation effects, not attributed to individ-
ual compounds [50].

Unfortunately, high loadings of noble metals puts considerable commercial
limitations on a wider application of PEM electrolyzers and a significant
reduction of loadings should be achieved [134].

One of the present trends in applied PEM electrolyzer research includes
replacement of materials containing precious metals with cheaper materi-
als, based on non-precious metals. A great number of oxides have been
investigated [10]. But unfortunately, gained by several last decades experi-
ence clearly shows, that still there are only few adequately active catalysts
towards the OER, which are based on Ir, Ru and their oxides IrO, and
RuO,. Understanding this fact, it is safe to assume, that the serious atten-
tion should be put in the possible reducing of the precious catalyst loading.
It can be done be increasing the active surface area of the available noble
electrocatalysts.

The reaction rate is proportional to the number of active sites on the cat-
alyst surface, which indicates that the specific surface area of the catalyst
contributes to its performance [174]. Thus increasing of the catalyst surface
area is one of the ways to decrease the catalyst loading. This can be done
by two means.

The first includes doping of active oxides with other, more available ma-
terials, such as SnO,, Sb,04,Ta0;,Mo,0,, CeO,, etc [51, 120, 175-178].
This approach involves introduction of a dopant precursor on the initial
stage of catalyst synthesis and is mainly oriented towards increasing the
specific performance of the catalyst or improving its stability. Following
this method, composite binary or even ternary catalytic oxides are usually
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obtained [95, 178|.

Bertoncello et al. showed the possibility of preparing electrodeposited layer
of composite RuO, and PbO, on the Ti support, presenting acceptable ac-
tivity and long term performance stability [179].

Other approach involves maximizing of the activity of the catalyst by im-
proving its texture and surface properties. It can be done by use of an
adequate support material for the catalyst. The presence of a support can
prevent particle agglomeration, thus improving the specific surface area of
the electrode. This approach will be discussed in details in Section 2.6.3.

The OEE stability over time can be presented in the way, proposed by
Trasatti [14]:

In Figure 2.18 it was shown the contributions of different components on
the overall overpotential of an electrolyzer cell (equation 3.2) [14]:

According this equation, the value AV will increase while operating the
cell, as the term AV(;) is attributed to the “electrode stability over time”
factor. AV can be related to the degradation of the outer surface of the
electrocatalyst and/or of the support/active layer interface in the case of
coatings. However, electrode wear can happen without any changes in AV
until the whole catalyst is consumed. In such a case an increase of AV is
observed at the point of total electrode fail .

3.5 Preparation of powder electrocatalysts and films
for the OER

A PEM electrolyzer concept includes using of the active catalyst in the form
of powder. Therefore, it is essential to review different methods of catalyst
powder preparation. As it was outlined in Section 3.4, most of practical
electrocatalysts for the OER are limited to iridium and ruthenium metals
and their oxides. This melals have similar properties and belong to the
transition metal group, thus most of the preparation methods of any of it
can be used for the synthesis of other.

3.5.1 Adams fusion technique

The Adams fusion method is based on an ion exchange reaction to obtain the
metal oxide [180]. The starting compound is the complex H,IrCly - 4 H,O,
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which is dissolved in isopropanol and mixed with NaNO;, providing the sub-
stitution of the chloride ligand by the nitrate ions according to the following
equation [181]:

H,IrClg + 6 NaNO, — 6 NaCl + Ir(NO,),, + 2 HNO, (3.3)

The resulting solution is then heated until the solvent is evaporated. The
remaining solid, consisting on a mixture of NaCl and Ir(NOs),, is heated up
to 500 °C in a furnace in order to decompose the nitrate ion, according to
the following reaction:

Ir(NO,), 2 rO, + 4NO, 1 + 0,1 (3.4)

The final product is a mixture of IrO, and NaCl. The oxide is thus purified
by washing with water until the chloride concentration is lower than 40 ppm.

As it was mentioned before, RuO, electrocatalyst can be prepared analogi-
cally by this synthesis [167].

3.5.2 Polyol method

This method belongs to the “low temperature” methods of catalyst prepara-
tion. Polyol method allows original synthesising of catalyst metal powders,
while the metal oxide would be further formed directly at the anode in situ
electrolysis (Section 2.3.2).

In this method a polyol such as ethylene glycol serves as a solvent and
as a reducing agent. The glycol-metal precursor mixture is heated to reflux
temperature and metal particles are precipitated out of solution. The metal-
glycol mixture is usually cooled to room temperature, washed several times
through centrifugation, filtered and then collected powder is dried in air.

The reducing temperature is usually around 100 °C. It was shown that irid-
ium nanoparticles can be synthesized without any sintering during the pro-
cess and the average size of particles can be lowered down to 3 nm [182].

Alternatively, a preparation of noble metal catalysts was reported at room
temperature, using sodium borohydride or mixture of it with ethanol as a
reducing agent [55, 112, 183].

3.5.3 Modified polyol method (colloid method)

Nanopowders of iridium oxide or mixed oxide powders can be prepared by
so-called "Modified polyol method” [51, 181]. The precursor salt-ethylene
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glycol mixture is heated in the nitrogen protected atmosphere until the re-
flux temperature and kept under stirring for 2 hours to form the colloid.
This is followed by adjusting pH with alkaline solution (NaOH) and separa-
tion of the colloid from glycol by centrifugation. The obtained colloid metal
hydroxide is washed repeatedly in deionised water, dispersed in acetone and
dried in air at 60 °C. Further the metal oxide is obtained via thermal treat-
ment at 500 °C.

3.5.4 Catalyst film preparation methods

The sol-gel methods Method is based on dissolving a metal precursor
in the form of acetylacetonates [CH;COCH=C(O™)CH;]sM in the solution
of isopropanol and glacial acetic acid. The mixture is then exposed to ultra-
sonic radiation to produce more stable sol. Then the sol-gel film is applied
on a base metal surface and dried on the furnace at temperature 400-600 °C.
The procedure is repeated until the coating of desired amount of material
is deposited on the electrode, followed by the final heat-treatment [92, 184].
This technique was reported to be used for synthesis of mixed oxides cata-
lyst [172, 185].

Synthesis of metallic iridium catalyst through the sol-gel method is also
possible by using iridium chloride as a precursor. In this case, methanol
is used as a dispersion agent for the salt, followed by addition of the pre-
cipitation agent (tetramethylammonium hydroxide) and stirring at 60 °C.
After obtaining of precipitated Ir(OH),, it is filtered, rinsed with methanol
and dried at 60 °C. The obtained Ir(OH); powder is further reduced with
hydrogen or argon stream at 600 °C [186].

Other techniques A number of other methods can be used for prepara-
tion of noble oxide films on substrate metal, among them are electrodeposi-
tion [60, 187, 188] or magnetron sputtering [121, 147].

3.6 DSA-type electrodes, their preparation and
properties

An abbreviation DSA stands for a dimensionally stable anode, which is the
current type of anode used in industrial production of chlorine and oxygen
by electrolysis. It is essentially a sheet of titanium metal, coated with a
mixture of metal oxides. The electrode is called a “dimensionally stable” as
the coating has a very long service life time (several years) under conditions
of operating cell. This type of anode is a good contrast to traditionally used
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carbon anodes for chlorine production, which are consumed considerably
during the cell operation [189].

Even though dimensionally stable anodes can not be directly used in the
PEM technology, the discovery of them by Henry B. Beer in the end of
1960-s provoked something of a technological revolution in the large elec-
trolytic industry. The invention revealed that the performance of anodes
made of thermally prepared noble metal oxides was better than of the corre-
sponding noble metals. The use of these electrodes was described in several
patents [80, 190, 191] and noble metal oxide electrocatalysts became estab-
lished in many industrial electrochemical processes in the form of DSAs.

However, this fact was not instantly recorded by the open scientific literature
and the first concrete fundamental investigation on the topic appeared in the
early seventies when such electrodes had already accumulated long industrial
use. Since then, intensive research have been done on different metal oxide
coatings and preparation parameters of DSA electrodes [93, 192].

The technological impact of the so-called dimensionally stable anode based
on mixed oxides whose active component is mainly RuO, has been decisive.
Further developments are expected and pursued actively. Properties whose
improvement is sought for are essentially electrical conduction, chemical
stability and electrocatalytic activity [10]. Chemical stability is an important
demand as the electrocatalyst layer contains precious metals and besides
the cost of the lost material, maintenance costs rise due to the need for
electrode replacement or re-coating. Also, the active coating layer should
not be passivated, providing the acceptable electronic conductivity.

Massive electrodes are not any longer common in modern technology: as
a rule industrial electrodes are now made by the coating of a inert base
material (usually titanium) with a relatively thick layer (few microns) of
the active oxide coating. The active electrocatalytic component (more of-
ten RuO,) is usually prepared by the thermal decomposition of a suitable
precursor (by pyrolysis). A stabilizing agent is often used along with the
active material, composing a mixed oxide in the active layer [61]. Among
mechanical stability promoters TiO,,TaO,, ZrO,, CeO,, SnO, or Nb,Oy
can be used [59, 193].

Even though ruthenium oxide is the most active oxide towards the OER [11],
it suffer instability and therefore is usually stabilized with another oxide, e.g.
IrO, or SnO, [50, 194, 195]. Stannic oxide easily adopts the rutile crystal
structure and therefore a solid solution, as ruthenium-tin oxide is commonly
described in the open literature [52, 196].

While electrodes based on RuO, and TiO, mixture are industrially used in
chlorine-alkali cells [197], tantalum is a well-known addition to ruthenium
oxide based electrodes [198]. IrO,-TaO, oxide mixture have been suggested
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to be the most efficient electrocatalitic composition towards the OER in
acidic electrolytes due to high activity and corrosion stability [199, 200].

As the substrate material affects properties of DSA-type oxide layers [201],
is is important to choose optimal base metal. One of the demands to it is
its cost as it should have reasonable price to make this material accessible
for the mass-production. Titanium, having a low cost/performance ratio for
this application, is the most commonly used base material and is utilized for
almost all conventional DSAs [202].

A comprehensive study of electrodes with different base materials, coated
with IrO,~RuO,-TaO, was performed by Vercesi et al. [203]. Four metals
as titanium, zirconium, tantalum and niobium were tested along with 2
alloys, e.g. “niobium-1% zirconium” and “tantalum-40% niobium”. The
results showed that the most crucial step in preparation of the electrode,
which later had great influence on the performance and service life, was the
coating layer thermal treatment procedure. While iridium and tantalum
in the coating reacted with oxygen to form oxides, the base material itself
was oxidised, and thus resulted in formation of an oxide layer between the
base material and the coating. This could lead to cracks in the coating
and building of an insulating layer between the active catalyst and the base
material, which would greatly decrease the activity of the electrode.

The corrosion stability investigation of prepared DSAs included polarisation
of the electrodes in sulphuric acid of various concentrations under 2V of an-
odic overpotential (vs. SCE). Results showed that zirconium is not suitable
as the base material, because its corrosion rate was a number of magnitudes
greater than that for other studied materials.

Preparation procedure influences greatly the final electrode performance,
stability and service life. The traditional preparation method of DSAs in-
cludes thermal decomposition (calcination) of a precursor salt (usually chlo-
ride) to the corresponding oxide. The first step includes preparation of a
precursor salt solution. The corresponding metal salt is dissolved in alco-
hol or water. If the DSA should consist of several oxide compounds in the
active layer, then solutions, containing corresponding metal salt precursors
are mixed to obtain the desired ratio. The prepared precursor solution is
applied on the base material and then fired at high temperature to form a
compact metal oxide layer.

Use of different precursor solvents influences properties, such as wettability
of the painting solution, which in turn varies the deposition yields. As well,
solvent influences on the kinetics of thermal decomposition with further
impact on the electrocatalytic properties [204]. The discussion addressed to
the choice of an appropriate solvent was done by Comninellis at al. [205].
As high volatility of alcohols can cause a partial evaporation of a precursor,
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solvent influences the final deposition yield. It may result in overestimation
of the amount of deposited material, as precursor is applied in the form of
a solution. The surface tension of the painting solution varies with different
solvents and also influences the evaporation rate [205].

Before application of the precursor solution, the base material is pretreated
in order to provide better adherence with the active oxide layer. Typically,
the procedure includes the following steps: sandblasting, ultrasonic cleaning
and final etching in the concentrated acid solution [155, 193, 206].

The precursor solution is applied on the base material either by dipping,
brushing, or spraying. The electrode is then heated in oven for several
minutes at low temperatures (60-100 °C) to evaporate the solvent, and then
baked at high temperature for typically 5-10 minutes (at 300-500 °C). The
procedure of treatment with precursor mixture is followed by drying and
baking and is repeated as many times as desired in order to obtain a coherent
and contiguous layer. Eventually, electrode is calcined at high temperature,
ranging typically from 300 to 550 °C during a couple of hours in order to
get a compact metal oxide layer [91, 205].

The influence of calcination temperature on electrode properties was investi-
gated by Ma et al. [167]. The increase of the temperature increased particle
size of RuO,. This resulted in higher electronic conductivity, but lower elec-
trochemical active surface area, which is undesirable. Catalysis does not
happen on the plain surface of crystallite, but on the edges, where there
are clefts and spikes. Thus, it is important during preparation of the elec-
trodes to find the optimal temperature for achieving a good balance between
crystallite size and layer conductivity.

The composition of the mixed precursor salts may not always correspond to
the composition of the oxide coating layer. This is possible because of the
metal salts, which are dissolved in e.g. alcohol, can evaporate during baking
and annealing at high temperatures, if the boiling point or/and decomposi-
tion temperature are low enough [205]. It can be presented by taking into
account the rates of oxide formation (r) and evaporation/sublimation (r),
which can be expressed as:

r
starting material L, oxide formation (3.5)
starting material Tey evaporation (3.6)

The rate of oxide formation is primarily dependent on the bond strength,
concentrations and temperature. The rate of evaporation or sublimation
depends on the physical properties of the metal salt, e.g. melting, boiling
points and also sublimation temperature. These two reaction rates compete
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with each other and when r. predominates, most of the metal will be lost
during thermal decomposition [205].

There are essentially two crucial steps in the preparation of DSA electrodes.
The first is drying of the precursor solution, which is a necessary step for
evaporation of the solvent. Here a part of the material may evaporate if
its boiling point is too low. The second step is calcination, when the tem-
perature is raised typically above 300 °C. In this state the two previously
described reaction rates 7 and r., compete and thus influence the final com-
position of the oxide layer. It has been shown that the catalytically active
compounds, such as IrO, and RuO,, along with Ta,O5 can be deposited
with a yield close to 100 %, while losses of dispersants such as SnO,, were
very high. In fact, tin oxide layer formed by dissolving SnCl, in 20 % HCI
and ethanol resulted in deposition yield of around 20 %, while when using
SnCl, the deposition yields were around 60 %. This difference occurred
because of different boiling points of the metal salt precursors, which are
114 °C for SnCl, and 652 °C for SnCl,. However, when preparing mixed
oxides, such as SnOy,—Sb,05 from SnCl, and SbCl; precursors, the overall
deposition yield was only 35 %, which means the tremendously large looses.

Although very comprehensive studies of the structural and electrochemical
properties of DSA oxides have been carried out, less is still known regard-
ing the structure and electrocatalytic properties of oxide powders. This is
probably due to the fact that DSA electrodes are applied in real industrial
processes compared with the same oxide compositions in powdered form.
Therefore analysis of powder-based oxides gives an insight to the specific
nature of noble metal oxides as electrocatalysts while providing a possible
use in PEM water electrolysis applications. By using a multi-disciplined ap-
proach to develop and characterize electrocatalysts, Marshall [120] achieved
significant improvements in studying of performance and efficiency of PEM
water electrolysis cells.

3.7 Electrolytes for water electrolysis

Electrolyte is one of the main components of any type of electrolyzer. The
importance of electrolyte is emphasized by the fact that the type of elec-
trolyzer, as well as of fuel cell, is named after the type of electrolyte used.
In the classical view it is traditionally a solution of acid, base or water
soluble salt in the water. When added, those dissociate into ions in the
solution, which increases conductivity of pure water. Other type of elec-
trolytes are solid and can be based on a polymer (PEM) or a ceramic
membrane(SOFC/SOEC).
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3.7.1 Alkaline electrolyte

This type of electrolyte is the most industrialised for today. The electrolyte
is based on highly caustic potassium or sodium hydroxide (around 30 wt.%)
aqueous solutions. The operating conditions are usually 70-90 °C and pres-
sures from ambient up to 35 bar [41, 207]. The main disadvantages of a
system based on alkaline electrolytes are high energy consumption, frequent
maintenance and safety issues with the electrolyte [41]. The research in al-
kaline water electrolysis is on the decline, more interest is put in improving
of the acidic water electrolysis. In industrial perspective the development
of a cheap acidic water electrolyzer cell would be a great improvement to
the current alkaline electrolyzer cells. The reason is that with the acidic
electrolysis higher operating current densities and higher pressures can be
achieved together with lower energy consumption and use of less voluminous
systems [149].

3.7.2 Solid oxide electrolyte

Use of ceramic membranes instead of polymer based membranes is also an
option. Ceramics are more stable at higher temperatures than polymers.
However, increased electric resistance might be an issue for ceramics. Solid
oxide cells use yttria or scandia-stabilised zirconia membranes as an O?~
ion conductor and can operate at temperatures around 800-1000 °C. In the
temperature interval between 600-800 °C a membrane consisting of LaGaO,
doped with small amounts of Sr and Mg can be used efficiently. Sr and Mg
will allow oxide ions to travel through the lattice structure, thus providing
ion flow through the membrane. A cheaper electrolyte might be based on
CeO,. This ceramic is limited to temperatures less than 700 °C but the
cheaper material is a major advantage [107]. Unfortunately, this technology
is still not satisfactory for industry with respect to materials and fabrication
process [208].

3.7.3 Acidic electrolyte and polymer electrolyte membranes

The acidic water electrolysis traditionally uses sulphuric or phosphoric acid
as they are stable within the potential window of water. The acid increases
the conductivity of water through the donating protons.

The polymer electrolyte membrane (PEM) is a membrane which acts as a
proton conductor in electrolyzer cell. Usually, the ionic membrane consists
of a solid polytetrafluoroethylene (PTFE) backbone, which is chemically
altered and contains sulfonic ionic functional groups thus the pendant side
chains terminated with —SO3~. The acid dissociates and release protons by
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Kocho

Figure 3.3: General structure of Poly[2,2-(m-phenylene)-5,5-bibenzimidazole
(PBI) [20].

n

the following mechanism (3.7):

SO,H => SO; + H' (3.7)

The membranes of this type allow water molecules to penetrate into its
structure, while remaining not permeable to molecular H, and O,. The
sulfonic groups are responsible for the transfer of protons during electrol-
ysis, where a hydrated proton H30+ can freely move within the polymer
matrix, while a sulfonate ion SO3~ is fixed to the side chain of polymer.
When electric current flows across the membrane, the hydrated protons are
attracted to the cathode, where they are combined into hydrogen. Nafion®
is the most known trademark among ionic membranes and is patented by
Du Pont Company in 1966 [209]. A typical membrane has a thickness in
the range of 50-100 pmeters and this type of membrane is commonly used
as an electrolyte for conventional PEM water electrolyzers [87, 111, 112].
These membranes have excellent chemical stability, high ionic conductivity
and excellent mechanical strength [112]. Water electrolysis using Nafion®
as an electrolyte is a promising technology for large-scale hydrogen produc-
tion [28, 30].

The conductivity of such membranes decreases significantly at temperatures
above 80 °C, which is associated with the ion of water content [20, 210]. Suf-
ficient efficiency is achieved using PBI membranes doped with phosphoric
acid in PEM fuel cells at temperatures up to 200 °C under ambient pres-
sure [20, 44, 137]. The structure of PBI is shown in Figure 3.3. Doped PBI
membranes are a potential electrolyte for use in PEM steam electrolyzer sys-
tems. The ionic conductivity of membranes increases with temperature [20],
which means the higher the working temperature is, the lower ohmic losses
through electrolyte are. In spite of that, the conditions of extremely low pH
combined with high overpotentials at the anodic compartment of the OEE
impose serious limitations on materials which can be used in these cells.

In the laboratory conditions commonly 0.5M sulphuric acid is used for
screening electrode materials in a 3-electrode electrochemical cells, simulat-



3.7 Electrolytes for water electrolysis 69

ing conditions of the Nafion®-based systems, which work at temperatures
below 100 °C [51, 120]. Since high temperature PEM cells are working at
temperatures around 150 °C, H,SO, cannot be used to simulate conditions
in the 3-electrode cell, even at high concentration. Instead, concentrated
H;PO, can ben used, which permits to work at temperatures as high as
150-160 °C, depending on the composition [211].

However, it was noticed by Appleby and Van Drunen that the Tafel slopes
for noble electrocatalysts are significantly higher in concentrated phospho-
ric acid than those for more diluted solutions, being the apparent cause of
adsorption of electrolyte on the electrode surface [212].

Other membranes have been investigated. The polymers which seem to be
showing potential besides PBI in high temperature water electrolysis are
polyether ketones, polyether sulfones and sulfonated polyphenyl quinoxa-
lines (SPPQs). These polymers have high thermal stability and can with-
stand temperatures up to 200 °C. A membrane consisting of sulfonated
polyetheretherketone (SPEEK) has shown comparable performance with
Nafion® [213], but thermal stability and mechanical properties are not as
good [105].

Composites made of SPEEK and PBI have also been investigated. The
conclusion was that the proton conductivity of the composite membranes
depended on content of PBI and thermal stability of the SPEEK membranes
is improved with the addition of PBI [214].

As it was fairly noticed by Miller in one of his latest publications, the cost
of Nafion®-based polymers calls for alternative membrane materials along
with higher operating temperatures closer to 150 °C. These membranes
are required to improve kinetics and obtain higher conversion efficiencies
in solid polymer electrolyte (SPE) electrolyzers and new solid electrolytes
are needed [134].

Effective and affordable membranes are very important for the commercial-
isation of PEM water electrolyzers as it is both easier to manufacture and
safer as neither acid nor electrolyte are in liquid phase.

This study will not focus on the electrolyte development and solutions of
acid will be used in the experiments to simulate the conditions of PEM
electrolyzer cell.
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3.8 Catalyst supports in PEM systems and possi-
bilities of use refractory ceramics

Design and synthesis of electrocatalysts with the “supported” structure could
greatly improve utilisation of the expensive component, thus decreasing the
noble metal loading and, eventually, cost of the catalytic layer. Even struc-
tures involving inert support materials could significantly develop morphol-
ogy of electrocatalyst through geometrical interactions between active com-
ponent and support (using of TiO, in DSA electrodes is a classic example,
found the industrial application).

Titanium-based supports with IrO, as an active electrocatalyst have been
investigated for the OER [92, 100, 215]. However, the experiment conditions
were simulating those in low temperature PEM systems and were different
from conditions, found in high-temperature PEM cells.

Although Ti-based supports show good performance in Nafion®-based sys-
tems [216], they most likely cannot be implemented in PBI-based mem-
branes, using phosphoric acid as an electrolyte due to high rate of titanium
corrosion at elevated temperatures in phosphoric acid [36, 153].

Advantages of a support use in the catalytic layer were discussed in Sec-
tion 2.6.3. Among other parameters, support material can have influence on
the electronic structure of catalyst and enhance its activity. This effect is
often called the strong catalyst support interaction (SCSI) [88]. The inter-
actions between Ebonex carbon support and Pt catalyst have been proposed
to be due to the hypo-d-electron character interaction, changing the elec-
tronic structure of catalyst. A synergetic effect was suggested to be due
to increase of 5d vacancy of Pt and decrease of Pt—-Pt bond distances by
interaction with Ebonex carbon, which inhibits the chemisorption of OH.
Regarding the oxygen reduction reaction (ORR), a shift of PtOH formation
due to this effect to more positive potentials facilitates the interaction of O,
with Pt and increases the catalyst activity [217, 218].

Hence, carbon is a widely used catalyst support material for PEM fuel
cells [219]. On the other hand, one of the main reasons for fuel cell catalyst
degradation is corrosion of its support, which occurs at potentials higher
than 0.207 V (vs. SHE) in oxidizing conditions [20, 220, 221]. In electroly-
sis mode the corrosion speed of carbon would be much higher than in fuel
cell mode due to higher anodic overpotentials of the OER [111]. The corro-
sion media for carbon will be even more severe at elevated temperatures as
120-200 °C [88]. Thus, carbon cannot be considered as a potential durable
support for anode electrocatalyst in PEM electrolyzers and other materials
with considerably higher corrosion resistance need to be tested.
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Presently, only few supports have been investigated for the oxygen evolution
electrodes [222]. Main requirements to the OEE electrocatalyst support
are: reasonable conductivity, durability and corrosion stability. However, if
conductivity of a support is low and material has high porosity, considerable
ohmic drops will be measured in the active layer.

As discussed by S.Trasatti, a catalytic layer of 5 wm thickness with the re-
sistivity of 1072 - cm will present resistance of 5 u per unit apparent
surface area (1 cm?). Having a current flow of 1 A /em?, the ohmic drop will
only be 5 uV. It means that for measuring a meaning ohmic drop of 5 mV,
the resistivity of the catalytic layer should be in the order of 100 Q-cm (1
2-m). A good example could be TiO, + RuO, mixtures in traditional DSA
electrodes. As TiO, is a good insulator, the total conductivity of the layer
takes place through RuO, clusters, and it drops significantly with decreas-
ing of RuO, content. It happens due to the interruption in the conductive
chains. That is the reason why the electrodes composition cannot be de-
creased below 15-20 % of RuO, [14]. This type of conduction mechanism
is also attributed to ceramic resistors, where RuO, is embedded in isolating
Si0, [223, 224].

Therefore, some of the materials, which possess modest electric conductivity
can be used as an anode for acidic solutions [225]. In the mentioned study,
p—>Si with electrical resistance of 1-3 m§2-cm was employed as a substrate
for the active IrO, and results showed that this material can be used for
preparation of DSA-type electrodes. Description of the DSAs and their
preparation was given in Section 3.6

Indeed, the choice of materials in the area is highly limited, which is directly
connected with increased cell voltages applied in the electrolyzer mode.

Referring to an another experience, gained during long years of industry and
research of aluminium electrolysis, it was recognised that the search for inert
anode materials is one of the most difficult challenges for modern materials
science. It was also noticed, that it can well be that there is no material,
that can meet the requirements of an industrial cell [226]. Later, Kvande
outlined that large efforts have been done in the area, but none of them led
to any acceptable material. The work in this field may perhaps be described
as a long and mostly unfruitful struggle [227].

Only a dimensionally and chemically stable, as well as readily available and
reasonably conductive material should be used for this application. Among
others, ceramic materials are promising candidates. Previous works showed
that those have a potential application in the PEM fuel cell (PEMFC)
systems [216]. Carbides present a class of high temperature stable refrac-
tory materials, among them are boron [228], titanium [16] and silicon car-
bide [229, 230].
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As it was outlined before, raw materials for preparation of inert anode or/and
its support should be preferably cheap and readily available. Therefore, sil-
icon carbide, a potential catalyst support for heterogeneous catalysis, can
be a promising candidate [86]. It is known as a hard, refractory and chem-
ically inert material [231]. It has also notable corrosion resistance in acidic
media [232].

Electronic conductivity of this material is quite poor, however doping with
appropriate elements can significantly increase this property [233]. High
stability of silicon carbide in phosphoric acid solutions is a considerable
advantage of this material, giving a new horizon for its electrochemical ap-
plications [71]. However, it was also proposed that free Si containing in SiC
is mainly responsible for its corrosion [71].

Several studies reported successful use of silicon carbide as a catalyst sup-
port for PEM fuel cells [229, 230]. However, at present there are almost
no publications covering any catalyst support investigations for electrolyz-
ers [222]. Indeed, this area of research is more challenging and the material
choice is highly limited, which is directly connected with the increased cell
voltages applied in the electrolyzer mode.

In this work the importance of supported catalysts in the development of
more efficient and lasting OEEs is expressed. Therefore, the main goal of
this work is to study influence of the selected support on the electrochemical
behaviour of IrO, active catalyst. To fulfil this, a refractory silicon carbide-
silicon material (free Si less than 22%) was used as a support material and
supported catalysts with different compositions were prepared and tested,
along with pure IrO, and SiC-Si sample powders.

The Adams fusion is known as an old and reproducible technique for synthe-
sis of nano-sized catalyst particles (Section 3.5.1). As the last step of this
procedure involves calcination of a precursor at rather high temperatures
(350-500 °C), a limited number of materials can withstand these conditions
without being oxidised. SiC is a refractory material, withstanding these tem-
peratures. Therefore, it was interesting to study its behaviour as a potential
OER catalyst support.



CHAPTER 4

Construction Materials for
High Temperature PEM
Electrolyzers

Parts of this chapter has been published in the International Journal of Hy-
drogen Energy 2011;36(1):111-119, as a “Corrosion behaviour of construc-
tion materials for high temperature steam electrolyzers.” [36].

4.1 Experimental part

4.1.1 Materials and reactants

For preparation of the samples and the electrochemical experiments, the
following substances were used:

e Demineralised water

e H,PO, 85%, Sigma Aldrich, puriss. p.a. (analytical purity)

e H,S0, 95-97%, Sigma Aldrich, puriss

e Nafion® suspension, 5-6% in 50% propanol-water solution, by DuPont
e Ta plate electrode, Good Fellow Cambridge Ltd.

e Austenitic stainless steel plate (AISI 316L, AISI 321, AISI 347, an-
nealed type of temper), by Good Fellow Cambridge Limited, England

e and Ti foil, by Good Fellow Cambridge Limited (England)
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e Hastelloy®C-276, Inconel®625 and Incoloy®825 plates, by T.GRAAE
SpecialMetaller Aps (Denmark)

e CVD tantalum coated stainless steel AISI 316L was provided by Tan-
taline A/S, Denmark

e SiC abrasive paper, by Struers A/S (Denmark)

e Diamond powder polishing suspension, particle size less than 0.25 um,
by Struers A/S (Denmark)

e PolyFast phenolic hot mounting resin with carbon filler, provided by
Struers A/S (Denmark)

4.1.2 Materials and sample preparation

Typical chemical compositions of stainless steels and nickel-based alloys in-
vestigated in this work are given in Table 4.1.

Chemical composition of alloys (elements, weight%)

Alloy type Ni Co Cr Mo W Fe Si Mn C Al Ti Other Nb+Ta
AISI 347 9.0-13.0 - 17-19 - - Bal. 1.0 2.0 0.08 - - - 0.8
AISI 321 9.0-12.0 - 17-19 - - Bal. 1.0 2.0 0.08 - 0.4-0.7 - -
AISI 316L 10.0-13.0 - 16.5-18.5 2.0-2.5 - Bal. 1.0 2.0 0.03 - - N -
less 0.11
Hastelloy® C-276 57 2.5 155 16.0 3.75 5.5 0.08 1.0 0.02 - - A% -
- 0.35
Inconel®625 62 1.0 215 9.0 - 50 05 05 01 04 04 - 3.5
Incoloy®825 44 - 21.5 3.0 - 27 03 1.0 0.0501 1.0 Cu -
2.0

Table 4.1: Alloys chemical composition.

All specimens were cut into round plates of 15 mm in diameter. Afterwards,
surfaces of all samples, apart from CVD tantalum coated SS316L, were man-
ually ground prior to testing to eliminate any mill finish effects. Abrasive
paper was used, followed by polishing with diamond powder. Finally, sur-
faces were degreased with acetone.

4.1.3 Characterisation

A high temperature electrochemical cell (Figure 4.1) was specially designed
for corrosion studies at elevated temperatures. The working electrode was
designed to hold a disk sample, with a geometric area of opening ca 0.2 cm?.
A coil of platinum wire was used as a counter electrode to ensure good polar-
ization distribution. A calomel electrode was used as a reference electrode,
connected to the system through a Luggin capillary. 85% phosphoric acid
(analytical purity) was used as an electrolyte. Tests were performed at 30,
80 and 120 °C at air atmosphere. In this work the electrochemical cyclic
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Tafel voltammetry technique is employed [12, 72, 234]. The experimental
apparatus used for the electrochemical studies was potentiostat model Ver-
saSTAT 3 and VersaStudio software by Princeton Applied Research. After
open-circuit potential was established, scanning was initiated with a scan
rate of 1 mV/s. The potential window was 1.5 V, starting at a potential of
400 mV less than the reference electrode potential and going up to 1.1 V
more than the reference electrode potential. Reversed polarization was per-
formed afterwards.

Reference

electrode

Cooling water out

o

Allihn condenser
4 bulbs, 45/50 joint

Calomel
Ref. electrode

Luggin capillary

Counter electrode
Pt wire

Thermocouple
PTFE washer

Test plate

f: Cooling water in

Working electrode

HyPO,
electrolyte

_

Figure 4.1: The electrochemical cell.

Cross-sections of the samples before and after voltametric measurements
were studied using scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDX). The cut was made for all the samples before
and after immersion in 85% H;PO, at 120 °C for the time of the electro-
chemical experiment. Duplicate plates were prepared for the cross-section
investigation before the exposition. All samples were mounted in hot mount-
ing resin. SEM measurements were made with the JEOL JSM 5910 scanning
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electron microscope. The EDX-system used was INCA from Oxford Instru-
ment (accelerating voltage 20.00 kV, working distance 10 mm).

4.2 Results and discussion

Figure 4.2 represents the polarisation curves for platinum and gold foil,
which show the electrochemical stability window for these materials and
electrolyte in concentrated phosphoric acid at 120 °C. It can be seen that
platinum is a better catalyst for O?~ oxidation then gold (Figure 4.2).
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Figure 4.2: Potential window for Pt and Au in 85% H;PO,, 120 °C, 1 mV /s (vs.
SHE).

The method of corrossion rate calculation, described in Section 2.4.2 was
applied to all experiments. Figures 4.3-4.8 present Tafel plots for the mate-
rials tested, obtained at 80 °C and 120 °C. Anodic exchange current density
values were obtained from cyclic Tafel plots [12]. Corresponding corrosion
currents and approximate corrosion rates were calculated as described in
Section 2.4.2 and are presented in Table 4.2. Approximate CRs were calcu-
lated in terms of penetration rate, using the Faraday’s Law [73].

For all studied materials there is a dramatic influence of temperature on
corrosion rate, which grows with increasing temperature.

It can be seen from cyclic Tafel behaviour, that for all of the studied alloys,
corrosion is of a local type, i.e. pitting or intergranular (Figures 4.3-4.6).

The analysis of the shape of cyclic Tafel voltammograms can give useful
information about possible corrosion mechanisms [72]. Particularly, data
related to pitting behaviour can be obtained using a method, proposed by
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Figure 4.3: Tafel plot for AIST 316L in 85% H,PO,, 80 °C, 1 mV/s (vs. SHE).

Table 4.2: The comparison of corrosion currents (approximate CRs) of different
materials at T=30, 80 and 120 °C.

Tcorrs mA/ch (CR, mm/year)

Sample 30 °C 80 °C 120 °C
Stainless steel AISI 3161, 3 16 x 10~3(0,037) 63 x 10-2(0 73) 13 x 10~ 1(1 46)
Stainless steel AIST 321 126 x 10%(< 0 01) 10 x1072(012) 40 x 1072(0 46)
Stainless steel ATSI 347 302 x 1074(<001) 25 x 1072(0 29) 79 x 1072(0 92)
Inconel®625 158 x 1074(< 001) 53 x1074(<001) 20 x 1072(023)
Incoloy®825 158 x 1074(<001) 20 x 1072(0 23) 32 x 1072(0 37)
Hastelloy® C-276 195 x 10~4(< 0 01) 40 x 1073(0 05) 24 x 1072(0 28)
Tantalum 63 x 1073(< 0,001)
Titanium 63(73,3)

Pourbaix [235]. In this case, the anodic polarisation scan is not terminated
at high positive potential, but is reduced at the same scan rate until reverse
FEeorr is reached. Usually, this kind of graph is called “The pitting scan”.
Using this technique, it can be assumed that if any pits arise during forward
anodic polarisation, any further initiation or propagation then ceases and
the surface is covered with an oxide film.

For all materials investigated, besides titanium, the repassivation occurs eas-
ily. After changing the direction of polarisation in the highly anodic region,
the reverse scan shows more positive corrosion potentials, and lower currents
are recorded for the same values of potential. After the reverse voltametric
curve crosses the forward one (closing the hysteresis loop), current continues
to drop. In most cases, the loop is very small or does not exist, which usually
indicates high resistance to pitting type of corrosion. In other words, if any
break in the passive layer occurs, it easily “heals” itself, preventing any fur-
ther development of pits. Thus, it is expected that the pitting resistance is
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Figure 4.4: Tafel plot for AISI 316L in 85% H5PO,, 120 °C, 1 mV/s (vs. SHE).

excellent for all tested alloys, because surface protection eliminates local ac-
tive sites. For titanium the hysteresis loop is very wide, and lasts for almost
the whole anodic part of the polarisation curve. Reverse scanning repeats
forward with higher values of currents, indicating the absence of “healing”
passivation.

In Table 4.3 the comparison of corrosion potentials for forward and back-
ward scans is given. In most cases, there is an obvious dependence between
corrosion rate and Fq. For example, more positive value of E o, for AISI
321 stainless steel during reverse scan corresponds to the lowest corrosion
speed of AISI 321 among other tested stainless steels.

Alloy AISI 321 exhibited the largest difference between forward (starting)
and reverse corrosion potentials, as well as the most positive repassivation
potential among the tested alloys at 120 °C. This corresponds to the lowest
corrosion rate of AISI 321 among the stainless steels.

Titanium showed the poorest corrosion resistance. At 120 °C and open cor-
rosion potential, the dissolution of titanium was observed visually, followed
by intensive evolution of hydrogen gas. Under positive polarisation, it was
partly passivated, but still the rates of dissolution were much higher than
for austenitic stainless steels.

CVD tantalum coating on stainless steel showed an outstanding corrosion
resistance, with the CRs being similar to earlier published data on this ma-
terial [236]. The SEM image of the CVD-tantalum coated sample and the
corresponding EDX spectra are shown in Figure 4.9 and Table 4.4 corre-
spondingly. The coating appears to be homogeneous for the both sides of
the plate, being around 5 and 50 um on the contrary sides of the sample.
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Figure 4.5: Tafel plot for AISI 321 in 85% H3PO,, 80 °C, 1 mV/s (vs. SHE).

The corrosion resistance at 120 °C increases in the following sequence in our
Titanium < AISI 316L < AISI 347 < AISI 321 < Incoloy®825 < Hastelloy® (276 <

series:
Inconel® 625 < Tantalum

It can be clearly noticed, that for alloys the corrosion stability grows with
the increasing content of nickel in this media, as shown in Table 4.5.

Generally, nickel based alloys show better corrosion stability than austenitic
stainless steels in highly acidic media and elevated temperatures [237]. This
tendency is also observed in our series.

Nickel’s high degree of corrosion resistance is partly explained by higher
positive standard potential among the studied alloy compounds. Com-
paring with less resistant iron, nickel has 250 mV more positive standard
corrosion potential. Compared to pure nickel metal, nickel-chromium-iron-
molybdenum alloys show considerably better resistance to corrosion in all
inorganic acid solutions [151].

It can also be seen from Table 4.5, that titanium has a positive effect on the
corrosion resistance of the alloys tested, even though its own resistance is
much lower. This effect can be explained by the EDX data, obtained from
AISI 321 and Inconel®625 before and after the electrochemical tests.

It is visible from Figures 4.10(a) (spectrum 3,4) and 4.10(b) (spectrum 2,4)
and Tables 4.6(a) and 4.6(b) that before the corrosion test, Ti is not spread
evenly on the surface of AISI 321, it is localized at definite points, unlike
the other elements, distributed more homogeneously. It is safe to assume
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Figure 4.6: Tafel plot for AISI 321 in 85% H;PO,, 120 °C, 1 mV/s (vs. SHE).

that points of Ti location are situated on intergranular boundaries. It fol-
lows from the data that the content of titanium in the intergranular region
dropped after the electrochemical experiment, indicating that corrosion in
AIST 321 develops along the intergranular boundaries in this media. Ti-
tanium tends to be distributed along these boundaries during the severe
anodic attack, thus preventing the formation of chromium carbides in these
areas, which could promote chromium concentration drop resulting in a loss
of passivity in these regions.

The same behaviour is observed for another alloy, containing titanium as
an addition, protecting the material from intergranular corrosion. Fig-
ures 4.11(a) (spectrum 3,4), 4.11 (spectrum 1,3,5) and Tables 4.7(a), 4.7(b)
show SEM and EDX data for Inconel®625. The same tendency is even more
significant for this alloy. Titanium is distributed irregularly and its content
decreases after the corrosion experiment.

The discussion above proves the extremely important role of doping the
investigated alloys with titanium in this media, thus protecting them from
the most apparent intergranular type of corrosion.

Molybdenum is more soluble in nickel than in austenitic stainless steels, and
higher levels of alloying are possible with higher content of nickel. Therefore,
the molybdenum content limit grows with nickel content and high contents
of molybdenum are only possible in high nickel alloys [238].

Generally, the addition of molybdenum to stainless steels and alloys is used
for enhanced corrosion resistance. For instance, addition of even one or two
percents of molybdenum to ferritic stainless steels significantly increases the
corrosion resistance of this material.
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Figure 4.7: Tafel plot for titanium in 85% H;PO,, 120 °C, 1 mV/s (vs. SHE).

Pure nickel-molybdenum alloys, namely alloy B-2, contains approximately
of 28% molybdenum and about 1,7% of iron. High molybdenum content
in alloys gives excellent resistance to reducing acids, i.e. hydrochloric and
sulphuric [239]. For sulphuric acid, this alloy shows good resistance, even
at concentrations close to 90% and temperatures up to 120 °C. Non-oxidant
conditions, however, must certainly exist in this case. Either the presence
of oxygen or aeration will significantly accelerate the corrosion rate [237].
However, the role of molybdenum is not clearly noticed in our series.
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Figure 4.8: Tafel plot for tantalum in 85% H;PO,, 120 °C, 1 mV/s (vs. SHE).

Table 4.3: Measured corrosion potentials for forward and backward polarisation.

Table 4.4: EDX data for the CVD-tantalum coated stainless steel sample, in wt.%.

Ecorr, mV (vs. SHE)

Material 80 °C 120 °C
forward reverse forward reverse
Stainless steel AISI 316L 100 530 80 430
Stainless steel AISI 321 175 820 40 640
Stainless steel AISI 347 320 770 320 500
Inconel®625 125 635 90 490
Incoloy®825 105 540 60 595
Hastelloy®(C-276 440 620 120 580
Tantalum 490 875
Titanium —465 —357

Composition, wt.%
O Cr Mn Fe Ni Ta Total

Spectrum

1 19.2 1.0 70.7 9.1 100
2 4.8 95.2 100
3 1.3 98.7 100

Table 4.5: The content of Ni and Ti in the tested alloys.

Sample AISI 347 AISI 316L  AISI 321 Inconel®625 Incoloy®825 Hastelloy® C-276

Ni content, wt.% 9-13 10-13 9-12 62 44
Ti content, wt.% - - 0.4-0.7 0.4 1.0

57
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Figure 4.9: SEM image of the CVD-tantalum coated stainless steel sample. Num-
bers refer to EDX points and areas measured.

Table 4.6: EDX analysis data of AIST 321 before(a) and after(b) the electrochem-
ical tests.

(a)

Composition, wt.%, before the electrochemical tests
Si Ti Cr Mn Fe Co Ni Total

Spectrum

1 0.6 03 177 1.8 698 0.2 9.7 100

2 05 05 180 14 695 0.8 94 100

3 0.4 273 145 14 495 05 6.4 100

4 0.3 31.2 148 14 46.6 6.1 100

(b)

Composition, wt.%, after the electrochemical tests
Si Ti Ct Mn Fe Co Ni Total

Spectrum

1 03 05 177 16 704 1.0 85 100

2
3
4

0.1 29.2 153 15 485 03 52 100
05 01 182 12 698 1.0 9.2 100
1.2 90 175 09 624 06 84 100
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Figure 4.10: SEM of AISI 321 before(a) and after(b) the electrochemical tests.
Numbers refer to EDX points and areas measured.
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Figure 4.11: SEM of Inconel®625 before(a) and after(b) the electrochemical
tests. Numbers refer to EDX points and areas measured.
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Table 4.7: EDX analysis data of Inconel®625 before(a) and after(b) the electro-
chemical tests.

(a)

Composition, wt.%, before the electrochemical tests

Al Si Ti Cr Mn Fe Co Ni Nb Mo Total
Spectrum
1 0.3 0.3 21.7 0.9 63.1 4.0 10.1 100
2 0.3 04 03 221 09 02 634 34 94 100
3 0.1 63.6 5.8 0.1 70 231 06 100
4 06 03 549 106 0.1 0.3 0.1 189 122 2.0 100

(b)
Composition, wt.%, after the electrochemical tests

Al Si Ti Cr Mn Fe Co Ni Nb Mo Total
Spectrum
1 0.5 0.8 205 13.7 03 04 349 214 79 100
2 22 0.1 158 0.5 0.5 40.1 14.0 27.0 100
3 0.2 0.1 486 123 0.0 0.8 24.4 100 3.9 100
4 03 21 01 137 07 0.1 01 294 261 275 100
5 0.1 434 11.1 04 03 212 198 4.0 100
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4.3 Conclusions

It has been established that tantalum coated AISI 316L stainless steel and
Inconel® 625 are the most suitable materials for bipolar plate in high tem-
perature steam electrolyzers with H;PO, doped membranes. It has also
been found that small addition of titanium to the alloys increases the corro-
sion stability in this media. Among austenitic stainless steels, AISI 321 has
the lowest corrosion rate.

Anodic passivation with decreased rate of dissolution was observed from the
Tafel plots for all alloys and metals studied, indicating the formation of a
protective oxide layer. The best corrosion resistance was found for tanta-
lum. The titanium content was found to be an important parameter in the
performance of the steels. The accumulation of titanium on the intergranu-
lar boundaries was assumed to inhibit the growth of chromium carbides in
these regions, preventing intergranular corrosion of the samples. However,
pure titanium showed the poorest resistance to corrosion, accompanied by
the lowest corrosion potentials in the series and highest corrosion currents.
Therefore, these facts exclude it as a possible material for use in bipolar
plates in high temperature PEM steam electrolyzers.



CHAPTER 5

Preparation and Study of
IrO, /SiC—Si Supported Anode
Catalyst for High Temperature
PEM Steam Electrolyzers

Parts of this chapter has been published in the International Journal of
Hydrogen Energy 2011;36(10):5797-5805, as a “Preparation and study of
IrO, /Si-Si supported anode catalyst for high temperature PEM steam elec-
trolyzers.” [38].

5.1 Experimental part

5.1.1 Materials and reactants

For preparation of the samples and the electrochemical experiments, the
following substances were used:

e SiC-Si sintered composite plate (<22% free Si), supplied by the “State
Powder Metallurgy Plant”, Brovary, Ukraine

e H,IrCl; -4H,0, Alfa Aesar, 99 %
e NaNOg, Sigma Aldrich, A.C.S. reagent

e Isopropanol, Fluka Analytical, pure
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e Demineralised water

H;PO, 85%, Sigma Aldrich, puriss. p.a. (analytical purity)

Nafion® suspension, 5-6% in 50% propanol-water solution, by DuPont

Ta rod electrode, Good Fellow Cambridge Ltd.

Ag,SO, 99,9%, Chempur

5.1.2 SiC-Si/IrO, powder catalyst preparation

Catalyst support powder was prepared according to the following procedure:
the as-received plate was cut with a diamond saw into squared samples with
1 cm side. The thickness of the plates was 2 mm. The prepared plates were
cleaned in a ultrasonic bath, degreased with acetone, washed with deminer-
alised water and finally dried at 80 °C. As it was described in Section 2.6.3,
a support with a high specific area is needed in order to contribute to a good
distribution of the active phase of the catalyst. Therefore, ball milling was
employed for grinding the raw material. The ball milling ensures a moderate
increase of specific area by particle size reduction. The silicon carbide-silicon
plates were milled in a planetary ball mill (Fritsch, Pulverisette 7). Since
SiC is a material with high hardness, a mill made of conventional steels
could not be used for this procedure. This is due to the relative softness of
steel, and associated risk of contamination of the sample by self abrasion of
the steel balls and a possible tribochemical reaction. Therefore, two 45 ml
steel vials, covered with tungsten carbide wear resistant lining were used.
Milling was performed in a vial, which contained 6 WC balls, each 15 mm
in diameter. The working vial contained 2 g of the starting material. The
mill was operated at 730 r.p.m. from 5 to 35 minutes for different samples.

In order to deposit the active material directly on the support surface, irid-
ium oxide was in-situ synthesised on the prepared SiC-Si support. As the
support was added at the initial stage of the Adams fusion method, into the
initial solution of catalyst precursor (see Section 3.5.1), it was expected that
IrO, would adhere to the surface of the support. In order to determine the
degree of chloride impurities in the final step of the synthesis, precipitation
with Ag,SO, was used as a qualitative test. The equilibrium chloride con-
centration is lower than the impurity degree required, thus ensuring that the
oxide is pure enough. The iridium oxide content in the prepared catalyst
was varied from 0 to 100 wt.% in steps of 10 wt.%. The calcinated products
appeared to be fine powders, changing colour from black to more greyish
with the increasing support content in composition.
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5.1.3 The electrochemical characterization
5.1.3.1 Experimental conditions and the cell

Being the overall aim of the project searching for suitable materials for water
electrolysis, it would in general case imply testing of these materials in-situ
electrolysis cell. However, if the behaviour of the oxygen evolution electrode
should be separated from the rest of the cell, a different approach is to be
taken.

Therefore, the most suitable configuration for the study of single electrodes
is a three-electrode setup (Figure 5.1). In this setup, the tested electrode is
called working electrode, while the auxiliary electrode is called counter and
provides the necessary connection for current to pass through the working
electrode. This current is measured by a potentiostat. The third electrode
used in this system is called the reference electrode, which provides a way
of measuring potential on the working electrode. A typical thermostated
model of a cell is presented in Figure 5.2. The working temperature in this
cell is controlled by a circulating water, which limits its use up to 100 °C.

I

|

=4

glass sinter

I

. Luggin
pr%%e on
1 syringe reference
barrel electrode
N, or Ar
stirring

Figure 5.1: Three-electrode setup designed for controlled potential electrolysis
study [9].
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Figure 5.2: A typical three-electrode cell (provided by Radiometer analyti-
cal [21]).

This series of experiments required a cell able to work at least up to 150 °C.
Therefore, a special three-electrode cell was designed for testing the perfor-
mance of supported electrocatalysts. The heating of the cell was provided
by an external heating plate (Figure 5.3).

This design affords good contact with a thermostatic heating plate below
the cell, while avoiding excessive heating of the electric wired connections.
Figure 5.4 shows a photograph of an assembled cell under operation.

In Chapter 3.7.3 it was noticed that in order to simulate the conditions of
high temperature PEM cells it is needed to work in concentrated phosphoric
acid media. In consequence, the electrochemical experiments were carried
in 85% phosphoric acid and at temperatures up to 150 °C. Between samples,
the cell was cooled down to room temperature, washed with demineralised
water, then with acetone and the electrolyte was renewed for every next
sample.
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Cyclic voltammetry experiments were carried from room temperature (ca.
23 °C) to 80 °C, 120 °C and 150 °C, with the experiments performed from
lower to higher temperatures. The temperature tolerance allowed during
the experiments was + 3 °C. Temperature was controlled by a k-type ther-
mocouple, covered with Teflon® PTFE (by Omega Co.) and inserted into
the working cell.

5.1.3.2 Cyclic voltammetry experiments

For each temperature, a series of CV experiments at different scan rates
were carried out for all electrodes in the following sequence: 200, 100, 50,
20, 10 mV/s.

In all experiments a commercial platinum plate as a counter electrode and a
KCl-saturated standard calomel reference electrode (SCE), connected to the
system through a Luggin capillary were employed, provided by Radiometer
Analytical SAS.

When studying the electrochemical behaviour of electrocatalysts, it is con-
venient to ensure that the electrode has a certain stability during the ex-
periments performed. In addition, because of bubble formation during the
OER, the catalyst layer can get easily detached from the working electrode,
spoiling the experiment. However, the focus of this work was to investigate
the support-catalyst interaction rather than to make a full characterization
of the electrode. For a comparison of the different samples, it is not neces-
sary to test them in an electrolysis cell, being sufficient to measure a specific
catalyst activity at lower potentials [166, 195].

Therefore, the CV experiments were performed in the potential window
starting at 0.0 V, going to the vertex potential of +1.2 V and reversing back
to the initial value of 0.0 V (all potentials are vs. SCE). This allowed obser-
vation of the reversible redox behaviour of IrO, while avoiding formation of
significant amounts of oxygen which could detach the catalyst layer from the
working electrode. This permitted usage of the same sample for experiments
at elevated temperatures.

Because of the need to minimise the transient double layer capacitance con-
tributions (see Section 2.4.1), cyclic staircase voltammetry technique was
chosen for electrochemical evaluation of electrocatalyst. An open circuit of
10 seconds was maintained between each experiment.

The experimental apparatus used for the electrochemical studies was a Ver-
saSTAT 3 potentiostat and VersaStudio software by Princeton Applied Re-
search.
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5.1.3.3 Corrosion stability tests

For investigation of corrosion stability of the material, plates prepared as
described in Section 5.1.2 were used. The testing of the material was per-
formed in a specially designed cell, presented in Section 4.1.3 [36].

5.1.3.4 Preparation of Nafion®-bonded electrodes for CV inves-
tigation

In order to estimate the electrochemical performance of the prepared elec-
trocatalyst powder, the following procedure was performed.

A tantalum cylinder, accurately embedded in a Teflon® PTFE body was
used as a working electrode (Figure 5.5). The diameter of the cylinder was
7.5 mm which corresponded to the active surface area of 0.44 cm?. Tantalum
was chosen because of its superior corrosion resistance in hot phosphoric acid
solutions, while having necessary conductivity and mechanical strength [36,
70].

However, the preliminary results showed that tantalum working electrode
is passivated in the anodic conditions present during the cyclic voltamme-
try experiments. That led to difficulties of observing reasonable behaviour
for each next catalyst powder sample deposited. Therefore, its surface was
polished before every single experiment. Silicon carbide abrasive paper was
used, followed by polishing with polycrystalline diamond powder (Struers
A/S (Denmark)) with a particle size less than 0.25 pm. Finally, the surface
was degreased with acetone and rinsed with demineralised water. The cat-
alyst suspensions were prepared by adding of a 1 mg portion of prepared
powder to 1 mL of demineralised water. The suspension was dispersed in
an ultrasonic bath for 1 hour. Immediately after a 30 uL portion of the
suspension was applied on the surface of the working electrode, following by
drying of the catalyst layer under nitrogen protective atmosphere. A second
suspension, consisting of 1% solution in water of 5 wt.% Nafion® was ap-
plied on top of the catalyst layer and dried in the same manner. This was
done for improving the cohesion of the deposited catalyst layer. Therefore,
each electrode contained 30 pg of sample powder. All 11 test electrodes were
prepared in the same manner, using equal amount of applied sample, while
ranging in its composition of active IrO, from 0 to 100 wt.% with a step of
10 wt.%.

The nominal composition of the prepared samples is shown in Table 5.1.



5.1 Experimental part 93

Table 5.1: Nominal composition of the samples

IrO, SiC-si
Sample (mass %) (mass %)
1 100 0
2 90,1 9,9
3 80,1 19,9
4 69,7 30,3
5 60,1 39,9
6 50.1 49,9
7 40,1 59,9
8 29,1 70,9
9 20,1 79,9
10 10,1 89,9
11 0 100

5.1.4 Physico-chemical characterization

The prepared at different milling time catalyst supports were first charac-
terized by the SediGraph particle size analysis (the technique is described
in Section 2.5.5) using the Sedigraph 5100 particle size analyser from Mi-
crometrics ™. Prior to the analysis, the samples were dispersed in the
suspending solution, which was a 0,002M Sodiumpyrofosphate solution in
water.

The selected supported catalyst, containing 60% of IrO, and 40% of SiC-
Si was studied using a combination of scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) techniques. Samples for
investigation were prepared in the following way (different sample prepara-
tion techniques are described in Section 2.5.4). The catalyst powder was
dispersed in ethanol and the suspension was kept for 1 hour in an ultrasonic
bath. Immediately after that, 20 uL portions of the prepared dispersion,
containing 20 pg of the catalyst were applied both on a sticky carbon and
polished gold backing plates, which were correspondingly used for SEM and
EDX investigations. SEM measurements were made with an FEI Inspect
S scanning electron microscope. The EDX system used was INCA from
Oxford Instruments (accelerating voltage 5 kV, working distance 5.1 mm).

An additional series of experiments was performed to optimise the SEM and
EDX sampling procedure. The results can be found in Appendix B.

The as-milled SiC-Si powder as well as other samples were characterized
with XRD using a Huber D670 diffractometer (Cu-Ka X-ray source, o =
1.5405981 A).
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The BET method was used to evaluate the specific surface area of the cat-
alysts. Automated Gemini 2375 surface area analyzer by Micromeritics,
working at 77K was employed in our work.

5.1.4.1 Electrical conductivity of powders

As conductivity of powders depends strongly on their packing density [240],
it is necessary to control the conditions at which measurements are done.
The powder conductivity measurements were performed on a setup, espe-
cially designed for this purpose. A commercial micrometer was employed
to measure the sample thickness with high precision, while controlling the
pressure exerted with a torque wrench. The schematic and the photographic
pictures of the working part of the cell are shown in Figures 5.6 and 5.7 cor-
respondingly.

This setup conceptually consists of two copper pistons acting as contact elec-
trodes. The micrometer presses together to pistons by means of a torque
wrench key, connected directly to the micrometer axis, and applying in each
case a fixed torque of 20 ¢N-m, providing equal pressure for each sample.
This permitted an accurate measurement of the powder thickness and con-
ductivity simultaneously. The inner diameter of the cylinder is 3 mm, allow-
ing use of small amounts of sample powder. This is also convenient from the
economic point of view, given the high price of noble metal electrocatalysts.

The conductivities of all sample powders were measured using a technique,
described previously by Marshall [181]. Measurements were conducted in
air at room temperature.

The conductivity measurements were carried with a potentiostat model Ver-
saSTAT 3 and VersaStudio software by Princeton Applied Research. In this
experiment, a potentiostat needs to be connected to the cell in a 2-electrode
arrangement. Since the potential to measure is the cell voltage, rather than
the working electrode potential, the reference electrode was closed-looped
with the counter electrode during the measurements. A linear staircase
voltammetry experiment was run for each amount of powder in order to
define a linear part of the polarisation curve for its further use for the cal-
culation of resistance. A maximum potential of 10 mV was applied to the
samples.
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Figure 5.3: The electrochemical cell used in CV experiments
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Figure 5.4: A photograph of the electrochemical cell used in CV experiments.

Figure 5.5: The working electrode, designed for the CV experiments.
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The electrical conductivity setup. The outermost rods are the anvil

and spindle of a micrometer.

Figure 5.6

A photograph of the setup used for electrical conductivity measure-

ments.

Figure 5.7
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5.2 Results and discussion

5.2.1 Structural and electrical properties
5.2.1.1 Particle size distribution

The Sedigraph X-ray particle size distribution analysis was performed on
ball milled for different time support material.
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Figure 5.8: Cumulative mass percent finer vs. diameter of SiC-Si composite, ball
milled during different time.

As it is presented in Figure 5.8, changing of the milling time from 5 to
35 minutes does not significantly affect the particle size distribution, as its
values stay in the same order of magnitude. Therefore, the powder milled
for 10 minutes was used in all samples for convenience and in order to avoid
excessive contamination of the samples with WC impurities from the mill,
as they accumulate in the working vial while the ball milling process, which
will be shown in Section 5.2.1.2.

5.2.1.2 X-Ray Diffraction

The X-Ray diffractogram for pure IrO, prepared without presence of the
support is shown in Figure 5.9. The diffraction peaks on this diagram are
relatively broad and their position corresponds to IrO, sample data pub-
lished in the literature [181].

In contrast to IrO,, the peaks of the SiC-Si sample are much sharper, in-
dicating bigger crystal size (Figure 5.11). Assignation of the peaks shows
presence of both SiC and Si phases in the sample, which means that the
support is a physical mixture of SiC and Si crystals, rather than a solid
solution (Figure 5.10).
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Figure 5.9: XRD spectrum for IrO,.

The supported catalysts showed the characteristic signals of IrO,, SiC and
Si, e.g. the simultaneous presence of catalyst and support phases (Fig-
ure 5.11). Therefore, the produced catalyst consisted of a physical mixture
of IrO, and support material without any other substances produced during
the synthesis process due to reactants interaction, e.g. firing at 500 °C. This
fact shows the chemical inertness of the support in conditions of the Adams
fusion synthesis.

However, some weak peaks of WC were detected in the diffractogram of
the support powder (Figure 5.12). This contamination apparently origi-
nates from the ball milling procedure. The Rietveld quantitative analysis of
the support powder was performed with following calculation of the sample
composition. Results are presented in Table 5.2:

Table 5.2: Quantitative analysis of the support by Rietveld treatment of the XRD
data.

Phase wt.% vol.%
SiC 87.21 86.91
Si 8.95 12.3
WC 3.84 0.79

Additional data related to the performed Rietveld treatment can be found
in Appendix A.
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Figure 5.10: Diffractogram of a ball milled SiC-Si support, showing peak assig-
nations for corresponding phases.

However, the amount of WC impurity was considered negligible (less than
1 vol. % percent for the clean support powder), and it will be shown in
Section 5.2.2.2 that it does not influence on the CV results.

Since the XRD is a bulk technique with high penetration depth, the relative
peak intensities should vary between samples following the bulk powder
composition.

In order to assess this, the intensities of selected peaks were calculated for
each sample. The peak at around 55 ° for IrO,, the peak at around 30 ° for
SiC, and the peak at around 35 ° for Si were chosen (see Figures 5.10
and 5.11). The given peak intensities were calculated by fitting them to
Lorentz distributions.

The peak intensities were compared to the volume fractions according to the
following calculations:

IIrO2
IrO, = 5.1
X0, Ivo, + Isic (5-1)
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Figure 5.11: XRD spectra for IrO,, SiC-Si support, and a 50% composite.

Xto,
dIrO
Xid = 52— 5.2
IrO, XIurJ02 Xw ( )
drro, dsic

where x1r0, is the relative intensity of the IrO, peak and Xﬂ%Q is the volume
fraction of IrO, in the mixture.

The results of these calculations are shown in Table 5.3 and Figure 5.13.

The general trend follows the sample composition with significant linearity
(Figure 5.13). For the 90% IrO, sample, it was not possible to calculate this
relation, since there were no significant SiC-Si peaks visible in the diffrac-
togram, most likely because of the poor signal-to-noise ratio.

The peak of IrO, at around 55 ° for different samples was chosen in order to
calculate the average crystal size, on the basis of the Scherrer equation 2.65.

The calculated crystal sizes of IrO, for the unsupported and the supported
catalysts differ significantly (Figure 5.14). The supported catalysts showed
smaller crystal size than for unsupported IrO,. It can also be seen from
the form of the XRD peaks. The support peaks (SiC, Si) in all samples are
equally sharp and have similar width (Figure 5.11). In contrast, the peaks of
the unsupported IrO, are significantly sharper than those of the supported
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Figure 5.12: XRD spectra for the prepared support powder.

catalysts. Since the synthesis method and conditions were the same for all
samples, and since the peak width is similar in all the supported catalyst
samples, these results indicate that the presence of the support affects the
IrO, synthesis step, influencing the crystal growth of the catalyst particles.

5.2.1.3 BET Surface Area

Physical adsorption of nitrogen was performed for all samples. The BET
model was applied in order to calculate the corresponding surface area of
the prepared powders. The BET area was calculated by using experimental
points between 0.05 and 0.25 bar of nitrogen partial pressure. A resume of
the calculated specific surface area is given in Table 5.5. The specific surface
area of IrO, is considerably higher than that of the support. The IrO, pow-
der has surface area of 121 m?/g. In contrast, the support has only around
6 m?/g. The BET area of the supported catalysts follows approximately
the rule of mixtures and evolving of the specific area is approximately pro-
portional to the mass fraction of IrO, (Figure 5.15). This is in accordance
with the expected values, since the supported catalyst is, as it was shown in
Section 5.2.1.2, a physical mixture of the support and the catalyst, with no
reaction between the components. However, the BET area of pure IrO, is
significantly lower than that of 80% and 90% IrO, samples. Therefore, the
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Table 5.3: Relative intensity of XRD peaks for different powders with different

composition.

IrO, x(IrO,) x(SiC)
Sample (vol.%) (wt.%) (wt.%)
1 100 100 0
3 52.4 56.7 44.3
4 39.1 38.6 61.4
) 29.2 27.5 72.5
6 21.6 19.6 80.4
7 15.5 9.54 90.5
8 10.6 6.35 93.6
11 0 100 0

Table 5.4: Peak width and crystal size of selected peaks for the catalyst and the

support.
IrO, vIrOy)  7(IrO,) 7(SiC) 7(SiC)

Sample wt.% at 54.025° (A) at 35.598° (A)
1 100 1.64 0.951 - -

2 90 3.19 0.487 - -

3 80 3.76 0.413 0.202 7.22
4 70 4.21 0.370 0.173 8.39
) 60 3.82 0.407 0.147 9.89
6 50 5.00 0.311 0.168 8.65
7 40 4.58 0.339 0.148 9.81
8 30 5.08 0.306 0.152 9.56
9 20 - - 0.150 9.71
11 0 - - 0.188 7.76

pure IrO, catalyst seems to have different characteristics in comparison with
the supported catalysts. This difference can be due to different conditions
for the catalyst synthesis without and with presence of the support, where
smaller IrO, particles are formed in the latter case (Section 5.2.1.2).

5.2.1.4 SEM and EDX analysis

The SEM image was obtained with an incident electron energy of 5 kV on
the selected sample (Figure 5.16). In the SEM micrograph two groups of
particles can be observed. The larger particles, between 5 and 10 um in
size are most likely the support particles. On these there are much smaller
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Figure 5.13: Correlation of XRD relative phase signals with nominal powder com-
position.

Table 5.5: BET area for all samples.
IrO, BET area
Sample (wt.%) (m?/g)

1 100 121
2 90 148
3 80 144
4 70 114
) 60 86.3
6 50 67.8
7 40 60.0
8 30 53.1
9 20 14.0
10 10 11.0
11 0 6.3

agglomerates of IrO,. The active component seems to be distributed evenly
over the surface of the support. This case suggests that the IrO,, particles are
formed on the support surface, which could provide nucleation sites for the
formation of IrO,. This could explain the results observed in the XRD and



5.2 Results and discussion 105

n
50
40
—~~
<
N
Q 30
= u
] [ |
20 - -
[} [ ]
T T T T T T T T T T
0% 20% 40% 60% 80% 100%
wt. % IrO )

Figure 5.14: Calculated average crystal sizes for different samples.

BET experiments, where the IrO, particles in the supported samples tend to
be smaller than in the pure IrO, sample (Figures 5.14, 5.15). In Figure 5.17
and Table 5.6 the results of the EDX quantitative analysis, performed at
low voltage (5 kV) are presented. The content of IrO,, in the chosen sample
is close to the expected value.

Table 5.6: EDX data for SiC-Si/IrO, sample (SiC-Si:IrO, = 40:60).
Composition, wt.%
Spectrum C O Na Si Fe Mo Ir Total
1 70 204 3.1 133 26 0.9 528 100.0
2 6.5 196 23 155 2.0 57.0 100.0

5.2.1.5 Powder conductivity

The resistance of powders in this series was calculated by fitting the voltam-
mogram to a straight line for each thickness of the same sample. The re-
sistance was determined as the inverse of the polarisation slope (equations
5.3-5.5):
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Figure 5.15: BET area trend with sample composition.

V = IR (5.3)
dV =d(IR) = R-dI
A%
R = — (5.5)

Consequently, for different thicknesses of the same sample, data presents
a linear slope of the layer resistance vs. its thickness (Figure 5.18). The
evolution of the resistance with the powder thickness is quite linear for all
the samples.

A linear fitting of the resistances of different thicknesses can be performed
to calculate the resistivity of powders using the Ohm’s Law (equation 5.6):

I
p:R-% (5.7)

Where p is the resistivity of the sample, measured in 2 -cm, [ is the sample
thickness, and a is the sample section area. Equations 5.6-5.7 are valid for
any prismatic shape, such as a cylinder.
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Figure 5.16: SEM micrograph of a sample with composition 60% IrO, and 40%
SiC-Si support

The conductivity can be calculated from the resistivity value, being its re-
ciprocal.

1
o= p (5.8)

It can be seen that this method provides good linear dependencies, with
small experimental error. Thus, for every sample powder, resistivity and
conductivity were determined. Figures 5.19 and 5.20 show the trends.

The dependency of conductivity on the sample composition is not linear,
levelling off and increasing again with the mass fraction of IrO, (Figure 5.20).
The effect of the support on conductivity of the catalyst powders is obviously
negative. The catalyst is much more conductive than the support, being the
difference of several orders of magnitude. The conductivities of pure IrO,
catalyst and the support are 67 S/cm and 1.8 -107° S/cm correspondingly.

It has been proposed that a main aspect of electrical conductivity through
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Figure 5.17: SEM micrograph for EDX analysis at 5 kV on a gold plate. Sample
composition: 60 wt.% IrO, and 40 wt.% SiC-Si support

mixed powders is the contact resistance between the most conductive type
of particles [116]. The presence of a step in conductivity around 60% of
IrO, seems to support this hypotesis. It can be thus assumed that almost
all current passes through the IrO, particles:

Liotal = Isic + IIr02
Vsic = Viro, = Isic - Rsic = Ino, - Rio,

1 1
Livtar =V - ( + )
tota Rsic Rno,
1
Rsic > Rio, = Ttota =V - 7
IrO,

Itotal =~ IIr02
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Figure 5.18: Evolution of resistance with powder thickness for some samples.

Therefore, the distribution of IrO, particles in the supported catalyst is
very important for its resistance. Effectively, the way the oxide particles
are packed together between the support particles determines the number
of contacts between them, thus having an important effect on the total
resistance of the material.

Although the dependency the of conductivity on the IrO, content is not
linear, three regions can be identified in this series (Figure 5.20).

For high IrO, content in supported catalysts (above 60% of mass fraction),
the conductivity does not change significantly with the composition. This
can be explained by the existing “conductivity path” through IrO, particles.

For intermediate oxide content, there is a pronounced drop in conductivity,
as the IrO, content decreases. It seems that there is an increasingly signif-
icant loss of paths for the current flow, with a decreasing number of oxide
particles being able to transport current through them. In this interval,
between 10% and 60% of mass fraction, the conductivity decreases in sev-
eral orders of magnitude, effectively turning the conductivity to the original
value of the support.

Below 10 wt.% IrO,, it is evident that the contact between particles is so
bad that the current has to flow through the support particles, which have
high resistivity (around 500 € -m).
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Figure 5.19: Resistivities of all samples, calculated from conductivity values (the
latter are presented in Figure 5.20).

There is an important step in conductivity from pure IrO, to 90 wt.% IrO,
powders. In principle, one could argue that the support particles create
“holes” in the IrO, aggregate, decreasing the effective lateral section in the
sample and thus increasing the resistance. However, the change in conduc-
tivity between 90 and 80 wt.% samples is much smaller. This suggests that
there must be another factor in the observed conductivity step. For instance,
the inclusion of the much bigger support particles, which have different size
and shape, could alter the packing of the IrO, particles in the powder. An-
other factor can be different IrO, particle growth and consequently different
size and/or shape of them in the presence of the support. The latter op-
tion is discussed in Sections 5.2.1.2,5.2.1.3, where the results indicate the
smaller particles formed in the presence of the support at the synthesis step.
The smaller particles of IrO, involve more contact resistance between the
grains, therefore the overall resistance of powder is expected to increase with
the particle size decreasing, being a consequence of the prevailing contact
resistance to the overall conductivity, as it was proposed earlier [165, 240].

Taking above speculations into account, the upper limit for the loading of
the SiC-Si support for IrO, electrodes can be recommended to be not more
than 40 wt.%. Depending on the conductivity requirements, higher or lower
limits could be considered.
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Figure 5.20: Powder conductivities of all samples.

A conventional lab-scale PEM electrolysis cell typically operates at 1 A/cm?
with voltage of 1.8 V [112, 133], which gives an approximate value of the
overpotential of the working electrolyzer 500-700 mV. Considering 10% of
this value being an acceptable maximum for the anodic ohmic drop and
taking the typical thickness of the anodic electrocatalytic layer of 10 pm [87],
the resistivity of this layer can be up to 500-700 m{2-m and 50-70 m)-m
at the layer thickness of 100 um.

The experimental resistivity values in our series range from above 500 €2 - m
to 1.5-1074Q - m. According to considerations exposed above, all compo-
sitions including and above 20 wt.% IrO, loading (the resistivity of this
particular sample is 16 m€2-m) would have enough conductivity to be used
as electrodes without big contribution to the total potential losses.

The similar discussion was provided in Section 3.8, where the resistance of
a catalytic layer was proposed to be meaning for values at least of 1 - m,
which likewise corresponds to all samples in our series with wt.% of IrO,
equal or above 20 %.

Nevertheless, in a real MEA, the packing density and/or layer thickness can
be different, so these conclusions are to be considered tentative, depending
on the mentioned parameters.
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5.2.2 Electrochemical characterization

5.2.2.1 The corrosion stability of the support at high tempera-
tures

Corrosion stability of the support material was tested using the electrochem-
ical cyclic Tafel voltammetry technique [36]. Figure 5.21 presents the Tafel
plot for a SiC-Si plate. The potential shifts to more positive values after
the anodic sweep, which shows the passivation of the material in the studied
media. The corresponding corrosion current measured from the curve was
0,005 mA, dropping to 0,002 mA during the backward scan, which is at
least one order of magnitude less than for all alloys, tested before in similar
conditions (Chapter 4).

o5

log (ABS(Current density))
»
D

=}

B
4]

Potential, mV (vs. SCE)

Figure 5.21: The Tafel plot for a SiC-Si plate. Scan rate 1 mV/s, electrolyte:
85% HyPO,, 120 °C.

5.2.2.2 Cyclic voltammetry experiments

Room temperature Even though the SiC-Si support is considered to
be inert in chosen conditions, an additional experiment was performed for
the support material on the tantalum working electrode in order to identify
any considerable background current, which could also originate from WC
impurities, detected earlier by the X-Ray diffraction (see Section 5.2.1.2).

Figure 5.22 shows that the signal of the support without active IrO, is few
magnitudes lower than that of the supported catalysts, and therefore can
be considered negligibly small. This means that in the supported catalysts
almost all the signal comes from IrO,. The figure also shows that WC
impurities found before do not influence on the electrochemical results, being
relatively inert.
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Figure 5.22: Comparison of the voltammograms of the support and some samples.
Scan rate 20 mV/s.

The voltammogram of the SiC-Si support shows no peaks, having a pure
capacitive behaviour (Figure 5.23). This indicates that the support is elec-
trochemically inert, with no contribution to the faradaic processes, observed
in the supported catalyst electrodes.

The potential scan rate of 20 mV /s is commonly used in literature for char-
acterization of OER catalysts [51, 130]. The results for all samples at room
temperature are shown at the scan speed of 20 mV /s in Figure 5.24.

The general shape of the curves is similar, with a common pseudo-capacitive
behaviour as the hysteresis in the voltammogram indicates. The similar re-
sults has been previously published [55]. Figure 5.25 shows the evolution of
the current for different potential scan rates. The current is roughly propor-
tional to the speed, as would be expected from a capacitive behaviour. The
total capacitance for unsupported IrO, was calculated by dividing the cur-
rent at a fixed potential of 0.4 V vs. SCE over the speed (see equation 2.52)
for different speeds. The resulting Figure 5.26 shows a relatively constant
capacitance for the chosen speed interval. This means, that at the chosen
potential the behaviour of the electrode is purely capacitive.

Figure 5.27 shows cyclic voltammograms, recorded with the prepared sup-
ported and unsupported iridium oxide on tantalum electrodes. There is an
evident increase in associated voltammetric capacitance value corresponding



Preparation and Study of IrO,/SiC—Si Supported Anode Catalyst for
114 High Temperature PEM Steam Electrolyzers

200 4

150

100

50

I (WA/cm’mg)

-50 -

-100 A

-150 ——————7—7—
0,0 0,2 04 0,6 0,8 1,0 1,2
Potential (V vs. SCE)

Figure 5.23: CV experiment of the SiC-Si support in H;PO,. Room temperature,
20 mV/s.

to the supported catalyst compared to the pure oxide catalyst material.

Integration of the charge over the whole potential range shows that the
capacitance values obtained do change with the scan speed, although the
difference is relatively small compared to the total value (Figure 5.28).

The presence of the broad redox peaks at around 0.7 V vs. SCE is likely
to introduce the change of capacitance with speed. As was discussed in
Section 2.6.4, these peaks are attributed to the reversible oxidation and re-
duction of IrO, on the electrode surface [93]. This feature allows integration
of the charge under the anodic peak, separating the Faradaic process contri-
bution from the double layer capacitance, which provides a convenient way
of comparing the relative activity of different catalysts.

In order to determine the redox peaks contribution to the charge accumula-
tion, the anodic peak current and charge were calculated for different speeds,
using the same data as for Figures 5.26 and 5.28.

The charge was calculated from the area under the curves, shown in Fig-
ure 5.24, following these equations:
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Figure 5.24: CV experiments in H;PO, at room temperature. 20 mV/s. a) pure
IrO,. b) 90%. c¢) 80%. d) 70%. e) 60%. f) 50%. g) 40%. h) 30%.
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Figure 5.25: CV experiment of pure IrO, at different scan speeds. Room tem-

perature.
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In Figure 5.29 it can be seen that the peak current is proportional to the
scan speed. This result is in agreement with the capacitive behaviour, where
the current is proportional to the rate of potential change:

_@_dQ
C_V_dV

dQ =C-dV
I—@ C’-ﬂ—C’ s
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Figure 5.26: Calculated capacitance for different speeds. Pure IrO,, room tem-
perature.

However, if the electrode behaved as a pure capacitor, there would be no
peaks. The evaluation of the charge under the peaks at different speeds
(Figure 5.30) shows that the charge accumulated is quite constant, without
significant variation with speed. This behaviour is indicative of an active
surface layer on the electrode that is charged and discharged through fast
faradaic processes.

This behaviour has been described for electrochemical reactions where only
adsorbed species react significantly [22]. In this situation, the diffusion to
and from the electrode is dismissed, as the rate-limiting step is the adsorption
and desorption of reactants:

_aro(t) _ Il R(t) i
o ot  nFA (5.9)

Where I'o and I'p are the surface excesses of the oxidized and reduced
species on the electrode.

If the reaction is electrochemically reversible, then it can be described by
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Figure 5.27: CV experiments of several supported catalysts in 85% H;PO, at
room temperature. Scan rate 20 mV/s.

previously introduced equation 2.49:

22 vATG(bo/bp)exp | (nF/RT)(E - E) 5.0
"7 RT {1+ (bo/br)eap [(nF/RT)(E — E9)])? |

This equation yields a bell-shaped peak (Figure 5.31).

It is possible then to fit the peaks for all samples to this curve. According
to this model, the peak current can be calculated as:

i = SATY, (5.11)

The peak current is thus proportional to the scan speed v, as was shown in
Figure 5.29.

Since the total charge accumulated is proportional to the number of active
sites on the catalyst, it can be calculated from the integration of the area,
corresponding to the peak in the voltammogram. Thus, the peak charge of
all samples is plotted against the IrO, loading in Figure 5.32. The back-
ground current under the corresponding anodic peaks was subtracted prior
to integration.
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Figure 5.28: Capacitance calculated with charge integration. Same conditions as
in Figure 5.26.

The total capacitance was also calculated for all samples. As is seen in
Figure 5.33, it follows the same general trend as with the peak charge.

The activity of samples with higher IrO, loading tends to show greater
values. Thus, for loadings above 60% the activity increases sharply, with
a maximum for 90 wt.% IrO, loading. However, the activity of pure IrO,
is lower than that of 70-90 IrO, wt.% samples, even though it contains the
maximum amount of IrO,. In theory, the activity should be proportional to
the IrO, fraction. As found in the powder conductivity tests, the support
has a very low conductivity compared to the active phase, so this cannot be
the reason for the improvement in activity. Therefore, it can be assumed
that the improvement of catalyst activity with the addition of the support
must be related to particle formation during the synthesis of IrO,. Taking
into account the results of the XRD and BET experiments, a reason for the
improvement could be smaller IrO,, particle size for the supported catalysts.
The smaller the IrO, particles are, the greater the specific surface area is,
thus giving higher electrochemical activity.
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Figure 5.29: Peak current for the IrO, 90% sample at different scan rates.

High temperature In Figure 5.34, the evolution of CV curves with tem-
perature is shown for 90 wt.% IrO, electrode . The activity tends to decrease
at higher temperatures, accompanied by the less pronounced redox peak at
0.7 V and smaller corresponding area under the voltammogram curve.

However, the activity of samples at high temperature follows the same trend
as for experiments at room temperature (Figure 5.35). It is important, since
the studied catalyst is expected to perform at temperatures around 150 °C.

As Figure 5.36 shows, there is a general trend of decreasing capacitance with
temperature. However, the activity loss is more pronounced for samples with
low IrO, loading. This trend has been observed for all samples, with quite
sharp decreases in activity at high temperatures.

Considering the transition state theory of reaction kinetics applied to elec-
trode reactions, the catalyst activity should increase with temperature (Sec-
tion 2.2.2, equation 2.23). However, the evolution of activity with tempera-
ture is different for each sample in this series, with an apparent influence of
the composition.

There can be several reasons for this behaviour. The first could be associ-
ated with a quick loss of active phase from the electrode. Because of the
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Figure 5.30: Integrated anodic peak charge for the IrO, 90% sample at different
speeds. H;PO,, room temperature.

way the catalyst was deposited on the electrode (drop casting and drying
at room temperature), the powder is not strongly attached to the work-
ing electrode surface. This can make it easy to detach catalyst particles
from the electrode by mechanical processes, like electrolyte convection dur-
ing temperature increase between experiments. As evolution of activity with
temperature depends on the composition, it confirms this speculation and
can be explained by physical changing of the catalyst particles arrangement
on the working electrode when introducing the bigger grains of SiC-Si sup-
port.

Another factor in loss of capacitance could be attributed to the adsorp-
tion of phosphoric acid on the electrode surface. Some authors [241] have
suggested that there is a significant adsorption of acid on the surface of
noble metal electrodes. This adsorption would be an exothermic process,
which means that the adsorption of phosphoric acid should be weaker with
higher temperatures, thus lowering the double-layer capacitance of the elec-
trode. This, however, would increase the catalyst activity, and then the
redox peaks should be more prominent. This factor does not explain the
activity decrease.
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Figure 5.31: Characteristic i-E curve for the reaction of adsorbed species [22].

Therefore, it suggests an apparent problem of physical loss of catalyst pow-
der from the working electrode, rather than a loss of activity of the catalyst
itself. Apparently, the samples with higher support content have worse ad-
hesion to the electrode, thus losing catalyst particles over time. This process
could be accelerated by convection during heating between experiments at

different temperatures.



5.2 Results and discussion 123

0# T T T T T T T T T T
0% 20% 40% 60% 80% 100%
wt. % IrO2

Figure 5.32: Integrated peak charge of all samples. 85% H,;PO,, room tempera-
ture. Scan rate 20 mV/s.
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Figure 5.33: Total capacitance for all sample compositions. 85 % H;PO,, room
temperature.
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Figure 5.34: CV experiments for the 90% IrO, sample at different temperatures
in 85% H;PO,. Scan rate 20 mV/s.
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Figure 5.35: CV experiments for some samples at 150 °C in 85% H;PO,. Scan
rate 20 mV/s.
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Figure 5.36: Evolution of capacitance with temperature for some samples in 85%
H;PO,. Scan rate 20 mV/s.
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5.3 Conclusions

Catalysts composed of IrO, on a SiC-Si support were prepared using the
Adams fusion method. The bulk composition of the samples was successfully
controlled, as shown in the XRD results.

The different techniques, employed for characterization of synthesized sam-
ples provide interesting results which allow to assess the influence of the
addition of the support to the IrO, catalyst from different perspectives.

It was shown in Section 5.2.1.2 that there is a very good correlation of
the relative signals of IrO, and SiC-Si with the nominal composition of
the prepared powders. The average crystal size of IrO,, as calculated from
the analysis of the peak width, is noticeably smaller in the presence of the
support particles. On the other hand, the support material was not modified
during the preparation and no new phases formation were detected after the
synthesis of supported catalyst (Figure 5.12). This means that any sample
property directly related to its composition should follow the rule of mixtures
and having the general agreement with equation 5.12:

SBET _ xw . GBET | X, Egj (5.12)

sample

where X~ and XI“;O2 are the mass fractions of SiC and IrO,, respectively.

This was shown by the BET results, where the specific surface area of each
sample was approximately the result of weighting the contribution of specific
surface areas of the support and the active phase (Figure 5.15). The support
was found to have a rather small specific surface area, of around 6 m?/g,
while the active phase had 121 m?/g.

However, the supported catalysts showed higher specific area than expected,
especially for samples with 70-90 wt.% of IrO,. The BET area for these
samples is significantly higher than that of pure IrO, powder. The difference
is explained neither by instrumental error, nor by a difference in composition,
as has been shown. There must be other factor that is different for pure
and supported IrO,. This was attributed to different conditions during the
catalyst synthesis, affecting the particle size.

The analysis of the XRD spectra and the evolution of the calculated crys-
tal size with composition (Figure 5.14) confirms this speculation. While
the particles of the support show homogeneous crystal size, the parameter
changes for IrO, particles, increasing gradually with the oxide loading (Ta-
ble 5.4). There is a significant step between 90% and pure IrO,, with the
particle size being particularly big for the pure oxide. Therefore, presence
of the support apparently influences the crystal size.
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Table 5.7 resumes the difference in properties between the support and the
active phase.

Table 5.7: Comparison of properties of IrO, and SiC-Si compound.

Property IrO, SiC-Si

Conductivity (S/cm) 66 2-107°
BET area (m?/g) 120 5
Particle size (pm) 0.3 5
Capacitance (F/g) 49 1

It is evident that none of the mentioned above properties of the SiC-Si
composite are superior to those of IrO,. It is especially noticeable that,
even though the electric conductivity of the support is 6 orders of magnitude
lower than that of IrO,, the introduction of 10% of essentially insulating
particles actually improves the performance of the catalyst, and also its
surface texture.

The first phenomena that can affect the performance of the catalyst is the
modified conditions during its synthesis. The IrO, particles are formed from
a crystallized precursor. Known factors that can affect particle growth are
temperature, ionic strength, saturation of the solution, etc. The presence
of the support particles can affect the nucleation and/or growth of the pre-
cursor particles, for instance through the electrostatic interaction. Likewise,
a support can provide a nucleation surface for the oxide and influence the
particle growth, as the electronic microscopy images suggest, with the IrO,
particles dispersed on the SiC-Si ones.

Another reason for the different performance could be different packing of
catalyst particles during the electrode preparation procedure. The access
of the electrolyte to the catalyst surface is obviously very important for
its activity. In an electrode composed of aggregated particles, the spaces
between particles provide room for the access of the electrolyte and thus
adequate transport of reactants and current. The distribution of the catalyst
particles is thus one of the key factors for the electrode performance. It can
be affected by size and shape of the active phase particles, but also by the
presence of a support material. It is possible that the support particles
modify the access of the electrolyte, by changing the amount, length or
diameter of the pores between particles.

The powder conductivity tests gave interesting results. The SiC-Si compos-
ite support had conductivity of 5-6 orders of magnitude lower, than the IrO,
powder. This meant that the conductivity depended strongly on the IrO,
loading.
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However, this relationship was not linear, having a significant step in conduc-
tivity at middle loadings and following a model, where the contact between
IrO, particles plays a key role in the current conduction through the sample.
The step in conductivity around 60% in mass fraction of IrO, suggests the
upper limit for the addition of a low-conducting support to the catalyst. A
significant step in conductivity from the pure IrO, powder to the 90% sam-
ple was attributed to a difference in packing of the powder particles, with
the presence of the support, decreasing the number of contacts between IrO,
particles, which would be thus more loosely packed. However, a conduct-
ing support is usually chosen in order to guarantee good electric contact
between the catalyst particles and the current collector, as for instance the
carbon-supported Pt hydrogen electrode in PEMFCs. Therefore, in the case
of a support, having high electrical conductivity, this question may not be
of immediate interest.

At the same time, following a provided in Section 5.2.1.5 discussion on the
general requirements for the catalytic layer maximum acceptable resistance
value and its influence on the overall ohmic drop, all samples with a loading
of IrO, 20 wt.% and above inclusively have enough electronic conductivity
for the catalytic layer application without significant contribution to the
potential losses.

The CV experiments provided similar results. The behaviour of IrO, at room
temperature was found to be similar to previously published results, having a
pseudo-capacitive behaviour with broad redox peaks around 0.7 V vs. SCE.
These peaks were attributed to the oxidation/reduction of adsorbed species
on the electrode. The specific activity of 70-90 wt.% samples was found
to be higher than that of pure unsupported catalyst. This was attributed
to the improved surface properties of IrO, in the presence of the support,
rather than to better conductivity or surface area of the support itself, which
possesses rather poor properties, compared to IrO, (Table 5.7).

At high temperatures, all electrodes lost activity with respect to room tem-
perature. This was contrary to the expected results, since the electrode
kinetics should improve at elevated temperatures. The decreased activity
was attributed to the loss of the catalyst material from the working elec-
trode, perhaps due to electrolyte convection and poor interaction with the
finely polished tantalum electrode surface. However, the activity trends with
different composition were found to be the same as for room temperature.

The physicochemical characterization of the supported catalysts showed pos-
itive influence of the support in formation of IrO, particles. Some of the sup-
ported catalysts performed better than the pure catalyst, which suggests an
influence of the support particles on the active phase through two possible
mechanisms. The first is where presence of the support affects the formation
of the IrO, particles with smaller particle sizes and thus higher surface area.
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Second, when the IrO, particle packing can be affected by the SiC-Si parti-
cles, leaving more open spaces. This would explain both the lower electric
conductivity of the supported catalysts with respect to the pure oxide, and
higher activity and specific surface area of some of the samples.

Based on the above results, the SiC-Si compound can be recommended as
a potential candidate for a catalyst support for oxygen evolution electrodes
in phosphoric acid doped membrane steam electrolyzers.
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CHAPTER 6

Concluding Remarks,
Perspectives and Further
Research

The corrosion stability of the chosen stainless steels and nickel-based alloys
appeared to be insufficient for these materials to be used in HTPEMECs.
However, CVD-tantalum coating showed outstanding stability in the se-
lected media. Therefore, such coatings on the bipolar plates and gas diffu-
sion layers are recommended for long term tests of working HTPEMECs.

Concerning materials for the oxygen evolution electrode, today, the oxygen
evolution reaction catalysts are practically limited to only IrO,. Moreover,
RuO,, appears to be unstable under the conditions of HTPEMEC. Alterna-
tives must be found even if the working temperature of electrolyzers might
be required to be higher for any valid non-noble catalyst material. There-
fore, in this work a development towards oxygen evolution electrodes with
lower active electrocatalyst loading was intended.

Even though the developed electrodes showed a promising activity, the long
term stability investigations still need to be developed and performed.

In this work a commercial SiC-Si material was used, with a free Si part of
ca 20%. Such semi-conducting materials are known to be highly sensitive
even to minor doping, which can enhance conductivity of the material sig-
nificantly. It is therefore proposed in the future to make investigation on
synthesising SiC in the laboratory conditions with different portions of free
silicon.
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Even though the used catalyst support was poorly conductive itself, its ad-
dition to the active phase improved the specific activity of the catalyst. The
most interesting compositions appear to be those with high loading of IrO,.
As discussed in Chapter 3.8, adequate supports should have good corro-
sion and thermal resistance in phosphoric acid at high temperatures and
oxidizing conditions. The SiC-Si was found to be inert through the whole
temperature range studied, which is a promising result regarding the possi-
ble study of related materials, such as titanium carbide and silicon nitride.
This also suggests that a wide range of refractory materials might be found
for oxygen evolution reaction electrodes in future investigation.

The decrease of performance of the prepared electrodes (Chapter 5) at high
temperatures was attributed to the loss of the catalyst material from the
surface of the electrode, rather than the loss of performance of the catalyst
itself. Therefore, it is desirable to develop a conventional electrochemical
characterisation technique for fast screening of powder OER catalysts at
elevated temperatures.

Taking into account the results, the next step would be testing of the devel-
oped supported catalysts as anodes in assembled MEAs, and testing them in
cell stacks. MEA testing presents a reliable option for assessing the activity
of the catalyst under real working conditions.
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ABSTRACT

Different types of commercially available stainless steels, Ni-based alloys as well as titanium
and tantalum were evaluated as possible metallic bipolar plates and construction materials.
The corrosion resistance was measured under simulated conditions corresponding to the
conditions in high temperature proton exchange membrane (PEM) steam electrolysers.
Steady-state voltammetry was used in combination with scanning electron microscopy and
energy-dispersive X-ray spectroscopy to evaluate the stability of the mentioned materials. It
was found that stainless steels were the least resistant to corrosion under strong anodic
polarisation. Among alloys, Ni-based showed the highest corrosion resistance in the simu-
lated PEM electrolyser medium. In particular, Inconel® 625 was the most promising among
the tested corrosion-resistant alloys for the anodic compartment in high temperature steam
electrolysis. Tantalum showed outstanding resistance to corrosion in selected media. On the
contrary, passivation of titanium was weak, and the highest rate of corrosion among all
tested materials was observed for titanium at 120 °C.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

PEM water electrolysis technology is frequently presented
in the literature as a potentially very effective alternative to

Most of long term visions about the use of hydrogen as an
energy carrier include electrolysis. Unfortunately, the effi-
ciency of water splitting by electrolysis is rather low for
conventional electrolysers and there is hence a large potential
for improvement.

Decentralized production of hydrogen by means of water
electrolysis is favourable in several ways. When renewable
energy sources (hydropower, windmills, solar cells, etc.) are
considered, electrolysis is a practical way of converting the
surplus electrical energy into chemical energy to be used when
the power is needed [1]. One way of doing this is by using high
temperature water steam electrolysis (above 100 °C).

* Corresponding author.
E-mail address: alnik@kemi.dtu.dk (A.V. Nikiforov).

more conventional alkaline water electrolysis [2—4].

PEM water electrolysis systems offer several advantages
over traditional technologies, including higher energy effi-
ciency, higher production rates, and more compact design [5].
This method of hydrogen production is envisioned in a future
society where hydrogen as the energy carrier is incorporated
in an idealized “energy cycle”. In this cycle, electricity from
renewable energy sources is used to electrochemically split
water into hydrogen and oxygen [6].

This technology is environmentally friendly and usually
has a considerably smaller mass—volume characteristic and
power cost. Besides the high purity of produced gases, there is

0360-3199/$ — see front matter © 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2010.09.023
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Table 1 — Alloy chemical composition.

Chemical composition of alloys (elements, weight%)

Alloy type Ni Co Cr Mo \"Y Fe Si Mn C Al Ti Other Nb+Ta
AISI 347 9.0-13.0 = 17-19 = = Bal. 1.0 2.0 0.08 = = = 0.8
AISI 321 9.0—12.0 - 17-19 - - Bal. 1.0 2.0 0.08 - 0.4-0.7 - -
AISI 316L 10.0-13.0 = 16.5-18.5 2.0-2.5 = Bal. 1.0 2.0 0.03 = = N =

Less 0.11
Hastelloy® C-276 57 2.5 15.5 16.0 3.75 5.5 0.08 1.0 0.02 = = A% =

= 0.35

Inconel® 625 62 1.0 21.5 9.0 = 5.0 0.5 0.5 0.1 0.4 0.4 = 3.5
Incoloy® 825 44 = 21.5 3.0 = 27 0.3 1.0 0.05 0.1 1.0 Cu =

2.0

an opportunity of obtaining compressed gases directly in the
installation [7].

At temperatures above the boiling point of water, the
energy efficiency of water splitting can be significantly
improved because of decreased thermodynamic energy
requirements, enhanced electrode kinetics and possible inte-
gration of the heat recovery. Other operating features, such as
control of steam flow rate, cell temperature and cooling are
easier for steam-based systems [8]. However, this increases the
demands to all materials used with respect to corrosion
stability and thermal stability [3,9].

At the anodic compartment of an electrolyser, strong
corrosive conditions will generally exist due to high anodic
polarisation in combination with the presence of oxygen. This
will be even more severe when the temperature is elevated. It
is therefore an important task to choose materials which
besides their catalytic properties also possess sufficient
corrosion resistance. This demands further development of all
materials from which electrolyser cells are built.

Bipolar plates are a multifunctional and expensive part in
high temperature steam electrolysis stacks, as they collect
and conduct current from cell to cell, they separate gases, and
the flow channels in these plates withdraw produced gases.

In a typical PEM electrolysis stack, bipolar plates comprises
most of the mass, and almost all the volume. Usually they also
facilitate heat management in the system.

The most crucial demands for bipolar plate materials are
resistance to spalling and dimensional stability and resistance
to corrosion in electrolyte media under anodic/cathodic
polarisation. Numerous research projects have been devoted
to bipolar plate materials in fuel cells [10—17]. However, the
number of suitable materials for PEM electrolyser is still
limited because of high requirements for corrosion resistance
on oxygen electrode, where high overpotentials are combined
with low pH media of electrolyte.

The most widely used bipolar plate material in Nafion®
based systems is titanium, which is ideal in terms of corrosion
resistance and conductivity [18—20]. The conductivity of
Nafion® membranes decreases dramatically at temperatures
above 100 °C. Thus, PBI membranes doped with phosphoric
acid are typically used in fuel cells at elevated temperatures
[21]. However titanium current collectors would considerably
suffer from corrosion at temperatures above 80°C in
concentrated phosphoric acid environments [22].

Different types of stainless steels can be used as bipolar
plates, and they have the advantages of being good heat and

electricity conductors, can be machined easily (e.g. by
stamping), are non-porous, and consequently very thin pieces
are able to keep the reactant gases apart. The major disad-
vantage of these alloys is that they are prone to corrosion [13].

A possible alternative for stainless steel bipolar plates can be
the use of nickel-based alloys [23]. Ni-based alloys are widely
used in process industry and energy production in nuclear
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Fig. 1 — The electrochemical cell.
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Fig. 2 — Potential window for Pt and Au in 85% H3;PO,4, 120 °C, 1 mV/s (vs. SHE).

power plants. When compared to conventional stainless steels
generally a higher degree of resistance against corrosion is
observed for these materials. This can be explained partly by the
more noble corrosion potential of Ni and by the different prop-
erties of the oxide films formed on Ni-based alloys [23]. Also, it
has been proposed recently that nickel and stainless steel alloys
can be used as the construction material in PEM water elec-
tolysers, but at temperatures no higher than 100 °C [22].

In order to simulate conditions at the anodic compartment
of PEM water electrolysis cell during half-cell experiments, it
was necessary to choose the proper electrolyte. Investigating
systems including membranes based on perfluorinated sul-
phonic acid, e.g. Nafion®, 0.5 M sulphuric acid is commonly
used as an electrolyte, simulating the electrolyser cell condi-
tions [24, 25]. Similary, H3PO, can be used to model systems
based on membranes doped with H3PO,. 85% solution of
H5PO, was chosen to investigate the limiting case of corrosion,
considering that in working electrolyser systems the actual
concentration of active acid at the electrode-electrolyte-water

2,04

three-phase boundary would by much less than in case of the
approach taken here.

In a highly oxidizing media such as the anodic compart-
ment of a high temperature steam electrolysis stack, it is
essential to characterize the effect of different parameters on
the behaviour of the protective oxide films. To date, no works
have been addressed to the study of Ni-based alloys for use as
bipolar plates in high temperature PEM steam electrolysers.

In this paper, the corrosion resistance of metal alloys,
namely of austenitic stainless steels AISI 316L, AISI 321, AISI
347 and Ni-based alloys Hastelloy® C-276, Inconel® 625,
Incoloy® 825, titanium and tantalum were tested in terms of
corrosion resistance. Platinum and gold were also investi-
gated for studying the potential window of concentrated
H;PO,. All samples were subjected to anodic polarisation in
85% phosphoric acid electrolyte solution at 120°C. The
corrosion speed of metal alloys was investigated additionally
for 30 °C and 80 °C to show the influence of temperature on
corrosion resistance.
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Fig. 3 — Tafel plot for AISI 316L in 85% H3PO,, 80 °C, 1 mV/s (vs. SHE).
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Fig. 4 — Tafel plot for AISI 316L in 85% H3;PO,, 120 °C, 1 mV/s (vs. SHE).

In this work the electrochemical cyclic Tafel voltammetry
technique is employed [26—28].

2. Experimental part

2.1. Materials and sample preparation

Specimens of austenitic stainless steels AISI 316L, AISI 321, AISI
347 (annealed type of temper) and Ti foil were provided by Good
Fellow Cambridge Limited (England), Hastelloy® C-276, Inconel®
and Incoloy® 825 were provided by T.GRAAE SpecialMetaller
Aps (Denmark). Finally, CVD tantalum coated stainless steel
AISI 316L was provided by Tantaline A/S (Denmark). Typical
chemical compositions of stainless steels and nickel-based
alloys investigated in this work are given in Table 1.

All specimens were cut into round plates of 15mm in
diameter. Afterwards the surfaces of all samples, apart from
CVD tantalum coated SS316L, were manually ground prior to
testing to eliminate any mill finish effects. SiC abrasive paper
was used, followed by polishing with polycrystalline diamond

1,0 4

powder (Struers A/S (Denmark)) with a particle size less than
0.25 um. Finally, surfaces were degreased with acetone.

2.2. Characterisation

A high temperature electrochemical cell (Fig. 1) was specially
designed for corrosion studies at elevated temperatures. A coil
of platinum wire was used as a counter electrode to ensure
a good polarisation distribution. A calomel electrode was used
as a reference electrode, connected to the system through
a Luggin capillary. The exposed specimen area was ca 0.2 cm>.
85% phosphoric acid (analytical purity) was used as an electro-
lyte. Tests were performed at 30, 80 and 120 °C at air atmo-
sphere. The experimental apparatus used for electrochemical
studies was potentiostat model VersaSTAT 3 and VersaStudio
software by Princeton Applied Research. After open-circuit
potential was established, scanning was initiated with a scan
rate of 1mV/s. The potential window was 1.5V, starting at
a potential of 400 mV less than the reference electrode potential
and going up to 1.1V more than the reference electrode
potential. Reversed polarisation was performed afterwards.
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Fig. 5 — Tafel plot for AISI 321 in 85% H3;PO,, 80 °C, 1 mV/s (vs. SHE).
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Table 2 — The comparison of corrosion currents (approximate corrosion rates) of different materials at T = 30, 80 and 120 °C.

Sample icorr, MA (CR, mm/year)

30°C 80° 120°
Stainless steel AISI 316L 3.16x1073(0,037) 6.3x1072(0.73) 1.3x1071(1.46)
Stainless steel AISI 321 1.26 x 10~4(< 0.01) 1.0x1072(0.12) 4.0%x1072(0.46)
Stainless steel AISI 347 3.02x1074(< 0.01) 2.5%1072(0.29) 7.9%1072(0.92)
Inconel® 625 1.58 x 10~4(< 0.01) 5.3 x 1074(< 0.01) 2.0x1072(0.23)
Incoloy® 825 1.58 x 10~4(< 0.01) 2.0x1072(0.23) 3.2x1072(0.37)
Hastelloy® C-276 1.95 x 10~4(< 0.01) 4.0x1073(0.05) 2.4x102(0.28)
Tantalum 6.3x107°(< 0,001)
Titanium 6.3(73,3)

Table 3 — Measured corrosion potentials for forward and
back polarisation

Material Ecorr, MV (vs. SHE)
80°C 120°C
Forward Reverse Forward Reverse

Stainless steel AISI 316L 100 530 80 430
Stainless steel AISI 321 175 820 40 640
Stainless steel AISI 347 320 770 320 500
Inconel® 625 125 635 90 490
Incoloy® 825 105 540 60 595
Hastelloy® C-276 440 620 120 580
Tantalum 490 875
Titanium —465 —357

Cross-sections of the samples before and after voltametric
measurements were studied using scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDX).
The cut was made for all the samples before and after immer-
sion in 85% Hs;PO, at 120 °C for the time of electrochemical
experiment. Duplicate plates were prepared for the cross-
section investigation before the exposition. All samples were
mounted in PolyFast phenolic hot mounting resin with carbon
filler, provided by Struers A/S (Denmark). SEM measurements
were made with an JEOL JSM 5910 scanning electron micro-
scope. The EDX-system used was INCA from Oxford Instrument
(accelerating voltage 20.00 kV, working distance 10 mm).

3. Results and discussion

Fig. 2 represents the polarisation curves for platinum and gold
foil, which show the electrochemical stability window for
these materials in concentrated phosphoric acid at 120 C. It
can be seen that platinum is a better catalyst for 0%~ oxidation
then gold (Fig. 2).

Figs. 3—8 present Tafel plots for the materials tested,
obtained at 80 C and 120 C. Anodic exchange current density

values were obtained from cyclic Tafel plots [28]. Corre-
sponding corrosion currents and approximate corrosion rates
are presented in Table 2. Approximate corrosion rates were
calculated in terms of penetration rate (CR), using Faraday’s
Law [29].

For all studied materials there is a dramatic influence of
temperature on corrosion rate, which grows with increasing
temperature.

It can be seen from cyclic Tafel behaviour, that for all of the
studied alloys corrosion is of a local type, i.e. pitting or inter-
granular Figs. 3—8.

The analysis of the shape of cyclic Tafel voltammograms
can give useful information about possible corrosion mecha-
nisms [26]. Particularly, data related to pitting behaviour can
be obtained using a method, proposed by Pourbaix [30]. In this
case, the anodic polarisation scan is not terminated at high
anodic potential, but is reduced at the same scan rate until
reverse E.orr is reached. Usually, this kind of graph is called
“The pitting scan”. Using this technique, it can be assumed
that if any pits arise during forward anodic polarisation, any
further initiation or propagation then ceases and the surface
is covered with an oxide film.

For all materials investigated, besides titanium, the
repassivation occurs easily. After changing the direction of
polarisation in the highly anodic region, the reverse scan
shows more positive corrosion potentials, and lower currents
are recorded for the same values of potential. After the reverse
voltametric curve crosses the forward one (closing the
hysteresis loop), current continues to drop. In most cases, the
loop is very small or does not exist, which usually indicates
high resistance to pitting type of corrosion. In other words, if
any break in the passive layer occurs, it easily “heals” itself,
preventing any further development of pits. Thus, it is
expected that the pitting resistance is excellent for all tested
alloys, because surface protection eliminates local active sites.
For titanium the hysteresis loop is very wide, and lasts for
almost the whole anodic part of the polarisation curve.
Reverse scanning repeats forward with higher values of
currents, indicating the absence of “healing” passivation.

Table 4 — The content of Ni and Ti, in wt.% for the tested alloys

Sample AISI 347 AISI 316L AISI 321 Inconel® 625 Incoloy® 825 Hastelloy® C-276
Ni content, wt.% 9-13 10-13 9-12 62 44 57
Ti content, wt.% — — 0.4—0.7 0.4 1.0 -
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Fig. 9 — SEM of AISI 321 before (a) and after (b) the electrochemical tests. Numbers refer to EDX points and areas measured.

In Table 3 the comparison of corrosion potentials for
forward and back scans is given. In most cases, there is an
obvious dependence between corrosion rate and Eco. For
example, more positive value of E.., for AISI 321 stainless
steel during reverse scan corresponds to the lowest corrosion
speed of AISI 321 among other tested stainless steels.

Alloy AISI 321 exhibited the largest difference between
forward (starting) and reverse corrosion potentials, as well as
the most positive repassivation potential among the tested
alloys at 120 C. This corresponds to the lowest corrosion rate
of AISI 321 among the stainless steels.

Titanium showed the poorest corrosion resistance. At
120°C and open corrosion potential, the dissolution of tita-
nium was observed visually, followed by intensive evolution
of hydrogen gas. Under positive polarisation, it was partly
passivated, but still the rates of dissolution were much higher
than for austenitic stainless steels.

The corrosion resistance at 120°C increases in the
following sequence in our series:

Table 5 — EDX analysis data of AISI 321 before (a) and after
(b) the electrochemical tests.

@)

Composition, wt.%, before the electrochemical tests

Spectrum Si Ti Cr Mn Fe Co Ni Total

1 0.6 03 177 18 698 02 097 100
2 0.5 05 180 14 695 08 94 100
8 04 273 145 14 495 05 64 100
4 03 312 148 14 466 6.1 100
(®)

Composition, wt.%, after the electrochemical tests

Spectrum Si Ti Cr Mn Fe Co Ni Total

0.3 05 177 16 704 1.0 85 100
01 292 153 15 485 03 52 100
0.5 01 182 12 698 10 92 100
1.2 90 175 09 624 06 84 100

B W N -

Titanium < AISI  316L < AISI 347 < AISI 321 < Incoloy®
825 < Hastelloy® ¢-276 < Inconel® 625 < Tantalumlt can be
clearly noticed, that for alloys the corrosion stability grows
with the increasing content of nickel in this media, as shown
in Table 4.

Generally, nickel-based alloys show better corrosion
stability than austenitic stainless steels in highly acidic media
and elevated temperatures [31]. This tendency is also
observed in our series.

Nickel’'s high degree of corrosion resistance is partly
explained by the higher positive standard potential among the
studied alloy compounds. Comparing with less resistant iron,
nickel has 250 mV more positive standard corrosion potential.
But compared to pure nickel metal, nickel-chromium—iron
—molybdenum alloys show considerably better resistance to
corrosion in all inorganic acid solutions [23].

It can also be seen from Table 4, that titanium has a positive
effect on the corrosion resistance of the alloys tested. This
effect can be explained by the EDX data, obtained from AISI 321
and Inconel ®625 before and after the electrochemical tests.

It is visible from Fig. 9 (spectrum 3,4) and (spectrum 2,4)
and Table 5a, b that before the corrosion test, Ti is not spread
evenly on the surface of AISI 321, it is localized at definite
points. It is safe to assume that these points are located on
intergranular boundaries. It follows from the data that the
content of titanium in the intergranular region dropped after
the electrochemical experiment, indicating that corrosion in
AISI 321 develops along the intergranular boundaries in this
media. Titanium tends to be distributed along these bound-
aries during the severe anodic attack, thus preventing the
formation of chromium carbides in these areas, which could
promote chromium concentration drop resulting in a loss of
passivity in these regions.

The same behaviour is observed for another alloy, con-
taining titanium as an addition, protecting the material from
intergranular corrosion. Fig. 10 (spectrum 3,4), (spectrum
1,3,5) and Table 6a, b show SEM and EDX data for Inconel
®625. The same tendency is even more significant for this
alloy.

The discussion above proves the extremely important role
of doping the investigated alloys with titanium in this media,



118 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (20I1) III—I1I9Q

¥ BOum 1 Electron image 1

Eonm ' Elecironimage 1

Fig. 10 — SEM of Inconel® 625 before (a) and after (b) the electrochemical tests. Numbers refer to EDX points and areas

measured.

thus protecting them from the most apparent intergranular
type of corrosion.

Molybdenum is more soluble in nickel than in austenitic
stainless steels, and higher levels of alloying are possible with
a higher content of nickel. Therefore, the molybdenum
content limit grows with nickel content and high contents of
molybdenum are only possible in high nickel alloys [32].

Generally, the addition of molybdenum to stainless steels
and alloys is used for enhanced corrosion resistance. For
instance, the addition of even one or two percent of molyb-
denum to ferritic stainless steels significantly increases the
corrosion resistance of these material.

Pure nickel-molybdenum alloys, namely alloy B-2, contain
approximately 28% molybdenum and about 1.7% iron. The
very high molybdenum content gives excellent resistance to
reducing acids, i.e. hydrochloric and sulphuric [33]. For sul-
phuric acid, this alloy shows good resistance, even at
concentrations close to 90% and temperatures up to 120°.
Non-oxidant conditions, however, must certainly exist in this

Table 6 — EDX analysis data of Inconel® 625 before (a) and
after (b) the electrochemical tests.

@

Composition, wt.%, before the electrochemical tests

Spectrum Al Si Ti Cr Mn Fe Co Ni Nb Mo Total

03 0.3 21.7 0.9 63.1 4.0 10.1 100
03 04 03 221 09 02 634 34 94 100

0.1 636 58 0.1 7.0 231 0.6 100
06 03 549 106 0.1 03 0.1 189 122 2.0 100

TR WN R

Composition, wt.%, after the electrochemical tests

Spectrum Al Si Ti Cr Mn Fe Co Ni Nb Mo Total

0.5 0.8 20.5 13.7 0.3 04 349 214 79 100
22 0.1 158 0.5 0.5 40.1 14.0 27.0 100
0.2 0.1 486 123 0.0 0.8 244 100 3.9 100
03 21 01 137 0.7 0.1 0.1 294 26.1 27.5 100
0.1 434 111 04 03 212 198 4.0 100

v W N

case. Either the presence of oxygen or aeration will signifi-
cantly accelerate corrosion rate [31]. However, the role of
molybdenum is not clearly noticed in our series.

4, Conclusions

It has been established that tantalum coated AISI 316L
stainless steel and Inconel® 625 are the most suitable mate-
rials for bipolar plate in high temperature steam electrolysers
with HsPO, doped membranes. It has also been found that
small addition of titanium to the alloys increases the corro-
sion stability in this media. Among austenitic stainless
steels, AISI 321 has the lowest corrosion rate. Anodic
passivation with decreased rate of dissolution was observed
for all alloys and metals studied. The best corrosion resis-
tance was found for tantalum, while titanium showed the
poorest resistance to corrosion, thus excluding it as
a possible material for use in bipolar plates in high temper-

ature PEM steam electrolysers using H;PO, doped
membranes.
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ABSTRACT

A novel catalyst material for oxygen evolution electrodes was prepared and characterised
by different techniques. IrO, supported on a SiC—Si composite was synthesised by the
Adams fusion method. XRD and nitrogen adsorption experiments showed an influence of
the support on the surface properties of the IrO, particles, affecting the IrO, particle size.
The prepared catalysts were electrochemically characterised by cyclic voltammetry
experiments at 25,80,120 and 150 °C. In accordance with the observed variation in particle
size, a support loading of up to 20% improved the activity of the catalyst. Powder
conductivity measurements were also performed, which showed the influence of the
support particles in the packing of IrO, particles, perhaps favouring the formation of
channels and pores between particles, thus increasing the catalyst utilisation.

Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

Corrosion resistance
Inert anode

reserved.

1. Introduction

Some of the future aspirations of the “hydrogen energy cycle”
involve the splitting of water by means of electrolysis and
using the evolved hydrogen as a fuel. One way to do this would
be by using a proton exchange membrane (PEM) electrolyser
[1]. The electrolysis of steam instead of liquid water is
favourable in several ways. The thermodynamic demands are
lower at higher temperatures, waste heat can be utilised
(effective cooling due to temperature gradient) and water
management is simplified in such systems (avoiding two-
phase operation).

Elevated working temperatures involve increased demands
for corrosionresistance of catalysts and construction materials
(bipolar plates and current collectors), while the contact
resistance in gas diffusion layer (GDL) should remain
reasonable.

* Corresponding author.
E-mail address: alnik@kemi.dtu.dk (A.V. Nikiforov).

For conventional PEM water electrolysers, Nafion® is
commonly used as an electrolyte [2—4]. The conductivity of
such membranes decreases significantly at temperatures
above 80 °C, which is associated with the reduction of water
content [5]. Sufficient efficiency is achieved using poly-
benzimidazole (PBI) membranes doped with phosphoric acid
in PEM fuel cells at temperatures up to 200 °C under ambient
pressure [5,6]. Doped membranes are a potential electrolyte for
use in PEM steam electrolyser systems. Nevertheless, one of
the main problems in such systems still remains the extremely
low pH combined with elevated temperatures and high over-
potentials at the anodic compartment. These conditions
impose serious limitations on the materials which can be used.

The applicable electrocatalysts for the oxygen evolution
reaction (OER) are still limited to Ir, Ru and their oxides [7]. The
anodes used in research and in industry are mostly based on
mixtures of an electrocatalyst and a stabilising agent, e.g.

0360-3199/$ — see front matter Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2011.02.050
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TiO,. Such kinds of electrodes are known as dimensionally
stable anodes (DSA) and were first developed by Beer [8—10].

For Nafion® based systems, porous Ti usually serves as an
anode bipolar plate and GDL material [4,11]. Unfortunately,
previous studies have shown that titanium can not be used in
systems that involve phosphoric acid containing electrolytes
[12,13].

Ruthenium oxide is known as the most active catalyst for
the OER. Nevertheless, according to thermodynamical
calculations, the oxidation of RuO, to RuO,4 occurs at poten-
tials more positive than 1.387 V (vs. SHE) [14]. The instability
of Ru-based anodes at high overpotentials in acidic condi-
tions has been proved by several studies. The mechanism of
corrosion is explained by the conversion of RuO, to soluble,
non-conductive and volatile RuO,, with a boiling point of
130 °C [15—17]. The facts mentioned above present Ru and
its oxides as unsuitable catalysts for the OER in high
temperature PEM steam electrolysers.

Several studies undertaken [18,19] devoted to improving
the stability of RuO, during anodic oxygen evolution by mixing
the catalyst with IrO,. This causes a decrease in the corrosion
rate of RuO, dependant on the IrO, content in the mixture.
IrO, appears to have greater stability and a reasonable activity
compared with Ru-based electrocatalysts for such systems [7].
Apparently, IrO, is the most stable OER electrocatalyst for PEM
water electrolysers studied until now.

Unfortunately, high loadings of noble metals or their
oxides puts considerable commercial limitations on a wider
application of PEM electrolysers and a significant reduction of
such metal loadings should be achieved [20]. In search for an
electrode with lower loading requirement for the electro-
catalyst, two main strategies can be followed:

The first includes doping of active oxides with other, more
available materials, such as SnO,, SbO,, TaO,, Mo,Oy etc
[1,21-23]. This approach involves introduction of a dopant
precursor on the initial stage of catalyst synthesis. Following
this method, composite binary or ternary catalytic oxides are
usually obtained.

The second approach includes the use of a support mate-
rial which would improve the specific surface area of the
electrocatalyst and prevent particle agglomeration, thus
increasing the specific surface area of the electrode.

Ideally, raw materials for the preparation of inert anode or/
and its support should be cheap and readily available.

Carbon is a widely used catalyst support material for PBI
fuel cells. On the other hand, one of the main reasons for fuel
cell catalyst degradation is the corrosion of the carbon
support, which occurs at potentials higher than 0.207 V (vs.
SHE) [5,24]. In electrolysis mode the corrosion speed of carbon
would be much higher than in fuel cell mode due to the higher
anodic overpotentials of the OER. For this reason, carbon
cannot be considered as a potential durable support for anode
electrocatalyst in PEM electrolysers. The corrosion stability
and durability of the OER electrocatalyst support appears to be
one of the greatest challenges in the field.

In conclusion, only a dimensionally and chemically stable,
as well as readily available and reasonably conductive mate-
rial should be used for this application. Among others,
ceramic materials are potentially promising candidates [25].
However, most ceramics have relatively low electrical c

onductivity while it is considered to be of high importance for
the overall performance of electrodes. The value of the
acceptable electrical conductivity of catalytic layers is dis-
cussed elsewhere [26].

Nevertheless, some of the materials with low electrical
conductivity can be used as an anode for acidic systems [27].
In one study in particular, p—Si was employed as a substrate
for thermal deposition of the active IrO, and results showed
that this material can be used for the preparation of DSA-type
electrodes.

Silicon carbide, produced by the Acheson process is known
as a hard, refractory and chemically inert material [28]. Elec-
trical conductivity of this material is quite poor, however
doping with appropriate elements can significantly increase
this property [29]. Considering a possible electrochemical
application of silicon carbide, the main advantage among
others is its high stability in phosphoric acid solutions [30].

Several studies have been published, reporting the
successful use of silicon carbide as a catalyst support for PEM
fuel cells [31,32]. However, at present there are almost no
publications covering catalyst support investigations for elec-
trolysers [33]. Indeed, this area of research is more challenging
and the material choice is highly limited, which is directly
connected with the increased cell voltages applied in the
electrolyser mode.

In this study a refractory silicon carbide-silicon material
(free Si less than 22%) was used as a support for the active OER
catalyst IrO,. The aim being to find a stable support and
introduce it to the active catalyst.

2. Experimental part
2.1. SiC—Si/IrO, powder catalyst preparation

The sintered SiC—Si material was provided by the “State
Powder Metallurgy Plant”, Brovary, Ukraine. Catalyst support
powder was prepared according to the following procedure:
the as-received plate was cut with a diamond saw into
squared samples with 1 cm side. The thickness of the plates
was 2 mm. The prepared plates were cleaned in an ultrasonic
bath, degreased with acetone, washed with demineralised
water and finally dried at 80 °C. The silicon carbide-silicon
plates were milled in a planetary ball mill (Fritsch, Pulverisette
7). Since SiC is a material with high hardness, a mill made of
conventional steels could not be used for this procedure. This
is due to the relative softness of the steel, and associated risk
of contamination of the sample by self abrasion of the steel
balls and a possible tribochemical reaction. Therefore, two
45 ml steel vials, covered with tungsten carbide wear resistant
lining were used. Milling was performed in the vial, which
contained 6 WC balls, each 15 mm in diameter. The working
vial contained 2 g of the starting material. The mill was
operated at 730 r.p.m. for 10 min.

The product of the milling was introduced at the initial
stage of the Adams fusion method of IrO, synthesis [34]. The
iridium oxide content in the prepared catalyst was varied
from 0 to 100 wt.% in steps of 10 wt.%. As the support was
added to the initial solution of the catalyst precursor, it was
expected that the catalyst would adhere to the surface of the
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support. Chemical inertness during synthesis was confirmed
by XRD analysis. The calcinated products appeared to be fine
powders, changing colour from black to more greyish with
increasing content of silicon carbide in the composition.

2.2. The electrochemical characterisation

2.2.1. Corrosion stability tests

For investigation of the corrosion stability of material, plates
prepared as described in section 2.1 were used. The corrosion
stability test of the the material was performed in a specially
designed cell, used in our previous work [12].

2.2.2. Preparation of Nafion bonded electrodes for CV
investigation

In order to estimate the electrochemical performance of the
prepared electrocatalyst powder, the following procedure was
performed.

A tantalum cylinder, accurately embedded in a Teflon®
PTFEbody was used as a workingelectrode. The diameter of the
cylinder was 7.5 mm which corresponded to an active surface
area of 0.44 cm”. Tantalum was chosen because of its superior
corrosion resistance in hot phosphoric acid solutions, while
having necessary conductivity and mechanical strength to
support the electrocatalyst [12,35]. Silicon carbide abrasive
paper was used for polishing, followed by polycrystalline dia-
mond powder (Struers A/S (Denmark)) with a particle size less
than 0.25 m. Finally, the surface was degreased with acetone
and rinsed with demineralised water. The catalyst suspen-
sions were prepared by adding of a 1 mg portion of prepared
powder to 1 mL of demineralised water. The suspension was
dispersed in an ultrasonic bath for 1 h. Immediately after
a 30 uL portion of the suspension was applied on the surface of
the working electrode, following by the drying of the catalyst
layer under nitrogen protective atmosphere. A second
suspension, consisting of a 1% solution in water of commercial
5 wt.% Nafion® (by DuPont) was applied on top of the catalyst
layer and dried in the same manner. Therefore, each electrode
contained 30 ug of sample powder. All 11 test electrodes were
prepared in the same manner, using equal amount of applied
test powder, while ranging in its composition of active IrO,
from 0 to 100% with a step of 10%.

The performance investigations of the supported electro-
catalyst were conducted in a specially designed three-elec-
trode cell, which permitted use of the cell at temperatures up
to at least 200 °C. The heating of the cell was provided by an
external heating plate (Fig. 1).

A commercial platinum counter electrode and a KCl-satu-
rated calomel reference electrode (SCE), connected to the
system through a Luggin capillary were provided by Radiom-
eter Analytical SAS.

The CV experiments were performed in the potential
window between 0 and 1.2 V against the SCE. This allowed the
observation of the reversible redox behaviour of IrO, while
avoiding the formation of significant amounts of oxygen
which could detach the catalyst layer from the working elec-
trode. This permitted the use of the same sample for experi-
ments at elevated temperatures. As it is necessary to evaluate
the catalyst performance at the conditions close to those in
a PEM cell, in our work the 85% phosphoric acid (analytical

purity) was used as electrolyte. The range of temperatures was
from room temperature (ca. 23 °C) to 80 °C, 120 °C and 150 °C,
with the experiments performed from lower to higher
temperatures. The temperature tolerance allowed during the
cyclic voltammetry experiments was +3 °C. Temperature was
controlled by a k-type thermocouple, covered with Teflon®
PTFE and inserted into the working cell (Omega Co.). For each
temperature, a series of scans at different speeds were carried
outin the following sequence: 200, 100, 50, 20, 10 mV/s. The CV
scan started at 0.0 V, going to the vertex potential of +1.2 V
and reversing back to the initial value of 0.0 V (all potentials vs.
SCE). An open circuit of 10 s was maintained between each
experiment. The experimental apparatus used for electro-
chemical studies was a VersaSTAT 3 potentiostat and Ver-
saStudio software by Princeton Applied Research.

2.3.  Physico-chemical Characterisation

The prepared powder samples were studied using scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX). The catalyst powder was dispersed in ethanol
and the suspension was kept for 1 h in an ultrasonic bath.
20 pL portions of this solution, containing 20 pg of the catalyst
were afterwards applied to both a sticky carbon disk and
a polished gold holders, which were correspondingly used for
SEM and EDX investigations. SEM measurements were made
with an FEI Quanta 200F scanning electron microscope. The
EDX-system used was INCA from Oxford Instruments (accel-
erating voltage 5 kV, working distance 5.1 mm).

The as-milled SiC—Si powder as well as other samples were
characterised with X-ray powder diffraction (XRD) usinga Huber
D670 diffractometer (Cu-K « x-ray source, a = 1.5405981 A).

The BET method was used to evaluate the specific surface
area of the catalysts. Automated Gemini 2375 surface area
analyser by Micromeritics was used in our work.

3. Results and discussion
3.1.  Structural and electrical properties
3.1.1. X-Ray diffraction

The X-Ray diffractogram for the IrO, prepared without the
support is shown in Fig. 2. The supported catalysts showed the
characteristic signals of IrO,, SiC and Si (Fig. 3). However,
small peaks of WC were detected in the diffractogram of the
support powder (Fig. 4). This contamination originates from
the ball milling procedure. The produced catalyst consisted of
a physical mixture of IrO, and support material with no any
other substances produced during the synthesis process, e.g.
firing at 500 °C. As other components were not detected in
the samples (Fig. 3), the composite samples can be considered
as physical mixtures of IrO, and support. The peak at around
55° and the width of IrO, peaks for different samples were
chosen in order to calculate the average crystal size, on the
basis of the Scherrer equation [36]:

K
7= Bcosd (1)
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Fig. 1 — The electrochemical cell.

where K is a shape factor, usually taken as 0.9; A is the X-ray
wavelength; B is the peak width in radian; and 0 is the Bragg
angle of the peak.

The supported catalysts showed smaller crystal sizes than
those for pure IrO,, as can be seen in Fig. 5. Since the synthesis
method and conditions were the same for all samples, these
results indicate an influence of the support in the IrO, crystal
growth during the catalyst synthesis.

3.1.2. BET surface area
The IrO, powder has a surface area of 121 mz/g. In contrast,
the support has only around 6 m?%g. The BET area of the

2100

1400

(110) (101)

I (a.u.)

700 —

20 30 40 50 60 70 80
A (deg)

Fig. 2 — XRD spectrum for IrO,.

supported catalysts follows approximately the rule of
mixtures. However, the BET area of pure IrO, is significantly
lower than that of 80% and 90% IrO, samples (Fig. 6). As seen in
the previous section, this difference can be due to different
conditions in the catalyst synthesis, with smaller IrO, parti-
cles in the supported catalysts than in the pure sample.

3.1.3. SEM and EDX analysis

Scanning electron microscopy was performed on a selected
sample containing 60% IrO, and 40% SiC—Si support. The
images were obtained with an incident electron energy of 5 kV
(Fig. 7). SEM results resolved that the active component was
distributed evenly over the surface of the support. In the SEM

3000-
% Ir0, 50%
2500
2000{ |
5 Y \ SiC-Si
E-, 1500 - T\ﬁ\/wmd‘“‘\—-u_n._.k_r'm__m
1000- U{ |
il
Ir0
2
500 - \jww
0 20 40 60 80 100
20 (deg)

Fig. 3 — XRD spectra for IrO,, SiC-Si support, and a 50%
composite.
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Fig. 4 — XRD spectra for the prepared support powder.

micrograph two groups of particles can be seen. There are
larger particles, between 5 and 10 pm in size which are most
likely support particles. On these there are smaller agglom-
erate particles of IrO,. The distribution of the IrO, particles on
the support material seems to be quite homogeneous. This
distribution suggests that the IrO, particles are formed on the
support particles, which could provide nucleation sites for the
formation of IrO,. This could explain the results observed in
the XRD and BET experiments, where the IrO, particles in the
supported catalysts tend to be smaller than in the pure
material (Figs. 5 and 6). On Fig. 8 and Table 1 the results of the
EDX quantative analysis, performed at low voltage (5 kV) are
presented.

3.1.4. Powder conductivity

The conductivities of all sample powders were measured
using a technique, described previously by Marshall [37].
Measurements were conducted in air at room temperature. To
this end, the resistance of powder samples with different
thickness was measured (Fig. 9). It can be seen that the

n
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Fig. 5 — Calculated average crystal sizes for different
samples.

1601
140+ -

-
N
o

1

BET area (m2/g)
8 & 38 &8 8

0%  20%  40%  60%  80%  100%
wt. % IrO2

Fig. 6 — BET surface area of all samples.

evolution of the resistance with the powder thickness is quite
linear. The conductivity results are shown in Fig. 10.

The IrO, conductivity is 67 S/cm, i.e. much higher than for
the support, which is 1.8 -10™° S/cm. It can be thus assumed
that almost all the current passes through the IrO, particles.

The dependency of conductivity on the sample composi-
tion is not linear, levelling off and increasing again with the
mass fraction of IrO,. The effect of the support on the
conductivity of the composite powders is obviously negative.
It has been proposed that the conduction of current through
powders depends strongly on the contact resistance between
particles [38]. The presence of a step in conductivity around
60% of IrO, seems to support this hypothesis. If we take into
account the great difference in conductivity of support and
IrO,, it is clear that the contact between IrO, particles is very
important for the conductivity of the material.

Although the conductivity changes regularly with compo-
sition, there is an increase from 90 wt.% to 100 wt.% IrO,. This
suggests that there must be another factor influencing particle

m
nta 200F

Fig. 7 — SEM micrograph of a sample with composition 60%
IrO, and 40% SiC—Si support.
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Fig. 8 — SEM micrograph for EDX analysis at 5 kV on a gold
plate. Sample composition: 60% IrO, and 40% SiC—Si
support.

contact. For instance, the inclusion of the support particles,
with very different size and shape, could alter the packing of
the IrO, particles in the powder. This could also be another
effect of a different IrO, particle growth in the presence of the
support, as mentioned above.

3.2. Electrochemical characterisation

3.2.1. The corrosion stability of the support at high
temperatures

Corrosion stability of the support material was tested using
the electrochemical cyclic Tafel voltammetry technique [12].
Fig. 11 presents the Tafel plot for a SiC—Si plate. The potential
shifts to more positive values after the anodic sweep, which
shows the passivation of the material in the studied media.
The corresponding corrosion current measured from the
curve was 0.005 mA, dropping to 0.002 mA during the back-
ward scan, which is at least one order of magnitude less than
for all alloy materials tested before in similar conditions [12].
3.2.2.  Cyclic voltammetry experiments

3.2.2.1. Room temperature. Even though the SiC—Si support is
considered to be inert under the chosen conditions, an

Table 1 — EDX data for SiC—Si/IrO, sample (SiC—Si:

Ir0, = 40:60).

Spectrum Composition, wt.%

C O Na Si Fe Mo Ir Total
1 70 204 31 133 26 09 528 1000
2 6.5 196 23 155 20 57.0 100.0

0.8

® Ir0,-40 wt.%
® IrO,- 50 wt.%
0.6 - A Ir0, - 60 wt.%

0.7 1

0.5

0.4 4

R (Ohm)

0.3 1
0.2 1

0.1

7T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Thickness (mm)

Fig. 9 — Evolution of resistance with powder thickness for
some samples.

additional experiment was performed for the tantalum
working electrode and support material, in order to identify
any considerable background current which could also origi-
nate from WC impurities, detected earlier by the X-Ray
diffraction (see section 3.1.1).

Thus, in the supported catalysts, almost all the signal
comes from the IrO, particles (Fig. 12). Catalysts with different
loadings were characterised with cyclic voltammetry at
potential scan rate of 20 mV/s. IrO, shows a pseudocapacitive
behaviour, with a broad redox peak. This has been attributed
to reversible oxidation and reduction of Ir [7] on the electrode
surface. This feature allows integration of the charge under
the anodic peak in order to compare the relative activity of the
different catalysts. The background current under corre-
sponding anodic peaks was subtracted prior to integration.
Fig. 13 shows cyclic voltammograms, recorded with the
prepared supported and unsupported iridium oxide on
tantalum electrodes. There is an evident increase in associ-
ated voltammetric capacitance value corresponding to the

30

20 [} u

Conductivity (S/cm)

20 40 ' 60 ' 80 ' 1(I)0
wt. % IrO2

Fig. 10 — Powder conductivities of all samples.



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 5797—5805

5803

k=)
dn

-2 L_\ 200 400 600 /HDO
. — /—/
_ - \ /’___’/
£ 20
]
-
t nE \ \ /
e
3 3.0 1 f
@
[11]
< 35
1=
=]
- 4.0
~45

Potential, mV (vs. SCE)
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Fig. 12 — Comparison of the voltammograms of the support
and some samples. Scan rate 20 mV/s.

supported catalyst compared to the pure oxide catalyst
material. The peak charge of all samples is plotted against the
IrO; loading in Fig. 14. The activity of samples with higher IrO,
loading tend to show greater values. However, the activity of

4
© 27
5
g 04
2
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Potential (V vs. SCE)

Fig. 13 — GV experiments of several supported catalysts, in
85% H3PO, at room temperature. Scan rate 20 mV/s.

80 wt.% and 90wt.% samples is higher than that of pure IrO,. In
theory, the activity should be proportional to the IrO, fraction.
As shown by the powder conductivity tests, the support has
a very low conductivity compared to the active phase, so this
cannot be the reason for the improvement in activity. There-
fore, it can be assumed that the improvement of catalyst
activity with the addition of the support must be related to
particle growth during the synthesis of IrO,. Taking into
account the results of the XRD and BET experiments, a reason
for the improvement could be a smaller IrO, particle size for
the supported catalysts, compared with the pure oxide. The
smaller the IrO, particles are, the greater the specific surface
area thus giving higher electrochemical activity.

3.2.2.2. High temperature. Cyclic voltammetry experiments
were carried at 80, 120 and 150 °C. The rest of the experimental
conditions were the same as for room temperature. In Fig. 15,
the evolution of CV curves for 90 wt.% IrO, electrodes with
temperature is shown. The activity tends to decrease at higher
temperatures, with less pronounced peaks and smaller area
under the voltammogram curve. This activity loss seems to be
more pronounced for samples with low IrO, loading (Figs. 16
and 17).

50+

40

Q,..(C/9)

0

_]
0% 20% 40% 60% 80% 100%

wt. % IrO,

Fig. 14 — Integrated peak charge of all samples, in 85%
H3PO, at room temperature. Scan rate 20 mV/s.
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Fig. 15 — CV experiments for 90% IrO, at different
temperatures, in 85% H;PO,4. Scan rate 20 mV/s.
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Fig. 16 — CV experiments for some samples at 150 °C, in
85% H3PO,. Scan rate 20 mV/s.

Considering the transition state theory of reaction kinetics
applied to electrode reactions, the catalyst activity should
increase with temperature. The evolution of activity with
temperature is different for each sample, with an apparent

120
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o 80-
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20-
0 T T
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Fig. 17 — Evolution of capacitance with temperature for
some samples, in 85% H3PO,. Scan rate 20 mV/s.

influence of the composition. This suggests a problem of loss of
catalyst, rather than an activity loss of the catalyst itself.
Perhaps the samples with high support content have poor
interaction with the electrode, thus losing catalyst particles
over time. This process could be accelerated by convection
duringheatingbetween experiments at different temperatures.

4, Conclusions

Catalysts composed of IrO, on a SiC—Si support were prepared
using the Adams fusion method. The physicochemical char-
acterisation of the obtained supported catalysts showed the
influence of the support in the formation of the IrO, particles.
Powder conductivity measurements indicate a very low
conductivity of the support, with the contact between IrO,
particles being an important factor in current conduction
through the sample.

The electrochemical activity of IrO, was found to be
improved in the presence of the support. The activity of 80 wt.%
and 90 wt.% samples was found to be higher than that of
unsupported catalyst. This was attributed to the improved
surface properties of IrO, in the presence of the support, rather
than to abetter conductivity or surface area of the supportitself,
which possesses rather poor properties compared to IrO,.

Based on the above results, the SiC—Si compound is
a potential candidate as a support for an anode electrocatalyst
for phosphoric acid doped membrane steam electrolysers.
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APPENDIX A

Rietveld Treatment of the XRD
Data for the SiC-Si Powder
Catalyst Support

The Rietveld refinement of the XRD data of the SiC-Si support is presented
in Figure A.1 and detailed parameters of the data treatment can be found
below:



Rietveld Treatment of the XRD Data for the SiC-Si Powder Catalyst
186 Support

o .
21 SiC_2
@
o
23]
[a=]
8— ‘k‘ JAA... N S Y
[le]
< Biiaskad b T SN NURS—
T 1 T 1 T T T T
20 40 60 80 100
26

2011-01-24 15:38
= 1.22 22 prm. 3700 obs.

Rp = .81 Rwp = 1.17 GOF = .27RB =

Figure A.1: Rietveld fitting for the XRD data for SiC-Si support.



1.17 GOF

Rp 0.81
observations

Rwp

Parameter file
Raw data file

Wavelength(s)

Monochromator polarisation factor
Guinier tangent angle

Profile function

No. of halfwidths in peak
Two-theta range

in steps of

Anomalous dispersion corrections

C 0.018100 0.009100

Si 0.254100 0.330200

i -5.473300 5.577400
Phase no. 1: SiC

RB = 1.22 37 Bragg reflections

Space group P 63 M C
Unit cell:
3.080703(0.000208)
90.00000(0.00000)
Volume:

3.080703(.000
90.00000(0.00

124.230(0.022) A**3

Scale factor 0.
Overall temp. fact. coeff. 0.
Absorption coefficient 14
Density 3.
Halfwidth parameters 0.

0.01920(0.00508)
Asymmetry parameter
Lorentzian parameters
0.00000(.00000)

*10**4 x/a y/b
B(A**2)

Sil 0(0) 0(0)
Si2 3333(0) 6667 (0)
513 6667 (0) 3333(0)

Cl 3333(0) 6667 (0)

C2 6667(0) 3333 (0)

C3 0(0) 0(0)
Phase no. 2: Si

RB = 0.19 9 Bragg reflections.

Space group: FD3M

0.27 22 parameters, 3700

SiC_2.par
SiC_2.gdf

1.540510 A

0.900000

45.000000

pseudo-Voigt

50.000000

26.039690 - 100.019700 deg.
0.020000 deg.

208)
000)

15.114550(.000663) A
120.00000(0.00000) deg.

00143530(.00000569)

0000(0.0000) Ax*2

2.276 /cm

215 g/cm**3

06150(.02288) 0.01769(.02285)

.03000(0.00000)
.90000(0.00000)

0.00000(0.00000)

z/c SOF
0(0) 1.000(0) 1.0(0)
1664 (0) 1.000(0) 1.0(0)
3329 (0) 1.000(0) 1.0(0)
412 (0) 1.000(0) 1.0(0)
2080 (0) 1.000(0) 1.0(0)
3746 (0) 1.000(0) 1.0(0)



Unit cell:

5.430216(.000467) 5.430216(.000467) 5.430216(.000467) A
90.00000(0.00000) 90.00000(0.00000) 90.00000(0.00000) deg.
Volume:

160.122(0.041) A**3

Scale factor : 0.00012232(0.00000255)

Overall temp. fact. coeff. : 0.0000(0.0000) A**2

Absorption coefficient : 143.231 /cm

Density : 2.330 g/cm**3

Halfwidth parameters : 0.00000(¢(0.00000) 0.43992(0.05455) -
0.03472(0.01460)

Asymmetry parameter : 0.03000(0.00000)

Lorentzian parameters : 0.90000(¢(0.00000) 0.00000(0.00000)
0.00000(0.00000)

*10**4 x/a y/b z/c SOF
B(A**2)

Sil 1250(0) 1250 (0) 1250 (0) 1.000(0) 1.0(0)

Phase no. 3: WC
RB = 0.51 10 Bragg reflections.
Space group: P -6 M2

Unit cell:

2.915525(0.001723) 2.915525(0.001723) 2.835165(0.001496) A
90.00000(0.00000) 90.00000(0.00000) 120.00000(0.00000) deg.
Volume:

20.871(0.036) A**3

Scale factor : 0.00046236(.00001243)

Overall temp. fact. coeff. : 0.0000(0.0000) A**2

Absorption coefficient : 2323.940 /cm

Density : 15.581 g/cm**3

Halfwidth parameters : 0.00000(0.00000) 0.00000(0.00000)
1.12593(.07373)

Asymmetry parameter : 0.03000(0.00000)

Lorentzian parameters : 0.90000(0.00000) 0.00000(0.00000)

0.00000(0.00000)

*10**4 x/a v/b z/c SOF
B(A**2)

Wl 0(0) 0(0) 0(0) 1.000(0) 1.0(0)
C1 6667(0) 3333(0) 5000 (0) 1.000(0) 1.0(0)

Quantitative analysis:

Phase 1: 87.21(0.49) wgt%; 86.91(0.51) vol%
Phase 2: 8.95 (0.19) wgt%; 12.30(0.26) vol%
Phase 3: 3.84 (0.10) wgt%; 0.79 (0.02) vol%

Combined absorption coefficient: 159.63 /cm



Two-theta zero: -0.0272(0.0015)
Background parameters (Chebyshev type 1i):

493(0) —-46(0) 29(0) -11(0) 3(0)
-2(0) 2(0)



Rietveld Treatment of the XRD Data for the SiC-Si Powder Catalyst
190 Support




APPENDIX B

Optimisation of the SEM and

EDX Sampling for Supported
IrO, /SiC-Si Catalyst

An additional series of experiments was performed for optimisation the sam-
pling of the selected powder catalyst, containing 60% of IrO, and 40% of
SiC-Si. The main purpose of this series was to determine the effect of the
backing plate material on the EDX powder composition results.

B.1 Sample preparation

The samples for investigation were prepared in a way, described previously
in Section 5.1.4 with the difference that bother carbon tape and gold backing
plates were used for SEM and EDX investigations. All experiments in this
series were made on a FEI Inspect S microscope. The EDX-system used
was INCA from Oxford Instruments. The EDX quantitative analysis was
performed at 5,15 and 20 kV voltages in order to define the difference in
composition data, depending on the penetration volume at different voltages.
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spot| det | m: —J11 —

ag
n| 6.4 | BSED 4000 x Inspect S

(a) ETD detector (b) BSED detector

Figure B.1: SEM images on carbon tape support, observed from two different
detectors

B.2 Results and discussion

B.2.1 SEM analysis

SEM images of the IrO, catalyst on SiC-Si support are presented in Fig-
ures B.1(a) and B.1(b). Two images of the same area were taken, using
2 different detectors, while all other parameters of imaging were kept the
same (voltage 20 kV, spot size 6.4). It is clear from the pictures that dif-
ferent information is provided. Secondary electrons are emitted from the
area located closer to the surface area. Thus, using the secondary electron
detector, the most important feature to be seen is the surface topography.
Oppositely, backscattered electrons are emitted from deeper regions. The
brightness gradient over the image in Figure B.1(b) can be correlated to
the composition gradients along the sample surface (taking into account the
penetration volume).

B.2.2 EDX analysis

SEM does not give direct information about sample composition, so the
combination with the X-ray spectroscopy is usually used to make elemental
analysis.

In Table B.1 are presented the corresponding X-ray line energies for the
main elements expected. It is important to outline that there are no peak
overlaps between these elements, which could disturb the analysis.

For the quantitative analysis it is commonly recommended to use the inci-
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Table B.1: X-ray line energies for C, Si and Ir

Composition, wt.%

EL(At No.) Ma Mg L1 Lo LBy LB Ly1 L.abs Kaiz KB K abs
C(6) 0,277 0,284
Si(14) 1,74 1,84

Ir(77) 1.980 2.053 8.041 9.175 10.708 10.920 12.512 13.424

%
'Spectrum 1

"
Spectrum 1

g

Py

Spectrum 2
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Spectrum 2
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(a) SEM on carbon support, 5 kV (b) SEM on carbon support, 20 kV

Electron Image 1 Toum Electron Image 1

Figure B.2: SEM images on carbon support at two different voltages

dent beam with energy at least 2 times higher than the highest energy peak
for exciting a line of interest.

During the EDX analysis on carbon tape support there is a noticeable disad-
vantage of this backing. Carbon content in the analysed signal reaches quite
high values, which might be not reasonable for this material (figures B.2(a),
B.2(b) and tables B.2(a), B.2(b). Comparing the composition of spectrums
1,2 in Tables B.2(a), B.2(b) it is clear that with increasing of voltage (and
penetration volume of the beam) the content of carbon and silicon increases,
while the content of iridium decreases, which means that most of the cata-
lyst is located on the surface of the support, and none or a little fraction of
it goes into the pores of the support. It can also be noticed, that at elevated
voltage the charging effect is more evident (Fugure B.2(b)). It was decided
to use an acceleration voltage of 5 kV in the following investigation of the
sample.

Increasing content of carbon with increasing voltage could be also explained
by possible partial penetration of the beam into the backing carbon tape
plate. But because carbon was also expected in the material, it became
important to divide these signals. It is possible by choosing the right support
plate, which should not contain any elements expected in the sample. Thus,
a polished gold plate was chosen for another session of EDX analysis.



Optimisation of the SEM and EDX Sampling for Supported IrO, /SiC-Si
194 Catalyst

Table B.2: EDX on carbon support
(a) EDX on carbon support, 5 kV
Spectrum C 0O Na Al Si Fe Mo Ir Total

1 10.12 14.79 1.48 0.56 49.14 2.08 23.14 100.00
2 4.76 16.66 1.57 4.13 2.70 71.94 100.00

(b) EDX on carbon support, 20 kV

Spectrum C O Na Al Si Fe Mo Ir Total

1 18.25 11.59 0.56 0.33 60.32 0.65 097 7.32 100.00
2 2417 1890 120 1 11.39 0.05 2.06 42.25 100.00

Spm " Electron Image 1

(a) SEM image at low magnification, (b) SEM image at high magnification,
15 kV 5 kV, spot size 4.5

Figure B.3: SEM images at low and high magnifications

Gold plate support On Figure B.3(a) is presented the overall low magni-
fication SEM picture of the catalyst, distributed over the gold backing plate.
Most of the spectrums of EDX analysis (Table B.3(a)) show that there is
still signal from the backing gold plate.

Decrease of the acceleration voltage to 5 kV (Figure B.3(b)) does not help
to eliminate the signal from the backing (spots 1,3 in Table B.3(b)). It
means that while using carbon tape plate, not all the counts corresponding
to carbon were obtained from the sample, even at low voltage of 5 kV.

On figures B.4(a), B.4(b) and tables B.4(a),B.4(b) are shown the results of
the EDX quantitative analysis, performed at low voltage (5 kV) but with
different spot size (3.0 and 4.5). It is noticeable that better resolution can
be achieved at lower spot size. Even more, using the spot size 4.5 it was
still possible to see the signal from the gold backing, which is not preferable
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Table B.3: EDX data analysis at low and high magnifications
(a) EDX data for low magnification image, 15 kV
Composition, wt.%
Spectrum C O Na Si Fe Mo Ir Au Total
1 6.67 16.63 1.95 23.22 0.05 1.99 43.14 6.34 100.00
2 3.12 1486 294 562 0.10 233 64.58 6.46 100.00
3 5,51 21.34 3.89 6.57 0.11 3.16 50.39 9.02 100.00
4 2751 6.99 041 55.09 0.10 0.24 795 1.72 100.00
5 21.72 0.70 0.07 54.17 0.10 0.05 0.38 22.83 100.00
(b) EDX data, 5 kV, spot size 4.5
Composition, wt.%
Spectrum  C O Na Si Fe Mo Ir Au  Total
1 2.24 1944 279 5.28 4.69 60.39 5.57 100.00
2 298 2141 3.09 4.30 69.33 0.45 100.00
3 1.11 12.48 2.54 3.99 4.66 70.39 5.58 100.00
4 3.47 2191 281 4.14 0.24 0.53 66.12 0.79 100.00

ET)

Electron Image 1

(a) SEM image at 5 kV, spot size 3.0

&%

A
[Spectrum 1

E Electron Image 1

(b) SEM image at 5 kV, spot size 4.5

Figure B.4: SEM images at low voltage for different spot sizes
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Table B.4: EDX data at low voltage and different spot sizes
(a) Spot size 3.0

Composition, wt.%
Spectrum  C O Na Si Fe Mo Ir Au Total

1 7.75 2275 348 1491 2.95 56.89 -6.91 100.00
2 6.62 19.86 2.36 15.69 1.67 57.60 -0.83 100.00

(b) EDX data for 5 kV image, spot size 4.5

Composition, wt.%
Spectrum  C O Na Si Fe Mo Ir Au Total
1 5.66 16.94 2.34 12.48 3.40 53.25 5.99 100

Table B.5: EDX analysis of supported catalyst powder, dispersed in ethanol and
applied on gold plate, 5 kV

Composition, wt.%
Spectrum C 0] Si Au Total
1 18.99 0.23 38.67 42.12 100.00
2 7.34 0.19 0.08 92.40 100.00

(table B.4(b)).

Another interesting feature which was found during the analysis is the qual-
ity of micro-level finishing of the backing plate. Some of the spectrums (4,5)
in figure B.3(a) and table B.3(a) showed an elevated amount of carbon. It
was decided to make EDX analysis of the clean polished gold plate to see
any defects of the plate surface finishing.

Figure B.5 and table B.5 shows SEM and EDX analysis results of the clean
polished gold plate, polished with SiC paper and finally grounded with dia-
mond paste. Defects on the surface of the plate is possible to see with the
unarmed eye. The analysis of the dark spot in spectrum 1 shows that they
probably belong to the residues of the polishing SiC paper grains, which were
left in the plate structure due to its relative softness. Spectrum 2 shows the
composition of the "Clean gold plate surface”, which still contains around
7 % of carbon, which could come from various sources (the vacuum pump
could be one of them). This shows the importance of the micro level support
plate surface finishing, when doing the EDX analysis.
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+S pectrum 1

10pm Electron Image 1

Figure B.5: EDX analysis of the polished gold plate

B.3 Conclusion

Investigation of iridium oxide electrocatalyst, supported of silicon carbide-
silicon matrix was done by means of SEM and EDX analysis. Because
of relatively low conductivity of the studied powder it is recommended to
make such investigations at reduced voltages to prevent surface charging
artefacts. It is also recommended to use decreased spot size for obtaining of
high resolution image.

It is important to be aware of possible electron scattering from the backing
metal plate. In this case the use of low voltage is a way to decrease the
interaction volume. For the reasonable EDX data the spot size usually
needs to be increased in order to get enough counts. But as it was outlined
before, increasing of the spot size leads to poorer resolution. So optimum
configuration can always be found depending only on the specific sample
properties.

Apparently, the resolving power of SEM is not enough to see and analyse
individual catalyst particles of IrO,, which are the smallest in this system.
Transmission electron microscopy can be recommended to fulfil this require-
ment.
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It was found that the catalyst is distributed evenly over its surface of the
catalyst support. In the case of using a gold plate as a sample holder, it
was found that the surface of it was not analytically clean and contained
particles of the grinding material, which apparently also had an influence on
the quality of the quantitative EDX analysis.
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