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"Yes, my friends, I believe that water will one day be employed as fuel,
that hydrogen and oxygen which constitute it, used singly or together,
will furnish an inexhaustible source of heat and light, of an intensity

of which coal is not capable.”

- Jules Verne 1874, The Mysterious Island
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Abstract

As renewable energy sources reach higher grid penetration, large scale energy
storage solutions are becoming increasingly important. Hydrogen produced
with renewable energy by water electrolysis is currently the only option to solve
this challenge on a global scale, and green hydrogen is essential for the decar-
bonization of the transportation and industrial sector required to limit climate
change.

Electrolysis done with an alkaline electrolyte is a cheap, proven, and commer-
cially available technology, but the systems suffer from inefficiency and limited
operating flexibility. The work herein seek to address these issues by introduc-
ing alkaline polymeric membranes and efficient electrodes based on novel ma-
terials.

Polymer electrolyte membranes with sufficient OH ™ -conductivity enable a
drastic reduction of the electrode spacing, which lead to improved ohmic prop-
erties enabling operation at higher current density. This, combined with better
gas separation properties and a higher operating flexibility, have the prospects
of significantly reducing the capex and opex of electrolysis systems, and the
cost of green hydrogen. Towards this goal, membranes based on poly(2,2’-(m-
phenylene)-5,5"-bibenzimidazole) (m-PBI) as well as poly(2,2’-(m-mesitylene)-
5,5’-bibenzimidazole) (mes-PBI) were investigated as electrolyte for alkaline elec-
trolysis cells.

PBI membranes were equilibrated with aqueous KOH and applied as sep-
arator, and polarization data from cells at 20-25 wt% KOH using these mem-
branes showed improved ohmic behaviour over cells with conventional porous
separators. This was strikingly clear when combined with active electrodes with
Raney-nickel-based coatings. With thin 40 pm m-PBI membranes, Raney-nickel-
molybdenum cathodes and nickel anodes, cells operated at 80°C with 24 wt%
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KOH (aq) achieved 1000 mA cm~2 at 1.7 V and 2800 mA cm 2 at 2.0 V. Elec-
trochemical impedance spectroscopy data showed a 6-fold reduction in ohmic
cell resistance compared to conventional materials. Albeit good performance,
ex-situ characterization and durability tests showed that polymer backbone and
membrane stability remained a problem under conventional operating condi-

tions.

To accompany novel membranes in alkaline electrolysis, electrodes can be
employed in a zero-gap configuration. This enable different electrode concepts
than used in commercial systems. Inspired by recent literature, nickel-iron based
anodes, and nickel-tin as well as nickel-molybdenum cathodes were investigated
in half cell tests. The materials were applied as coatings on nickel foam and
showed improvements in the order of 150-300 mV over reference nickel mate-
rials at room temperature, depending on the specific electrode and electrolyte
concentration used.

In a secondary approach, electrodes were prepared using powder and poly-
meric binders. Using nickel powder with m-PBI binder in a nickel foam as cath-
ode, a reduction in cell overpotential of more than 200 mV was achieved com-
pared against a pristine nickel foam cathode.
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Resumé

I forbindelse med at vedvarende energikilder opndr en storre udbredelse bliver
energilagring i stor skala gradvist mere vigtigt. Brint produceret vha. vedvaren-
de energi fra elektrolyse af vand er i gjeblikket den eneste mulighed til at lose
denne udfordring pé en global skala, og gren brint er essentielt for at afkarbo-
nisere transport- og industrisektorene, hvilket er nedvendigt hvis klimasendrin-
gerne skal begraenses.

Elektrolyse med alkalisk elektrolyt er en billig, gennemtestet, og kommercielt
tilgeengelig teknologi, men den nuverende teknologi lider under ringe effekti-
vitet og begreenset driftsfleksibilitet. Arbejdet beskrevet i dette veerk forseger
at imgdekomme disse problemer ved at anvende alkaliske polymer-membraner
frem for porese separatorer, samt ved at anvende elektroder baseret pd nye ma-
terialer uden sedelmetaller.

Ved brug af polymer-elektrolyt-membraner med tilstraeekkelig OH™ lednings-
evne er det muligt at reducere afstanden mellem elektroderne i en elektrolysecel-
le drastisk. Dette medferer bedre ohmiske egenskaber og dbner op for drift ved
hgjere stromteetheder. Kombineret med bedre gas adskillelses egenskaber og
storre driftsfleksibilitet giver det udsigt til at nedseette anlaegs- og driftsomkost-
ninger, og dermed reducere omkostningerne ved at producere gron brint. For at
opna dette er membraner baseret pa poly(2,2’-(m-phenylen)-5,5"-bibenzimidazol)
(m-PBI), samt poly(2,2’-(m-mesitylen)-5,5"-bibenzimidazol) (mes-PBI) blevet un-
dersogt som elektrolyt til alkaliske elektrolyseceller.

PBI membranerne blev aktiveret i steerk KOH (aq) oplesning og anvendt som
separator. Polariseringsdata fra celler med disse membraner ved 20-25 wt% KOH
udviser forbedrede ohmiske egenskaber i forhold til celler med traditionelle po-
rose separatorer. Dette var iseer tydeligt ndr membranerne blev kombineret med
aktive elektroder baseret pa Raney-nikkel beleegninger. Med tynde 40 pm m-PBI
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membraner, Raney-nikkel-molybdeen katoder, og nikkel anoder, opnaede celler
kert ved 80°C og 24 wt% KOH (aq) op til 1000 mA cm~2 ved 1.7 V, og 2800 mA
cm~2 ved 2.0 V. Elektrokemisk impedansspektroskopi viste for disse celler en
6-foldig reduktion af den ohmiske celle modstand, sammenlignet med traditio-
nelle celler. Pa trods af gode elektrokemiske egenskaber har det dog vist sig ved
senere karakterisering og stabilitetstest at polymerrygraden bliver nedbrugt, og
membranstabiliteten er dermed stadigveek utilstreekkelig under konventionelle
driftsbetingelser.

Til at ledsage de nye membraner i alkalisk elektrolyse kan elektroder blive
anvendt uden nogen afstand til membranen. Det muligger forskellige elektro-
de koncepter end dem anvendt i kommercielle systemer. Inspireret af den ny-
este litteratur er nikkel-jern anoder, samt nikkel-tin og nikkel-molybdeen kato-
der blevet undersogt, primeert i halvcelle tests. Materialerne er blevet belagt pa
nikkelskum og elektroderne har vist en forbedring i sterrelsen 150-300 mV ved
stue temperature i forhold til ubelagte referenceelektroder af nikkelskum. Den
preecise forbedring athaenger af den specifikke elektrode og de resterende eks-
perimentelle betingelser sa som elektrolyttens koncentration.

En anden strategi til at fremstille aktive elektroder er at anvende pulver og
polymeriske bindere. Med en katode baseret pa nikkelpulver, m-PBI binder og
et nikkelskum som substrat, er det lykkedes at opnd en reduktion celle over-
spaending pa mere end 200 mV i forhold til referencemalinger.
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Introduction

1.1 Energy Resources

The industrial revolution in the early 19"-century marked a paradigm shift for
primary energy sources. Previously, mankind was mostly burning firewood
or similar biofuels, but along with the industrialization arose the need for and
use of non-replenishable fossil fuels. Ever since then, coal, oil, and natural gas
have played a dominant role in driving the development of todays societies. En-
ergy is a requirement for all modern necessities and conveniences, from elec-
tricity, heating, and transportation, to the production of food, goods, and all
industrial processes. As more and more people have their standard of living
increase, the worlds total final energy consumption has continued to increase.
From 4661 Mtoe (mega-tonne oil equivalent) anually in 1973 (equivalent to an
average power of 6.2 TW) to 9425 Mtoe (12.5 TW) in 2014.' This is expected to
increase and projected to grow by 48 % in 2040, primarily driven up as the pop-
ulations of non-OECD countries increase their standard of living and energy
requirements.?



2 CHAPTER 1. INTRODUCTION

1.1.1 Fossil fuels

With the advent of fossil fuels mankind stepped into a new era. However, the
increase in productivity from these energy-dense resources have come at a cost.
At its core, three drawbacks are associated with burning of fossil fuels: Avail-
ability of known reserves and resources; pollution of air and environment, with
related health hazards; and emission of green house gasses primarily carbon
dioxide, leading to global warming and climate change.

Fossil fuels is a finite resource and is destined to run out eventually. With
2015 production rate, known reserves of oil, coal and gas will last 51, 114 and
53 years.®> Known reserves are those resources that are currently known that
can be extracted under 2015 technological and economical conditions. As prices
increase and technology develops, some harder-to-get deposits may become fea-
sible to extract, however, the numbers do not consider the predicted increased
production rates. Oil and natural gas reserves have increased over the last 20
years, but so has production and consumption. In general, supply forecasts are
very uncertain and can differ quite significantly.*

The burning of hydrocarbon fuels is associated with higher levels of local
pollution. This is from everything between centralized power generation and
industry, through burning of wood and coal for residential cooking and heat-
ing, to the exhaust from vehicles in urban and city areas. The world health or-
ganization (WHO) estimate that 7 million people died world wide in 2012 as a
result of pollution exposure, corresponding to one-in-eight deaths globally. Of

these, 3 million were due to ambient air pollution.>®

The extraction and combustion of fossil fuels stored in geological deposits for
millennia introduce carbon into the atmosphere in the form of anthropogenic
carbon dioxide. The CO, concentration in the atmosphere has increased rapidly
over the last 100 years. From levels around 280-300 ppm in 1850 at the begin-
ning of the industrial revolution and thousands years prior, to 406 ppm as of
January 2017.”% CO, act as a green house gas, and the rapid release has signifi-
cantly contributed to the increase in average global surface temperature. From
1880 to 2012 the temperature increased with 0.85 °C and the last three decades
have been successively warmer than any decade since 1850. As a consequence of
this seemingly modest temperature increase, extreme weather phenomena have
become more common and some areas have already experienced changes in cli-



1.1. ENERGY RESOURCES 3

mate.” The consequences disrupt the geopolitical situation in vulnerable areas,
as heat waves, draughts, floods, heavy precipitation, or extreme winds can turn
inhabitable and fertile areas into inhabitable ones.

1.1.2 Renewables

Recent years have shown a tremendous growth in the deployment of renew-
able energy sources. The rollout of renewable energy technologies significantly
change the energy sector, which is steering towards a new paradigm shift as
the energy costs associated with renewables becomes directly competitive with
traditional fossil resources. Wind and solar power is being employed at unprece-
dented rates, and solar energy from photovoltaics is already regionally cheaper
than coal, and is projected to undercut coal and natural gas prices for electric-
ity generation worldwide by 2020.'° This is great news, but the intermittent na-
ture of these primary variable renewable energy sources gives rise to its own
set of problems. Electrical energy storage is notoriously difficult in the gigawatt
scale, and unlike the residential and industrial sector, the entire transport sector
is almost exclusively dominated by liquid fuels. Renewable electricity sources
currently have a hard time penetrating into these markets due to lack of com-
petitive technologies. As of 2012, the transport sector was responsible for 25%
of the worlds energy consumption with 96% of the energy goods being liquid
fuels.? 92.4% being from oil with 2014 numbers.!

In Denmark in 2015, renewables (here sun, wind, hydro, biomass, and biogas)
amounted to 56% of the electricity production, with wind being the dominant
source with a share of 41.8%.!! Wind power as a prime example however, fluc-
tuates significantly over the course of a year, and will at times provide nothing,
and can at other times cover more than 100% of the electricity consumption.!?
Hence the electricity has to be either stored, exported, or curtailed. Curtailment
is essentially lost energy during overcapacity, as some wind mills are stopped
to prevent overproduction and ensure grid stability. Solar energy behaves anal-
ogously, but with different patterns in fluctuation. The issue remain the same
as for wind energy, as production and consumption does not match very well.
This is both over the course of a year, but also on shorter time-scales of minutes,

hours, or days.
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Fig. 1.1: Scheme of energy storage technologies in a power and time scale context.
SMES: Superconducting magnetic energy storage. From [14].

1.1.3 Energy storage and distribution

As countries continue to increase the penetration of variable renewable energy in
their energy production the issues of large scale energy storage become increas-
ingly important. A large range of technologies already exist, each with their
own set of benefits and limitations. In an electricity context, the two key param-
eters to consider when evaluating technology for system integration are the total
power and the timescale. Figure 1.1 illustrates how different options fit into this
scheme. For load levelling, short term storage and for end-users batteries ex-
cel, but at large time and power scales hydrogen may have some merit. In 2010
numbers the worldwide installed grid-connected electricity storage were in the
magnitude of 140 GW, of which 99% were pumped hydro storage,'®> however
the numbers don’t show the total energy available.

Besides the primary electricity production and related storage, liquid and
gaseous fuels for transportation and industrial processes, as well as heat-energy
also constitute a significant part of the full energy matrix. In general there are
little linkage between heat, electricity, and liquid and gaseous fuels, beyond perhaps
co-generation of electricity and district heating. Ultimately, the carbon footprint
needs to be reduced in all systems and across all sectors, including transporta-
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Today Future

(4

‘%

= Heat network Electricity grid Liquid and gaseous fuels and feed-stocks T&D - Hydrogen

Fig. 1.2: The energy matrix of today and in the future. Primary sectors are trans-
portation/mobility, industrial use, and residential /buildings/heating. Most en-
ergy transmission and distribution is in the form of either heat, electricity, or fu-
els, liquid and gaseous. In the future hydrogen may work as a link between the
different energy form, and enable variable renewable primary energy sources to
penetrate into all branches. T&D: Transmission and distribution. From [15].

tion, residential, and industrial. In this context hydrogen makes for an interesting
player, as it can link the different branches, and in the grand scheme act as a very
flexible resource. Figure 1.2 illustrate the current and potentially future energy
matrix.

1.2 Hydrogen as an energy vector

Hydrogen is versatile as an energy carrier, but does not represent a primary en-
ergy source. This must be emphasized, particularly when discussions fall on
electrical round-trip efficiency where all hydrogen based power-to-power path-
ways show low final efficiency,'” see Figure 1.3. In broader numbers and not lim-
ited to electricity, chemical hydrogen storage has a 22-50% efficiency whereas e.g
pumped hydro storage (PHS) is 50-85% and batteries 75-95%.'3 Consequently,
purely in terms of efficiency, hydrogen is not the ideal medium.

Where hydrogen really shines is when surplus energy from variable renew-
ables such as wind and solar is used to generate hydrogen from water electroly-
sis. The value lies in the ability to convert renewable power into green chemical
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Power-to-power

D X S S A XD D

Power-to-gas (blending) Power-to-power
TS > oo >

Power-to-gas (methanation) Power-to-power
AT =y

Power-to-fuel Power-to-power
D XTI DD

Fig. 1.3: Independent on pathway, hydrogen energy storage round-trip efficiency
is low, even if every step is improved. Power-to-power is grid-to-grid electricity,
whereas power-to-fuel represent hydrogen as a fuel for fuel cell electric vehicles
(FCEV). Conversion efficiency is based on the higher heating value except for gas

turbines. From [15].

carriers, either as pure hydrogen or higher hydrocarbons. Green hydrogen to-
gether with bioenergy represents the only renewable source for chemical energy
carriers, and it helps bridge the different branches in the energy-supply system.
In e.g. the transportation sector, battery driven electric vehicles (BEV) are slowly
reaching market maturity, but are mostly suited for short to medium distance
and light duty vehicles. Batteries are not suited for heavy duty and long haul
transportation as in lorries, shipping, or flight. In cases of power-to-gas'® and
power-to-fuel, green hydrogen is essential for the products to be meaningful in a
carbon emission context, and for power-to-feedstock in the refining and steel in-

dustry it is needed to significantly reduce emissions.?>!”

1.2.1 Hydrogen production

Only a fraction of todays hydrogen production is through water electrolysis. In
2008, 4% was made by electrolysis, whereas the rest was produced from fossil

fuels, by share; natural gas 48%, oil 30%, and coal 18%.14:18

Water electrolysis

Water electrolysis technologies are conventionally grouped into three categories;
alkaline, PEM, and solid oxide (SO), each distinguished by their key character-
istic: Alkaline electrolysis using concentrated alkaline aqueous electrolyte, ei-
ther NaOH or KOH. PEM, short for polymer electrolyte membrane or proton ex-
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Fig. 1.4: Water electrolysis performance range. In terms of raw current-potential
characteristics alkaline is inferior to PEM and solid oxide. From [15], adopted
from [19].

change membrane, using proton conducting polymeric membranes. And solid
oxide, using ceramic electrolytes and operating at high temperatures. Each is
described in detail in Section 2.1. They each offer significantly different perfor-
mance in regards to efficiency and come with their own set of advantages and
disadvantages. In brief, alkaline performs the worst, but is cheap and mature.
PEM is at early market stages, with higher performance and higher costs, while
solid oxide is still at research level, but offer high performance at stable condi-
tions. Figure 1.4 illustrate the conventional performance and operating range for
the three classes of water electrolyzers, as presented by the International Energy
Agency’s 2015 Technology Roadmap for Hydrogen and Fuel Cells.!

1.3 Project objectives

The ultimate goal of this project is to move the performance of alkaline electrol-
ysis from the classic alkaline range to that of PEM, which quite fittingly is also
labelled as advanced alkaline cf. Figure 1.4 (M —M). A fitting target is 2000 mA
cm 2 at 2.0 V. The present approach is to apply proven, as well as novel elec-
trodes based on recent developments, in a zero-gap configuration with novel

IThe low current density range performances presented here are at lower potentials than
actual systems, but the differences are well illustrated.
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polymeric alkaline-compatible membranes. The key novelty arise from the use
of alkaline membranes, which are poised replace conventional porous separa-
tors previously used in alkaline electrolysis. The use of thin membranes over
thick porous separators can reduce ohmic losses in the system, improve gas sep-
aration and dynamic operation properties, and enable the use of porous-type
electrodes in a zero gap configuration. All together this should allow for higher
operating current densities and higher efficiencies, both with the long term po-
tential of reducing the capital costs of green and clean hydrogen generating sys-
tems. Consequently, the work concluded fall into three categories:

¢ Testing of alkaline electrolysis cells in general and the affiliated engineer-
ing involved. Design and construction of test station, cell housing, gasket
configurations, and setup of equipment and programming for autonomous
electrochemical measurements and electrolyte management.

¢ Evaluation of novel membranes under real cell conditions, under varying
alkaline concentrations, temperatures, and with different electrodes. Both
short term tests for initial performance, and longer term evaluation of sta-
bility and degradation effects.

* Development of electrodes using novel concepts, materials, or composi-
tions. This involves using the knowledge documented in recent literature,
with modifications necessary to fit into real cells. Ideally, a powder-based-

type porous-electrode preparation route with catalyst flexibility is estab-
lished.

1.3.1 Thesis outline

This thesis is intended to cover the scientific work carried out over the 3 years
of the PhD programme. This includes work published in scientific journals, as
well as work not comprehensive enough for journal publication. The contents
are structured into 6 chapters:

1. Introduction: The topic of this project is tiny in the grand scheme of things.
This chapter attempts to motivate why this work is important, and how it
tits into the greater context.
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2. Water electrolysis: The theoretical framework and the current technology sta-
tus is outlined in this chapter. This includes an overview over water elec-
trolysis systems, theoretical fundamentals, and an up-to-date literature re-
view of the specific components in the alkaline system.

3. Experimental alkaline electrolysis: As the work is heavily experimental, a
chapter is dedicated to this. The default equipment is specified, and cell
testing framework described. Some considerations regarding cell and test
station configuration is touched upon.

4. Results with PBI membranes: Membrane work in the context of this project
is mostly connected to cell tests and performance. The development, syn-
thesis, and other characterization is part of a collaboration. Presented here
are primarily cell test results with membrane performance in focus.

5. Results on active electrodes: The various work related to anode and cath-
ode development is presented in this chapter. This includes experimental
work, half and full cells, as wells as physical and chemical characteriza-
tion. Two approaches are followed, the first is to apply various coatings to
macro-porous nickel foam substrates, and the second is to prepare porous
electrodes from powders.

6. Conclusion & outlook: The overall findings of the project is summarized,
and some proposed paths for future research work are outlined.






Water Electrolysis

Before diving into specifics it seems essential to present the core of electrochem-
ical water splitting. An electrochemical cell consists at its very basic of an anode,
a cathode, and an electrolyte. A set of redox reactions are separated and by def-
inition oxidation takes place at the anode, and reduction at the cathode. The
electrolyte provides an ionic pathway between the electrodes, while inhibiting
electronic conduction. Since electrons take part in the redox reactions there must
be an electronic pathway for reactions to proceed. If the total reaction is thermo-
dynamically favourable it is spontaneous and can drive a current. This enables
work to be done as in e.g. a fuel cell or during discharge in a battery. Vice versa,
energy can be supplied by an external current supply to drive reactions the op-
posite way as done in electrolysis or while recharging a battery.

For water electrolysis the reactant, water, is electrochemically split into its
molecular constituents, hydrogen and oxygen, by driving the reaction energet-
ically uphill by means of an external power supply. The reactions depend on
the ionic charge carrier and different reaction schemes exist for different sys-
tems. In most cases of aqueous electrolytes this means that the reactions are pH
dependant and vary between acidic and alkaline condition.

11
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1
Anode: H,O — 2H" +2e + 5 O, E°=123V (acidic) (2.1)

1
20H  — HyO+2e™ + 5 O, E°=0401V (alkaline) (2.2)

Cathode: 2H' +2e” — H, E° =00V (acidic) (2.3)
2H,O+2e” — Hy +20H~ E° = —0.8277V (alkaline) (2.4)

1
Total: H20 — Ha + 5 O, E° =123V (2.5)

Standard potentials are specified vs. the standard hydrogen electrode (SHE).

Since the reactions are different, it is not surprising that there are major dif-
ferences between the reaction kinetics in the two environments. However, as
the complete reaction is the identical, the general thermodynamics governing
the process is the same.

As a practical note, the cathode will generally appear left of, or prior to the
anode, both in figures and in text, and bear in mind, that the work of this thesis
is concerned only with the alkaline environment.

2.1 Technologies

To grasp the context of alkaline water electrolysis as a topic, it is worth providing
a brief review over the different competing types of water electrolysis. Differ-
ent types of water electrolyzers are, similar to fuel cells, classified by their elec-
trolyte and charge carrier. Conventionally three systems are discussed: Alkaline
electrolysis (AE/AWE), with liquid alkaline electrolyte transporting OH™-ions,
often supported by a porous diaphragm to help separate evolved gasses. Proton
exchange membrane or polymer electrolyte membrane electrolysis (PEM) using poly-
meric proton conducting (H-ions) membranes. PEM is occasionally referred
to as solid polymer electrolyte electrolysis (SPE). Both alkaline and PEM operate
at temperatures below 100°C. The third type, solid oxide electrolysis (SO/SOE)
uses ceramic materials and work at high temperatures in the range 500-1000°C
where O, -conduction is possible. However, this conventional classification is
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somewhat inadequate when discussing new electrolyzer concepts such as mem-
brane based alkaline electrolysis or proton conduction solid oxide electrolysis.

2.1.1 Alkaline electrolysis

Classic alkaline electrolysis is a mature technology and has seen MW-scale com-
mercial use since the early the 1900-ies.?%?! It was developed to be robust rather
than efficient. Although commercially available for along time, it has not reached
large scale deployment. It cannot directly compete on economic terms with
steam reforming, and the demand for green hydrogen has only recently increased.
Nevertheless, it remains the dominant water electrolysis technology on the mar-
ket as the alternatives are only slowly reaching market maturity.

The cells apply plates, perforated plates, or expanded meshes as anode and
cathode, which are separated by a diaphragm. In conventional systems there is a
gap between electrodes and the porous diaphragm, which can be as much as 42
mm.?? In addition to this gap, the diaphragm itself contributes with a significant
inter-electrode distance > 500 pm. In between, strong alkaline electrolyte (> 4
M) such as NaOH (aq) or KOH (aq) is circulated through both electrode cham-
bers and is immobilized in the diaphragm where it provides the necessary ionic
conductivity. The concept is schematically illustrated in Fig 2.1. The working
temperature of most systems lie in the range 60-90°C, depending on source.

Keywords often associated with alkaline electrolysis are proven, cheap, and in-
efficient. Proven since it has been on the market for a century. Cheap since it does
not require noble metal catalysts, but can use nickel and cobalt based transition
metal and transition metal-oxides as catalytic coatings. And inefficient since it
has large internal resistance, hence a limited current density range. The cheap-
part is why it is interesting as topic, and the inefficient-part is where research is
needed. Most, if not all, disadvantages with the alkaline systems somehow re-
late to the use of a porous diaphragm and liquid electrolyte. As gas evolution
takes place on the electrodes, the volume between electrode and diaphragm is
filled with gas bubbles. While NaOH (aq) and KOH (aq) both have very high
ionic conductivity, the large inter-electrode distances and the significant block-
ing effect of gas bubbles result in very high ohmic losses, which limits operation
to the sub 500 mA cm~2 range. On top of this, the porous nature of the di-
aphragm is not ideal in terms of gas separation. It prevents differential pressure
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2H,0 + 2e" —H, +20H 20H — 140, + 2e +H,0

OH

Fig. 2.1: Working principle of a traditional alkaline electrolysis cell. Working tem-
perature 60-90°C. Aqueous KOH 15-30 wt% is circulated through the cell. Cath-
ode left, anode right.

operation, and since it is a porous material it must be of a certain thickness to
limit gas mixing. Furthermore, the highly corrosive alkaline electrolyte is tough
for auxiliary equipment, and ideal systems would use dilute (< 1 M) alkaline
electrolyte or pure water.

Consequently, some research have gone into finding improved materials and
better cell design. For a long time asbestos cloths were used as diaphragm, but

asbestos is toxic and suffers from stability issues at high temperatures.?0-2324

Different alternatives have since been investigated: Sintered nickel oxide;*>2
polyantimonic acid?*?® and zirconium oxide?®?° based composites, with poly-
meric binders such as polysulfone (PSU) or polytetrafluoroethylene (PTFE); and
polymeric cloths based on polysulfones,>* polyphenylenesulfide (PPS),?**" or
sulfonated poly(etheretherketones) (SPEEK).3! Current state-of-the-art is a com-
mercially available polysulfone/zirconium oxide-composite symmetrically coat-
ed on a polymeric mesh with the trademark name Zirfon.? Zirfon is specified
to be stable in 6 M KOH (aq) at up to 110 °C. Further separator improvements

in alkaline electrolysis are expected to come from the development of anion-
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exchange membranes (AEM) or ion-solvating alkaline membranes.>?

Anion exchange and alkaline polymer electrolyte membrane electrolysis

Introducing a polymeric membrane - anion-exchange or ion-solvating - and em-
ploying a zero-gap configuration move the alkaline system towards the PEM
system in terms of components and cell structure. To better distinguish be-
tween alkaline concepts they can be grouped in three subcategories. Classic
alkaline, alkaline polymer electrolyte membrane (APEM), and anion-exchange
membrane (AEM).

APEM is in many ways like classic alkaline, except the diaphragm is substi-
tuted with a polymeric membrane. Zero-gap configurations with porous elec-
trodes can be applied, but KOH (aq) or similar electrolyte is still necessary to
provide ionic conductivity. This type can efficiently utilize foam or mesh-based
electrodes. Figure 2.2a illustrate the concept with foam-type electrodes. The
work in this thesis primarily fall under this category, and it certainly belong to
the alkaline electrolysis category.

AEM on the other hand has a close resemblance to PEM. While the environ-
ment within the membrane is alkaline (OH™-conducting), and non-noble metal
catalysts are an option, it does not require alkaline electrolyte but rather can
operate with pure water. This adds the requirement that electrodes offer an-
ionic pathways, similar to what is necessary in conventional PEM electrolysis.
This is arguably polymer electrolyte membrane electrolysis, but no consensus exist
within literature with regards to the PEM abbreviation. This type is normally
referred to as AEM, whereas PEM is restricted to proton-conducting polymeric
electrolyte membrane systems. The concept is illustrated in Figure 2.2b, with
electrodes consisting of a catalyst layer near of the membrane, and a porous
transport layer (PTL) to support this and provide better electronic pathways.

An in-depth review on electrode materials and catalysts is presented in Sec-
tion 2.3, and details on state-of-the-art alkaline membranes is covered in Sec-
tion 2.4.

High temperature and pressure alkaline electrolysis

A novel and slightly different approach within alkaline electrolysis is the use of
much higher temperatures. Kinetics and ionic conductivities generally increase
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Fig. 2.2: Membrane-based alkaline electrolysis concepts. (a) APEM, here using
electrodes with macro-porosity without the need of an ionomer. (b) AEM, since
an-ionic pathways are necessary, electrodes consist of an ionomer/catalyst layer,

and a porous transport layer. Cathodes left, anodes right.

drastically with temperature, but normal alkaline electrolysis is restricted by the
boiling point of the liquid electrolyte and material stability concerns. However,
with high pressure (~ 40 bar) operation up to 250°C is possible. At these temper-
atures KOH solution can be immobilized by a porous ceramic material to form
an electrolyte system, which at high temperatures show high ionic conductiv-
i’cy.33 Using either silver catalyst on nickel or nickel alloy foam based electrodes,

34,35

with an yttria-stabilized zirconia electrolyte matrix; or cobalt and molybde-

num activated nickel foam electrodes and a strontium titanate electrolyte ma-
trix,%® very high current densities can be reached at high efficiencies. More than

1 A/cm? can be achieved at 1.5 V.3¢
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2.1.2 PEM electrolysis

PEM electrolysis was introduced in its modern form as a concept in the late
1980-ies, as the first and most common type of solid polymer electrolyte (SPE)
electrolysis.37'38 Unlike alkaline, which have been available for a century, MW-
scale PEM has only recently reached market maturity, although small systems
have been available for about 20 years.*® PEM systems promise high efficiency,
high partial load range, short response time, and high hydrogen purity. How-
ever, this come at the cost of very expensive systems with scarce platinum group
metal (PGM) catalysts, and expensive and difficult to process materials.*’

The most widely used solid polymer electrolyte in PEM systems is perfluoro-
sulfonic acid-type (PFSA) membranes, such as the well known Nafion, capable
of conduction protons (H"). The immediate vicinity of the membrane is strongly
acidic, and as a consequence only a limited selection of noble PGM metals can
act as stable catalysts. Cathodes are made from carbon supported platinum cat-
alysts (Pt/C), and anodes are iridium or ruthenium oxide based catalysts sup-
ported by a titanium felt or similar material.*> PEM electrolyzers operate with
pure water and commonly only on the anode side, hence the ionic pathways
in the electrode must be provided by an ionomer mixed into the catalytic layer.
The concept is illustrated in Figure 2.3. Normal working temperature for PEM
systems are in the range 50-80°C.*°

While PEM show extraodinary electrochemical performance, and can reach
2-6 A/cm? at 2 V depending on membrane thickness (~ 50 — 200 pm)*! it is
not without some issues. The acidic nature of the membrane together with the
large oxidizing potentials limit catalyst options to noble metals.? Expensive and
scarce platinum and the even more scarce iridium are currently used for cath-
odes and anodes respectively. Iridium, a side product of platinum production,
is only produced in small amounts annually and it can be imagined to become
a limiting factor if gigawatts of PEM electrolyzers are to be deployed. While it is
apparently not an issue of concern for commercial PEM eletrolyzer companies
yet, a rough estimate of total deployment potential can be made.

Consider a1 MW system (Inspired by a ITM Power PEM electrolyzer system),
with 3 stacks of 100 cells, with cell size 60 x 30 cm?. Nominal operating condi-
tions of 1.8 V and 1 A/cm? fit approximately with this. Assuming a loading
of 2.2 mg/cm? IrO; it requires approximately 1 kg iridium per 1 MW. Taking 9
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2H* + 2e

Fig. 2.3: Working principle of a PEM electrolysis cell. Common working temper-
ature 40-80°C. Cathode left, anode right.

t/yr*? as annual iridium production, this is at most 9 GW/yr. This is disregard-
ing any other applications for iridium which is unlikely. Babic et al. estimate
2 GW/yr, with long term improvements enabling up to 100 GW/yr based on
slightly different assumptions.*

Although the primary contributor to stack costs is the bipolar plates (51%*%),

significant work is directed towards the catalysts'. Some research has looked

5 or with tin,* or sim-

into alloying iridium or ruthenium in e.g. pyrochlores*
ply at reducing the catalyst loading without compromising the performance.
The carbon (cathode) or titanium (anode) catalyst support which act as a porous
transport layer and help by providing electronic pathways is another important
cell component. The carbon felts of the cathode are cheap and reliable. However,
the titanium materials at the anode is problematic. They are difficult and expen-
sive to process, and they oxidize over long term cell operation. Consequently,
the contact resistance increase and performance decrease. Lastly, the hydro-
gen permeability of Nafion is strongly dependent on partial pressure difference.

Since pressurized operation is stated as an advantage for PEM over alkaline,

TAccording to a recent conference contributions [44], this is not the case any longer.
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it necessary to point out the relatively poor membrane performance in this re-
gard.*4147 Thus, to adhere to safety requirements commercial systems may em-
ploy recombination catalysts (platinum in the anode), and thicker membranes
than otherwise desired. As such, the afore mentioned 6 A /cm? at 2 V is not re-
alistic under current commercial conditions. For a broader overview, Carmo et
al.*0 (2013) provide a comprehensive PEM electrolysis review and Babic et al.%
(2017) thoroughly discuss all the issues of current state-of-the-art systems.

2.1.3 Solid oxide electrolysis

Solid oxide electrolysis is the least mature among the three primary types of wa-
ter electrolysis, and is at present stage purely at a R&D level. Characterised by
very high operating temperatures, 750-900°C, these electrolyzers are fed with
steam rather than liquid water. At these temperatures a whole different set of
materials is necessary, and the thermodynamics of the water splitting process is
significantly different. Much higher electrical efficiency can be achieved as ki-
netics are faster and as the reversible electrochemical cell potential is decreased.

The electrolyte and electrodes are made from ceramic or ceramic/metallic
composites. At high temperatures the electrode conduct oxygen ions (O?~)
through oxygen vacancies in the ceramic crystal lattice. The electrodes are gas-
diffusion type electrodes, as steam and product gasses must be able to diffuse
in and out easily. As the membrane as well as both electrodes are very thin and
made from brittle ceramic material, the entire cell is normally supported by an
increased cathode layer thickness to help mechanical integrity. The concept is
illustrated in Figure 2.4.

The most common electrolyte material is yttria (Y20O3) stabilized by zirco-
nia (ZrOy), YSZ. Commonly with an 8 mol% substitution ratio. Electrodes are
composite electrodes of electronic and ionic-conducting materials, and reactions
only take place at the triple phase boundary (TPB) between the two conduct-
ing materials and the gas phase. Hydrogen electrodes are made from metal-
lic/ceramic composites (cermets), with Nickel/YSZ being most frequent. Plat-
inum is useful in model studies but not feasible from a commercial point of
view. For the oxygen electrode perovskite-type (ABO3_s) ceramics are mixed
with YSZ. Most commonly strontium-doped lanthanum manganite (LSM), but
also strontium doped lanthanum cobaltite (LSC) and with additional iron sub-
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(—i— &.}
H,O + 2e° 20, + 2e°

Fig. 2.4: Working principle of a solid oxide electrolysis cell. Working tempera-
ture > 750°C. The high temperature enables oxygen-ion conduction by means of
vacancies in the ceramic material of the electrolyte. Water is supplied as steam.
Cathode left, anode right.

stitution of cobalt (LSCF). A wide range of other materials are investigated in
literature, but the Ni/YSZ | YSZ | LSM/YSZ remain the most common configu-

ration.*8

It should be noted that high temperature electrolysis has some opportunities
beyond water electrolysis. Co-electrolysis in which CO; is introduced as reactant
and reduced to generate syn-gas (H; + CO) is possible, but is a topic on its own
and will not be addressed further.

High temperature proton conductors

Solid proton conducting electrolysis is conceptually similar to normal solid ox-
ide electrolysis, except that the charge carrier is H' rather than O?~ and steam is
fed to the anode. Materials are primarily ceramics, but rather than YSZ, the pro-
tonic conductors are based on perovskites such as SrCeO3, BaCeOs3, and BaZrOs
where the B atom is replaced by trivalent cations such as Y, Yb or Nb, e.g. yttria-
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doped barium zirconate.*®

As with conventional solid oxide electrolysis, co-electrolysis is also an option.
Here, CO; is also introduced on the cathode, and can in principle be used for

direct formation of methane.*’

Intermediate temperature proton conductors

Another type of water electrolysis can be performed at intermediate tempera-
tures (200-400°C) using solid acids such as CsHyPOy4 or Sng9Ing 1P207 as elec-
trolyte.”® This field is however, at very early stages of research hence not much
is published and the concept is largely unexplored.

2.2 Theoretical framework

2.2.1 Thermodynamics

During water electrolysis energy is converted from electrical energy to chemical
energy. In our case in the form of hydrogen, since oxygen is readily available
from the atmosphere for most applications. The chemical energy obtained cor-
responds to the difference in enthalpy of formation A ¢ H between reactant (H,0)
and products (Hy and O;). However, since the entropy is changed during gas
evolution reactions, the governing thermodynamic entity describing the equilib-
rium of reactions is the Gibbs free energy AG of the reaction, which at constant
temperature and pressure is given by

AG = AH — TAS. (2.6)

Here T is the temperature and AS is the difference in molar entropy. When
the change in Gibbs free energy is negative the reaction is thermodynamically
spontaneous. Conversely, if AH is positive energy must be supplied to drive the
reaction, and energy corresponding to AG must be supplied as high quality en-
ergy such as work. Relevant thermodynamic quantities at standard conditions
are summarized in Table 2.1, with ° denoting standard values. The enthalpy
of formation of H, and O, are zero, whereas for water it has a negative value.
Hence, the Gibbs free energy (AG) and the enthalpy (AH) associated with the
water splitting reaction are identical to the negative energies of formation for
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water.
AG = —AfGﬁzo(l) = 237.1kJ/mol (2.7)
AH = —AfHIO{ZO(l) = 285.8 k] /mol (2.8)

Reacting Hy with O, is thermodynamically spontaneous and can liberate chem-
ical energy (fuel cell or combustion), whereas the opposite reaction require ex-
ternal energy input (electrolysis).

Table 2.1: Thermodynamic quantities at standard temperature and pressure
(STP), T = 298.15K, p = 1 bar.>

AfH®  AfGP S° C,
kJ/mol kJ/mol J/(molK) J/(molK)
H»> 0 0 130.7 28.8
@)) 0 0 205.2 29.4
H,O (1) -2858 -2371 70 75.3
HO(g) -241.8 -228.6 188.8 33.6

As water splitting increase entropy through the formation of gas, the TAS
term is positive and contributes towards making the reaction progress more eas-
ily as it decrease the Gibbs free energy. As a consequence, the cost in energy sup-
plied as work required to drive the reaction is less than the energy available by
combustion of hydrogen. This enable water electrolysis to operate at electrical
efficiencies above 100%. Although rarely feasible in practice for alkaline systems
due to kinetics, it is practically possible at high temperatures with free heat en-
ergy available. That a fuel cell or combustion process cannot convert back all the
energy available in hydrogen into work or electrical energy is a different aspect.
Fuel cells suffer the same entropy-driven energy penalty and is also kinetically
limited, whereas combustion processes are limited by the carnot efficiency.

Temperature dependence

Increasing temperature has a profound effect on the equilibrium and kinetics
of chemical reactions. Water splitting is no exception. While this work is solely
looking into water electrolysis, solid oxide technology and other high tempera-
ture techniques operate with steam electrolysis, hence higher temperatures de-
serves a brief mention.
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The equilibrium behaviour is, as discussed, governed by the Gibbs free en-
ergy given by eq. (2.6). The enthalpy of formation and the molar entropy are
functions of temperature and the molar heat capacity, which in turn is also tem-
perature dependent, albeit only slightly. For temperatures below 100°C one can
assume C, constant, but for much higher temperatures one should refer to tables
or empirical formulas, e.g. [51-53]. The temperature dependency is expressed

as:
T
H(T) = H°+ | C,(T)dT ~ H° + C, - AT 2.9)
TO
T (T
sy =5+ [ Dar s yc, L (2.10)
o T T°

Electrochemical water splitting

Water electrolysis is an electrochemical technique, which in essence means that
the electron transfer reactions are separated at the anode and cathode. The en-
ergy associated with driving the reaction, i.e. the Gibbs free energy, can thus be
expressed in terms of work performed by moving charges. Hence, a potential
is associated with the reaction, which is induced between the electrodes. This
is called the reversible potential E,e, or standard cell potential and is expressed in
terms of the Gibbs free energy and the number of charges participating in the

reaction n.

Eropo = - (2.11)

For water electrolysis n = 2 and F = 96485 C mol ! is Faradays constant. Hence,
to drive the reaction a potential larger than E,,, must be applied for electrons to
overcome the thermodynamic work needed by the reaction.

While the Gibbs free energy governs the equilibrium behaviour, the enthalpy
of formation determines the generated potential chemical energy. The thermoneu-
tral potential E, describe the potential at which the reactions occur isothermally,
and is given in terms of the enthalpy of formation through

AH
Ey = T F (2.12)
If reactions take place below the thermoneutral potential they are endothermic,
while reactions above are exothermic. The reversible and thermoneutral poten-
tials at relevant temperature conditions is provided in Table 2.2. The common

working temperature in this work is 80°C.
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Table 2.2: Reversible E,.,, and thermoneutral E,, cell potentials for various tem-
peratures at standard pressure.

Temp. [°C] 20 25 40 60 80

Erev [V] 1.233 1229 1216 1.120 1.183
Ewm [V] 1482 1481 1479 1475 1472

At a glance, it seems ideal to operate at the thermoneutral potential, but in
practice heat is lost to the surroundings through e.g. thermal radiation and
vapour leaving the system. To be self-sustaining on a system level, a slightly
higher potential is necessary, to generate the excess heat which is otherwise lost.
This can be denoted as the thermobalanced potential and depend on the type and
size of system, pressurization, and operation specifics. Commonly this lie in the
range 1.54-1.74 V for alkaline and PEM systems.*! A deeper discussion of this is
beyond the scope of the this project, and the reader is referred to the reference.

The thermodynamic temperature behaviour of the reaction at standard pres-

sure is summarized in Figure 2.5.

Nernst equation

As temperature can influence the cell potential, so can pressurization and con-
centration of involved species. The equilibrium is described by the Nernst equa-
tion (2.13) where a, represent the activity of the involved species.

_RT In [aH2 : a021/2] .

E=E° (2.13)

ﬁ ' aH,0

For gas phase reactions such as steam electrolysis, the activity is conveniently
substituted by partial pressures. In dilute aqueous solutions the concentrations
can be used and water taken as unity. However, a strong alkaline electrolyte is
not dilute and gas is evolved during alkaline water electrolysis making it non-
trivial to use.

Efficiency

The topic of efficiency is of course important when it comes to energy technol-
ogy. The intuitive way to consider efficiency is to compare the energy you get
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Fig. 2.5: Thermodynamic entities; Gibbs free energy A(G, enthalpy of formation
AfH and thermal energy TAS, and their temperature dependence assuming lig-
uid water at T < 100°C.

out versus the energy you put in. The energy you get is AH which can be ex-
pressed against a higher heating value (HHV), which correspond to a reaction
forming liquid water (AHypy = —AHp, (1)), or the lower heating value (LHV),
corresponding to a reaction forming gaseous water (AHp gy = —AHp,(y))- The
electrical energy provided is expressed in terms of the applied potential E;.
For the HHV and LHYV respectively, at standard conditions, efficiencies are ex-

pressed as
AHypy 1 1481V
= = 2.14
THHY nF Ecell Ecell ( )
AHrgy 1 1.253V
= = , 2.15
v nF Ecell Ecell ( )

However, this figure of merit is more accurately referred to as the voltaic effi-
ciency or polarization efficiency and is a simplification of the cell. A full cell
efficiency would take into account produced and lost hydrogen, and capture
effects of crossover and recombination, which can be quite significant,>**! but
this require more complex test systems to capture accurately. Hence, commonly
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in electrochemical contexts and in academic literature the current-potential-be-
haviour (iV-curve or polarization-curve) is presented, as it effectively capture
electrode performance, the ohmic behaviour of the electrolyte, and mass trans-
portation effects. However, differentiating clearly between contributions from
the different sources of overvoltage is non-trivial.

The faradaic efficiency, i.e. the fraction of electrons participating in water
electrolysis contra parasitic reactions, is almost always assumed to be 100% un-
der steady-state conditions in water electrolysis context. Current contributions
from corrosion, nickel oxidation/reduction, anodic formation of hydrogen per-
oxide HyO», or anodic carbon corrosion could contribute and are important in
aspects of stability, but insignificant in a steady-state efficiency context.

In commercial context, the efficiency on a system or stack level is more in-
teresting. Here the balance of plant (BoP), i.e. pumps, dryers, compressors and
other auxiliary equipment plays a role, and the efficiency is expressed in energy
per H, with units of kWh/kg or kWh/Nm?3.

To put things a bit into perspective. Assuming an operating potential of 1.8V,
(voltaic efficiency of ~ 82%), faradaic efficiency of 100% and BoP efficiency of 85
% the energy costs amount to 4.58 kWh/Nm? and 56.31 kWh/kg respectively,
in total 17 =~ 70%!.

Operational costs (opex) must always be balanced against capital cost (capex)
and production capacity. Large systems operating a lower current densities will
have a higher voltaic efficiency than small systems at high current densities.
Normally alkaline electrolyzers have a lower capex, but higher opex compared
to PEM electrolyzers.

2.2.2 Kinetics

Although thermodynamics lay the foundation for understanding water electrol-
ysis, there is not much engineering to be done without significantly changing the
system design. For instance, the reversible potential decrease only about 50 mV
going from 20°C to 80°C. But while thermodynamics define the equilibrium be-
haviour it does not describe the behaviour away from equilibrium. To describe

IThe Toyota Mirai with a range of approximately 500 km store about 5 kg of hydrogen in two
tanks.>* At danish consumer electricity prices™ of ~ 2.10 DKK/kWh that is about 590.00 DKK
for a full tank. Not very impressive due to the high fees on consumer electricity.
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this we need to look at reaction kinetics, and the losses that real systems suffer

from during operation.

When the current and reaction rate increase, the potential increases corre-
spondingly. The higher the current is, the larger the potential becomes and the
lower the efficiency gets. The real cell potential E.,;, necessary to drive a given
nominal current can in a simple model be separated into three fundamental
terms representing different concepts. The thermodynamic reversible potential
Erey, the activation or kinetic potential Ey;,,, and the ohmic potential Eq,.

Ecett = Erev + Exin + Eq (2.16)

Potential contributions beyond E;., can be considered losses and should be min-
imized as much as possible. Kinetic losses are often called overpotentials #, and
can be ascribed to each electrode, 7, and #¢:. These are unavoidable, but can
be minimized by using active catalysts and large electrode surface area. Ohmic
losses are proportional to the current and are caused by ohmic resistances in
the electrolyte (ionic) and in the electrodes (electronic). Since the electronic con-
ductivity is often orders of magnitude larger than the ionic conductivity, the
ohmic contributions are often primarily ionic. Ohmic losses can be reduced by
increasing ionic conductivity using novel materials, or by decreasing electrode
distance by using e.g. thinner membranes. In a slightly expanded model, the
cell potential is then described by

Ecet1 = Erev + Han + Ycat + 1 - Ry (2.17)

Furthermore, gas evolution in liquid electrolyte give rise to bubble resistance,
which conceptually is similar to mass transport losses in fuel cells. The forma-
tion of gas replace the liquid electrolyte locally, and can cover catalyst surfaces.
This lead to higher ohmic resistances as the electrolyte volume is reduced and
the ionic mean path distance is increased, as well as to higher kinetic losses as
the effective surface area is decreased. However, in water electrolysis due to
the high reactant-density of water (a liquid), sudden mass transport limitations
as seen in fuel cells (gaseous reactants) are rarely observed even for very high
current densities (> 4 A/cm?). Hence, distinguishing bubble effects from the
intrinsic kinetic and ohmic effects is not trivial. As a consequence, electrode
properties such as hydrophilicity may appear to affect ohmic losses more than
kinetic losses normally associated with electrodes.
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Fig. 2.6: Illustration of various contributions to the cell potential, (a) individual
overpotentials, (b) cumulative overpotential.

A typical current-voltage curve (polarization curve) with arbitrary values is
presented in Figure 2.6 to illustrate the contribution of different effects. E;; and
Ecst can be reduced by using better catalysts, E,j,, with better or thinner mem-
brane or separators, and Ey,;;, by using zero-gap configuration, or hydrophilic
electrodes with better transport properties. The individual potential contribu-
tions are by themselves added onto the reversible potential in Figure 2.6a, where-
as they are cumulatively added in Figure 2.6b. The relative contributions be-
tween anode, cathode and ohmic losses are highly electrode and membrane de-
pendent and the graphs should be taken as an example. In e.g. PEM electrolysis,
the cathode contribution is significantly lower than the anode contribution.

Butler-Volmer equation

Ohmic losses are straight forward, and are equivalent to the potential drop across
a resistor when a current flows. They follow ohms law, are directly proportional
to the current, and are increasingly important as current density is increased. At
low current densities the main contributions to the overpotential come from the
the electrode kinetics, i.e. the cost of pushing the system away from equilib-
rium conditions. The electrochemical reaction rate on a single electrode repre-
sented by a current density i, relates with the reaction overpotential 77, through
the Butler-Volmer equation:

= oo (225 o (-5, )] e
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ig is the exchange current density - equivalent to the equilibrium forward and
backward current density at # = 0. The exchange current density is effectively
increased by enlarging the active electrochemical surface area (ECSA), e.g. by
increasing catalyst loading, employing porous structures, or increasing surface
roughness. « is known as the charge transfer coefficient for which 0 < a < 1,
but is often assumed to be 0.5. If this is a sound assumption is not necessarily
true for alkaline water electrolysis.

As expressed by the equation, the reaction rate (and thus current density)
is the difference between the forward and backward reactions. At equilibrium
these are equal, but when the system is perturbed away from equilibrium, the
overpotential 77 change and one of the exponential functions start to dominate
resulting in a non-zero current. If far enough away from equilibrium, one of the
terms become negligible, and the equation can be simplified:

i = igexp (0;:—7{:17) . (2.19)

This can be rewritten to describe the overpotential in terms of current density

RT . RT .
n = _ﬁ ln(lo) + ﬁ ln(l) (220)
2.3RT . 2.3RT .
=-—F log(ig) + o F log(i) (2.21)
=a+blog(i). (2.22)

Equation (2.22) is known as the Tafel equation and is commonly used to fit elec-
trode polarization data in literature. The coefficient

_ 2.3RT
~ anF

b , (2.23)

is known as the tafel slope and represent the change in current density per
decade of overpotential increase. The constant

a=— .n log(ip), (2.24)

is used to calculate the exchange current density iy which is a term for the equi-
librium current.

Caution must be exercised when fitting electrode data to the tafel equation.
Depending on current density regime, a change in rate limiting step can induce a
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change in the tafel slope, and similarly will increased bubble coverage and block-
ing of the active surface diverge the measured data from the intrinsic behaviour.
This is almost always observed at current densities above 100 mA /cm? relative
to the apparent geometric electrode area, but often already at much lower cur-
rent densities. Lastly, the limiting step of a reaction may be chemical and not
electrochemical, or parasitic reactions may run concurrently in which case the

model is misleading at best.

2.3 Electrocatalysis and electrodes

In the context of this work, two electrochemical reactions are of prime interest.
The hydrogen evolution reaction (HER) taking place at the cathode in which
water is reduced, and the oxygen evolution reaction (OER) at the anode where
hydroxide ions are oxidized. For these processes to proceed rapidly with mini-
mal losses, efficient electrocatalysts are necessary. This section seeks to provide
an up-to-date literature review on electrodes and electrocatalysts for alkaline
hydrogen and oxygen evolution. While electrodes and electrocatalysts are not
the same thing, they are intrinsically connected and can hardly be addressed
without one another.

The most important advantage of alkaline electrolysis over the strongly acidic
environment present in PEM electrolysis is the option to use non-noble metals.
In PEM electrolysis essentially all catalysts are Pt or Ir based, all of which are
expensive and scarce.’*" In the alkaline environment a wide range of e.g. tran-
sition metal-based materials can be used. Primarily these are nickel, cobalt and
iron-based, but not exclusively. In contrast to PEM, there are currently no well
established go-to catalyst, and vast amounts of literature is being published on
novel and less-novel materials. Hence, while this review is hopefully compre-
hensive it is by no means exhaustive. The included literature is selected in part
on basis of the “at a glance”-relevance to cell applications. This means that there
may be an overweight of good performing catalysts, and a lack of poorly work-
ing concepts.

A good electrode employ an active catalyst and have a large electrochemi-
cal surface area. Furthermore, it needs to get rid of evolved gasses efficiently
(hydrophilicity), and have a good and uniform electronic conductivity. In a
simplified framework, this is achieved in two ways. Either a catalyst powder is
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prepared into an electrode through blending with organic binders and/or con-
ductivity enhancing support materials. This can be processed in various ways,
such as spraying, tape-casting, or pellet pressing. This type of approach is com-
mon in PEM fuel cells and PEM electrolysis, where a need for ionic pathways
exists, which are established through the polymeric ionomer which co-function
as binder. Alternatively, when a liquid electrolyte is present, a structured ma-
terial such as nickel foam can be physically, chemically, or electrochemically
coated directly. Naturally, preparation methods also exist that fall outside or
inbetween these categories.

Good electrodes and electrocatalysts are evaluated against a set of criteria that
to varying degrees must be fulfilled. Trasatti summarized these nicely.”®

* High electrocatalytic activity towards the desired reaction, in the form of
a large exchange current density.

* A large active surface area to enable an increased reaction rate relative to

mass or geometric electrode area.

* High electrical conductivity of the electrode. Poorly conductive catalysts
must be used in thin layers only or mixed with percolating conductive net-
works. This is an issue for many oxide catalysts.

* Good wettability, to efficiently get rid of gas bubbles.

* High selectivity of the electrocatalyst towards the relevant reaction. This
is generally assumed not an issue in water electrolysis during steady state
operation.

e Stability of electrodes, and the materials in all aspects. Mechanical elec-
trode stability towards two-phase flows during gas evolution at high cur-
rent densities, chemical stability at high temperatures in corrosive alkaline
electrolyte, and electrochemical stability under highly reductive and ox-
idative potentials, and towards depolarization on shutdown or in case of
system failures.

* FElectrodes should be prepared from abundant and cheap elements, and
preferably easy to process.

* Materials and processing should easily comply with health and safety con-
cerns (toxicity, pyrophobicity)
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Naturally, trade-off has to be made, e.g. sacrificing mechanical stability to
increase porosity, or by increasing catalyst loading to increase activity at the ex-

pense of using more material.

The catalytic activity is a very important but weakly specified quantity. In
some cases like the oxygen reduction reaction (ORR), a specific figure of merit is
widely accepted, namely the kinetic current at 0.9 V vs RHE, but for the oxygen
evolution or hydrogen evolution reactions no common figure of merit is widely
employed.”” Several representations exist, but which ones are used depend on
the authors and the scope of the publication.

¢ Graphical reporting (iV-curve) of polarization characteristics. Commonly
shown with one or more reference materials or electrodes for comparison.
The current axis can vary with orders of magnitude between electrode and
catalyst publications depending on the normalization used. The current
axis is generally presented with a linear scale for electrodes, and logarith-
mic scale for catalysts.

* The tafel slope b [mV dec™!], which can be extracted from a polarization
data, is used in both electrode and catalysis contexts and represent the
needed overpotential to increase current density a decade. It is not a com-
plete characteristic as a stand-alone value.

* The exchange current density ip [mA cm 2] is fundamentally interesting,
but estimates based on tafel slopes are highly uncertain. Furthermore, the
ECSA of electrodes are often difficult to accurately determine and thus the
values loose some of their meaning.

e The turn over frequency (TOF) [s~!] of a material describes the number
of reactions per catalytically active site. As this involves an estimate of
the type and the number of active sites it is associated with a significant
uncertainty. The TOF is commonly used in contexts of intrinsic catalystic
activity. In electrochemical contexts, the TOF must be accompanied with
a specific overpotential.

* Current density i at a given overpotential 77, i,,. Normalization is often in
terms of apparent geometric electrode area, but can also be with regards
to mass loading or electrochemically active surface area.
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* The overpotential # at a specified current density i, 77;. In the literature,

this is often provided at i = 10 mA cm 2

, since this is the approximate
current density for a 10% efficient photolytic watersplitting device under
standard illumination and is thus particularly interesting for photoelectro-
catalysis.”®

This work investigates electrodes and cells, hence the full range polarization
characteristics and the overpotentials needed to reach a specific geometric cur-

rent density are the most interesting figures of merit.

While there are other aspects to a good electrode than high intrinsic catalytic
activity, it is still very important. In many cases, the reaction rate is limited by
a single reaction step and follows the Sabatier principle: When bonding is too
strong, desorption is hindered, and conversely, when bonding is too weak, ad-
sorption is hindered. Hence, a volcano behaviour can be predicted based on
specific bonding descriptors. For instance, it has been shown that the HER rate
on metallic surfaces depends on the hydrogen adsorbate bonding strength.>
Similarly, the OER on metal-oxides has been shown to correlate with the energy
difference between the *O and *OH adsorbates,®! whereas Suntivich relate the

activity of perovskite-oxides with the eg-orbital electron filling.52

Recent reviews by Seh et al.®> and Sapountzi et al.*’ provide an up-to-date
status on hydrogen and oxygen electrocatalysis.

2.3.1 Hydrogen evolution reaction

The hydrogen evolution reaction in alkaline media is generally accepted to pro-
ceed through two steps involving three reactions.®*%7 The first step corresponds
to water dissociation, forming adsorbed hydrogen on a surface site, eq. (2.25),

M+H,O+e — MH+ OH™ (Volmer) (2.25)

This is followed by either an electrochemical hydrogen desorption step, eq. (2.26),
or a chemical desorption step, eq. (2.27), which may proceed concurrently.

MH+H,O+e — M+OH™ +Hy 1 (Heyrovsky) (2.26)
MH +MH — 2M + H, 1 (Tafel) (2.27)

The polarization kinetics can in some instances provide information on the rate

limiting reaction step. If the rate limiting step is either the Volmer, Heyrovsky,
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or Tafel step, then the corresponding tafel slopes at standard conditions are ~
120 mV dec!, 40 mV dec! and 30 mV dec ! respectively.47°

It has been shown that the HER rate on metallic surfaces depends on the
hydrogen adsorbate bonding strength,”*® and it is generally understood that
platinum is a near-perfect hydrogen evolution catalyst. However, the activity in
alkaline media on platinum is orders of magnitude lower. Whereas the Volmer
step in acidic media only involves the reduction of a proton into adsorbed hydro-
gen, the Volmer step (water reduction) in alkaline media (2.25) is more complex
and include water adsorption and hydroxide desorption. Platinum is still very
active, although less so than in acidic media. We are however, mostly interested
in non-noble metal catalysts since this is one of the advantages of alkaline elec-
trolysis. Hence, platinum serve as an excellent reference material against which
to compare catalysts or electrodes, but it is not desirable for large scale use.

Table 2.3 and 2.4 summarize the HER performance of selected publications
grouped by respectively near-room temperatures and application-relevant tem-
peratures. Furthermore, in the following sections several categories of alkaline
HER catalysts are discussed. Nickel-molybdenum and nickel-tin bimetallics,
nickel-sulfides, and Raney nickels are some of the most interesting classes of al-
kaline HER catalysts. For a presentation on an even wider range of catalysts, the
reader is directed to other HER reviews. In specifically alkaline media, Gong et

al. discuss nickel-based materials,”! and Safizadeh provide a broad overview.**

For general hydrogen evolution catalysis Zeng et al. discuss recent progress,®’

and McCrory evaluate several materials in a benchmark study.”®

Briefly, a few comments to the tables are necessary. Loading is omitted since
most coatings do not state loadings, and tafel slopes are presented only when
stated directly. The overpotential at a given current density #; is chosen as the
primary figure of merit and is shown for various current densities depending
on publication. The summarized data is sorted by KOH/NaOH concentration,
and then by relative performance. The material stoichiometries stated under
material are not stoichiometricly exact in many cases, but rather an indication of
the elements involved. In cases where the temperature was not stated, room-
temperature was assumed. Lastly, materials in the form of NiAlX or NiZn are
in essence Raney-type materials.
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TR | Expanded table legend for 2.3 and 2.4: *: Estimated from graph, ’:
estimated from Hg/HgO reference based on article RHE estimates,

==
--

(a): Amorphous, TD: Thermal decomposition, ED: Electrodeposition,
EDCC: Electrodeposited composite coating, HT: Hydrothermal, MS:
Magnetron sputtering, SP: Sintered powder, PP: Pressed powder, VPS:
Vacuum plasma spraying, APS: Atmospheric plasma spraying, LPPS:
Low pressure plasma spraying, PVD: Physical vapour deposition, DS:
Direct sulforization, +S: Sulforization, +P: Phosphorization, +A: An-
nealing. For more detailed descriptions see Appendix A.
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Table 2.3: Selected hydrogen evolution activity data published in the 20-35°C temperature range.

Material Method  Substrate Electrolyte ~ Conc. Temp. i1 M ip 12 iz 13 b Year (ref.)
°C mA/cm? mV mA/cm? mV  mA/cm? mV  mV/dec

NiMo * ED Cu foam NaOH 1M 20 10 10 20 34 100 110 201472
NisMo HT+A Ni foam KOH 1M RT 10 15 200 44 30 201773
NizMo HT+A Ni foam KOH 1M 25 10 28 20 37 36 201774
Pt - Foil NaOH 1M RT 10 36 50 81 100 92 20177°
Pt/C Ink Ni foam KOH 1M RT 10 40 43 201576
Pt/C ? Ti mesh KOH 1M RT 20 46 60 201677
Pt/C ? Ni foam KOH 1M RT 10 50 37.8 201678
NiS/Ni DS Ni foam KOH 1M RT 10 60 201677
NiAlSn * PP - NaOH 1M 30 10 62 100 140 1000 240 107 200180
CoMoB Ink GC NaOH 1M RT 10 66 50 145 100 184 67 20177°
NiMo Ink Ti foil KOH 2M 25 20 70 201381
Ni - Ni foam KOH 1M RT 10 96 129 201576
Pt* S Ni foam NaOH 1M RT 10 128 201482
NiS HT-S Ni foam KOH 1M RT 10 130 123.3 201678
NiS DS Ni foam KOH 1M RT 20 158 2016%3
CoB Ink GC NaOH 1M RT 10 166 100 290 201775
NiSe, HT PTFE/C KOH 1M 25 10 184 20 201 50 219 77 201584
Mo,C * PP - KOH 1M RT 10 192 20 210 54 2012%
NiFe(OH), * HT Ni foam NaOH 1M RT 10 214 201482
NiP HT-P Ni foam KOH 1M RT 10 230 58.5 201678
FeNiS, HT-S Ti mesh KOH 1M RT 20 243 108 201677
Ni(OH), * HT Ni foam NaOH 1M RT 10 249 201482
NiSe, HT Ni foam KOH 1M RT 10 255 120 201576
NiS, HT-S Ti mesh KOH 1M RT 20 276 113 201677
Ni ¢ - Ni foam KOH 1M RT 10 311 201678
Ni ¢ - Ni foam NaOH 1M RT 10 357 201482
Ti - Ti mesh KOH 1M RT 20 >500 201677
NiAlMo SP - KOH 1M 25 250 57 134 20040
NiAlMo LPPS ? KOH 1M 25 250 67 136 20040
NiAl PP - NaOH 1M 25 250 156 199386
NiAlPVD1% PVD Ni plate KOH 1M 25 100 136 300 202 121 201387
NiAlPVD2“% PVD Ni plate KOH 1M 25 100 212 300 302 201387
NiAlSn * PP - NaOH 10M 30 10 56 100 120 200180
NiSn ED Ni 40-mesh KOH 30wt% RT 200 137 300 161 86 201558
NiCoS (a) ED Steel plate ~ NaOH 28 wt% 35 150 180 94.3 20038
NiMo ED Steel KOH 6M 30 300 200 110 1990701
NiS (a) ED Steel plate ~ NaOH 28 wt% 35 150 213 106.8 20032
NiS (a) ED Steel plate ~ KOH 28 wt% 23 135 289 85 19943
NiCo ED Steel KOH 6M 30 300 380 30 1990%091
NiFe ED Steel KOH 6M 30 300 410 50 1990%091
NiZn ED Steel KOH 6M 30 300 425 30 19909091
NiWw ED Steel KOH 6M 30 300 470 25 19909091
NiCr ED Steel KOH 6M 30 300 550 160 1990701
Mild Steel - Steel KOH 6M 30 300 620 125 19907091
NiCu * ED Steel KOH 8M 25 10 213 2015%
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Nickel molybdenum

A number of studies have investigated bimetallic nickel materials for their HER
activity. Nickel-molybdenum alloys often show the highest activity, whether

99107 or electrodeposition.”’?! This has lead

prepared by thermal decomposition
to a lot of later work on NiMo-type electrodes,'® and later of the inclusion of
molybdenum in raney-nickel electrodes for HER.%¢?>10% Ag is evident, NiMo is
a promising material even when compared against other types of active HER
catalysts,97 and comes out on top in a recent benchmarking study.58 Hence, var-
ious ways to employ the material have been investigated, e.g. by synthesizing

81,106 simple electrodeposition,’>!1? hydrothermal deposition and an-

100

powders,

73,74

nealing, or through magnetron sputtering.

It appears that optimum molybdenum content lie in the range 10-40 mol%,
and that molybdenum to some extent will leach out during prolonged electrol-
ysis, although without a loss of polarization performance. Other publications
specifically prepare NizMo. Notable performance demonstrated include 1000
mA cm 2 at84 mV overpotential in 5N KOH at 70°C for thermal-decomposition-
coated mesh electrodes by Brown;’®? 20 mA cm~2 at 34 mV overpotential in 1
M NaOH at room temperature for electrodeposited foam electrodes by Wang;”?
10 mA cm~2 at 15 mV overpotential in 1 M KOH at room temperature for hy-
drothermal and annealed electrodes by Zhang;”® and 20 mA cm~2 at 70 mV
overpotential in 2 M KOH at 25°C with 1 mg cm~2 NiMo nanopowder by McK-
one.8!

Nickel tin

Nickel-tin materials are only scarcely investigated in hydrogen evolution con-
text, but additional studies with regards to preparation can be found in the
fields of protective coatings, or battery materials. The coatings are commonly
prepared by cathodic electrodeposition from pyrophosphate baths, containing
nickel and tin chlorides, potassium pyrophosphate K4P>O7, and aminoacetic
acid NH>CH,COOH. The nickel-tin bimetallics show a complex phase diagram,!!!
and the activity and resulting morphology depend strongly on bath composition

and deposition conditions.

Early work by Santos!?! and Yamashita!%* both show good initial activity, but
only Yamashita observe the material to be stable during prolonged hydrogen
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evolution. Pure tin shows very poor hydrogen evolution activity, but with the
addition of >25 mol% nickel the activity increases dramatically. On the other
hand, even a few mol% of tin appear to drastically increase the HER activity
of nickel. Later a series of papers by Jovic et al. investigate the pyrophosphate
bath behaviour, and the effects on the coatings and their HER activity.!0>112-114
They find a predominant phase of NiAs-like Nij;,Sn with 0 < x < 0.5, similar to
Yamashita. This appears to be the same phase that Zhu et al. denote NizSn,®
which also show excellent activity and stability. This phase seems to be more
active than the alternative NizSn or NizSny, hence the ideal stoichiometry seems

to be in the range of 50-60 mol% nickel.

As with molybdenum, tin has been shown to improve the activity of mechan-
ically alloyed raney nickel.®

Nickel sulfide

Some variations of nickel sulfide electrodes show high activity. This has been
known at least since Norsk Hydro, now NEL Hydrogen, patented an electrode
fabrication method in 1978.11> Electrodes are often prepared by electrodeposi-
tion from nickel-sulfate type baths such as a Watts nickel bath, with e.g. thiourea
CS(NHy),?>11617 or sodium thiocyanate NaSCN™? as sulfur source. It appears
that the amorphous phases are more active than the crystalline phases and that
heat treatment of as-prepared electrodes reduce the activity.**!!8 Small amounts
of cobalt improve the HER activity further compared to similar samples without
cobalt, and some activation takes place upon cathodic current onset, at which the
electrode improves over a few hours.®11811% Mostly active amorphous nickel
sulfide electrodes contain approximately ~ 15-20 mol% sulfur as-prepared, but
the amount tend to decrease over long term polarization without any adverse
effects. The improved activity of the amorphous phase over crystalline phase in

alkaline media have also been shown for MoS, and CoS,.1%°

A novel way of preparing sulfide electrodes was recently demonstrated by
Zhu®® and You.”” A sample of transition metal oxides or hydroxides is placed
downstream of a sulfur deposit in a tube furnace with a argon flow at ~ 400°C.
Although crystalline, good activity is still obtained. The technieque may also,
see some application for oxygen evolution,”” and can similarly be used with
phosphorous.
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Raney nickel

Raney nickel is the common name for a skeletal or spongy nickel material with
a very high porosity and large internal surface area. The material is formed by
selective leaching of nickel-aluminium or nickel-zinc alloys where the majority
of the aluminium or zinc is leached out leaving the nickel with a highly porous
structure. The term is at times also used for highly porous materials of other
elements, but it is primarily associated with nickel or nickel compounds. As the
nickel host structure is left with a very large surface area after leaching, it com-
monly shows very good catalytic properties but suffer from weaker mechanical
properties. It was first prepared by Murray Raney in 1927,'?! with a Ni:Al 50:50
weight ratio that is still commonly used today.

The nickel-aluminium alloy, primarily with the phases NiAlz and NiAlg, is
prepared by thermal processes: Either aluminium is coated onto nickel followed
by an inter-diffusion process, or a melt process can be used directly.'’>1?? Elec-
trodes can also be prepared through a powder-route where the alloy is crushed

to fine powder and applied through plasma spraying”®!9210%

123,124

or together with
PTFE binders as done in alkaline fuel cells or even in alkaline electroly-
sis.12126 Alternatively, a nickel-zinc alloy is obtained by electrodeposition of
zinc onto nickel followed by thermal inter-diffusion, or from direct co-deposition

of nickel and zinc.127128

In any case, the nickel-aluminium or nickel-zinc alloy needs to be activated by
leaching of the alloying agent in concentrated alkaline solution such as NaOH
or KOH. The degree and speed of the leaching process depend on the alloy
phase,®” and concentration (1-10 M) and temperature (20-100°C).5794129-131 The
Al-Ni intermetallic leaching reactions primarily proceed through egs. (2.28) and
(2.29)

NiAl; +30H™ +9H,0O — 3 Al(OH)s~ +4.5H; + Ni (2.28)
NipAls +30H™ +9H,0 — 3Al(OH)4~ +4.5H, + 2Ni. (2.29)

Al(OH)4 ™ is poorly soluble in aqueous solutions and can precipitate aluminium
hydroxide through (2.30),

Al(OH);~ — AI(OH)3 | +OH"~ (2.30)

Hence, a complexing agent such as K-Na-tartrate is often added to prevent pre-

cipitation 8”109
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Activated Raney nickel is pyrophoric. This is due to the large surface area of
metallic nickel prone to oxidation combined with adsorbed hydrogen from the
leaching process. Severe oxidation will significantly affect the activity, but this
can be mitigated by storing electrodes in water. For air storage, a slow drying
at room temperature is recommend to limit the rate of the exothermic oxida-
tion. Alternatively, a small positive polarization (< +100 mV) relative to the HER
potential can oxidize adsorbed hydrogen without severely oxidizing the nickel
surface which take place above +180 mV.1%

Very high surface areas can be achieved in this way. Roughness factors of
between 1000 and 60,000 have been 1‘epor’ced.86'95 It is however, not clear to what
extent the surface can be utilized during water electrolysis. Particularly at high
current densities, it appears that the pore utilization change.!3? It has also been
observed than the activity improved by increasing coating thickness up to 100

pm but no further improvement was seen beyond 150 um.!0%133

Lastly, it should be mentioned that in HER contexts, the activity is commonly
improved further by adding a molybdenum component.®®?>10%134 Current com-
mercial suppliers of raney nickel materials also offer a limited range of dopants

e.g. Mo, Fe or Cr.!%

2.3.2 Oxygen evolution reaction

Oxygen evolution is notoriously difficult and has been studied intensely for many
years. Work has previously to a large extent focused on metal oxides. Signifi-
cant interest has been shown in perovskites, including notable work by Sun-
tivich et al.®> and by Bockris and Otagawa.!3¢137 Spinel oxides have also received
great interest, 138 and also rutiles, rock salts, and other oxides have been exam-
ined.”®%7/13% Recently, transition metal hydroxides have seen increasing inter-
est.!* Not only because some metal hydroxides are more active than the most
active metal oxides, but also because some conventional metal oxide surfaces
may restructure into hydroxide-phases during the OER as nickel does.

The oxygen evolution reaction pathway is not fully understood and likely de-
pends on which catalyst is used. Several reaction pathways have been proposed
in the literature.””"!% For the alkaline environment the following 5 pathways
have been proposed, with S denoting a surface site.
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Electrochemical oxide path141

(a) S+OH —— SOH +e~ (2.31)
(b)  SOH+OH  —— SO+ H;O+e” (2.32)
(c) 250 —32S+0, (2.33)

Krasil’shchikov path!42

(a) S+OH — SOH +e™ (2.34)
(b) SOH + OH™ — SO~ + H,O (2.35)
(c) SO” — SO +e™ (2.36)
(d) 250 — 2540, (2.37)
Bockris path!”
(a) S+OH — SOH +e™ (2.38)
(b) SOH + OH™ — SH,O, + e~ (2.39)
(c) SH,O, + OH™ — SO,H™ + H,O (2.40)
(d) SH,O, + SO, H™ — HO +OH™ + O, (2.41)
Oxide path!4!
(a) S+OH — SOH +e™ (2.42)
(b) 2S0OH — SO + S+ HyO (2.43)
(c) 250 — 2540, (2.44)

Yeager and O’Grady’s path!43

(a) S+OH —— SOH+e~ (2.45)
(b))  S*OH — S*T'OH + e~ (2.46)
() 2S8*T'OH+20H — 2S+2H,0+ 0O, (2.47)

A prevailing mechanistic understanding of oxygen evolution for metal and
metal-oxide surfaces (not metal-hydroxides) describes how the binding energy
of two reaction intermediates on a single site (SOH and SOOH) follows a scaling
relation.®! The model shows excellent agreement with a wide range of literature
values on metal oxides. Interestingly, an unavoidable overpotential is predicted,
which may explain why no oxide-catalysts have been found with overpoten-

II

tials lower than 200 mV at room temperature'!. Most oxides, including con-

MExcept perhaps.'** Not since reproduced.
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ventional state-of-the-art IrO, generally show more than 300 mV overpotential,
with variations due to effective surface area and preparation methods.>%63145146
The model is widely used in theoretical approaches and used to plot volcano-

type diagrams, and supposedly applies universally for both acidic and alkaline

conditions although the reaction steps are based on acidic conditions.®3147/148
(a)  S+HyO(l) — SOH+H" +e~ (2.48)
(b) SOH — SO+H" +e (2.49)
(c)  SO+H,O(l) — SOOH +H" + e~ (2.50)
(d)  SOOH — S+ Oy(g) + H + e~ (2.51)

Table 2.5 and 2.6 present selected OER electrode activity data, split on two ta-
bles due to page-size considerations with data grouped by material class. For the
hydroxides in 2.6, the materials are not labelled stoichiometrically accurate and
the oxide/(oxy)hydroxde form is not specified. Dionigi and Strasser'4" provide
a focused overview over NiFe-(oxy)hydroxides and Hamdani et al.!3® give an
overview over various spinel-type catalysts. Gerken et al.!*’ published a large-
scale screening study on ternary metal-oxides and Zhang et al.'>® have screened
ternary amorphous compositions. Lastly, McCrory et al. published a series of

benchmarking studies for the OER 58145146

Expanded table legend for 2.5 and 2.6: *: Estimated from graph, ':

Estimated from Hg/HgO reference based on article RHE estimates,
¢ Known not to be stable, SD: Supercritical drying, SG: Sol-gel, CP:
Chemical precipitation, CCT: Citrate complexion technique, SSR: Solid
state reaction, +T: Thermal treatment. For more detailed descriptions see

Appendix A.
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Table 2.5: Selected oxygen evolution activity data published on spinels, perovskites, sulfides, and selenides.

Material Method Substrate  Electrolyte  Conc. Temp. i1 m i 12 iz U3 b Year (ref.)
°C mA/cm? mV mA/ecm? mV  mA/ecm? mV  mV/dec

NiCo,04 SD Graphite =~ KOH 1M 25 100 184 2011144
NiCo,04 SG Graphite ~ KOH 1M 25 100 379 2011144
La-CoC0,04 SG Niplate  KOH 1M 25 100 224 2007151
CoC0y04 SG Niplate  KOH 1M 25 100 235 2007151
NiFe, O, CP+T Niplate  KOH 1M 25 100 352 300 716 38 200652
NiFeCrOy CP+T Niplate ~ KOH 1M 25 100 283 300 621 40 200612
NiCo0,04 HT+T Nifoam  KOH 1M RT 10 360 201553
NiFe, Oy * CP+T Niplate  KOH 1M 25 10 390 100 70 2010154
NiFeVO, “ CP+T Niplate ~ KOH 1M 25 10 335 100 42 20101
Lag.Srg4CoO3 CCT+Ink RDE KOH 0.1 RT 10 468 2016'%
Lag¢Srg4CogeFegs03 CCT+Ink RDE KOH 0.1 RT 10 424 2016'%
SrScNbCoO3 SSR+Ink  RDE KOH 0.1 RT 10 350 2015156
NigoFe 1S, HT+S Timesh  KOH 1M 25 100 231 43 201677
Nig9Fe 1S, HT+S Ti mesh KOH 30 wt% 25 100 212 43 201677
NigoFe 15> HT+S Timesh  KOH 30wt% 60 100 108 43 201677
CoNiySey ED CFP KOH 1M RT 10 160 50 210 72 2017'%7
RuO; ¢ ED ? KOH 1M RT 10 360 86 2017157
NiSe HT Nifoam  KOH 1M RT 20 270 64 201576
Nig g5Se ED Graphite ~ NaOH 1M RT 10 302 100 364 62 201678
Fe-NiSe HT+HT  Nifoam KOH 1M RT 50 245 100 264 65 20167
Fe-NiSe HT+HT Nifoam  KOH 30wt% 25 500 246 1000 263 56 2016'%
Fe-NiSe ¢ HT+HT  Nifoam KOH 30wt% 70 1000 210 2016'%
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Metal oxides

Metals will undergo oxidation when exposed to the large anodic potentials dur-
ing the OER. Hence, metal catalyst for OER are often addressed by their metal-
oxides. As a consequence, OER catalysts often suffer from poor electrical con-
ductivity, which may reflect in the activity. Iridium oxide (IrOy, nominally IrO,)
is generally considered state-of-the-art and this particularly holds true for acid
environment such as the one present in PEM electrolysis. Although RuO; is
more active, it is not stable and is by itself not considered a candidate, hence
the acid-stable IrO; is employed in PEM electrolysis.> Although stable in PEM
electrolysis in the conventional potential range, there are some indications that
IrO; can suffer from dissolution in strong alkaline conditions.!®” In some cases

145

IrOy is observed not to be stable,*” and iridium on carbon (Ir /C) catalyst are not

stable, although that is expected in part due to carbon corrosion.!”’

Fortunately, the alkaline environment allows for a large range of non-noble
metal-oxides to be stable. Perovskites as a class of materials have received much
attention. The perovskite is an ABOj3 structure, commonly with rare or alka-
line earth cations on the A-site and transition metal cations on the B-site. For
instance, LaNiO3 and SrCoOs appears at the top of the activity volcano based
on the binding energy of *OH,%! and e.g. LaCoOs and Laj_,SryCoOs and a
wide variety of other substitutions on A and B sites have been investigated re-
pezjltedly.137'155'156 Notably, Bag 55r¢5Co00.8Fep203-s was predicted to be very ac-
tive,%2 and although active, the material has been shown not to be stable due to
amorphization and disslution of Ba and Sr.*171172 The problem that some A-
site cations such as Sr may leach out from perovskites under harsh alkaline con-
ditions has been known for a while.l”317%4 Hence, as variations on perovskites,
some newer research have started looking into double perovskites.!”! Further-
more, a previous study conducted in-house indicated that among the evalu-
ated perovskite-catalysts the activity appeared to correlate directly with the elec-
tronic conductivity. In this context LaNiO3 and Lag ¢Srg4CoO3 showed good
conductivity and were found active.

A different commonly investigated class of metal oxides is materials with the
AB,Oy spinel structure with A and B! cations. These are primarily prepared
with combinations of transition metals, e.g. V, Cr, Mn, Fe, Co, Ni and Cu. Com-
monly investigated are Co3O4-based spirlels,,26'109'151'175 and NiCo,Qy26:153,176-178

where particularly NiCo,O4 show very good electronic conductivity. Notably,
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Chien et al. prepared aerogel NiCo,O4 with extremely low overpotential of 184
mV at 100 mA /cm? at 25°C in 1 M KOH.!** This together with La-doped Co304

151 are to this author’s knowledge the most

at 224 mV under identical conditions,
active electrodes based on spinels published to date. However, most spinels do
not compare favourably against the best more recent hydroxide-oxyhydroxide
type catalysts,'* based in part of results presented in a review of Co-based
spinels for OER by Hamdani et al.'*® That being said, one key advantage of
many spinels is the simple preparation that can be used, as the material can be
obtained from thermal treatment in air (300-350°C) from e.g. electrodeposited
transition metals or chemically precipitated powders, or directly by thermal
decomposition. For instance, in a notable paper Xiao et al. prepared NiCo-
hydroxide and converted it to the spinel structure to act as a conductive sup-
porting layer beneath the more active NiFe-hydroxide catalyst electrodeposited
on top. They manage to demonstrate excellent OER performance up to above
1000 mA /cm? 166

Hydroxides, oxyhydroxides and layered double hydroxides

While metal oxides appear as the most frequently investigated OER catalyst,
other classes of materials exist that are worth investigating. Notably, metal hy-
droxides M(OH),, oxyhydroxides MOOH and layered double hydroxides (LDH)
are important, in part because transition metals will tend to form these phases on
their surfaces under alkaline oxygen evolution potentials rather than a pure ox-
ide phase.!72179180 Ag the exact phase is often difficult to accurately determine,
(oxy)hydroxide is commonly used to label mixed hydroxide and oxyhydroxide
phases with indeterminate OyH,-stoichiometries. Some metal-hydroxides or
oxyhydroxides are labelled as layered double hydroxides (LDH) when anions
and water expand the structure by intercalating between layers to compensate
charge imbalances. In these types of structures, transition metal atoms are oc-
tahedrally coordinated to oxygen forming layers, with oxygen-coordinated hy-
drogen pointing towards neighbouring sheets. The most general formula of the
LDH structure can be expressed

MY M (OH)LJ# T (A" ) ym - yHO, (2.52)

with MY and M being divalent and trivalent cations, e.g. Ni2*, Co%*, Fe?*,
Mg2+, 7Zn%*, and Fe>*, Cr3*, AP, Ga3+.181 A represents intercalated anions such
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as Cng_, S0,4%~,Cl~, ClO, ™, NO;3;~, CH3COO™. Among the anions listed, car-
bonate shows the highest affinity in NiFe-based materials as well as the smallest
layer spacing.'®? Due to their complexity, often hydroxide-type materials are
simply denoted MO,H,,, when the detailed structure is not in focus.

The LDH structure can be understood by looking at nickel and the phase
transformations it undergoes at high potentials in alkaline conditions. Hall ef al.
have reviewed the pure nickel hydroxide structures and all the physico-chemical
aspects.'® The behaviour is conveniently illustrated by the Bode diagram in Fig-
ure 2.7, where the hydrated phase of nickel oxide exists in 4 phases. In brief, at
intermediate potentials, nickel is in the Nil-oxidation state as either the ordered
B-Ni(OH), or disordered a-Ni(OH),. The a-phase have intercalated water and
can be OH deficient.!8* Under higher potentials nickel changes oxidation state
Ni'' — Ni, and deprotonizes to form nickel oxyhydroxide B-NiOOH. This is
utilized in some batteries. Upon higher oxidation (over-charging), a fraction of
the nickel increases in oxidation state, and to compensate for that, anions such
as OH™ and water intercalates into the layers. This causes a significant lattice
expansion between layers from ~ 4.8 A to 7 A. The difference in lattice spacing
from & to 7 is almost a doubling from ~ 4.6 A to 8 A. The a-phase is disordered,
and the « and y-phases are LDH materials.

As these materials are layered they are highly anisotropic, and small parti-
cles often show plate or flake morphologies. Hence, coatings grown directly as
hydroxide-type phases experience a significant surface roughening with vertical
platelet morphologies.

When incorporating foreign cations into the nickel hydroxide prototype struc-
tures, the oxidation state of the foreign cations will affect how and what hydrox-
ide structure forms. Hence, if M! cations such as Fe>" is incorporated through
co-precipitation, the structure must either expand and allow for anion-charge
compensation, form oxyhydroxide structures, or a structural compromise some-
where in-between. Since many preparation methods introduce nitrate or car-
bonate ions a LDH structure is often the result. Interestingly, some variations of

LDH show significant OH~-conductivity.!8>18
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Fig. 2.7: Bode diagram illustrating different nickel-(oxy)hydroxide phases. The
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&

charge-discharge transformations are electrochemically induced, but ageing hap-
pens chemically.

Nickel-iron hydroxides

Of particular interest is the nickel-iron (oxy)hydroxide system. Over the pre-
vious 6 years it has taken the throne as the state-of-the-art catalyst for alkaline
oxygen evolution and spawned two review articles only addressing this specific
material.1*0187 Pointers towards the high activity has been published almost 30
years ago by Corrigan, 98183189 byt back then the interest was largely in the con-
text of nickel-hydroxide batteries where the improved OER was a parasitic re-
action relative to the oxidation of nickel from Ni** to Ni>". Interest has been
renewed in recent years after papers by Merrill and Dougherty in 2008,'%° L,
Walsh and Pletcher in 2011"! and Gong et al. in 2013.161

Nickel-iron-(oxy)hydroxides show the highest activity with a 10-50% iron-
in-nickel doping level.140 Tt is speculated that iron is the active site, and that the
binding energies are optimized by squeezing into the nickel host structure.47/148
Indications are that maximizing iron content, balanced against preventing iron-
hydroxide phase separation dictate the optimum activity. The mixed material
further shows higher conductivity than either pure (oxy)hydroxides, and par-
ticularly pure FeOOH, which is poorly conducting and show negligible OER
activity. Furthermore, it dissolves quickly and cannot be utilized directly.!? Tt
is worth noting that many of the hydroxides behave as semi-conductors, and

only reach reasonable electronic conductivities at certain applied positive po-
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tentials. 80193194 For NiFeO,H, this seems to be close to +250 mV relative to the
OER standard potential.

Several approaches to synthese metal-hydroxides have been described in the
literature. In many instances, the method rely on the low solubility of the metal-
hydroxide which form at high pH, hence by forming the metal-hydroxide near
a surface, particles or coatings can grow. Some examples include cathodic elec-

trodeposition by reduction of nitrate,!6%167:19 196

178

anodic electrodeposition,” chem-
ical precipitation,!”® and homogeneous hydrothermal precipitation.!60,163184197
Additionally, the LDH materials can be exfoliated, as has also been demon-
strated for a NiFe composition.!”® Hydroxide layers can also be grown on metal-
lic or metal-oxide electrodes by electrochemical cycling, which notably have
been demonstrated to significantly improve nickel electrodes. This was how-
ever shown to likely be caused by the uptake of impurity iron in the electrolyte,
which in very small amounts drastically improve activity. It was shown that
pure nickel is a very poor catalyst, and speculated that a significant amount of
literature with active nickel is due to iron impurities frequently present in as-

prepared electrolyte.193,l99,2oo

Notable performance by Nij_,Fey(OH), has been achieved with electrode-
position reaching 10, 500 and 1000 mA /cm? at 215, 240 and 270 mV;'®? by hy-
drothermal deposition reaching 30 mA /cm? at 280 mV;'%3 and by ternary NiFeMn
reaching 20 mA /cm? at 289 mV overpotential.'®> Doping with vanadium has
also shown further improvements.?’! A very thorough overview over published
NiFe oxygen evolution performance is available in the 2016 review by Dionigi

and Strasser.140

Non-oxides

Non-oxide materials may also play a role, although stability is likely an issue for
these materials. Phosphides, sulfides, and selenides can all be envisioned as oxy-
gen evolution catalysts. Among these, sulfides’”” 7?3 and phosphides’82%? have
demonstrated good activity, and selenides have demonstrated good to excellent
activity.”6157-159 Tt has however, been proposed that these materials, including
the highly active NiFe-selenide, transform in-situ to oxide and (oxy)hydroxide
phases.?”> Nonetheless, excellent activity has been demonstrated after transfor-
mation of 10 mA/cm? at 195 mV. Probably the best OER activity (at least ini-
tially) published to date is on a CoNiySey selenide reaching 10 mA/cm? at 160
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mV.157

2.4 Ionic conductors

The electrolyte is just as important as the electrodes, and is often the component
after which the electrolysis cell is categorized by, since it determine the electrode
reactions. Like good electrodes, which are crucial for obtaining high efficiency,
so are a good ionic conductivity necessary particularly at large current densities.
In addition to providing ionic conductivity, the electrolyte serve the important
purpose of separating gasses. Not only is safety a serious concern, but overall
efficiency also suffer from excessive gas crossover since gas, mostly hydrogen,
appearing at the opposite electrode side is effectively lost. This section seeks
to briefly describe relevant concepts closely linked to the use of alkaline elec-
trolytes, including KOH (aq) and polymeric membranes relevant in the scope of
alkaline electrolysis.

2.4.1 Potassium hydroxide

Aqueous potassium hydroxide is the go-to liquid electrolyte in alkaline systems.
It is commonly used over sodium hydroxide due to its” higher peak ionic conduc-
tivity.2%42%5 KOH or another liquid OH ™ -conducting electrolyte is necessary for
both classic alkaline electrolysis as well as APEM systems, although true AEM
may not need a liquid electrolyte beyond water.

In most recent electrode and catalyst studies, either 0.1 M or 1 M solutions are
used at room temperature and specified by molarity. In older papers, electrodes
were more often evaluated at industrial conditions around 4-6 M and temper-
atures close to 80°C. Since this project run a lot of single cell tests at 80°C we
choose to specify the KOH concentration by weight% in most instances, since it
is temperature independent. As the density of KOH (aq) vary with temperature,
a 1 M solution at room temperature is not exactly 1 M at 80°C, hence a descrip-
tion by molarity can be inaccurate when working at elevated temperatures.
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Fig. 2.8: Specific condutvitiy of aqueous potassium hydroxide over a wide tem-
perature and concentration range. Data adopted from [204].

Ionic conductivity

Several studies have investigated the conductivity of KOH (aq),?>?%2% but the
conductivity is most easily accessible in the review study, and empirical model
presented by Gilliam et al.>** The data from the model is summarized in Fig-
ure 2.8. Notably, at 80°C the conductivity peaks at around ~33 wt% at almost
1400 mS cm ™!, whereas the peak at lower temperatures shifts towards slightly
lower concentrations. At 25°C conductivity tops out at ~27 wt% with 620 mS

cm L

Ionic transport in liquid electrolytes and polymeric membranes are generally
achieved by two mechanisms. The vehicle mechanism, where an ion will attach
to another molecule, e.g. H* onto H,O forming H3O", which then migrate along
movement of the water molecule in acid. Migration due to an electric field then
result in parasitic transport of water known as electro-osmotic drag. Alterna-
tively, the structural diffusion method also known as the Grotthuss mechanisms.
With the Grotthuss mechanism, sometimes referred to as proton hopping, a pro-
ton will transfer from one water molecule to another, and migrate by jumping
between molecules. OH™ conductivity behaves similarly, but not exactly analo-
gously to H" diffusion in aqueous electrolytes. The solvation degree associated
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Fig. 2.9: Gas solubility in KOH (aq) in mol kg~ as a function of temperature and
concentration. (a) Hydrogen solubility adopted from [210, 211] and, (b) oxygen
solubility under 1 bar oxygen partial pressure, adopted from [212].

with the Grotthuss mechanism turns out to be larger for hydroxide.?%$2% No-
tably, a significant amount of water needs to be present around the OH™-ion
itself to achieve ideal conditions for ionic transport, hence why the conductivity
decreases above a certain threshold concentration, which at 30 wt% KOH corre-
spond to roughly 7 H,O molecules per KOH.

Gas solubility

The solubility of hydrogen and oxygen are important parameters in aspects of
gas-crossover properties. Values obtained from literature are presented in Fig-
ure 2.9. What is interesting here is the approximately one order of magnitude
lower solubility between pure water and 30 wt%. Hence in terms of dissolved
gasses, KOH (aq) have superior properties over pure water. It is further seen
that gas solubility decreases with increasing temperature, about two-fold going
from 25°C to 80°C. The trend reverses however, when going significantly above
100°C.21Y Lastly, the magnitude of H, and O; solubility is about the same under
equivalent conditions.

Diffusion and gas crossover effects

The second most important property of a membrane or porous diaphragm is
to separate gasses. Hence, it is worth discussing different effects that play into
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crossover. Any reasonable membrane and diaphragm will provide separation
between gas bubbles, but crossover will in practice take place through diffusion
of dissolved gas. This proceeds in principle through three mechanisms:

¢ Diffusion of dissolved species as described by Fick’s Laws

* Movement of dissolved species through cross-permeation of the electrolyte
described by Darcy’s law

¢ Jon migration induced movement of electrolyte and attached solvated gas

In practice, at least for PEM electrolysis using Nafion, the third option is neg-
ligible.*! This leaves the Fick’s diffusion induced flux ®/if and Darcy’s flow
induced flux ®#¢¥. For simplicity and because the crossover of hydrogen is
larger than oxygen, only hydrogen is addressed in the following.

Fick’s diffusion is driven by concentration gradients, hence it is proportional
to the difference in concentration of dissolved gas Ac, the diffusion constant of
the given specie in the solute D, and the diffusion distance d.

ACH2
d

At equilibrium, the concentration follow Henry’s law with respect to partial

ofick — _p (2.53)

pressure and solubility S. Hence,
Cc=pH," S (2.54)

and since the partial pressure of hydrogen is effectively the absolute pressure on

the cathode side, the permeability ¢/*°f can be written

ik =p.g. (2.55)
Hence, the Fick’s induced crossover can be written
Pfick — —sfifk%. (2.56)

Darcy’s law describes the volumetric flux ¢ of a fluid through a porous medium
over a distance d due to an absolute pressure difference Ap, and is given by

_ _KAp
0= (2.57)
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Table 2.7: Hydrogen permeability values, obtained from [41].

Parameter PEM Alkaline
Nafion/H,O Zirfon/KOH

gfick [molcmt's'bar~!] 532-10711  14.10712

garey [molcm~!s~!bar~1] 0 14-1079 py,

with K being the intrinsic permeability of the medium and yu the viscosity of the
liquid. The gas permeation through this process is found by taking the concen-
tration into account.

K A
QY — .0 = —=Gpy °F (2.58)
H d
By which we can take the Darcy’s permeability e44"<¥
K
gdarcy _ —~Spm, (2.59)

H

This leaves us with crossover fluxes proportional to a permeation factor, and
the difference in partial pressure (Ficks) and absolute pressure (Darcy). To dis-
cuss the consequences, we need estimated values for the permeabilities. Studies
by Schalenbach et al.*#213 based on theoretical and experimental work have
found the values presented in Table 2.7. Notably, the by far largest contribution
come from darcy’s flux in the case of porous separators in alkaline electroly-
sis, effectively prohibiting differential pressure. However, at balanced pressures
where Ap ~ 0 the Darcy’s flux is essentially nil. This leaves us with the Fick’s
diffusion flux which shows a 38-fold difference in favour of the alkaline system.
Consequently, while PEM systems can work with differential pressure, the gen-
eral pressurization of the cathode side result in a very significant crossover flux.
Not only does this require recombination catalysts (Pt on the anode) or a very
limited operation range,* it also result in significant efficiency losses. In this
aspect, ion-solvating membranes with KOH have the prospect of combining the
best of each concept, i.e. the significantly lower gas solubility of KOH along with
the non-porous nature of the membranes.

Safety and explosion limit

Gas crossover results in a loss of efficiency, but it is also associated with a safety
hazard due the explosive nature of H>-O, gas mixtures. Hence, keeping the
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Fig. 2.10: Upper explosion limit (UEL) and lower explosion limit (LEL) for H» in
O,. Data adopted from [214].

gas mixing values below the safety limits is important. The lower explosion
limit (LEL) and upper explosion limit (UEL) of hydrogen-in-oxygen mixtures are
summarized in Figure 2.10 based on data from Schréder et al.?!* The explosive
window increase slightly with temperature, but initially decrease with pressure.
Under ambient conditions is the LEL around 4 mol% Hj in O,. The UEL in
oxygen, most relevant for electrolysis cells, is about 95.5 mol%, and about 76
mol% in air. The LEL is largely the same in air. The safety limit is normally
taken as 50% of the LEL, hence commonly put to 2 mol% of Hj in O;.

2.4.2 Alkaline membranes

We reckon that two approaches exist towards alkaline membranes. The defin-
ing and necessary OH ™ -conductivity can be achieved either through function-
alization of stable polymers with cationic groups or through dissolving OH™ -
conductive alkaline electrolyte inside the membrane by engineering good mem-
brane hydrophilicity. Both systems result in homogeneous membranes. The first
is a true anion-exchange membrane approach and can ideally operate with pure
water, whereas the latter is an ion-solvating type, which requires the presence or
uptake of a liquid alkaline electrolyte. Engineering porosities into membranes
may represent an attractive modification or a third approach, but hydroxide con-
ductivity based on porosity or a separated two-phase system is likely not feasible
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beyond what other mixed organic-inorganic separators may achieve. This cate-

gorization of membranes is also described in literature.?1>216

Anion exchange membranes

The primary approach in the literature for preparing anion-exchange membranes
in their hydroxide form is by functionalization of stable polymers. Generally, a
cationic group is bound covalently to a polymer backbone, either through side
chains or directly as a part of the backbone. The cationic groups are often quater-
nary ammonium (QA) based, but can also be based on imidazolium, phospho-
nium, or sulfonium, and others.?” A common approach uses quaternary am-

1

monium groups, which are grafted onto e.g. polysulfone?'® (¢ ~ 15mScm ! at

RT) or poly-vinyl-benzyl-chloride?'??% (¢ ~ 15 mS cm ™! at RT). QA groups are
often used as they generally show higher stability than their alternatives,??! al-
though severe stability concerns remain an issue. One challenge with the AEMs
in their hydroxide form is their tendency to convert to the less conductive car-
bonate form on contact with CO, from air.22? Secondly, the OH™ ions tend to
attack the QA group, hence slowly eliminating the cationic groups.??! This is
particularly challenging for the ionomers in the catalyst layers. To date, the
most stable anion exchange membrane is based on alkylpolybenzimidazolium
hydroxides??® (¢ ~ 10 mS cm™~! at 30°C), but as is the case with several mem-

branes, it display insufficient conductivity for practical applications.

For a more complete overview refer to review articles by Varcoe et al. (2014)%17
and Merle et al. (2011).215

Ion-solvating membranes

Ion-solvating membranes are membranes capable of dissolving liquid alkaline
electrolyte to form a semi-solid. Hence a seemingly homogeneous mixed phase
of polymer and alkaline salt solution can be formed, which to some extent retain
the ionic conductivity properties of the salt solution and the mechanical proper-
ties of the polymeric membrane. A notable case with polybenzimidazole (PBI)
and KOH for fuel cell application was first described by Xing and Savadogo in
2000%** (o ~ 40 mS cm ! at RT). Alternative systems are largely based on poly-
vinyl-alchohol (PVA) and polyethylene-oxide (PEO).2!>
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Polybenzimidazole

The case of PBI deserve some elaboration, since it is the foundation for a large
part of this work. Specifically, membranes based on poly(2,2’-(m-phenylene)-
5,5’-bibenzimidazole) (m-PBI), which is commercially available. m-PBI is mostly
known for it’s good thermochemical stability and it’s application as electrolyte in
high temperature PEM (HT-PEM) fuel cells. In HT-PEM systems, the ionic con-
ductivity is supported by phosphoric acid (PA) within the membrane.?? This
electrolyte system can be seen as PA-doping of the membrane, or alternatively,
as PA dissolved in the membrane. Nonetheless, independently on terminology,
a homogeneous single-phase solid membrane can be realised. In practice this
is done by equilibrating the membranes at room temperature. For HI-PEM
fuel cell applications, this works very well at common operating temperatures
around 160°C, but it has been shown in-house not to work in steam electrolysis

mode due to rapid degradation of the membrane.??

An alternative to acid doping of PBI membranes, can be achieved with alka-
line solution. Using KOH (aq) a similar system can be formed in alkaline condi-
tions. This was first demonstrated in 2000 by Xing and Savadogo??* for alkaline
fuel cells, and later demonstrated for water electrolysis in 2013 by Aili et al.??’
As the initial investigations showed promising results, a large part of this project
have focused on further testing of polybenzimidazole-based membranes.

The basis for Chapter 4 is KOH doped m-PBI or modifications thereof. The
membranes are prior to cell test equilibrated in aqueous KOH of the desired
concentrations. In practice this means leaving the membranes in the solution at
room temperature overnight or longer. Equilibrating the m-PBI means that the
equilibrium shown in Figure 2.11 shifts to the right to an extent depending on
the concentration of the bulk solution.

@NH N +2n KOH N N N +2nH,0
/ CH S
N/ N n N~ N n
H ® @
K K

Fig. 2.11: Equilibrium scheme between the neutral pristine m-PBI polymer and

the potassium polybenzimidazolide.

228

Previous work in our group has assessed the chemical stability“~° and several

mechanical and chemical characteristics?*’ of KOH doped m-PBI. However, the
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practical performance in an electrolysis cell was previously not investigated be-
yond a single polarization test in a non-zero-gap cell.?”” Hence, some research
is left to be done.

2.5 Alkaline water electrolysis with membranes

Having touched upon electrodes and electrolyte it seems worthwhile to spend
a page on full single cell electrolysis performance. Here, what is interesting is
the performance achieved in alkaline electrolysis using membranes. It makes
sense to distinguish between AEM cells without KOH/NaOH, and APEM cells
with KOH/NaOH of varying concentrations. Furthermore, it is relevant to dis-
tinguish between cells using platinum group metal catalysts and those without.
Figure 2.12 present a comprehensive literature sampling on single cell polariza-
tion performance. The data points are extracted from presented polarization
curves across 16 publications. The figure does distinguish between different pa-
rameters such as temperature, and does not provide details on e.g. stability,
membrane thickness, or other relevant properties.

What is mainly interesting is the difference in performance achieved between
AEM and APEM cells. A clear difference both in terms of activation and in re-
gards to the ohmic behaviour is evident. Furthermore, PGM catalysts (primarily
Pt and Ir) still reign supreme in terms of performance, but improved perfor-
mance using non-noble metal catalysts should be achievable. It should be men-
tioned that the best APEM performance with and without PGM catalysts are
published in the same publication.?*® Lastly, we note that it is a young research
field, with the first publications arriving around 2011.

Data on which the graph is based on are, for AEM: [175, 219, 220, 230-234]
and for APEM: [175, 191, 233, 235-239].
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Fig. 2.12: Alkaline membrane electrolysis data presented in the literature. Data
has been extracted from curves and are plotted in groups of AEM (red) or APEM
(grey), and with PGM catalysts (yellow shading) or without (solid red/grey).
Varying temperatures and stabilities have been disregarded, and only polariza-
tion performance is considered. AEM data: [175, 219, 220, 230-234], APEM data:
[175, 191, 233, 235-239]



Experimental alkaline electrolysis

3.1 Alkaline electrolysis

A major part of the project involved the practical aspects of constructing, devel-
oping, and maintaining a setup for testing alkaline electrolysis single cells. As
it turns out, actively circulating concentrated KOH (aq) at high temperatures is
not necessarily without problems. The highly corrosive environment combined
with the presence of Hy or O, put some serious limitations on materials. For in-
stance, stainless steel is not completely corrosion resistant towards concentrated

KOH at 80°C.

Note that the cathode is mentioned prior to the anode when describing full
single cells throughout the entirety of thesis.

Cell operation

Running an alkaline electrolyzer cell is associated with a set of necessary phys-
ical quantities that must be controlled or measured, as-well as a set of nice-to-
have quantities that may or may not be important depending on what is inves-
tigated. Necessary quantities include the electrochemical behaviour of the cell
as probed by e.g. a potentiostat or other electrical devices, good control of tem-
perature, and control of the electrolyte with regards to concentration and flow.

61
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Nice-to-have quantities include volume of produced gasses (gas flows), Hy in
O, values and vice versa for crossover behaviour, as well as long term water

management to maintain electrolyte concentration.

An important conceptual design parameter is how the electrolyte is managed
with regards to separation of cathode and anode side. Haug et al.?*? discuss
three modes: Separated, partly separated, and mixed electrolyte flows. In sepa-
rated mode, the anolyte and catholyte do not mix beyond what may occur across
the diaphragm or membrane. In partly separated mode, the electrolyte stor-
age tanks are connected through a small tube or similar, but not actively mixed
and otherwise identical to fully separated. The connection allows for slow con-
centration equilibration and electrolyte level (volume) equilibration. This miti-
gates electrolyte build-up on one side due to migration across the membrane and
subsequent drying which can occur in fully separated mode with membranes.
Lastly, in the mixed mode the electrolyte is actively mixed after degassing, e.g.
through a shared storage tank. Mixed mode results in significantly higher Hj
in O, values, and will mix dissolved ionic species that may leach out of the
electrodes, however electrolyte equilibration is otherwise a non-issue. Ideally, a
setup can switch between modes through the switching of a few valves.

Materials

To prevent ionic contamination of the electrolyte, e.g. iron from steels tubes,
resistant polymeric materials are generally preferred. If metals are necessary,
nickel or nickel-based alloys are preferred. For instance, Nickel 200, Monel 400
(~63% Ni, ~28-34% Cu, < 2.5% Fe, < 2% Mn) and some variations of Inconel
600/625/690 (~60-70% Ni, ~15-30% Cr, ~10% Fe, plus other trace metals) gen-
erally show good corrosion resistance towards hot KOH, with some variations
across sources in part due to varying conditions.?*!-2*> Normal 316 stainless steel
is not recommended for operation at temperatures around 80°C as it will bleed
iron into the electrolyte.

Atup to 80°C several resistant polymeric materials also exist. Poly-(tetrafluoro-
ethylene) (PTFE e.g. Teflon®) and perfluoroalkoxy-alkanes (PFA) show excel-
lent resistance even at higher temperatures, and are both recommended materi-
als. However, cheaper materials such as polypropylene (PP), polysulfone (PSU),
poly-(phenylenesulfide) (PPS), and ethylene-propylene-diene-monomer rubber
(EPDM) also show good resistance and can be used for e.g. valves, fittings, tubes
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Fig. 3.1: The DTU cell; circular geometry with a total cell diameter of 70 mm, and

electrode active area diameter of 38.5 mm. (a) Exploded cell view. The assembly is
kept together with a set of end-plates (not shown). (I) flowfield-plates, (II) gaskets,
(III) electrodes, (IV) membrane. (b) photo of a pristinely coated cell flowplate with
the most recent flow pattern.

or gaskets, although their temperature ratings generally are lower.?46-24

3.1.1 DTU cell

Cell testing was carried out at two locations. Primarily at DTU as the primary
institutions, but also at Forschungszentrum Jiilich (FZ]) as part of a 3 month
visiting research stay. Although similar, the cell and test-setups differ slightly,
hence a section is dedicated to each setup.

The DTU cell is a 11.6 cm? cell and is illustrated in Figure 3.1. The exploded
view in Figure 3.1a shows flow plates, gaskets, membrane, and electrodes, but
does not show the end-plates. Fuel cell-type membrane-electrode-assemblies
(MEAs) were not prepared in the sense that electrodes stick to the membrane,
but the cathode-membrane-anode assembly may be referred to as an MEA. The
end-plates keep the cell components together with eight M8 bolts, and heat-
ing elements and electrical wiring is connected directly to the flow field. The
eletrolyte is introduced directly to the flowfield-plate through fittings in the back
of the plate. The end-plate have holes in them to leave room for the fittings in
the flowfield-plate. The photo (3.1b) shows a pristinely coated cell. Technical
drawings of the cell house and end-plates are available in Appendix B.

The cell house and end-plates were milled in 316 steel. The cell house was
coated with 20 pm electroless nickel containing ~10 wt% of phosphorous (by
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Elplatek A/S). End-plates were not coated since they are not in contact with the
electrolyte. Electrodeposited nickel is not recommended due to the geometry
of the cell house, and initial cells with electrocoatings showed partial coating
delamination.

The active area of the cell is defined as 11.6 cm 2

, since circular electrodes
with a diameter of 38.5 mm were used. Membrane and diaphragm pieces were
prepared with a 44.5 mm diameter unless otherwise specified. Two flow field
patterns were employed, as illustrated in Figure 3.2. The initial straight channel
pattern (linear) was adopted from a previous electrolysis cell design, but a more
open-back design was desired to help facilitate gas removal, hence the pin-type
pattern (pin) was adopted after a while. Furthermore, a pattern was added to
the gasket area to improve leak-tightness. The effects of modifying the flow field

were not quantified.

A typical cell employ pressed nickel foam electrodes and PTFE and /or EPDM
gaskets. Gasket thickness depends on the MEA of the cell and were initially
chosen slightly thicker due to the softness of EPDM gaskets. At later stages
with thinner MEAs, the gaskets were dimensioned to be slightly thinner than
the MEA.

Cells were assembled horizontally by careful alignment of components and
mounted in the setup illustrated in Figure 3.3, schematically on in 3.3a and with
a photo in 3.3b. Most measurements with the DTU cell included in the the-
sis were done under separated electrolyte conditions as shown in the figure.
The electrolyte was stored in PTFE bottles acting as degassing tanks, and gear
pumps circulated the electrolyte through PFA tubes and PFA or PTFE fittings.
An Elektro-Automatik EA-PS 3016-20 B power supply unit managed the current-
voltage control. The electrical connections and the pumps were controlled by a
LabVIEW interface. No analysis were performed on the produced gasses, which
were simply vented.

3.1.2 FZ]J cell

The FZJ cell was a 5 x 5 cm? cell and is shown in Figure 3.4. The flowfield-
plates contain heating elements and were milled in nickel. A set of gold coated
copper current collectors were used, which were insulated from the end-plates
with a PTFE-material. The steel end-plates were fixed with 6 M8 bolts, and the
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Fig. 3.2: The two flow fields used, (a) a straight-channel flow field (linear), with
land width of 1.1 mm and channel width of 1 mm and, (b) a pin-type flow field
(pin) with land width 1.1 mm and spacing of 3.1 mm.

electrical current wiring were connected to the current collectors, whereas the
voltage probes were connected directly to the flowfield-plate. The electrolyte
was introduced from the edge into the flowfield-plates. The gold-coated plates
were observed to corrode and exposed copper and corrosion products.

For tests with the FZ] cell, electrodes were in the form of nickel foam (f) or
perforated plates (pp). The labels (f) and (pp) will be used to denote the support
when different electrodes or coatings are applied, e.g. will R-NiMo(pp) repre-
sent a Raney-nickel-molybdenum coating on a perforated plate support.

Cells were similarly assembled horizontally, but the alignment of flowfield,
current collector, and end-plates were assisted by two PTFE pins. The cells was
connected to the test station schematically shown in Figure 3.5. The setup used
a partially separated system with a tube connecting the bottom of the two elec-
trolyte vessels. PTFE was used for tubes and valves, whereas some fittings were
made from PP. For long term experiments, the exhaust gas from the anode (O,
with trace Hy) was lead through a bubble flask prior to two drying steps with
silica gel and molecular sieves, after which it was fed to the H; in O, sensor.
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Fig. 3.3: The test station for the DTU cell. (a) Schematic of the electrolyte flow.
Heating and current was applied directly on the cell. (b) Image of the actual setup
with a mounted cell. The lids of the PTFE containers were not tightened to let the
gas escape.

Polarization measurements and break-in were in most cases controlled by a
BioLogic HCP 1005 potentiostat with a 100 A booster. Long term experiments
were current controlled with a different PSU, which was temporarily swapped
when polarization measurements were recorded.

3.1.3 Membranes and separators

For tests in the DTU cell, membranes and separators were die cut. Doped mem-
branes were placed between PTFE sheets before cutting. The separators were cut
to a circular areas of 44.5 mm diameter. At FZ] the separators were manually cut
to squares with about 7 x 7 cm?.
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Fig. 3.4: The FZ] cell; square geometry with active area of 5 x 5 cm?. (a) the open
back pin-type flow field and, (b) an assembled cell showing all the components
and most of the connections.

m-PBI

The frequently used m-PBI membranes in this work were prepared by co-workers.
The polymer was obtained from Danish Power Systems ApS or prepared in-
house according to common procedures described elsewhere.?”> The polymer
was cast from a DMAc solution in petri dishes and dried slowly under lid to
prevent rapid evaporation. The dry as-cast membranes were washed in dem-
ineralized water for several hours to achieve pristine membranes. Prior to cell
experiments membranes were equilibrated in KOH (aq) at least overnight but of-
ten for several days. The concentration of the equilibration solution were always
identical to the cell electrolyte for any given membrane. Equilibration in KOH
(aqg) result in significant swelling and for cell purposes the membrane thickness
referred to is the thickness after equilibration d .

Using a pipette to add drops of electrolyte below and above the membrane
during the horizontal cell assembly process is recommended. It prevents the
membrane from locally drying and helps keeping the membrane flat during as-
sembly.
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Fig. 3.5: The test station for the FZ] cell. (a) A schematic illustration of the setup.
The gas treatment steps marked by the dashed outline were only in operation for
long term experiments. (b) A photograph of two test stations placed in a fume-
hood. The left side has a pre-heating and active cell mounted, whereas the right

station is offline. Gas drying by silica gel and molecular sieves were done in con-
tainers fixed in a rig above the setup, as seen in the top of the image.

mes-PBI

mes-PBI membranes were prepared by collaborators, and the synthesis and spe-
cific procedure is described elsewhere.?”? The mes-PBI membranes were equili-
brated for at least 3 days prior to cell test.

Zirfon

Zirfon, a commercial diaphragm, was supplied by Agfa. The material consist
of ZrO,, polysulfone, and a mesh for reinforcement, and has a thickness of 500
£50 um. Separator pieces were cut but otherwise used as-delivered.

3.1.4 Protocols and test conditions

Tests were in general conducted at T = 80°C, but some cells were additionally
run partially at lower temperatures (20-60°C). The concentration of KOH (aq) is
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for single cell tests specified by wt% rather than molarity, since the density is
temperature dependent, which cause a room temperature molarity statement to
be incorrect at 80°C. Flow rates of pumps were set somewhere in the range of
V =5-500 ml min~! depending on pumps and electrodes, but most commonly
at 100-120 ml min~! (DTU) and 50 ml min—! (FZ]). This correspond to reactant
(water) stoichiometry in the order of 1000.

The current mode of the cells was initially to a large extent potential con-
trolled (constant voltage), but later protocols at DTU used current control (con-
stant current). Measurements at FZ] were done exclusively with current control.

The test protocols used during cell testing have evolved over the course of the
project. The protocols generally consist of at least the following initial steps:

1. A system conditioning step (temperature and electrolyte flow)
2. A cell activation /break-in step at mild electrochemical conditions

3. A polarization curve

This is often followed by mixed operation at static and dynamic conditions de-
pending on the specific experiments.

The specific protocols used, relevant to the presented results are presented in
Table 3.1, 3.2, and 3.3. Note that some cells were run beyond the initial protocol,
and that there may be minor deviations for some cells. For instance were the
cells with m-PBI and 5 wt% KOH activated at lower setpoints than similar cells
with higher KOH concentration.

There are currently no standard cell test protocols published for water elec-
trolysis, neither by the U.S. DOE, nor the european FCH-JU, but it is being worked
on.2?! In a lab context, cell failure is to be expected occasionally, hence the con-
sequences depending on operating setpoint is worth considering.

At constant voltage, a short circuit results in very high currents, whereas de-
creasing performance simply lower the current density. For constant current
mode, a cell with decreasing performance will increase in cell voltage, which ul-
timately can lead to undesired side reactions. On the otherhand, short circuiting
simply make the electrochemical reactions stop and the potential drops.

Half cell electrode tests are normally done by scanning potential at a constant
rate, whereas electrolysis single cells as well as stacks are nominally operated
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Table 3.1: Protocol used for cell measurements while investigating m-PBI: Pump
flow V, temperature T, current density i, and potential E.

DTU cell: m-PBI
Parameter Setpoint Time/rate

Vcat + Vun 120 ml minil
T 80°C

a) 10mA cm~2 60 min Or
b) 50 mA cm~2 15 min
E 12V =25V  25mVs!

200 mA cm 2 120 min
E 12V =325V  25mVs!

~.

by current density setpoint. Ultimately, there are no wrong way, but during the
project the operating mode have shifted from potential scan towards a current
step-scan, while static operation for the most part have been in terms of constant
current. In the broader context, cell voltage is simply a parameter relating to ef-
ficiency, whereas the current relate to the product of the process. Hence, for
H; production aspects, constant current mode is most interesting, whereas per-
haps grid balancing or other electricity-price dependent applications may want
to control by constant power rather than current or voltage.

3.2 Synthesis details

3.2.1 Ni-Fe

The synthesis of the Ni-Fe coatings primarily followed a procedure inspired by
Lu et al..!%® Synthesis of nickel-iron-(oxy)hydroxides is discussed in more detail
in Section5.1.

Aqueous solution of Ni(NO3); - 6 HyO, Fe(NO3)3 - 9 H,O (26.7 mM total metal
ion concentration), and CO(NH;), (66.8 mM) were prepared. 80 ml solution was
transferred to a 100 ml PTFE lined autoclave. The metal-nitrates act as metal-
precursors whereas the urea hydrolyse at increased temperature to precipitate
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Table 3.2: Protocol used for cell measurements while investigating mes-PBI:

Pump flow V, temperature T, current density i, and potential E.

DTU cell: mes-PBI

Parameter Setpoint Time/rate
VC[lt + Vgn 120 ml m]._nil

T RT

i 50 mA cm 2 15 min

E 12V =25V 25mVs!
T RT — 40°C While

i 200 mA cm—2  5-10 min

E 12V =25V 25mVs!
T 40°C — 60°C  While

i 200 mA cm—2  5-10 min

E 12V =25V 25mVs!
T 60°C — 80°C  While

i 200 mA cm~2  5-10 min

E 12V =25V 25mVs!

metal-(oxy)hydroxides. The amount of nickel and iron precursors were varied to
change stoichiometry of the solution and samples without Fe (10:0) and molec-
ular Ni:Fe ratios of 9:1, 8:2, 7:3, 6:4, 5:5 were prepared. Samples are denoted as
such. Nickel foam sheets (39 x 80 mm?) were briefly etched with 4 M HCl for
2 minutes, before being rinsed and transferred to the autoclave. The autoclave
was heated at 2°C min~! to 120°C and left for 12 hours before naturally cooling
to room temperature. Prepared electrode sheets were briefly sonicated in water
to remove material with poor adhesion. The electrode sheets were left to dry in
air.

Electrodes were die cut with a hydraulic press into discs with diameter 38.5
mm for cell testing, and dog-bone shapes with 10 x 10 mm? shoulders and a 30
mm long, 2 mm wide neck for use in half-cell tests.
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Table 3.3: Protocol used for cell measurements at FZ]: Pump flow V, temperature
T, current density i, potential E, and galvanostatic electrochemical impedance
spectroscopy (GEIS).

FZ] cell: Raney

Parameter Setpoint Time/rate
a) 50 ml min~! for (pp)
Vi 1%
cat -+ Van b) 5 ml min~! for (f)
T 80°C
i 40 mA cm ™2 12h
i 5mA cm~2 — 4000 mA cm~2 5 min/pt
GEIS 5mA cm~2 — 2000 mA cm 2 1-2 min rest/ pt
3.2.2 Ni-Sn

Aqueous solutions of K4P>O7 (520 mM), NH,CH,COOH (266 mM), NiCl, - 6 H,O
(84 mM), and SnCl, - 2 H>O (50 mM) were prepared by dissolving the precursors
in that order. The complex forming effects of pyrophosphate and glycine inhibit
Sn from oxidizing and affect deposition rates. The bath chemistry is discussed
in more detail in the literature.!'? Electrode substrates were prepared by cutting
nickel foam to 1 x 1.5 cm? pieces on which a nickel wire was spot-welding. The
substrates were used as pristine for the first batch, but for second batch they were
pre-treated with an alkaline degreasing step using Gardoclean® at 80-90°C for
10 minutes and an acid-etching step in 10% HCI for 5 minutes. The substrates
were rinsed in-between cleaning steps. Electrodeposition was carried out in a
glass beaker with the electrode substrate as working electrode (WE), a Pt counter
electrode (CE), and a reversible hydrogen electrode (RHE) as reference electrode
(RE). 100 ml solution were used to prepare up to 5 electrodes of 1.5 cm? depend-
ing on total charge passed through, as solution precursors were kept within 10%
of original concentration. Deposition was done both potentiostatically (-0.78 and
-1.28 V vs RHE) and galvanostatically (-50 to -250 mA cm~2) depending on elec-
trode. The electrodeposition solution pH was 8 and deposition was carried out
at room temperature. Electrodes were left to dry overnight in open atmosphere,
and a 1 x 0.5 cm? piece were cut off for physical characterization leaving elec-
trodes with an active area of 1 x 1 cm?.
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3.2.3 Ni-Mo

The electrochemical deposition of Ni-Mo alloy followed a procedure adopted
from Wang et al.”?

Aqueous solutions of NiSOy - 6 H,O (17 mM), (NH4)¢Mo7024 - 4 H,O (2.7 mM
Mo), NaCl (281 mM), and NazCgHs507 (16 mM) were prepared. pH was adjusted
to ~9-10 and 60 ml solution was used per electrode in a 100 ml glass beaker.
Electrode substrates were prepared by die cutting dog-bone shapes from nickel
foam with shoulders of 10 x 10 mm? and a 2 mm wide and 30 mm long neck,
and cutting the neck midway yielding two electrodes. The electrodes were de-
greased in 1 M KOH, rinsed, etched with 37 wt% HCI, and rinsed again. The
electrode substrates were used as WE, a Pt or Ni mesh used as CE, and a RHE
was used as RE. Note that the nickel CE corrode significantly and is not recom-
mended. Deposition were carried out at -100 and -200 mA cm ™~ for 600 or 1800
s, and the electrodes were rinsed and left to dry in air.

3.24 a-NiCoS

Cathodes labelled a-NiCoS were supplied by a collaborator and are proprietary
technology. The electrodes are amorphous and the labelled stoichiometry does
not represent the actual composition.

3.3 Half cell electrochemical tests

Electrochemical half cell tests were performed in glassware even though strong
KOH solutions were used. Since half cell experiments were only conducted
at room temperature, glass corrosion appear fairly limited. Nickel was used
as counter electrode, and a RHE (Gaskatel HydroFlex®) was used as reference
electrode. The RHE is very convenient since the 0 V value is equivalent to the
reversible potential of the HER. Consequently, the reversible OER potential is
always 1.23 V (at RT), hence the over potentials are easy to estimate and indepe-
dent on pH.

The remaining experimental details varied and are covered in the following.
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3.3.1 Ni-Fe

Half cell tests on NiFe-(oxy)hydroxide anodes were performed in 100 ml glass
beakers. A nickel-mesh wrapped along the full circumference on the inside of
the beaker made up the counter electrode, and the working electrodes (thick-
ness, d = 1000 pm) were placed in the center. A reversible hydrogen electrode
(RHE) was used as reference and was placed closed to the long edge of the work-
ing electrode. Measurements were done according to Table 3.4 by controlling the
potential of working electrode against the reference. Potentiostatic electrochem-
ical impedance spectroscopy (PEIS) were recorded with a 10 mV amplitude from
100 kHz to 10 Hz, at 15 points per decade, and the Rs; were normally estimated
near 25 kHz.

Table 3.4: Protocol used for half cell measurements on NiFe anodes.

Half cell: NiFe

Parameter Setpoint Time/rate
E (static) 123V 60 s
PEIS 123V

E (pol.) 123V =25V 2mVs!
Repeated to a total of 3 measurements

Data presented in Section 5.1 is from run #2, unless it proved very noisy, in
that case #3. The first run always show a different behaviour due to oxidation
of the electrode. The nickel reference (Ni ref.) showed a large degree of hystere-
sis and the shown values are the average between the forward and backward
scan for those measurement with a slightly modified protocol. The polarization
scan were limited to 2000 mA cm~2. Cyclic voltammetry measurements were
recorded following the polarization measurements.

Measurements were recorded at room temperature in 20 wt% KOH (aq) elec-
trolyte.

3.3.2 Ni-Sn

Nickel-tin cathode half cell test were performed in a glass beaker with 50 ml
electrolyte. A 1 x 1 cm? nickel mesh was used a CE and placed 10-20 mm away
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but parallel to the working electrode. A RHE was used as RE and place between
WE and CE. Measurements followed the procedure outlined in Table 3.5

Table 3.5: Protocol used for half cell measurements on NiSn cathodes.

Half cell: NiSn
Parameter Setpoint Time/rate

i (static) 50mA cm™2  900s
PEIS 0.0V

E (pol.) 01V—=-05V 1mVs!
i (static) -300mA cm~2 900 s

Selected electrodes were operated galvanostatically at -300 mA cm 2 for sev-
eral hours. PEIS measurements were recorded with a 10 mV amplitude from
100 kHz to 1 Hz, at 15 points per decade, and the Rs; were normally estimated
near 25 kHz.

Measurements were recorded at room temperature in 30 wt% KOH (aq) elec-
trolyte.

3.3.3 Ni-Mo

The nickel-molybdenum half cell measurements were carried out in a setup
identical to the one used for Ni-Fe electrodes with a nickel mesh as CE along
the circumference of the beaker and a RHE as RE. The protocol is more elab-
orate and given in Table 3.6, although only a fraction of the recorded data are
used.

PEIS were performed with an amplitude of 10 mV from 100 kHz to 0.1 Hz
with 15 points per decade. Presented polarization data are taken from the sec-
ond polarization curve and corrected with R values estimated based on the PEIS
recorded just prior.

Measurements were recorded at room temperature in 1 M KOH (aq) elec-
trolyte.
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Table 3.6: Protocol used for half cell measurements on NiMo cathodes.

Half cell: NiMo

Parameter Setpoint Time/rate
E (static) -0.2V 900 s

PEIS -02V

E (static) 0.0V 100 s

PEIS 0.0V

E (pol#1l.) 0.05V —-15V 2mVs~!
E (static) 0.0V 100 s

E (CV) 00V—=01V—=00Vx9 10to1000 mV s~ !
E (staticy 0.0V 100 s

PEIS 0.0V

E(pol#2) 0.05V —-1.5V 2mVs~!

3.3.4 Porous nickel electrodes and a-NiCoS

Porous electrodes prepared with nickel powders were tested in a setup similar
to the Ni-Mo electrodes, with a nickel counter encircling the WE and a RHE
reference. The protocol followed is shown in Table 3.7. The tested amorphous-
NiCoS cathode were evaluated in the same way.

Table 3.7: Protocol used for half cell measurements on porous nickel based cath-
odes.

Half cell: Porous Ni

Parameter Setpoint Time/rate
E (static) 0.0V 60 s
PEIS 0.0V

E (pol.) 001V—=-10V 2mVs!
Repeated to a total of 2 measurements

PEIS were performed with an amplitude of 10 mV from 100 kHz to 10 Hz
with 15 points per decade, and polarization data are taken from the second run.

Measurements were recorded at room temperature in 20 wt% KOH (aq) elec-
trolyte.
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3.4 Equipment and techniques

3.4.1 Equipment

Electrochemical tests

Electrochemical half cell measurements were recorded with a VersaSTAT poten-
tiostat from Princeton Applied Research using the accompanying VersaStudio
software. Single cell tests at DTU were done using an Elektro Automatik EA-
PS 3016-20 B power supply unit controlled by a LabVIEW interface. Single cell
tests at FZ] were recorded with a BioLogic HCP-1005 potentiostat with a 100 A
booster module. Durability tests at FZ] were kept at constant current using a
different external power supply, but swapped to the BioLogic potentiostat for
polarization and impedance measurements.

Scanning electron microscopy and energy dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) was done on a Zeiss EVO MA 10 scanning
electron microscope with a secondary electron and backscatter electron detector.
Energy dispersive X-ray spectroscopy (EDX) was done with a Oxford EDX X-max
80 mm? detector.

X-ray diffraction

X-ray diffraction were done with a Rigaku MiniFlex 600 diffractometer Cu K, (A
=1.54056 A).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was done using a PerkinElmer
Spectrum Two spectrometer with a UATR single reflection diamond.

Size exclusion chromatography

Size exclusion chromatography (SEC) was carried out on a Shimadzu HPLC in-
strument, equipped with 2 PolarSil columns (100 and 300 A) from Polymer Stan-
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dards Service, and a Shimadzu refractive index detector. The system was con-
trolled by the LabSolutions GPC software. The mobile phase was composed of
DMAc with 0.25 or 2.5 wt% LiCL

Cross-section sample preparation

Cross-section samples for SEM were prepared using a Hitachi E-3500 ion milling
system.

Membrane conductivity measurements

Membrane conductivity was measured through-plane using a dedicated tubular
conductivity cell. The cell consist of two parts, with nickel mesh electrodes fixed
in each block. The cell blocks were assembled with the membrane sandwiched
between them and submerged in a beaker with aqueous KOH. Cell resistances
were measured using impedance with the membrane R and without Ry, and
the conductivity o of the membranes were calculated knowing the cell tube area
A (inner diameter 9 mm) and the membrane thickness d.

d

N A X (R - Rblank) (3.1)

(o

Electrolyte conductivities were obtained from Ry,,x, knowing the blank cell
electrode spacing of 4.6 mm. Temperature was controlled by placing the entire

assembly inside an oven.

3.4.2 Electrochemical impedance spectroscopy

Impedance is the effective resistance of a circuit or an electrical system to an
alternating potential or alternating current perturbation. Not all systems show
a linear ohmic response, hence a certain frequency dependent latency, a phase
shift, can appear between the perturbation and the response. The impedance Z
can be seen as the complex extension of the resistance R, that accurately describe
the potential-current behaviour in non-ohmic systems. In complex notation (i =
v/—1), a sinusoidal potential signal of amplitude Ey and angular frequency w, is
written as,

E(w) = Egel@! | (3.2)
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This has a current response with the amplitude Iy, which can show a phase shift
¢, and be written as

I(w) = Tpeliwt=i¢). (3.3)
The impedance with magnitude Z is then the quantity defined as

E(w) . Eoe(th)
[(w) o Ioe(z'wt—iqb

=20 [cos(¢) +isin(¢)], (3.4)

which can be separated into a real Z,, = Zpcos(¢) and an imaginary Z;,, =
Zpsin(¢) part. The impedance contribution from different electrical compo-
nents can be derived, for e.g. a resistor R, a capacitor C, or an inductor L.

ZR(C(J) =R (35)
1

Zc(w) = C (3.6)

Z1(w) = iwL (3.7)

On this basis, the total response of more complex systems can be calculated.

This can be applied in electrochemistry as electrochemical impedance spec-
troscopy (EIS) by measuring the impedance response in a wide range of frequen-
cies. The frequency range frequently cover 6 orders of magnitude e.g. from 10°
Hz to 10~! Hz, with points being logarithmically spaced. This generate a spec-
trum of Z,, and Z;,, data pairs varying in frequency (w = 27t f), which are often
plotted with Z,, as x-axis and —Z;,, as the y-axis, in what is called a Nyquist
plot. An example of an ideal electrochemical response is shown in Figure 3.6.

Many electrochemical systems can be approximated with equivalent circuit
models. The ohmic behaviour of the electrolyte can be approximated with a
resistor (R) and electrodes are commonly approximated by a resistor (R) and
a capacitor (C) in parallel (RC). The resistor correspond to the charge transfer
resistance for a given faradaic reaction, and the capacitor model the electrical
double layer. Hence, a full electrochemical cell with two electrodes and an elec-
trolyte can be modelled in series as RC-R-RC. Figure 3.7 illustrate the RC-R-RC
equivalent circuit that could be used to model an electrochemical cell with cath-
ode (cat), electrolyte, and anode (an). In practice, the capacitor is often replaced
with an effective capacitor, called a constant phase element (Q), due to the non-
ideal behaviour of real electrodes, caused by e.g. surface roughness.
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Fig. 3.6: Idealised nyquist plot for a R-RC equivalent circuit. The high frequency
x-axis intercept represent the series resistance R, and the low frequency intercept
represent the total cell resistance at direct current Ry, including polarization pro-
cesses. The difference represent electrochemical polarization resistances R ;-
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Fig. 3.7: Equivalent circuit model that can be used to model or fit the response
obtained from electrochemical impedance spectroscopy.

To extract information from impedance spectra one can fit the data to an
equivalent circuit. In this project this is done using the in-house software Rav-
Dav. Alternatively, some values can be extracted directly from the Nyquist plot.
The idealised data in Figure 3.6 represent a R-RC circuit, and can be used to di-
rectly extract the ohmic resistance in the system, often called the series resistance
Rs, at the high frequency intercept with the x-axis. For a single electrode, what
is marked as R, between the high and low frequency intercepts, would corre-
spond to the charge transfer resistance, and the capacitance could be obtained
from the summit frequency of the arc through C = (27tRf)~!. In this thesis R;,
Ryols and Ry, are used as they are labelled in Figure 3.6.



Results with PBlI membranes

The PhD project have touched many aspects of alkaline water electrolysis. One
of them is the use of alkaline membranes based on polybenzimidazole as elec-
trolyte, which is addressed in this chapter.

4.1 m-PBI as electrolyte

The concept of applying alkaline membranes in electrolysis have been discussed
in literature,®® and offer the prospect of a greatly reduced inter-electrode dis-
tance and subsequent reduction in ohmic resistance. Unlike PEM, the alkaline
environment has no need for scarce and expensive noble metal catalysts, hence
it constitute a technological pathway to reducing production costs of green hy-
drogen in the long run. As discussed previously, two primary approaches are
pursued in the literature, and in our case we have looked towards ion-solvating
membranes based on polybenzimidazole.

Based on previous work??%2?? it was clear that m-PBI suffer from some chem-
ical stability problems ex-situ, but we wanted to evaluate the in-situ performance
under different conditions and the consequences for the membrane of being op-
erated under electrolysis conditions. As electrodes nickel foam was used for
both cathode and anode in its pristine form. Plain nickel materials serve in

81
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Fig. 4.1: SEM cross-section micrograph of a Ni(f) | m-PBI | Ni(f) MEA. The mem-
brane is dry and undoped.

many cases as reference or base-line materials against which to compare more
advanced electrodes. This is also the case in our study. An example of a MEA
with compressed nickel foam electrodes is shown in Figure 4.1.

4.1.1 Electrolysis performance

One of the primary experimental parameters is the concentrations of the liquid
alkaline electrolyte. It is known that the electrolyte uptake, as well as the ionic
conductivity depend on bulk solution concentration in which the membrane is
equilibrated. The electrolysis behaviour in terms of electrolyte concentration
[KOH], is shown in Figure 4.2. As a reference, a commercial porous diaphragm
(Zirfon) was tested in 30 wt% KOH as conventionally used, and is shown for
comparison.

There are a few things to note: 1) The ohmic behaviour is for all concentra-
tions > 15 wt% significantly better that that of Zirfon. This is a result of high
conductivity and sufficiently thin membranes. For these cells, membranes were
cast based on reported swelling behaviour?* to have a post-equilibration thick-
ness, dyet of 50-60 pm. Hence, the improvement in ohmic behaviour is partly due
to a 10-fold decrease in thickness over Zirfon. A reduction of thickness is, how-
ever, one of the points of using membranes in the first place. 2) The behaviour
in 20-30 wt% range is not vastly different, but the optimum appear in this case
to be closer to 20 wt% rather than 30 wt%, which otherwise show optimal con-
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Fig. 4.2: Polarization behaviour of cells with membranes equilibrated at different
KOH (aq) concentrations. Electrolyte concentration is identical to equilibration
concentration. The cathodes and anodes were pristine nickel foam pressed to 210
um (1000 um for 5 wt%). m-PBI thickness dq,.; = 50-60 um, T = 80°C, flowrate =
120 ml min~!, flowfield = linear.

ductivity for bulk KOH (aq).2’* 3) At low KOH concentrations, e.g. 5 wt% =~ 1
M, the cell resistance is very high, and only about 20 mA cm~2 is achieved at
2.4 V. This is in contrast to around 1500 mA cm~2 at 2.4 V for the 20 wt% cell.
1 M KOH is a common concentration choice for AEM-based APEM electrolysis
cells, and clearly other AEM-type membranes are vastly more conductive at low
concentrations. 4) A small activation difference is noted for the cell at 25 wt%,
however this is, at least in principle, unrelated to the membranes, hence it is not
considered in the previous discussion.

Tafel fits using eq. (2.22) can be used to estimate the ohmic resistance of the
cell but is less reliable than impedance and are for instance unable to catch trends
in ohmic resistance as functions of current density. Other effects that appear
ohmic will also cause a possible miss-interpretation, hence some caution to-
wards quantitative values extracted must be exerted. Nonetheless, using data
for i > 5 mA cm 2, we find values in order from 5 to 30 wt% of 13.1, 0.35, 0.24,
0.26, 0.27 Q) cm?, corresponding to specific conductivites of 0.4, 15, 26, 22, and

1

19 mS cm ™", assuming the membrane as the sole contributor.
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Conductivity

The ohmic response of an electrolysis cell is closely connected to the specific
resistance across the separator, hence the membrane conductivity is of high im-
portance. The specific conductivity of m-PBI membranes was measured in this
context at different solution concentrations and temperatures, and the data is
presented in Figure 4.3. The measured specific conductivity of the bulk elec-
trolyte is plotted for comparison, and fit well with literature data. The specific
conductivity of the membranes peak at KOH concentrations around 20-25 wt%.
The presented data show the peak at 25 wt%, whereas previous data??® found
peak room temperature conductivity at 20 wt%. Nonetheless, the 20-25 wt%
range is lower than the ~ 28-32 wt% where the specific conductivity of bulk
KOH (aq) peaks at relevant temperatures according to literature data. In either
case, a specific conductivity of 100 mS cm ! is in the practically interesting range,
and ~ 250 mS cm~! at 80°C quite respectable. It should be noted that these data
are obtained ex-situ by an AC-impedance method, hence potassium ions may
contribute to larger extent than in the real cell. However, even with a transfer-
ence number, i.e. the relative contribution of the specific ion, for hydroxide at
around ~ 0.7,*! the OH~ conductivity would still be in the range of 150-200 mS
cm~!. Note that while the transference number inside the membrane may be
lower, since the potassium polybenzimidazolide form in Figure 2.11 is essen-
tially a cation exchange material, it is still a respectable OH ™ -conductivity.

Static operation

In connection with these baseline tests it was investigated how different oper-
ating conditions affected degradation. Hence, cells were operated at 1.7 or 2.0
V, in KOH concentrations of 5, 15 and 30 wt%. The potentiostatic behaviour of
each cell is plotted in Figure 4.4.

Even before performing any post-cell characterization on the membrane we
learnt some practical lessons. Initial runs were operated with 1000 pm nickel
foam electrodes (1100 pm compressed to 1000 pm). It was later seen to be prob-
lematic, as short circuiting frequently occurred in the cell even prior to any cur-
rent being drawn simply due to physical compression. The higher the KOH con-
centration, the softer the membranes gets and the issue becomes more severe. It
was concluded that the electrodes were too uneven, so pressed electrodes was
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Fig. 4.3: Specific conductivity of m-PBI and KOH (aq) as recorded by AC-
impedance in a dedicated conductivity cell.

used henceforth. The mechanical properties of the m-PBI membranes weaken
with increasing doping levels, and at e.g. 25 wt% is the young’s modulus an or-
der of magnitude lower compared to undoped PBI, decreasing from 3 GPa to 0.3
GPa.?? Cell compression is important to ensure good electrical contact between
electrodes and flowfields, and to prevent void space between the membrane and
electrodes. However, too strong compression may compromise the membrane
integrity. Hence, the thickness of the gaskets must chosen based on the elec-
trode and membrane thickness, such that electrode compression is neither too
strong nor too weak.

New experiments were conducted with 210 um electrodes (compressed from
1100 um), and no short circuiting was experienced during the two-day mea-
surements. Some secondary issues were, however, encountered. Although not
quantified, there appeared to be a migration of electrolyte from the anode cham-
ber to the cathode chamber, roughly proportional to the current density or the
total charge passed through the membrane. This lead to a dry-out of the anode
chamber for the first cell operating with at high current density (~ 350 mA cm ™!
at 2.0 V in 30 wt% KOH), and probably an increase in mechanical stress on the
membrane as well as a significant drop in performance and increase in noise,
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Fig. 4.4: Potentiostatic operation for 2 days with 210 pum nickel foam electrodes.
Polarization curves were recorded at three occasions during the test, and water
was added as necessary. Both are marked in the figure. m-PBI thickness dy,: =
50-60 um, T = 80°C, flowrate = 120 ml min—!, flowfield = linear.

c.f. the dark curve in Figure 4.4. Miscellaneous measurements after the poten-
tiostatic operation, including changes in electrolyte flow rate, lead to a short cir-
cuiting, and a large hole was observed in the membrane upon visual inspection
after cell disassembly.

Polymer degradation

The membranes were analysed after 48 hours of cell testing. Following a wash-
ing step to remove the KOH, FTIR and SEC measurements were performed. Data
for cells run at 2.0 V are presented in Figure 4.5. The FTIR data reveal no signif-
icant changes for the cell operated in 5 wt% KOH compared to a reference sam-
ple, whereas the 15 wt% cell show broadening of the band around 1400 cm L
The appearance of a distinct peaks at 1380, 1560, and 1690 cm ™! is clear for the
cell operated at 30 wt%. The band near 1380 cm~! has been been assigned to
free amino groups indicating hydrolysis of the backbone structure of the poly-
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Fig. 4.5: (a) FTIR spectra and, (b) Size exclusion chromatogram of m-PBI mem-
branes after 2 day cell operation at 2.0 V at different KOH (aq) concentrations.

mer,2%” whereas the 1560 cm ! is uncertain and may relate to some oxidation
of the polymer. The peak at 1690 cm ™! can indicate formation of carbonyl moi-
eties.”>2 The SEC data support polymer backbone scissoring as the peak shape
change towards higher retention times indicating smaller molecular sizes. In
addition, a small change towards lower retention time is also observed, possibly
due to agglomeration. Again, the 5 wt% cell does not appear notably different
from the reference, whereas the 15 and 30 wt% cells have a clear change.

The attack is previously described to take place at what is known as the C2
position,??” as illustrated in Figure 4.6. The consequence is a scissoring of the
polymer chains, which result in shorter chains, weakening mechanical proper-
ties, and ultimately polymer loss from the membranes.

Cc2 /
/ % A
N>_© KOH(aq) @:NHz o
Q) —— 5
:‘eﬂ N fsﬂ NH, KD

Fig. 4.6: Schematic illustration showing hydrolysis of m-PBI.

The initial investigation of m-PBI as electrolyte in alkaline electrolysis have
demonstrated good ohmic performance, but cells with nickel electrodes did not
provide much insight into what performance can be achieved using good elec-
trodes. Furthermore, although increased degradation is observed, questions re-

garding lifetime remained unanswered.
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4.2 m-PBI with active electrodes

At Forschungszentrum Jiilich (FZ]) in Germany, there are ongoing activities in
both PEM and alkaline electrolysis. As a part of the present project, an exchange
stay was conducted at FZ], at which the following results were obtained (Sec-
tion 4.2).

The Forschungszentrum had been provided with Raney-nickel electrodes pre-
pared by vacuum plasma spraying at the German Aerospace Center in Stuttgart
(DLR, Deutsches Zentrum fiir Luft- und Raumfahrt). The electrodes were avail-
able with a molybdenum component (Ni:Al:Mo ~ 52:38:10 wt%) and without
(Ni:Al ~ 54:46 wt%). As reviewed, these electrodes have been shown to be both
highly active for the HER and durable even at 80°C, 30 wt% KOH (aq) under

dynamic operation at 300 mA cm 2 for several thousand hours.?>3

At FZ] cells were run with 3 questions in mind:

* What performance can be achieved using active electrodes?
* What is the lifetime of the cell under conventional conditions?

* How are the gas crossover properties of the cells using m-PBI membranes?

Lastly, some work was conducted towards preparing electrodes from nickel
powder, but this is covered in Section 5.3

4.2.1 Polarization properties

Raney electrodes must be activated prior to cell testing. This means selective
leaching of most of the Al (or Zn) present in the alloy structure. The procedure
for this activation is not without importance for the performance, but was not in-
vestigated. Some literature can be found on the topic.130'131 In our case, we used
24 wt% KOH (aq) at 80°C for 24 h, with addition of 100 g /L of disodium-tartrate-
tetrahydrate. 0.5 L was heated to 80°C, and 2 to 4 electrodes (50-100 cm?) was
submerged simultaneously for 24 h. After a few seconds the electrodes started to
release gas bubbles. After 24 h the electrodes were withdrawn and rinsed briefly
before being stored in water. Note that the ideal activation likely depend on the
preparation procedure and will be different for different preparation methods,
and that the activation here followed may not represent the optimal procedure.
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The Raney coatings were applied to perforated nickel plates, and therefore
cells have been run with plain nickel both in the form of foams (f) and in the
form of perforated plates (pp). The labels (f) and (pp) will be used to clarify
the electrode geometry in the following figures. Systematic investigations on
polarization behaviour was done to compare the performance of Raney-nickel-
molybdenum (R-NiMo(pp)) as a cathode material against a bare nickel foam
(Ni(f)), and to compare m-PBI with Zirfon. For these investigations, a nickel
perforated plate (Ni(pp)) was used as anode. For these cells the anode was fixed
to the anode flow-plate by spot-welding. 2-3 sister cells were run with each con-
figuration, and the error bar in the following graphs represent the standard de-
viation between measured points. An overview over different cell variations is

presented in Figure 4.7.

It is evident from Figure 4.7a and 4.7b, that a significant activation improve-
ment is obtained by utilizing high surface area materials. Notably also, when
considering nickel as both cathode and anode as a reference material, there are
very significant performance gains to achieve by activating the cathode. Simi-
larly, and equally clear from Figure 4.7c and 4.7d, there are vast improvements
to gain in the high current density regime when implementing thin membranes
over conventional thick porous diaphragms. Interestingly, the ohmic response
of the R-NiMo(pp) | Zirfon | Ni(pp) cell (V) in Figure 4.7a and 4.7d appear dif-
ferent from the Ni(f) | Zirfon | Ni(pp) cell (M). Zirfon has been observed to show
varying degree of performance and generally only good data are included. Some
filtered data from poor cells with significantly deviating data are in Figure 4.7a
shown with open markers. The variations may be caused gas trapping in the
porous structure. The porous diaphragm is not suited for zero-gap configura-
tion which is here used for all cells, hence the optimal performance achievable
with Zirfon may not be realised in this case with the R-NiMo(pp) cathode. Con-
sequently the difference in Figure 4.7d may appear somewhat exaggerated, but
there will in either case be a significant difference.

As shown in Figure 4.7b and 4.7d we achieve extraordinary performance com-
pared to conventional alkaline electrolysis. This is even when using only a un-
modified nickel perforated plate as anode. A discussion of likely incidental iron
activation is treated later in Section 5.1. It fell natural to also apply the Raney-
nickel (R-Ni) as anode material, and the results are shown in Figure 4.8, together
with curves illustrating the combined benefit of changing membrane and cath-
ode.
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Fig. 4.7: Polarization curves following 12 h break-in. Effects of replacing individ-
ual cell parts; (a) Ni(f)—R-NiMo(pp) with Zirfon, (b) Ni(f)—R-NiMo(pp) with
m-PBI, (¢) Zirfon—m-PBI with Ni(f), (d) Zirfon—m-PBI with R-NiMo(pp). m-PBI
thickness dyer =40 pm, T = 80°C, [KOH] = 24 wt%, flowrate =5 ml min—! for foam
(f) and 50 ml min~! for perforated plate (pp), flowfield = pin(FZJ).
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PBI thickness dyet = 40 pm, T = 80°C, [KOH] = 24 wt%, flowrate = 5 ml min~! for
foam (f) and 50 ml min~! for perforated plate (pp), flowfield = pin(FZJ).

It is clear that there is a benefit, but it is rather limited and corresponds to no
more than ~ 20-30 mV at current densities above 200 mA cm 2. Interestingly, it
appears to be a larger benefit in the low current density range (< 200 mA cm~2),
peaking at 5 mA cm 2, which is the lowest value in the polarization curve. Here
the difference is 60 mV. This behaviour could be explained by differences in tafel
slope of the freshly activated R-Ni electrodes versus that of Fe-contaminated Ni
electrodes, or O; gas blocking of a large part of the pore structure at higher cur-
rent densities, eliminating part of the benefit. The interplay between electrode
geometry and bubble properties is difficult to quantify and nano and/or micro-
porosity does not make it easier.

Although not really surprising considering previous experiment of the indi-
vidual components, we achieve record breaking polarization performance for
alkaline electrolysis without using non-noble metal catalysts. At 2.0 V we ob-
tain 2900 mA cm 2 with the R-Ni anode, and with plain nickel anode, we reach
2800 mA cm 2. Conversely, we only need 1.7 V to reach 1000 mA cm 2 with the
Ni(pp) anode and ~ 1680 mA cm~? with R-Ni(pp).
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Impedance investigation

The behaviour of several cells were probed by performing electrochemical imped-
ance spectroscopy (EIS) in galvanostatic mode. In brief, a secondary step-wise
polarization curve were recorded after the initial one albeit only up until 2000
mA cm 2. Since this was not meant as a detailed impedance study, no measure-
ments were performed with systematic variations to elucidate the different arcs
in the spectrum. Figure 4.9 shows Nyquist plots of the impedance spectra at five
different current density setpoints.

A preliminary evaluation reveal that the cell with zirfon (o) shows an expect-
edly much higher Rs than those with m-PBI (o + ©). A qualitative difference
in the polarization arcs is also evident between the cell with R-NiMo(pp) cath-
ode (©) and those with Ni(f), but this does not upfront reveal any information.
Lastly, the combined full polarization resistance decrease as current density,
hence overpotential, increases. The low frequency impedance correspond to the
tangential resistance, i.e. the slope of the polarization curve at any given set-
point. Since tafel kinetics predict a logarithmic dependence of overpotential on
current density, the polarization contribution is expected to decrease roughly
proportional to 1/i. However, due to additional effects a simple 1/i fit is not
very good.

To obtain more detailed information generic L-R-RQ-RQ or R-RQ-RQ equiva-
lent circuit models were fitted to the data. The scope was primarily to investigate
the series resistance R; (high frequency resistance). The R-RQ-RQ fit gave good
mathematical fits, but are not necessarily physically meaningful in relation to
transport phenomena, charge transfer resistances, and differentiation between
the different electrode contributions. This is, however, not an issue when we
are primarily interested in the series resistance Rs and the total polarization re-
sistance Ry, and their behaviour as a function of current density. Figure 4.10
shows the data as open markers, with equivalent circuit fits as solid lines. Fig-
ure 4.10d and 4.10c are enlargements of the high frequency intercept region. As
can be seen from the figures the overall fits are mathematically good approxi-

mations.

It should be noted that some high frequency data have been filtered due to
high levels of noise, and not every cell gave good quality EIS data. Noise issues
were a common issue for some cells and were to a significant extent caused by

pulsing electrolyte pumps, hence dependent on flow rate and the specific test
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Fig. 4.9: GEIS (25 kHz-1 Hz) for 3 different cells at 5 selected current density set-
points with an amplitude of 10% of the current density setpoint. Grey (o): Ni(f) |
Zirfon | Ni(pp), red (o): Ni(f) | m-PBI | Ni(pp), and orange (©): R-NiMo(pp) | m-
PBI | Ni(pp). m-PBI thickness, dye = 40 pm, T = 80°C, [KOH] = 24 wt%, flowrate
=5 ml min~! for foam (f) and 50 ml min~! for perforated plate (pp), flowfield =

pin(EZ]J).
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station.

It can be seen that there is a general trend towards an increase in R following
increasing current densities, which can be explained by an increased presence
of gas bubbles even though the electrodes are in zero-gap. Local surface block-
ing effectively reduce the access to some active sites, hence leading to active ar-
eas experiencing increased current densities and correspondingly resulting in a
larger resistance. Similarly, not all parts of the electrode is in direct contact with
the membrane, hence electrolyte void formation due to gas bubbles in front of
some active sites increases the length of effective ionic pathway. Interestingly,
the trend appears to reverse at ~ 1000 mA cm~?2 for cells with a nickel foam
cathode. Looking at different cells (not shown) with Ni(f) cathodes it appears
to be an actual effect, but the data is not clear since most other cells using Ni(f)
cathodes display large levels of noise. In the case that the reverse trend is an ac-
tual effect it could be linked with changes in local flow regime, but any deeper
analysis on grounds of available data is mostly guesswork.

Fitted values of R; can neatly be summarized as shown in Figure 4.11a for dif-
ferent cells. Ni(f) cathode values (M,®) represent single cell data sets, whereas
the R-NiMo(pp) cathode data (V) is averaged from two cells with practically
identical data. The outlying values at 100 mA cm~2 appeared in a number
of data sets, and could be due to internal switching in the potentiostat at the
current-range limit between booster mode and without. There is a very signif-
icant difference in Rs; between the Zirfon and the m-PBI cells as would be ex-
pected. Furthermore, even the two cells with identical membranes but different
cathodes, show quite a large discrepancy in R; values. Hence, either the mem-
brane is severely deformed by the electrodes, or the ionic resistance in the liquid
electrolyte and electrode resistances contribute substantially.

Membrane resistance

By looking at sister cells with different membrane thickness we can approximate
the membrane contribution to the Rs on basis of a set of assumptions. 1) Com-
pression of the membrane from electrodes due to cell fixture is uniform, and for
sake of approximation negligible. 2) No significant thinning is caused by the
operation of these cells prior to GEIS measurements, hence the nominal mem-
brane thickness is valid. As will be discussed later, this may not be the case,
and we note that the time of the GEIS measuremenets are not identical across
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Fig. 4.10: GEIS for 2 different cells at the full recorded current density range with
an amplitude of 10% of the current density setpoint. For both cells the membrane
is m-PBI, and the anode Ni(pp). Cathodes are (a) Nickel foam, and (b) Raney-
nickel-molybdenum. (c) High frequency (HF) intercept region of (a), and (d) HF
intercept region of (b). m-PBI thickness, dy,t =40 pm, T = 80°C, [KOH] = 24 wt%,
flowrate = 5 ml min~! for foam (f) and 50 ml min~! for perforated plate (pp),
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the data presented here. Nonetheless, if we take the assumptions to be valid,
we can evaluate the R; increase associated by doubling the membrane thickness
(40—80 um) and estimate the membrane contribution as well as estimate the in-
situ specific conductivity of the membrane. Figure 4.11b show data R for two
cells with different membrane thickness, as well as the difference between the
two. The difference caused by 40 um membrane increase (¢) is about 20 mQ)
cm?, only half of that of the cell with a 40 pum membrane, and about ~ 2/7 of the
cell where the cathode is Ni(f) instead of R-NiMo(pp). The corresponding spe-
cific conductivity of the membrane can on this basis be calculated to about 205
mS cm ™!, which fit quite well with measured values recorded ex-situ, see Fig-
ure 4.3. To put the magnitude of the R; in perspective, a PEM cell with Nafion
115 can have R; values in the range 100-125 m() cm?.25%4 Naturally, the mem-
branes applied here are thinner than the PEM reference (Nafion 115 ~ 150 pm),
but ultimately the practically applicable thickness will be determined by other
properties like durability, gas crossover-resistance, and practical robustness in
terms of fabrication and assembly.

It is interesting to compare the values obtained by impedance to those that
can be extracted from tafel fits using eq. (2.22). The area specific resistances for
the Ni(f) | Zirfon | Ni(pp) cell can be fitted to 0.32 Q) cm?, compared with 0.28 ()
cm? estimated by impedance. Similarly, for 40 um m-PBI cells, we find 0.11 and
0.15 Q) cm? with Ni(f) and R-NiMo(pp) cathodes, compared with 0.07 and 0.04
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with impedance. The agreement, or lack thereof, between the methods differ
quite significantly, hence caution is necessary when using tafel fits to estimate R;.
Effects due to bubbles can appear ohmic (linear) even if they are not exclusively
so. Likewise, is a distinguishing between ohmic resistance from the membrane
and from the rest of the cell also important to have in mind, although that can
be difficult to properly determine experimentally.

In a slight extension to the analysis we can approximate membrane and non-
membrane ohmic contributions and compare them against the total polariza-
tion resistance recorded by impedance spectroscopy. Figure 4.12 displays the
series resistance, polarization resistance, and total resistance measured by GEIS
for two cells (4.12a and 4.12b), as well as the corresponding polarization data
and the relative ohmic contributions from membrane/diaphragm and liquid
electrolyte/electrode contributions (4.12c and 4.12d). The two cells are respec-
tively a Ni(f) | Zirfon | Ni(pp) cell and a R-NiMo(pp) | m-PBI | Ni(pp) cell. The
m-PBI membrane resistance was determined based on previous assumptions,
and it is subtracted from the Ni(f)-cathode cell values to determine the elec-
trode/electrolyte ohmic contribution in cells with Ni(f) cathodes. This is then
used to estimate the part of the ohmic resistance which is caused by Zirfon. Some
uncertainty must be expected this way. It is unfortunately not possible to sepa-
rate the polarization part into cathode and anode based on the present data.

The two presented cells in Figure 4.12 vary on two parameters: The cathode,
a Ni(f) versus a R-NiMo(pp); and separator, a thin m-PBI membrane versus a
Zirfon diaphragm. Here two primary observations are made. In the classic-
type cell with plain electrodes and a diaphragm, the ohmic contribution dom-
inates from 300 mA cm 2, whereas the ohmic contribution in the m-PBI based
cell never exceed the polarization resistance in presented current density range.
Furthermore, the ohmic part from the membrane is so low, that some perfor-
mance could easily be compromised for better physical properties or improved
durability. Secondly, the plain Ni(f) electrode shows lower polarization resis-
tance at high current densities than the Raney-activated perforated plate.

This is peculiar, but is likely an effect of electrode geometry and gas blanket-
ing. Figure 4.13 conceptually outlines how the electrodes are pressed against
the membrane/diaphragm. The foam electrodes are more open, hence most of
the active surfaces can readily get rid of produced gas. On the other hand, the
perforated plates have larger flat surfaces towards the membrane, and hence the
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Fig. 4.12: Ohmic and polarization resistance contributions as function of current
density for, (a) classic type cell with a Zirfon diaphragm and nickel cathode and,
(b) a APEM type cell with 40 uym m-PBI membrane, and R-NiMo(pp) cathode.
Corresponding polarization curves, with the respective total ohmic contributions
and the part originating from the separator, plotted for (c¢) the classic type cell
and, (d) the APEM cell. m-PBI thickness, d; = 40 um, T = 80°C, [KOH] = 24
wt%, flowrate = 5 ml min~! for foam (f) and 50 ml min~! for perforated plate
(pp), flowfield = pin(FZ]).
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Fig. 4.13: Schematic illustration of the effects of increasing current density and
increasing gas evolution. (left) A cell with a R-NiMo(pp) cathode. (right) A cell
with a Ni(f) cathode. The foam geometry more easily discharge evolved gas, and
a smaller fraction of the electrode deactivate.

Raney-coatings will more easily experience significant deactivation due to exces-
sive gas bubble blocking. Whether the surface is blocked or if the pore structure
is filled is not possible to determine based on the available data, but it seems
reasonable to expect a decrease in effective surface area which is more severe for
the perforated plate and Raney nickel type electrodes. Ultimately, this points
towards the need for optimized electrode geometries. The Raney electrodes in
question present a large nano and micro-porous structure with relatively small
exhaust areas, i.e. the area facing away from the membrane along the circum-
ference of the perforations in the plate. Ideally, the area and the dense volume
of solid nickel parts on the back of the Raney electrodes should be minimized,
so the evolved gas could more readily escape from the back side. A design like
what is used in PEM EC and fuel cells with porous catalyst layer are likely sig-
nificantly better when sufficiently optimized.

4.2.2 Durability and gas crossover

Characterization in terms of performance is the first parameter to evaluate when
developing or applying new materials. Secondly, but no less important, is the ro-
bustness and durability of the system and materials. Here the crucial issue is the
durability of the membrane and electrodes, and robustness in terms of mechani-
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cal strength and capability to separate generated gasses. As was already shown,
a certain degradation is expected from the membranes under classical condi-
tions at 80°C and > 20 wt% KOH (aq), which will ultimately lead to mechanical
weakening and membrane failure. However, the timeframe for cell failure was
not closely investigated.

During the visit to FZ] a number of cells were run to assess durability and
lifetime. The cells were operated dynamically by switching between 100 and
1000 mA cm~2 in day-night cycles, after an initial break-in period at 100 mA
cm 2, which commonly occurred over the weekend. Cells were of the type R-
NiMo(pp) | m-PBI | Ni(pp). We expected stability issues from Raney-nickel an-
odes and since they were shown only to provide a marginal improvement, they
were not applied. The Hy in O, level was monitored after the anodic gas was
dried by silica gel and molecular sieves. A total of four cells were run this way
and the evolution in cell potential and the Hj in O, values are plotted in Fig-
ure 4.141. Cells (a) and (b) operate with 40 pm membranes, whereas (c) and
(d) use thicker 80 pm membranes. For clarity, periods where polarization and
impedance data where recorded are omitted.

The durability of electrolysis cells concern two aspects: Loss of performance
and cell failure. Lifetime would be determined by a cut-off potential or by cell
failure. The loss of performance is generally understood in electrochemical terms,
which in electrolysis is an increase in cell potential at constant current. It could
however, also be in terms of gradually increasing crossover values. Failure will
occur when either a cut-off potential is reached, an electrode short circuit is expe-
rienced, or when gas-crossover values increase beyond a certain limit. In some
types of electrolysis the cell potential may increase due to a loss of conductivity
of the membrane, but we do not expect this to happen due to the presence of
liquid electrolyte. Consequently, we do not expect increased cell potentials due
to membrane degradation, but rather that the membrane after sufficient weak-
ening will become incapable of separating electrodes and gasses. Hence, we
ascribe the continuous potential degradation to be an electrode effect, but relate
the cell failures with membrane degradation.

In Figure 4.14 cells (a) and (b) have thinnest membranes (40 um m-PBI) and
show the lowest lifetimes, and conversely (c) and (d) with double the membrane
thickness show on average double the life time. Failure by short circuiting ex-

"More detailed Hy in O, data exist for (d), but is currently unavailable.
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Fig. 4.14: Durability data for cells with alternating current density setpoints be-

tween 100 and 1000 mA cm 2. The cell potential and H; in O, values were moni-

tored. (a) and (b) cells with 40 ym membranes, (c) and (d) cells with 80 pm mem-
branes. T = 80°C, [KOH] = 24 wt%, flowrate = 50 ml min~!, flowfield = pin(FZ]).
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perienced for the first two tested cells (a) and (c), lead us to apply a sub-gasket
around the membrane to prevent excessive mechanical compression. This may
partially be the reason why cells (b) and (d) failed due to increased H, in O,
levels rather than a short circuiting.

We very clearly learn that the membranes based on m-PBI are indeed are not
stable under conditions similar to classical alkaline electrolysis at 80°C and 24
wt% KOH (aq). Figure 4.15 show the four membranes after cell disassembly and
after submersion in water. The damage was visually less severe prior to contact
with water.

One cell ran long enough enabling two polarization curves to be recorded
with a week in-between. The curve and R; values determined by GEIS are plot-
ted in Figure 4.16. The difference in polarization characteristics are from the
activation region, and the overall ohmic resistance of the cell is even observed
to decrease. Most likely, the deactivation of electrodes is caused by a loss of ma-
terial or surface area on the cathode, whereas the decrease in R is an effect of
membrane thinning. Membrane degradation in the form of backbone scissoring
leads to a loss of material, and consequently the membrane experience thinning
due to the compression from the electrodes. Ultimately when enough polymer
is lost from the membrane, holes form resulting in short circuiting or sudden

rise in crossover.

Since the m-PBI membranes degrade it is not feasible to apply them under
industrial electrolysis conditions. Hence, to improve cell life and stability dif-
ferent approaches can be followed including reduction of temperature or KOH
concentration, increasing membrane thickness, or ideally the development of a
more stable but equally conductive membrane.
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(b) 40 um #2

(c) 80 um #1 (d) 80 um #2

Fig. 4.15: Post-morten images of the membranes after durability tests. Lifetimes
were approximately: (a) 147 h, (b) 120 h, (c) 230 h, (d) 309 h.



104 CHAPTER 4. RESULTS WITH PBI MEMBRANES

26 0.08
e
o °
2.4 o
o~ ®
5 0.074 o
2.2 S — o ./
~0-80umm-PBI @t =237.5 h ot e Z /o/ o0
.07
2 e 8 . lweek o
=20 o e c P O
8 o e I s o
g /9/“ ® 0.06- @ —
@ o —e—80um m-PBI @ t =69.5 h @ L 0
218 S 4 e
o o / @ o
gies 2 o
o = o’
1.6 o jelens
2 0054
)
14 —e—80umm-PBI @t=72h
080 um m-PBI @ t= 240 h
12 0.04 . . . .
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000
Current Density / mA cm? Current Density / mA cm?

(a) (b)

Fig. 4.16: Changes caused by 1 week of durability test for, (a) polarization be-
haviour and, (b) R; values. 80 pym m-PBI membrane. T = 80°C, [KOH] = 24 wt%,
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4.3 mes-PBI as stable electrolyte

At Simon Fraser University in Vancouver, Canada, the group of Steven Hold-
croft are doing research on developing polybenzimidazole derived polymers
with better alkaline stability. One such promising polymer is the poly(2,2’-(m-
mesistylene)-5,5"-bibenzimidazole) (mes-PBI), which we have investigated as
electrolyte for alkaline electrolysis. The polymer behave similarly to m-PBI and
undergo deprotonization in alkaline solution, as shown in Figure 4.17

_ /
N N
H

Fig. 4.17: Equilibrium scheme between the neutral pristine mes-PBI polymer and

%, Z@

the potassium polybenzimidazolide.

The idea was to use steric hindrance to protect the weak C2 position, but
strategies for improving polymer stability is beyond the scope of the current
project. Rather, we received samples to characterize and evaluate for alkaline
electrolysis.

The membranes swell upon equilibration, although less so than m-PBI. Mem-
brane thickness was about 60-65 um after equilibration in KOH (aq), and cells
with 210 pm nickel foam electrodes were run at 5, 15 and 25 wt% KOH (aq). The
polarization performance was compared with m-PBl and Zirfon and is presented
in Figure 4.18. We observe a slightly lower performance than that of m-PBI, but
also note that the membranes are about 50% thicker. Although the Zirfon cell op-
erate at lower potentials at intermediate current density (~ 100-500 mA cm™?)
we find a lower slope of the cell with mes-PBI in 25 wt% indicating superior
ohmic properties. If the curves in Figure 4.18 are compared against previously
presented data in Figure 4.2, there are some discrepancy, which is likely caused
by changes in flow field, the elimination of a major Fe-source in the system, as
well as changes in testing protocol.

To probe the ohmic part in more detail, without having EIS data on our hands,
we can fit the data to the tafel equation (2.22). Data points ati <5 mA cm ™2 were
filtered. Previously, a large difference in R determined by impedance and by
tafel fits was observed, but with this in mind, one can still compare across fitted
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Fig. 4.18: Polarization behaviour of cells with mes-PBI membranes equilibrated
at different KOH (aq) concentrations, and corresponding electrolyte. Similar data
for cells m-PBI and Zirfon is shown for reference. Electrodes were 210 pm nickel

foam. mes-PBI thickness, dq,; = 60-65 um, T = 80°C, flowrate = 120 ml min~!,
flowfield = pin.

values. Looking at the curves of primary interest, i.e. mes-PBI in 25 wt% in com-
parison to the reference curves, we find values of 0.366 Q) cm? for mes-PBI, 0.335
Q) cm? for m-PBI, and 0.435 Q) cm? for Zirfon. Notably, both PBI membranes have
lower resistance than the diaphragm. The fitted resistance values correspond to
equivalent specific conductivities of 16 mS cm~! for mes-PBI, 12 mS cm ! for m-
PBI and 115 mS cm ™! for Zirfon using estimated membrane /diaphragm thick-
nesses of 60, 40 and 500 um for mes-PBI, m-PBI, and Zirfon respectively. It must
be stated that there is quite a significant uncertainty, and the all values are vastly
underestimated by this method. What is interesting is mostly that mes-PBI and
m-PBI appear similar, and show better ohmic performance than Zirfon.

The mes-PBI membrane conductivity was also investigated in the ex-situ con-
ductivity cell and the data are presented in Figure 4.19. Values for m-PBI are
plotted for comparison. We note that the directly measured through-plane con-
ductivity of m-PBI is almost an order of magnitude higher, 87 mS cm™~! versus
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Fig. 4.19: Specific conductivity of mes-PBI with m-PBI as reference data. Recorded
by AC-impedance in a dedicated conductivity cell.

16 mS cm ™! for mes-PBI at T = 80°C. Interestingly, we observe lower peak con-
ductivity, perhaps caused by a different swelling behaviour,?® but higher con-
ductivity at low concentrations. This, however, does not present itself in any

significantly improved cell performance in 5 wt% KOH, as compared with m-
PBL

The next question that pose itself is whether the mes-PBI actually is more
stable than m-PBL. The detailed chemical analysis is published elsewhere.> In
short it appears that mes-PBI is more chemically stable in the low KOH concen-
tration range up to 10 wt%, but suffer from similar degradation issues as m-PBI
when the concentration is higher. This is likely because the potassium polyben-
zimidazolide form of the polymer slightly alter the orientation of the protecting
methyl groups, hence the steric protection is lost. A more elaborate study on the
electrochemical and electrolysis operation effects on mes-PBI membrane stabil-
ity is yet to be undertaken.






Results on active electrodes

Besides the work carried out evaluating PBI membranes as electrolyte, some
work were also dedicated to developing and preparing efficient electrodes for
both the cathodic hydrogen evolution and the anodic oxygen evolution. This
chapter cover in varying detail the work carried out during the project in this
regard.

5.1 Nickel-Iron anodes

There has been a shift in focus in recent literature from metal oxides towards
(oxy)hydroxides, phosphides, sulfides and selenides. The (oxy)hydroxides have
for a few years now recieved significant attention, to a large degree because of the
high activity of nickel-iron (oxy)hydroxides. Some general trends, and selected
performances were presented in the literature review in Section 2.3.2. Here some
aspects will be discussed in more detail, and the work that has concerned these
materials is presented.

5.1.1 Preparation

The nickel-iron (oxy)hydroxides, generically refered to as NiFe-hydroxides, as
well as other metal-hydroxides, are primarily prepared in either of two ways:

109
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By an electrodeposition process!62167,19

or through a homogeneous hydrother-
mal chemical precipitation route.””/82159163198 In practice the methods are dif-
ferent, but conceptually very similar processes take place. A third and concep-
tually identical route, is chemical precipitation by mixing alkaline solution and
a metal-ion containing solution. That approachs appear to be less widely ap-
plied, likely because it form larger and less well defined precipitates, and it does

140

not apply the material directly on an electrode. The review by Dionigi**" also

address synthesis routes.

Electrodeposition

Although the electrodeposition of metal hydroxide and (oxy)hydroxide proceed
through electrochemical reactions on an electrode surface, it is not the conven-
tional electroreduction of metallic ions to their solid form that takes place. Rather,
an induced chemical precipitation takes place. Mostly this is done cathodi-
cally by reducing nitrate anions, although anodic deposition has also been re-
ported.!% Metal-hydroxides generally form in solutions with metal ions when
pH is increased and display very low solubility in water. Hence, increasing pH
is used to precipitate metal-(oxy)hydroxides. In the case of electrodeposited
metal-hydroxides, metal-nitrate salts are used and the pH is increased locally

at the electrode surface by the reduction of nitrate:167:19

NO;~ + HyO+2e~ — NO, ™ +20H" (5.1)
M?** +20H" — M(OH); (s) (5.2)

The process leads to a plate-like morphology, as the layered (oxy)hydroxides
grow anisotropically.

Hydro-thermal precipitation

The hydrothermal synthesis, or homogeneous precipitation synthesis, utilizes
the same concept of increasing pH and inducing chemical precipitation. The pH
increase is achieved by decomposing suitable organic compounds, most com-
monly urea. At temperatures above 60°C urea start to hydrolyse,'®* and a num-
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ber of proceeding reactions may follow,'%”/2>°
CO(NH,); + HyO — 2NH; + CO, 1 (5.3)
NH3 + H,O — NHy " + OH"~ (5.4)
Ni** +20H" — Ni(OH), | (5.5)

The metal-hydroxides then preferentially precipitate on a support, but can nu-
cleate to form particulate material as well. In some publications additives be-
yond urea and metal-salts are used, e.g. NH4F which has been shown to improve
adhesion on glassy substrates and is proposed to help directional growth.>

Post treatment

In addition to preparing (oxy)hydroxides as electrode material, the anisotropic
growth of the hydroxides have also been used as a template to form other derived
materials. Several phosphides, sulfides, and selenides can be prepared while
maintaining the morphology of the parent material, although these approaches
have not been investigated in this project.

This work

A number of electrodes were prepared using the hydrothermal method follow-
ing a procedure inspired by Lu et al 163 Briefly, Ni(NO3), - 6 H>O, Fe(NO3)3 - 9 H>O,
and CO(NH;), were dissolved in water. The solution and a piece of nickel foam
were then placed in PTFE lined autoclave and heated to 120°C for 12 h. Elec-
trodes were prepared from solutions with varying Ni:Fe ratios, while maintain-
ing a constant total metal-ion concentration. The Ni:Fe solution molar-ratios in-
vestigated were; pure Ni (denoted 10:0), 9:1, 8:2, 7:3, 6:4, and 5:5, and electrodes
samples are in the following text and figures denoted as such.

5.1.2 Physical characterization

No rigorous characterization was undertaken, but the prepared electrodes were
examined with SEM and EDX. Representative micrographs are presented in Fig-
ure 5.1, for the 10:0-sample 5.1a, 5.1c, and 5.1e, and for the 5:5-sample 5.1b,
5.1d, and 5.1f. In both cases the morphology is plate-like due to the anisotropic
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growth of the formed hydroxides. The plate-like morphology with a predomi-
nantly vertical orientation is achieved since vertically-oriented plates grow faster
outward than horizontally oriented. As the horizontally grown plates connect
with the vertically oriented they stop growing as they are effectively blocked.
Hence, this type morphology with a preferential orientation is achieved. This
provides quite a significant enhancement of the effective surface area, which
is why it is used in some publications as a templating tool for other materi-
als.”7/153:166.203 Byrthermore, it appears that the sample without iron gave larger
plate-sizes, but it is unclear why. Lastly, bundles of what appear as agglomer-
ated, and perhaps weakly connected material is observed in either samples. The
hydroxides generally display relatively low electronic conductivity and some
show semiconductor behaviour,'*>1%* hence material far from the underlying
nickel support may show some degree of charging and appear brighter in the
micrographs.

EDX was performed on regions with excessive material present to avoid or
limit the response from the underlying nickel support. Nonetheless, there is
a degree of uncertainty associated with the nickel-iron ratios presented in Ta-
ble 5.1. To the extent that the values can be trusted qualitatively, there appears to
be a preferential deposition of nickel over iron. This match with EDX performed
on residual material floating on the surface after a 5:5 synthesis, which revealed
a Ni:Fe molar ratio of 36:64. It can be speculated that insoluble Fe-oxides are
formed as well, and some publications use various chelating agents to prevent
this. However, the residual material was not investigated any further.

Table 5.1: EDX results for the prepared electrodes. Only the relative Ni and Fe

fractions are considered.

Solution Ni:Fe [mol%] 50:50 60:40 70:30 80:20 90:10 100:0
EDX est. Ni:Fe [mol%] 66:34 74:26 7624 86:14 89:11 -

The combined picture from SEM and EDX seems to indicate that the depo-
sition produces coatings with varying degree of uniformity. Nonetheless, we
do observe the expected plate-like growth with Ni and Fe from which enlarged
surface area and increased catalytic activity towards the OER can be expected.
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(e) 10:0 at x20000 mag. (f) 5:5 at x20000 mag.

Fig. 5.1: Secondary electron SEM micrographs of prepared electrodes at different
magnification. (a), (c) and (e) without Fe (10:0), and (b), (d) and (f) with Fe (5:5).
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XRD

A single 5:5 electrode was examined with XRD. The diffractogram is presented
in Figure 5.2 with relevant phase-indicators shown. A large background sig-
nal from pure nickel is present due to the nickel foam substrate. The remaining
peaks match with the hydrotalcite structre. a-Ni(OH), and Ni-Fe LDH mate-
rials are isostructural with hydrotalcite, whereas B-Ni(OH), (theophrastite) is
isostructural with brucite, which does not seem to be present. Hence, it seems
that the deposited material is of the Ni-Fe-LDH type. No other phases appear
to be present in any detectable amount. The interlayer peaks of the hydrotalcite
structre at 260 = 12° (003), and 23° (006) are strongly dependent on the inter-
calated anion. Here, the peak spacing matches with CO3%~-anions.!® Nickel-
hydrotalcite sturctures are known to have the highest anion affinity towards
CO3%7,'82 and we expect CO3™ to be present from the synthesis due to the hy-
drolysis of urea to CO,. We note that on basis of the available data, or lack
thereof, it cannot be determined if the 10:0-sample has formed the a or 8 phase
of Ni(OH),. Other samples, prepared by chemical precipitation did however
show a B-Ni(OH); phase for the Fe-free batch, whereas the Fe-containing sam-
ple had a very clear hydrotalcite structure.

In the literature it has been discussed if a-Ni(OH); or B-Ni(OH); is the most
active towards OER, and it has been suggested that an improved activity achieved
by aging was due to the conversion from a to 3-phase.”” Recently it has been
suggested that the observed effects were caused by iron inclusion, as well as ei-
ther phases being in a higher oxidation state during actual oxygen evolution,
i.e. v-NiOOH and B-NiOOH. There is no consensus in the matter regarding the
activity of the a versus the f-phase, but it is interesting to note that Fe** doping
is incompatible with the B-Ni(OH); structure. a-Ni(OH), is known to age and
transform into B-Ni(OH),, but with iron the a-Ni(OH) structure is stabilized.
Likewise, the active sites in mixed Ni-Fe-LDH catalysts are debated, but litera-
ture seems to lean towards Fe being the active site. There are even indications
that Fe-hydroxides could be active, if not for lack of stability and poor electronic
conductivity. In this view, the Ni-hydroxide structure helps stabilize the active
Fe-sites, rather than the Fe atoms modifying the local environment around Ni
atoms. On this basis, it should be optimal to include as much Fe as possible
without inducing phase-separation. Depending on preparation technique this

is likely in the region 25-33 mol%. 40148
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Fig. 5.2: XRD diffractogram of the as-prepared 5:5 electrode. Only the LDH struc-
ture (hydrotalcite) appear to be present, besides the background nickel signal
from the nickel foam support.

5.1.3 Electrochemical performance

From the prepared 39 x 80 mm? sheets, electrodes were cut for half cell tests, and
for full single cell tests. Half cells were evaluated at room temperature, whereas
single cell tests were under conventional conditions at 80°C.

Half cells

Investigating the OER can be challenging, since some materials - in particular
NiO,Hy-materials - exhibit changes in phase and redox state at OER-relevant
potentials, and display potential-dependent electronic properties.?>” Doped Ni-
hydroxides such as the herein investigated Ni-Fe-hydroxides suffer from the
same challenges, which are further complicated by the presence of iron, which
cause a shift in the Ni** /Ni** redox potential. Figure 5.3 shows the electrode po-
larization of the iR-corrected data and the corresponding tafel plot. Although

2

data were recorded up to 2000 mA cm ™4, noise caused by bubbles severely dis-
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Fig. 5.3: Electrode polarization of NiFe-(oxy)hydroxide electrodes presented as,
(a) normal iV-plot and, (b) tafel plot. T = RT, [KOH] = 20 wt%.

tort the polarization characteristics above anywhere between 300-1000 mA cm 2

depending on measurement, hence iR-corrected data are shown only up to 300
mA cm 2. The data for the prepared electrodes are recorded by a forward scan
(1.2Vt02.5Vat2mV/sbefore iR-correction), whereas the nickel foam reference
Ni(f) showed a large hysteresis, hence those values are the average of a forward
and backward scan. iR-correction was done by estimating Rs at 1.23 V with
potentiostatic impedance spectroscopy just prior to recording the polarization
curve.

It is clear that at room temperature the presence of iron results in a significant
enhancement relative to plain nickel materials. The apparent behaviour indicate
an increased performance up to 40 wt% iron in precursor solution, which by
EDX were determined to be roughly 25 mol% Fe in the electrode. The electrode
with the highest Fe content show a similar high activity, but appears to have a
slightly lower tafel slope, although the reason for this is unclear and may be an
effect of the experimental details, rather than a conceptual difference. When the
Fe content exceeds the solid solubility limit of the nickel-host structure it can be
expected to locally form separated FeO,H, phases, which are less active than the
mixed Ni-Fe phase. As such, over-doping the material result in regions of sur-
face area which are less active, and the overall activity will thus decrease due to
smaller effective surface area of the active part of the catalyst. In that sense, the
measured performance match quite well with what can be expected. It should
be noted that pristine nickel foam tend to activate upon potential cycling, and it
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can probably be expected to reach activity similar to the 10:0-sample with suffi-
cient cycling. Additionally, the Rs was seen to depend on the potential at which
the impedance was recorded, and R; was observed to decrease with increasing
potentials (0.85 V over 1.23 V to 1.53 V).

For all electrodes, a visual colour transition from grey (Ni) or redish-yellow
(with Fe) to black was observed, just prior to the gas evolution onset. This change
in color is associated with the Ni*"/Ni** redox shift and the corresponding
structural changes. As nickel increases oxidation state, the material changes to
maintain charge balance. This is in part achieved by intercalating anions or pro-
ducing hydrogen defects. A neat feature of nickel materials, is that the Ni2*/3*
peak can be used as a first order approximation of the electrochemically active
surface area. Note that this does not necessarily relate directly to the active oxy-
gen evolution surface area if Fe-sites are the active sites, and that nickel show
a certain bulk activity in terms of the specific redox shift, but it can be used as
an approximation. Cyclic voltametry scans in the region of the Ni**/Ni>* peak
for the different electrodes are shown in Figure 5.4a and the peak-shift varia-
tions due to scan rate are shown in Figure 5.4b for the 7:3-sample. The variance
across electrodes in terms of peak position and shape strongly indicate poor
uniformity of the coating compositions. The observed shift in the Ni**/3*-peak
towards higher potentials with increasing Fe content is well known, but the bi-
modal nature of most peaks indicate regions with low Fe-content as well as high
Fe-contents.

Table 5.2 shows the values of the integrated redox peaks of the samples. The
cathodic peak is used since the anodic peak is partially obscured by the onset
of OER. It would be too much of a stretch to attempt to calculate an absolute
surface area on basis of this relatively crude dataset, but a comparison against
a pristine nickel electrode and between the different samples is in place. Firstly,
we observe an ~20-40-fold increase in redox active nickel compared to a pristine
nickel foam sample, showcasing the surface-area benefit by applying this type
of coating. Note that the redox peak of pristine nickel will grow on cycling,
and the presented value is from an early cycle. Secondly there seem to be a
correlation between the electrode activity and amount of redox active nickel.
Both the activity and the redox-peak area increase with increasing Fe-contents
until the 6:4 sample.

Interestingly, commercial Inconel 625 and NiFeCrAl foams (Alantum) showed
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Fig. 5.4: Cyclic voltammetry of the prepared electrodes. (a) Fixed scanrate of 10
mV s~ ! for different electrodes and, (b) Varying scanrate for the 7:3-sample. Scans
from 0.5 t0 1.6 V vs RHE (1.7 V for the 10:0 sample). T = RT, [KOH] = 20 wt%.

Table 5.2: Integrated values of the Ni?*/3* cathodic redox peak area for the dif-
ferent electrodes.

Sample 55 64 7:3 82 911 10:0 Ni(f) ref.
Cathodic peak [mC] 945 968 705 486 351 585 21

almost equal OER activity, albeit with significant initial corrosion. This was not
investigated further but a distinct color change of the electrolyte was noticed.
Likely, some elements selectively dissolve, and the remaining Ni and Fe form
(oxy)hydroxide upon OER polarization.

Single cell electrolysis

The electrodes prepared were also applied in single cell electrolysis as anodes
with a m-PBI membrane (35-40 pm) and a nickel foam cathode. Figure 5.5 show
the cell performance at room temperature and at 80°C. The 6:4-cell is omitted
since the cell suffered from massive noise and a variety of issues for unknown
reasons.

An interesting thing to observe is that the significant differences between an-
odes with varying degree of Fe-content is to some extent washed out at elevated
temperatures. Particular in the light, that most electrode publications in recent
literature only concern themselves with 1 M KOH (aq) at room temperature,
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Fig. 5.5: Single cell polarization curves using the prepared NiFe electrodes as an-
ode, with a m-PBI membrane, and nickel foam cathode. Both cathode and anodes
were pressed to 210 um. (a) at room temperature, (b) at 80°C. m-PBI thickness,
duwet = 35-40 um, [KOH] = 20 wt%, flowrate = 120 ml min !, flowfield = pin.

whereas the test in the present work were carried out under 20 wt% KOH (aq)
and up to 80°C. Furthermore, there seem to be no significant activation bene-
fit between the Fe-containing electrodes and the one without (10:0) whereas the
slopes are different.

The anodes were not investigated in terms of stability.

5.1.4 Incidental iron

As already mentioned, iron present in the electrolyte has the capacity to improve
the activity of nickel electrodes. This is a problem in terms of confidently evalu-
ating electrodes, although it provide conveniently active and simple electrodes.
In the aspect of this study, iron has been present from two sources. As an impu-
rity in the KOH pellets used to prepare the liquid electrolyte (< 5 mg/kg) and
from steel components in contact with the hot liquid electrolyte. At early stages
two small pieces of steel tube were part of the tubing, which were later removed.
Similarly, a set of ball-valves were conventional steel-type, and the pumps used
in most of the projects also had steel exposed to the electrolyte. Examples of
this significant activation is shown in Figure 5.6 in a case with both m-PBI and
mes-PBI membranes.

The iron activation is not an immediate effect and the activation is to some
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Fig. 5.6: Development in polarization curves over time with steel components
exposed to the electrolyte, cell examples used for studies with (a) m-PBI at 15
wt% KOH (aq) and, (b) mes-PBI at 25 wt% KOH (aq). Electrode and membrane
thickness are labelled as indices. T = 80°C, flowrate = 120 ml min—!, flowfield (a)

= linear, (b) = pin.

extent combined with the phase changes of nickel at high potentials. The impu-

rities solely from the electrolyte may only activate the anode partially and not

provide the same degree of activation as larger amounts of Fe-ions will. How-

ever, when a iron source is available, the anodes will readily activate over the

course of 1-2 days. Examples of cells measured after eliminating Fe-sources are

shown in Figure 5.7, albeit these cells were only run for a single day. It appears

at the very least, that in-situ activation is eliminated, although a thorough sys-

tematic investigation has not been performed.
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Fig. 5.7: Development in polarization curves over time without steel components
exposed to the electrolyte. Cells presented with (a) Zirfon and, (b) m-PBI. Elec-
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5.2 Nickel based cathodes

Platinum catalyse the hydrogen evolution very efficiently in both acidic and al-
kaline environment. In the acidic environment research still struggle to find
competitive materials. However, under alkaline conditions, a number of cata-
lysts based on non-noble metals have been published with activities seemingly
on par with platinum.®672747%109 Thig project have preliminarily investigated
some of these materials. Raney-nickel based electrodes were investigated in
single cell tests in Section 4.2, and measurements on electrodes prepared with
NiMo, NiSn, and NiCoS coatings are presented in this section.

NiMo and NiSn electrodes were prepared in-house, whereas NiCoS-electrodes
were supplied by partners based on work described in [118, 119] and will only
be used for comparison.

5.2.1 NiSn cathodes

The work carried out on nickel-tin based electrodes were a collaboration with
bachelor student Anders Richter Kjeldsen during work on his bachelor project
ultimo 2015. Anders carried out the majority of the experimental work. The
project was excecuted in two segments, an initial batch of electrodes inspired
by a paper from Zhu,® followed by a parametric study with slightly different
preparation conditions. The idea was to apply nickel-tin coatings to nickel foam
by electrodeposition and to evaluate the resulting electrodes and the preparation
procedure.

Initially electrodes were prepared potentiostatically, without any pre-treat-
ment of the substrate. Representative half-cell polarization curves in 30 wt%
KOH are presented in Figure 5.8. The electrodes display very good performance
and behave similarly to the literature starting point as would be expected, al-
though galvanostatic operation at 300 mA cm~2 for 10 h following the polariza-
tion measurements revealed a loss of performance with a constant decrease in
potential.

The electrodes were investigated with top-down and ion-milled cross-section
SEM. Representative micrographs are presented in Figure 5.9 obtained with a
backscatter detector. The SEM showed a cauliflower morphology of the de-
posited coating, but more critically revealed some serious problems with ad-
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(c) Prepared at -0.78 V vs RHE. (d) Prepared at -1.28 V vs RHE.

Fig. 5.9: Backscatter detector SEM micrographs of NiSn-electrodes prepared po-
tentiostatically. Electrodes were deposited at (a) and (c) -0.78 V vs RHE and, (b)
and (d) -1.28 V vs RHE, until 50 C cm 2 has passed through.

hesion of the deposited material. EDX performed on the coating indicated an
approximately 62:38 Ni:Sn molar stoichiometry.

In the proceeding experiments a pre-treatment process consisting of a de-
greasing and an etching step were introduced. Electrodes were prepared galvno-
statically rather than potentiostatically, and preparation parameters such as the
deposition current density, the total charge, the metal precursor stoichiometry,
and the temperature were varied systematically. Unfortunately very inconsis-
tent data results were obtained within the frame of the project but a few ob-
servations were made regarding the preparation procedure. Generally speak-
ing, electrocoating at constant current lead to worse performance than what
was demonstrated with constant potential. It further more lead to stoichiom-
etry changes throughout the coatings which resulted in mechanical tension and
consequently poor mechanical adhesion and the coating peeling off. This is il-
lustrated in Figure 5.10a-5.10c. The signal intensity of the backscatter detector
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change from dark (Ni) at the support through bright (Ni:Sn ~ 6:4 mol ratio) at the
inner layer to a grey shade in between (Ni:Sn ~ 9:1). Furthermore a clear delam-
ination between the support and the coating is seen. It can be speculated, that
if the deposition procedure were stopped prior to the apparent tin-depletion,
there would be less mechanical stress, but most electrodes had deposition carry
on beyond that point. Figure 5.10d illsutrate severe flaking observed on several
electrodes, and Figure 5.10e to 5.10g show how increasing loading change the
morphology from uniform to a cracked and bulged structure. Among these,
the uniform coating showed very poor activity, likely as a result of too high tin
content, whereas increasing loading lead to increasing activity.

Unfortunately only provisional conclusions can be drawn from this work. On
the positive side very active electrodes can be prepared using a potentiostatic
electrodeposition approach, but the mechanical stability specifically in terms of
adhesion must be improved. This can possibly be solved by simply pre-treating
the substrate with degreasing and etching steps. Secondly, it was observed that
galvanostatic deposition lead to variations in stoichiometry in the coated lay-
ers in the investigated parameter range. This lead to mechanical stress and dis-
played overall lower activity. However, several publications use galvanostatic

113,114

deposition, so it is likely feasible at lower current densities, with better ag-

itation, or perhaps at other solution compositions.

5.2.2 NiMo and a-NiCoS cathodes

Nickel-molybdenum and nickel-cobalt-sulfide electrodes have not been the sub-
ject of detailed investigation but both have been tested on a preliminary level.
Nickel-molybdenum because literature repeatedly show this material to have
high activity, and amorphous NiCoS since it is used commercially and can be
used as a reference. Data for two different prepared NiMo(f) electrodes are pre-
sented together with the commercial NiCoS(pp) reference, and NiSn data from
previous section in Figure 5.11. Note that data were collected with different pro-
tocols and that the electrolyte concentration was different across measurements.
This has a significant effect on the results and direct comparison must be done
with caution. We further note that the NiCoS electrodes are known to activate
over several hours and may prove more active upon prolonged electrolysis than
here presented.
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Fig. 5.10: NiSn-electrodes prepared galvanostatically. (a-c) EDX elemental map-
ping with weight% scale and, (d-g) Backscatter detector SEM micrographs of se-
lected electrodes at x 500 magnification.
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Fig. 5.11: Electrode polarization of selected nickel based cathodes at current den-
sity scales down to, (a) -1000 mA cm~2 and, (b) -50 mA cm 2. NiMo 1 and 2
represent different NiMo electrodes prepared with different deposition parame-
ters. T = RT and [KOH] is labelled on the figure.

Itis evident that all the presented materials show promise over pristine nickel,
even if improved surface area may play a dominant role in the demonstrated
increase in activity. Although this work has not investigated either material
sufficiently to establish a more active reference electrode to replace the pristine
nickel reference, the preliminary investigation show that it might be worthwhile
spending more time on.
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5.3 Powder based electrodes

When developing electrodes for alkaline polymer membrane electrolysis there
are two primary approaches. The first is to apply coatings on support materials
such as nickel meshes or foams. This approach was followed with the nickel-iron
type anodes from Section 5.1 and the mixed nickel based cathodes in Section 5.2,
and is very common in literature for alkaline OER and HER. This concept require
liquid electrolyte and is to a large degree incompatible with AEM systems, un-
less an ionomer is infiltrated onto the electrode. It is however, compatible with
classic alkaline and APEM electrolysis. The second approach is to apply a cat-
alyst powder at the membrane-electrode interface, e.g. with the assistance of
an ionomer or binder. This approach is identical to what is used in PEM elec-
trolysis, and in fuel cell technology and have the prospect of eliminating bubble
issues and significantly reducing ohmic losses, as bubbles will develop on the
backside of the active layer. This approach however, is incompatible with clas-
sical porous type diaphragms, but can be used in APEM electrolysis and AEM
when an ionomer is included. The following section discuss work on this type
of electrodes.

In the context of this work, the second approach may be referred to as porous
electrodes, whereas the first is sometimes referred to as 3D electrodes when using
foam supports, due to the more extensive thickness dimension. Both types are
in principle both three dimensional and porous.

The porous type electrodes can generally be prepared in two ways. As a cata-
lyst coated membrane (CCM) or a catalyst coated substrate (CCS). A CCM elec-
trode will generally have a transport layer of some kind which can correspond
to the substrate layer in a CCS approach. It is not easily possible to determine
which is the most favourable approach, as it will depend on essentially all the in-
volved parameters. Consider e.g. membrane swelling behaviour, ink behaviour,
geometry of support, and much more.

5.3.1 Dip-coated

The initial approach was to imitate electrodes prepared for nickel batteries or
alkaline fuel cell electrodes. The common preparation method is to blend nickel
and/or raney-nickel with a PTFE suspension and an organic solvent. The or-
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ganic solvent is only used in small amounts, i order to form a paste rather than
an ink. The paste is then rolled or kneaded into a substrate (mesh/foam), after
which the entire thing is cured to improve PTFE dispersion in the electrode. Al-
though a number of uniformly-looking electrodes were prepared, this approach
was abandoned since PTFE is highly hydrophobic and a highly hydrophilic elec-
trode is desired. In fuel cells the hydrophobicity is necessary to achieve a triple
phase boundary, whereas in electrolysis the gas should be disposed of as quickly
as possible to ensure complete wetting. Results by Marini et al. presented in a
series of papers on PTFE bonded gas evolution electrodes also show poor high
current density behaviour relative to otherwise good activation behaviour ex-

actly as would be expected. 26258

As a variation we turned to m-PBI as a binder, as it demonstrate very good
hydrophilic behaviour. However, PBI forms a solution with a suitable solvent,
unlike PTFE which come as a dispersion of particles. Hence, the kneading and
rolling procedure which deform PTFE particles to increase binding properties
does not work with a dissolved polymer. Consequently, a different preparation
approach was necessary.

m-PBI can be dissolved in alkaline ethanol>® which was attempted, rather
than more conventional solvents such as dimethylacetamide (DMAc) or formic
acid. At 2-5 wt% KOH in EtOH, up to 5 wt% m-PBI can readily be dissolved
even at room temperature. Electrode ink was prepared with nickel powder (<
10 pm) and the PBI solution. Due to the large particle size of the metallic powder,
ink formation was nigh impossible but a slurry like mixture could be obtained,
from which small electrodes could be prepared. Either by dip-coating (dip) or by
casting (cast) the slurry onto pieces of electrode substrate (nickel foam). The elec-
trodes were then left to dry. The prepared electrodes were not completely uni-
form and significant differences between sister electrodes was observed. While
the specific preparation method with the used catalyst particle size is unfit for
additional work, the electrodes prepared can still be used as an initial assess-
ment for the feasibility of preparing porous electrodes. Loadings of the prepared
electrodes were everywhere in the range of 10-300 mg/cm?. This is high values,
but note that very large metallic particles were used, and that nickel foam sup-
ports with a 1000 pm thickness can contain a lot of material. Exemplary optical
microscopy images partially show the lack of uniformity, and are presented in
Figure 5.12.
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(a) 62 mg cm 2 top view

(c) 121 mg cm 2 top view (d) 121 mg cm 2 bottom view

Fig. 5.12: Microscopy images of two porous electrodes with m-PBI binder and
with different nickel loadings, (a) and (b) 62 mg cm 2 and 2% m-PBI and, (c) and
(d) 121 mg cm™~2 and 2% m-PBIL. The images represent roughly the full 1 x 1 cm?
area of the electrode.
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Fig. 5.13: Evaluation of porous electrodes prepared with nickel powder and m-
PBI binder as cathodes, (a) half cell tests at T = RT and [KOH] = 20 wt%. (b) Single
cell test with a porous cathode, loading 161 mg cm 2 nickel (Ni@Ni(f)) and 2% m-
PBI as binder, m-PBI membrane, and nickel foam anode. Indices denote thickness.
T = 80°C, [KOH] = 20 wt%, flowrate = 120 ml min !, flowfield = pin.

Electrodes were evaluated for the HER since the OER is more difficult due to
phase transformations of nickel and problems in ensuring good electrode con-
ductivity. Electrodes selected on basis of uniformity and performance are pre-
sented in Figure 5.13a. A single electrode was evaluated as cathode in a full
single cell and is presented in Figure 5.13b

It is difficult to draw to definite conclusions but some trends could be ob-
served on basis on the recorded data. Figure 5.13a only shows a fraction of the
evaluated half-cell electrodes. Firstly, the increased amount of nickel surface
improved the activity. Secondly, the electrodes prepared big dip-coating type
method appear more active than those prepared by casting the slurry onto the
substrate. Possibly, the ability to drain off excessive solvent help prevent ex-
cessive polymer-film formation locally in the electrode, and in effect result in a
better binder-catalyst structure. In terms of loading, will an increased loading
positively influence the activity as long as other parameters are comparable. The
binder (m-PBI) content were not seen directly trend one way or the other. We
note that varying a single parameter while maintaining the others was difficult
due to changing rheological properties. The solvent:binder:catalyst ratio heavily
influence the apparent viscosity in particular when working with slurries rather
than various degrees of low viscosity inks. One can imagine, that by reducing
particle size by 2 orders of magnitude an equivalent loading reduction can be
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achieved without performance costs.

The single cell test also reveal significantly improved activation performance,
but the polarization behaviour towards the high current density range (> 200 mA
cm?) reveal a slightly different qualitative behaviour that appear less ohmic. No
diagnostic measurements have been attempted, but likely a more complex gas-
discharge behaviour is involved in the porous electrode than the pristine nickel
foam which show a more open structure.

5.3.2 Tape casting

At Forschungszentrum Jiilich some effort was also put into preparing porous
electrodes in addition to cell measurements with Raney-nickel electrodes. A
tape-casting approach was used in which a catalytic ink was spread on a poly-
meric support (primarily PTFE) with a doctor blade. An adhesive film was die
cut to form an electrode mask and placed on the support. The doctor blade then
moved across the film to distribute the ink evenly over the electrode mask, after
which the solvent evaporated. As an extension of the work described in previous
section, m-PBI was used as binder from a KOH/EtOH solution, but the catalyst
was a nano-powder (5-20 nm) of nickel-nickel oxide core-shell catalysts. Conve-
niently, this enable stable inks to be prepared, which give a wider range of op-
tions for electrode preparation, and loadings were consequently lower, namely

in the range 2-10 mg cm 2.

First electrode batches attempted at preparing free standing catalyst layers,
but this did not prove successful for a number of reasons. The biggest obstacle
was an issue with film tension causing the film to crumble in on it self near the
end of the solvent evaporation process. Attempts at hotpress-transferring the
catalyst films from PTFE sheets to m-PBI membranes did not succeed, since the
glass-transition temperature for PBI is too high. Electrodes cast on kapton stuck
too well to the support, so while they did not crumble due to mechanical tension
in the layer they could not be transferred to a all.

Later batches attempted to coat the catalyst directly onto nickel foam supports
or m-PBI membranes. This turned out to be a better approach, but issues related
to tension in the catalyst layer persisted. Likely, the evaporation of solvent in-
crease concentration of KOH and m-PBI in the solvent until eventually both KOH
and m-PBI precipitates. Probably a sort of tension gradient is formed due to in-
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Fig. 5.14: Cell polarization with porous electrodes prepared using nickel
nanopowder, when applied as (a) cathode, and (b) anode. Loadings are in the
range 4-10 mg cm 2 and the m-PBI fraction about 5%. Indices denote thickness.
T = 80°C, [KOH] = 24 wt%, flowrate = 5 ml min !, flowfield = pin(FZ]).

creasing KOH concentration at later drying stages, but whether it is due to KOH
salt precipitation, or the polymer changing properties were difficult to deter-
mine. Coating directly onto a membrane with a doctor blade is easier with very
uniform and even membranes, which the in-house prepared membranes proved
not to be. Furthermore, there may be complications related to the swelling of m-
PBI upon equilibration with KOH (aq). Ultimately, a few electrodes prepared as
CCM and CCS were realised with sufficient quality for a cell test. The results for
cathodes and anodes are presented in Figure 5.14a and 5.14b. Note that no fixed
method for preparation were developed and that all electrodes are different.

Most notable is the improvements in activation when the nickel catalyst is
applied to the cathode compared with the anode. It is also clear that the effect
appear to be lost at high current densities probably due to transport or bubble
phenomena.

Recorded GEIS spectra were generally very noisy, but visual estimation of
R reveal higher values than previously presented cells, and a larger increase in
R; as function of current density. The reference cell with pristine nickel foam
on either side show approximately 0.11 ) cm? which shift approximately by
0.01 O cm? to 0.12 O cm? going from 40 to 2000 mA cm 2. This behaviour is
somewhat similar to the behaviour presented previously in Figure 4.11. On the
other hand, the cell with the best performing coated cathode (®) shift from 0.11
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to 0.13 Q) cm?, the second best (V) from 0.12 to 0.16 Q) cm?, and the worst (A)
shift from 0.15 to 0.21 Q) cm?. Clearly, the direct or indirect ohmic contribution
from the electrodes are very significant, and poor gas-discharge properties in
the electrode cause increased ohmic and polarization resistances at higher cur-
rent densities. Although GEIS does not easily identify bubble effects in this type
of system, it is clear that some transport or bubble issues are present. This could
be a result of the electrode binder forming a dense polymer film and partially
encapsulating the catalysts in the electrode, rather than forming a uniform and
porous dispersion throughout the catalysts coatings. No microscopy or other
characterization were done to investigate this further. The behaviour is much
worse when similar electrodes are applied at the anode. At the activation region
(< 100 mA cm~2) all electrodes display slightly improved performance over the
uncoated reference, but this is lost as current density increase. Rs values esti-
mated by GEIS increase from 0.17 to 0.32 cm? (@), from 0.19 to 0.21 Q) cm?
(v), and from 0.17 to 0.44 Q) cm? (A). Not only is the low range current density
R; larger than the reference cell most likely due to poor conductivity within the
coating, but the shift in Rs; with current density indicate significant problems
caused by gas bubbles.

The stability were not systematically studied, but most cells were run for at
least a few hours. Most cells show a notable potential degradation, and inter-
estingly the cell with a CCM cathode displayed the best stability and barely had

any degradation over 20 hours at 100 mA cm 2.

Although no distinct conclusions can be drawn on specific preparation proce-
dures relative to performance and stability, the feasibility of using nickel nano-
powder or other nano catalysts has been demonstrated. Using m-PBI from a
KOH (EtOH) solution appears to be problematic for tape-casting, but other sol-
vents, preparation methods, or binders could enable the realization of efficient
and stable CCS and CCM electrodes.
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6.1 Conclusions

Alkaline water electrolysis was investigated as a technological pathway towards
cost-efficient sustainable hydrogen production. This was done on the basis of
cheap materials available to the alkaline system, with focus on improving effi-
ciency to match the similar, but more efficient and more expensive PEM elec-
trolyzers.

One step towards this goal was to use thin (40 pm) alkaline compatible mem-
branes with high ionic conductivity based on m-PBI. The thin membranes de-
creased the inter-electrode spacing in the electrolysis cells compared to conven-
tional porous separators. This resulted in a reduction of the ohmic losses in
the cell and opened the window to operating at current densities > 1000 mA
cm 2. In parallel, efficient cathodes based on Raney-nickel-molybdenum and
anodes based on Raney-nickel with high surface areas were applied making the
electrolyzer completely free from noble metal catalysts. By combining m-PBI
membranes and Raney-nickel electrodes, alkaline electrolysis performance on
par with state-of-the-art PEM electrolysis have been demonstrated. In the pres-
ence of 24 wt% aqueous KOH at 80°C we achieve 1000 mA cm~2 at 1.7 V, and
2900 mA cm ™2 at 2.0 V, above the target of 2000 mA cm 2 at 2.0 V.
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Analysis and cell failure reveal problems with regards to membrane stability
and cells display limited lifetimes of up to 13 days using 80 pm m-PBI mem-
branes. This is, however, longer than most results published in literature on
membranes for alkaline electrolysis. Furthermore, the contribution to the over-
potential from the membranes were estimated to be minor, suggesting that pa-
rameters effecting membrane stability such as temperature, KOH (aq) concen-
tration, as well as membrane thickness, could be varied to improve stability in
exchange for slightly reduced polarization performance. EIS for instance, re-
vealed a 6-fold reduction in ohmic cell resistance for the best cells, compared to
cells based on conventional materials.

Membranes based on mes-PBI were investigated as a more stable membrane
material than m-PBI, and tests showed similar polarization performance at 25
wt% KOH but a lower peak conductivity. An improved stability was observed
only at concentrations < 10 wt% KOH, where cell polarization is worse than
traditional porous separators due to too low conductivity.

Electrodes were prepared following two conceptual approaches: One concept
was to coat nickel foams with active catalysts by hydrothermal or electrodeposi-
tion methods. In this way Ni-Fe-(oxy)hydroxide anodes, and Ni-Mo and Ni-Sn
cathodes were prepared, which each showed improved performance over plain
nickel used reference material. The reduction in onset overpotential from Ni-Fe
anodes compared to pure nickel were seen to diminish at temperatures relevant
for single cell tests (80°C), although partly due to suspected Fe-contamination of
the uncoated electrodes originating from system components. Nonetheless, an
improved ohmic behaviour was observed and further improvement of prepara-
tion procedure is expected to yield even better performance. The development
of Ni-Sn and Ni-Mo cathodes did not reach a level during the project at which
single cell tests were warranted, but half cell tests at room temperature showed
up to 300 mV reduction in overpotential compared to nickel foam.

The second approach used nickel powder as a basis for electrodes. Rather
than modifying the surface of nickel foam, it was simply used as a support.
Although no reliable and reproducible preparation route was achieved, good
cathode performance was achieved. Using preliminary electrodes with ~ 5 pm
nickel particles and m-PBI as binder, a 200 mV improvement over plain nickel
foam was seen in single cell tests. When used as anodes, too large ohmic or mass
transport losses were observed for the tested electrodes.
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6.2 Outlook

Looking ahead some key challenges remain and a number of opportunities lie
ahead. No matter the approach used for electrode preparation, the membrane
remain essential to achieving high performance in alkaline electrolysis. In light
of the good performance achieved in this project, and compared against the poor
performance of AEM electrolysis demonstrated in literature so far, proceeding
in the direction of ion-solvating membranes in the presence of aqueous KOH
appears to be the most attractive approach. However, the currently investigated
materials are not sufficiently stable for practical applications, leaving us with a
challenge that must be overcome. This can be achieved either through different
PBI derivatives with improved steric protection at high KOH concentrations, or
by using other stable and hydrophilic polymers that can readily form electrolyte
systems with water and KOH.

A key step towards improving electrode performance is to utilize the full elec-
trode area. The applied Raney-nickel-coated perforated plates, which show high
activity, are restricted by large perforations without active material and large
solid phase without gas discharge capability. More active electrodes can likely
be realized in two key conceptual ways which both circumvent this problem:

One approach is to coat active high surface area catalysts on macro-porous
supports like nickel foam, similar to what was presented in the thesis. Coat-
ings with optimized preparation conditions and good stability under real con-
ditions can be envisioned to show a higher activity, both with Ni-Mo or Ni-Sn
cathodes and with Ni-Fe anodes. In recent literature a few publications using
nickel-molybdenum cathodes display negligible onset overpotential for the HER
at room temperature and 1 M KOH, and publications based on Ni-Fe/Co sul-
fide or selenide have shown lower OER overpotentials than what was demon-
strated with the preparation procedure followed here. The stability and activity
of these will have to be evaluated at higher temperatures (50-80°C) and more
concentrated KOH electrolyte (15-25 wt%).

The second approach is to use nano-powders to form thin catalyst layers
right at the membrane-electrode interface. With proper optimization this should
result in gas discharging from the backside and has the possibility of show-
ing a better ohmic response than coated macro or micro-porous supports. The
next step towards this would be to use well proven hydrophilic binders such
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as nafion, rather than m-PBI, and to use nickel nano-powder rather than micro-
powder. Preparing anodes this way has an extra set of challenges due to the
low conductivity of many metal oxides. This could be solved by blending ac-
tive catalysts, e.g. Ni-Fe-(oxy)hydroxide, with phase stable conductive oxides
such as NiCo,Oy, or by preparing catalysts layers with two steps using different

materials.

In either case, improving electrodes can direct the system towards operation
at milder conditions, which will help in regards to membrane and overall stabil-
ity. Conversely, fully stable membranes might enable operation at higher tem-
peratures improving electrode kinetics.
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Preparation methods

This section serve to briefly outline what is meant by the experimental tech-
niques mentioned in Section 2.3. It is not meant to discuss details, benefits or
disadvantages. The techniques may be different in other contexts than the herein
presented.

Thermal decomposition (TD) is in essence oxidation of metal precursor salts,
commonly applied by coating an electrode with a solution of metal salts
followed by heat treatment in air (300-1000°C). This form metal oxides di-
rectly onto a support, but can also be used to prepared powders.

Electrodeposition (ED) is commonly performed by electrochemically reducing
metal cations from an electrolyte to their solid phase directly onto a sup-
port. Variations exist where electrochemical reduction or oxidation is used
to induce chemical precipitation near the electrode as is done when elec-
trodepositing (oxy)hydroxides.

Electrodeposited composite coating (EDCC) is electrodeposition performed
while having fine powder dispersed in the electrolyte. The suspended
particles can be co-deposited and immobilized by the growth of a dense
electrocoating and will increase surface roughness and may help to reduce
mechanical stresses in the coating.
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Hydrothermal (HT) precipitation also works by thermally (60-180°C) hydro-
lysing organic precursors to generate reaction products to modify the pH
of a solution containing metal precursors, inducing a homogeneous chem-
ical precipitation.

Magnetron sputtering (MS) is a type of vapour deposition where a target is
plasma sputtered and dislodged atoms condense on a substrate of choice.

Sintered powder (SP) is an annealing process often performed under inert at-
mosphere where a metal or metal-oxide powder is heated sufficiently for
the particles to grow together through thermally induced restructuring,
without melting the material and collapsing the pore structure of the pow-
der.

Pressed powder(PP) is achieved by applying a high compression pressure onto
a powder in an electrode shaped mould. Ductile materials such as metals
can deform and produce mechanically stable shapes. This can be followed
by sintering to improve mechanical strength.

Vacuum plasma spraying (VPS) accelerates a plasma towards a target and in-
ject precursor powder into the plasma stream near the nozzle. The metal
powders melt in the plasma and condense onto the electrode and form a
coating. VPS is done under vacuum to prevent oxidation.

Atmospheric plasma spraying (APS) is like VPS, but done at atmospheric con-
ditions. This is a of economic interest, but suffer from oxidation.

Low pressure plasma spraying (LPPS) is a compromise between VPS and APS
in an attempt to balance cons and pros of the two techniques.

Physical vapour deposition (PVD) is deposition of atoms from a metallic vapour
or plasma e.g. induced by sputtering.

Sulforization (DS/S) is thermal treatment (300-600°C) in an mixed sulfur-inert
gas atmosphere. This is realised by placing a sulfur deposit or sulfur com-
pound upstream in e.g a tube furnace with an inert gas stream, and placing
a sample to be sulfurized downstream.

Phosphorization (P) is equivalent to sulfurization, except the sulfur deposit or
compound is replaced by phosphor or phosphor compound.
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Supercritical drying (SD) is the removal of a solvent at supercritical conditions
to avoid phase boundary between liquid and gas during drying. This can
prevent delicate structures from collapsing and can be used to prepare
aerogels. CO is often used for this.

Sol-gel (SG) uses a solution to achieve a uniform mixing on an atomic level of
different precursors, and then gradual polymerization of precursors dur-
ing solvent evaporation, effectively freezing the uniform mixing in place
prior to precipitation.

Citrate complexing technique (CCT) is a type of sol-gel technique where citric
acid is added prior to drying.

Solid state reaction (SSR) is the reaction between mixed solid powders at high
temperatures (1000-1500°C). Mechanical mixing is often done by ball milling.

Chemical precipitation (CP) isin this case done by mixing a solution with metal
precursors with a alkaline solution. This increase pH, and form metal hy-
droxides which precipitate due to their poor solubility.

Ink (drop casting) techniques involve the stable dispersion of a fine powder in
typically a volatile solvent often mixed with polymeric binders and e.g.
surfactant or dispersion agents. For e.g. RDE electrodes particles are often
deposited by drop-casting the ink.

Ink (spraying) deposition by means of spraying likewise require a stable ink,
but by spraying it can be uniformly applied to large electrode areas. By
spraying the solvent is evaporated gradually, which may be beneficial.

Ink (tape casting) can also be applied as a casting technique for larger areas.
Tape casting disperse stable inks uniformly over large areas by distributing
the ink using a doctor blade. Either by moving the ink container across a
template shape, or by moving a coating support beneath a fixed aperture.

Brush painting is used to disperse slurrys or thick inks on electrode substrates,
prior to evaporating the solvent. Brush painting does not form uniform
coatings.

Paste rolling is used in e.g. alkaline fuel cells and nickel batteries. An ink or
slurry with dispersed PTFE as binder is prepared so thick that it is a paste
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rather than ink. The paste is then sheared and kneaded e.g. while rolling
the paste into a electrode substrate, which cause the dispersed PTFE par-
ticles to shear resulting in a mechanical cross linking.
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Technical drawings
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Fig. B.1: Technical drawing of the DTU-cell cell-house and flow field.
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Fig. B.2: Technical drawing of the DTU-cell endplate.
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