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Der harteste und wichtigste Kampf des 21. Jahrhunderts wird ohne Waffen
gefuhrt. Die Werkzeuge dieses Kampfes heiRen: Energieeffizienz, Energie
sparen und erneuerbare Energien.”

(Franz Alt, 2007)
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Abstract

In this thesis, the development of porous transport electrodes (PTEs) for proton exchange
membrane water electrolyzers (PEMWESs) is presented. Compared to state of the art, the catalysts
for the oxygen and hydrogen evolution are not deposited on the proton exchange membrane
(PEM) but directly on porous titanium and carbon substrates. This approach bears the potential
to improve the electrical connection of the catalyst particles as well as to facilitate manufacturing
of membrane electrode assemblies (MEAs). As PTEs for the oxygen evolution at the anode side
are not yet commercially available, the electrode development in this work focuses mainly on the
fabrication and optimization of anodic PTEs based on commercial titanium substrates. The main
goal on the cathode side is the reduction of the noble-metal loading. The most important results
of this work are:

e Acomprehensive electrochemical and structural characterization of different MEAs based
on state-of-the-art towards PTE-based MEAs revealed a more profound understanding on
performance limiting parameters for PEMWE. The results of this study can be the base for
further optimizing MEAs.!

e In the frame of a material study for anodic PTEs, influences of titanium substrates and
composition of the catalyst layer were evaluated. The in this work for 200 h continuous
operated anodic PTE with an IrO,-loading of 1.4 mgcm™? und 9 wt% Nafion reached a
current density of 4 A cm?2 at 2.2 V and could therefore be developed with a performance
similar to state-of-the-art CCM-based approaches.?

e PTEs with reduced noble-metal content were successfully developed both for the anode
and cathode side, respectively. Anodic PTEs showed a by 160 mV reduced cell voltage of
1.95V at 5 A cm?, when 1.2 mg;; cm™ of an IrO,-catalyst supported on titanium dioxide
was deposited on porous titanium substrates.? Noble-metal free cathodic PTEs based on
[MosS13]>-nanoclusters reached a current density of 4 Acm™ at 2.36 V at a loading of
3 mg cm™?, even after 100 h continuous operation at 1 A cm™.% Both catalysts were for the
first time characterized in full-cell PEMWE tests and the performance of the noble-metal
free PTE-based MEA was to the best of the authors knowledge highest so far reported
when using a non-noble catalyst for the hydrogen evolution side.

e By use of the in this work developed anodic PTEs, the direct membrane deposition (DMD)
as a cost-efficient manufacturing technique for PEMWE MEAs could be studied.® To allow
for a symmetric DMD approach as presented for PEM fuel cells, approaches for the
structural optimization of anodic PTEs are presented in this work.®

The PTE-based MEAs developed in this work, show the potential to reduce the noble-metal
content and manufacturing costs for PEMWEs. The comprehensive material studies performed in
this work can serve as base for the further optimization of PTEs, with the focus on the not yet
commercially available anodic PTEs.



Deutsche Zusammenfassung

In dieser Arbeit wird die Entwicklung von pordsen Transportelektroden (PTEs) fir Polymer-
Elektrolyt-Membran Wasserelektrolyseure (PEMWE) vorgestellt. Im Vergleich zum Stand der
Technik werden hierbei die Katalysatoren fiir die Sauerstoff- und Wasserstoffentwicklung nicht
auf die Polymer-Elektrolyt-Membran (PEM), sondern direkt auf porbése Titan- und
Kohlenstoffsubstrate aufgebracht. Dieser Ansatz verbessert die elektrische Anbindung der
Katalysatorpartikel und birgt das Potential einer vereinfachten Herstellung fir Membran-
Elektroden-Einheiten (MEEs). Da PTEs fir die Sauerstoffentwicklung an der Anode bisher nicht
kommerziell erhéltlich sind, konzentriert sich die Elektrodenentwicklung in dieser Arbeit
hauptsachlich auf die Herstellung und Optimierung anodenseitiger PTEs basierend auf
kommerziell erhéltlichen Titansubstraten. Kathodenseitig steht die Reduzierung des
Edelmetallgehalts im Vordergrund. Die wichtigsten Ergebnisse dieser Arbeit sind:

e Eine umfassende elektrochemische und strukturelle Charakterisierung verschiedener
MEEs ausgehend vom Stand der Technik hin zu einer PTE-basierten MEE fiihrte zu einem
tieferen Verstandnis von leistungslimitierenden Faktoren fir die PEMWE. Die Ergebnisse
dieser Studie kénnen nun als Diskussionsbasis fiir die Optimierung von MEEs dienen.?

e In einer Materialstudie fir anodenseitige PTEs konnte der Einfluss von Titansubstraten
und die Zusammensetzung der Katalysatorschicht untersucht werden. Die in dieser Arbeit
tiber 200 h kontinuierlich betriebenen PTE mit einer IrO,-Beladung von 1.4 mg cm™ und
9 wt% Nafion erzielte eine Stromdichte von 4 A cm™ bei 2.2 V und konnte somit mit einer
Leistung vergleichbar zum Stand der Technik entwickelt werden.?

e PTEs mit reduziertem Edelmetallgehalt wurden sowohl fiir Kathode als auch fiir die Anode
erfolgreich entwickelt. Anodenseitig konnte eine um 160 mV reduzierte Zellspannung von
1.95 V bei 5 A cm™ erreicht werden, indem 1.2 mg;, cm™ eines auf Titanoxid getrigerten
IrO,-Katalysators auf pordse Titansubstrate aufgebracht wurde.® Edelmetallfreie
kathodenseitige PTEs basierend auf [Mo3S13]>-Nanoclustern erzielten bei einer Beladung
von 3 mgcm? eine Stromdichte von 4 Acm? bei 2.36 V, nach 100 h kontinuierlichem
Betrieb bei 1 Acm™.* Beide Katalysatoren wurden erstmalig in Vollzell-PEMWE Tests
charakterisiert. Nach besten Wissen der Autorin konnte die bisher héchste Leistung mit
einer edelmetallfreien Elektrode fiir die Wasserstoffentwicklung erzielt werden.

e Mit Hilfe der in dieser Arbeit entwickelten anodenseitigen PTEs konnte die Direkt-
Membran-Deposition (DMD) als kosteneffiziente Herstellungsmethode fiir PEMWE MEEs
untersucht werden.® Um einen symmetrischen DMD-Aufbau wie fiir PEM Brennstoffzellen
zu ermoglichen, wurden in dieser Arbeit Moéglichkeiten fiir die strukturelle Optimierung
der anodenseitigen PTEs vorgestellt.®

Die in dieser Arbeit entwickelten PTE-basierten MEEs zeigen das Potential zur Reduzierung des
Edelmetallgehaltes und der Herstellungskosten fiir PEMWEs. Umfassende Materialstudien
konnen als Grundlage flr die weitere Optimierung von PTE-basierten MEEs dienen, wobei der
Fokus auf der bisher nicht kommerziell erhéltlichen anodenseitigen PTE liegt.
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1 Introduction

1.1 Transition from fossil fuels to renewable energy sources in a future hydrogen
economy

Already in the 1990s, many researchers warned of the direct destructive impact of
industrialization on global climate.” The consequences of human-made air-, water- and land-
pollution as well as the environmental exploitation on all living organisms were however not taken
seriously and were ignored for too long.® ° The most prominent environmental change, global
warming, is being recognized for years by various institutes monitoring the sea and land
temperatures!® ! and was identified to be caused by an anthropogenic greenhouse effect.'> 13
The greenhouse effect in general describes the entrapment of heat in form of infrared light
emitted by the earth and re-emission in all directions via greenhouse gases in the atmosphere.
The natural greenhouse effect is essential to establish a global mean surface near temperature of
around 15 °C suitable for living organisms, whereas temperatures without the greenhouse effect
would be as low as -18 °C.1* However, the releasing of large amounts of industrial pollutants
increases the amount of greenhouse gases in the atmosphere. By this, an unnaturally high
entrapment of infrared radiation is caused, leading to global warming with drastic consequences
for nature and living organisms on earth.'>® The impact of greenhouse gases in the atmosphere
on global warming depends on three parameters: the lifetime of the exposed greenhouse gas
molecules in the atmosphere, the concentration and the capacity to entrap infrared light.'” Fig.
1 A shows the atmospheric greenhouse gas emissions in the year 2017 of the 43 Annex | parties
of the United Nations Framework Convention on Climate Change (UNFCCC) divided into
contributions from carbon dioxide (CO;), methane (CH4), nitrous oxide (N.O) and fluorinated
gases.'® CO,-emissions contributed to the largest amount of 80.9 % of greenhouse gas emissions.

A B 450

2017 Greenhouse-Gas Emissions

2017:
Temp. anomaly: +1°C
4004 405.5 ppm CO,

5.2% 2:5%

350 |

11.4% ‘

Pre-industrial level:
<285 ppm CO,

7
|
300 ~ ’//

250
1000 1250 1500 1750 2000

Atmospheric CO, [/ ppm

80.9%

mCO2 mCH4 N20 = F-Gases
Year
Fig. 1 A Greenhouse gas emissions of Annex | parties (UNFCCC) in 2017.18 B CO, concentrations in the atmosphere from
pre-industrial level until today. Data until the year 1975 was drawn from the analysis of air in ice cores’®, values from
1999 and 2011 are of IPCC reports AR3%° and AR5%%, value 2017 is from the WMO Greenhouse Gas Bulletin No.14:
November 2018%, values 2018 and 2019 are from CO; earth daily?. In the year 2017 a temperature anomaly of +1 °C
compared to the pre-industrial level was reported in a special report of the IPCC in 2018.%

To assess the potential risk of different greenhouse gases on global warming, the global warming
potential (GWP) was introduced in the Kyoto protocol®® as common measure. It quantifies the
amount of heat energy that is absorbed by the greenhouse gas combined with its lifetime in the
atmosphere over a period of 100 years. The GWP of CO; is used as reference and therefore equals
one.?® High-GWP sources with GWPs several thousand times higher than CO; are fluorinated gases
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used e.g. as refrigerants. Due to their destructive effect on ozone depletion, most fluorinated
gases were banned from production starting in 1987 with the Montreal protocol?’, but they still
account for 2.5 % of the total greenhouse gas emissions in 2017. Methane and NH, are side
products of the agricultural sector and have GWP values almost 20 times and 300 times higher
than CO,, respectively. Agricultural capacities are expected to grow with the risk of e.g. a non-
regulated use of toxic fertilizers and rapid deforestation.?#° When (rain) forests are burned to
give way to fields and plants, CO, is set free in the atmosphere and less CO, is bound.3! Other large
sources for CO, emissions are the burning of fossil fuels as coal, gas and oil for the energy and
industrial sector and the production of lime, cement and ammonia.3? Whereas the number of CO,
sources increased rapidly during the last decades, CO; sinks as forests, land and oceans were more
and more destroyed or are oversaturated.? Before the industrial revolution, atmospheric CO, was
at a quite stable level of lower than 300 ppm.**3¢ The implementation of a fossil fuel based
economy in the 1750s led to a rapid increase of atmospheric CO,, which has nowadays exceeded
415 ppm (Fig. 1 B).22 Compared to preindustrial levels, this resulted in a temperature anomaly
of +1°C in the year 2017.** The indicated direct correlation between man-made increasing
atmospheric CO, concentrations and global warming should therefore not be further ignored or
trivialized by policy makers and society.3” 38

The increase of CO, emissions does not only influence the global temperature but also accounts
for the acidification of oceans with severe consequences for sensitive ecosystems and organisms
like coral reefs®. Their worldwide monitored mortality of 30 % since the 1980s was reported by
several institutions.*® Veron et al. have determined a required reduction of the CO, content to
below 350 ppm to protect the corals*!, but this value is now clearly exceeded (Fig. 1 B). Corals can
adapt to changes in the CO, environment*, but Frieler et al. stated, that to save more than 10 %
of the global coral reefs, the global increase in temperature must stay below 1.5 °C.** The mortality
of sensitive habitats as coral reefs is not the only consequence of global warming. Hansen et al.
warned, that a global temperature rise of 2 °C above preindustrial level would most likely cause
the melting of huge ice shelves, a slowing down of air and water circulation, the rise of the sea
level and also extreme weather scenarios.** When ecosystems suffer from climate change, the
basis of existence for human beings living in those areas, will be in danger. In the worst case
scenario, climate change could even cause a mass movement of millions of people.*>4®

To stop global warming, a drastic reduction of greenhouse gas emissions, especially of CO,, is
essential by all countries worldwide. Therefore, almost 200 members of the UNFCCC signed the
‘Paris agreement’ in 2016 with legally binding contracts and measures to keep global warming
well below 2 °C.*” The most promising way to reduce CO; emissions is the (complete) transition
from fossil energy carriers towards sustainable energy sources like wind, solar, hydro and
biomass. Within the EU, 20 % of renewables were planned to be installed by the year 2020 as
stated in the EU2020 roadmap in 2011.*8 In 2017, the share of renewables to reach the final EU
energy target was as high as 17.4 % *° However, to reach the goal of reducing greenhouse-gas
emissions in the EU by over 80% until the year 2050 compared to levels of 1990 (EU2050
roadmap), approximately 55 % of the total energy consumption must be guaranteed by
renewables.®® Renewable energy sources like wind or solar are highly dependent on their
fluctuating environment and are not necessarily installed close to the final consumer.
Consequently, a fluctuating production of electricity is the case and its storage and distribution is
an essential technological challenge to balance the power grid.>*>3 Storage concepts for high
power applications are e.g. pumped hydroelectric storage and compressed air energy storage with
efficiencies of 65—-85 % and 60-80 % respectively.>! Batteries based on lithium ion or nickel metal
hydride with efficiencies up to 80 % are in principle suitable to store electrical energy on smaller
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scales, but the partly limited cycle life, toxic components and severe self-discharge are drawbacks
when being coupled with fluctuating renewables for the longterm storage of green electricity.>*
In hydrogen storage concepts, electrical energy is converted in a water electrolyzer into chemical
energy via splitting water with the help of electricity into hydrogen and oxygen. The gases can
then be on demand reconverted into electricity in a fuel cell. Water electrolyzers were originally
developed e.g. to supply oxygen within submarines, but nowadays gained great attention due to
the production of pure, sustainable hydrogen.>>>® Hydrogen is on the one hand an intermediate
medium in the energy storage concept for renewables, but on the other hand a promising
sustainable second energy carrier for the transition from a fossil fuel based economy towards a
hydrogen economy.>’~®° Applications are the growing market of fuel cell vehicles as alternative to
combustion engines in the transportation sector®® or the use in the chemical industry.®? Power-to-
gas concepts for the long distance distribution of methanized hydrogen produced by electrolysis
via the existing natural gas grid are currently under investigation.®® % Fig. 2 shows the scenario of
a future hydrogen economy supplying the heat network, electricity grid as well as the
transportation and industrial sector.®® In such a future scenario, the impact of fossil fuels and
nuclear energy is reduced and green energy sources like biomass, solar and wind are more
prominent or even dominant.

Today Future

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

KEY POINT: Hydrogen can link different energy sectors and energy T&D networks and thus increase

the operational flexibility of future low-carbon enerqgy systems.

Fig. 2 Schematic of a future hydrogen economy supplying the heat network, electricity grid as well as the transportation
and industrial sector.®® Fossil fuels and nuclear power will play a minor role in this hydrogen based future scenario.

In the year 2015, the worldwide largest power-to-gas demonstrator plant ‘Energiepark Mainz’ was
put into operation in Germany.®® %’ In the park, hydrogen is produced with an efficiency of 60 %
via a 6 MW (peak power) water electrolyzer coupled to a wind park and distributed e.g. via the
natural gas grid. The project is a collaboration of the city of Mainz (wind park, natural gas grid),
the Linde group (gas purification and distribution) and Siemens (electrolyzer). The worldwide
largest 10 MW (peak power) electrolyzer plant ‘Refhyne’ will start its operation in 2020 at Shell’s
Rhineland Refinery in Wesseling, Germany with the expertise of e.g. Shell (operator) and ITM
power (electrolyzer). A successful ‘Refhyne’project will have a great impact on greenhouse gas
emissions, since a refinery is expected to save up to 20 % of its CO, emissions when implementing
sustainable production routes for hydrogen.%®
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1.2 Proton exchange membrane water electrolysis (PEMWE) as key technology for
the sustainable production of green hydrogen

The success of an electrolyzer system is depending on its cost, efficiency and lifetime. Three major
water electrolyzer techniques are currently under investigation and are being improved
continuously: alkaline, proton exchange membrane (PEM) and solid oxide water electrolysis, with
the latter one being in research state and not yet commercialized. Table 1 summarizes the main

characteristics, advantages as well as the disadvantages of the different systems.

Table 1: Comparison of the three main water electrolysis systems: alkaline, PEM, solid oxide.

Schematic

Anode
Cathode

Electrolyte
Noble catalyst

Temperature
(com.) Voltage
efficiency

Drawbacks

Advantages

Alkaline

e

—_—

0O, H,

N

OH

H,O

| Ko/
Catalyst

20H = % 0, + 2e” + H,0
2 H,0 +2e” 2 Hp+ 20H"

Liquid: alkaline solution

Partly
Pt, Ir, Rh, Ni, Co, Fe

80°C-90°C
62-82 %

e Distance between
electrodes: ohmic
losses

e Alkaline electrolyte:
high maintaining costs,
special chemical
stability requirements
for components

e Non noble metal
catalysts

e Longterm experience,
established technology

e Large capacities

Proton Exchange
Membrane (PEM)

o
—_—
O, H,
—f
H+

/PEm)

Catalyst

H20 2 2H" +2e + % 0,
2H*+2e 2> H,

Solid: polymer membrane

Yes
IrOx, RuOx, Pt/C

20°C-100°C
67-82 %

e Titanium needed at the
anode (corrosive
environment)

e Noble metal catalysts
needed

e Low ohmic resistance
(compact system)

e Pressurized operation

e Dynamic operation
mode (short distance
between functional
components)

- most suitable for

coupling with fluctuating

renewable energy

sources
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Solid oxide
e
—_—
C)2 |_|2
0z
| H,O

<Cerr|:\mic>

Catalyst

0% > % 05+ 2e”
H,0 + 2e” = H, + 0%

Solid: ion conduct. ceramic

No
Perovskites, Ceria

700 °C-1000 °C
81-86 %

e Durability: temperature
gradients induce
mechanical stress

¢ Not yet on commercial
level, no longterm
experience

e Installation in hot
exhaust steam pipelines
on industrial sites

e Non noble metal
catalysts



Alkaline water electrolyzers have been extensively studied and are commercially available as a
reliable option for the production of green hydrogen. The use of a liquid electrolyte is however a
drawback regarding high maintenance efforts and the limited dynamic operation of the system.”
Especially the latter is of high importance, for coupling the electrolyzer with fluctuating energy
sources such as wind or solar panels. Solid oxide water electrolyzers are still on research level, but
very interesting devices due to the possibility of a direct integration in hot exhaust steam pipes of
industrial plants. Temperature gradients of several hundred degrees can however induce
mechanical stress and lead to material failures.”” PEMWE is considered as most promising
candidate to bridge the gap between the production of green electricity and the production of
emission free hydrogen while maintaining a high power density, due to the flexible operation,
compact system design as well as operation at high pressures and moderate temperatures.’®

One promising way to optimize PEMWE applications for future large-scale operation is the
development of smart fabrication routes to improve the central component of the PEMWE cell,
the membrane electrode assembly (MEA). Commercial MEA-configurations for PEMWEs are
based on the catalyst coated membrane (CCM) with the catalyst layers (CLs) being deposited
directly on the membrane (see schematic in Table 1).” PEMWEs are therefore limited to only one
MEA-design with the need of producing a mechanically stable, freestanding membrane to be
coated with the CLs from both sides. The need of a freestanding membrane can limit membrane
development when polymers are difficult to process into a several cm? large sheet. Another
drawback is the need of several costly fabrication steps and devices to transfer the catalyst layers
onto the free standing membrane e.g. via the established DECAL transfer process as described in
more detail in chapter 2.7 78 In the final MEA, the CCM is mechanically sandwiched between
porous transport layers (PTLs) made of titanium at the anode side and carbon at the cathode side.
The electrical interface between the PTLs and CLs is therefore only established at direct contact
points of the titanium or carbon substrates with the CL. Only at this points direct electron
pathways are established to electrically connect the catalyst particles within the CL. In case of a
low in-plane conductivity of the CL, which is the case for low catalyst loadings, some parts of the
CL might not be electrically connected and are therefore inactive.”® As all current needs to be
distributed by the few direct electrical contact areas, the formation of hot-spots that could
damage the membrane is another risk.%°

Optimized, alternative MEA-configurations to CCM-configurations that could solve the
production, performance and durability related limitations as described above are not yet
commercially available. For PEM fuel cells (PEMFCs) however, a broad range of materials and
MEA-configuration exist as e.g. sandwiching a free standing membrane between gas diffusion
electrodes (GDEs) made of porous carbon substrates coated with a platinum on carbon (Pt/C)
based catalyst layer or direct membrane deposition (DMD) configurations with the membrane
being directly deposited on the GDEs.®! The key to transfer these alternative MEA-configurations
to PEMWE is the availability and optimization of freestanding porous transport electrodes (PTEs)
for PEMWE as equivalent to GDEs in PEMFC. For the cathode side in PEMWEs, the same GDEs as
used in PEMFC are usually applied, as platinum is active for both the oxygen reduction reaction
(ORR) in PEMFC and the hydrogen evolution reaction (HER) in PEMWE. There was so far however
no PTE commercially available for the oxygen evolution reaction (OER) at the anode side in
PEMWE, most probably due to the difficulty of depositing the iridium-based catalysts on coarse
commercial titanium PTLs with pores up to 20 times larger than the thickness of the catalyst layers
(see chapter 2). The availability and development of high performing PTEs for PEMWE is therefore
the most pressing challenge to provide alternative MEA-configurations for commercial PEMWEs.
Advantages such as an increased mass activity of the catalysts due to an optimized electrical
interface towards the PTLs, reduced fabrication costs and novel insights in the polarization
behavior are expected. Thus, efficiency related optimization parameters for the development of
PEMWE MEAs can be provided.






2 PEMWE: functional components, working principle and electrode
development

2.1 Functional components of a PEMWE cell

Due to their fast response time and high specific energy density, PEMWEs are currently under
investigation to be coupled with fluctuating renewable energy sources.®284 Since a thin solid
polymer electrolyte in the form of a proton exchange membrane (PEM) is in direct contact with
the catalyst layers, ohmic resistances are low and a fast start up and shut down operation is
possible. To operate a PEMWE cell, some more functional parts are necessary which are pressed
against the membrane and catalysts to ensure a sufficient water supply, removal of gases, thermal
management, electrical connection and mechanical stability. Fig. 3 shows the PEM coated with
CLs for the OER and HER forming the CCM. The CCM is clamped between PTLs made of titanium
at the anode side and carbon at the cathode side, respectively. Both the CCM and the PTLs are
explained in more detail in this chapter. Titanium flow fields at the outer-most side of the PEMWE
cell mechanically stabilize all parts and are used to set an appropriate assembly pressure. The
channel structure of the flow fields can be meander shaped or a parallel finger structure, with the
latter one being considered as more advantageous for an evenly distributed water supply and gas

1.8 To prevent oxidation and thus an increase in electrical resistance, usually a thin gold
86, 87

remova
coating is applied on the flow fields.

CCM
I e B!
O2
=
H+
H,O H,
Ti\ / C
I PTL t
Ti flow field Ti flow field

Fig. 3 Functional components of a PEMWE cell with the catalyst coated membrane (CCM) in the middle for the hydrogen
and oxygen evolution reaction. Porous transport layers are pressed onto the CCM and subsequently the flow fields.

All different materials and their interfaces influence the electrochemical performance and
therefore the efficiency of the PEMWE cell. Besides performance, also durability and cost are
dependent on the single components. The interplay of materials from the nanometre scale
(catalysts) up to several millimetres (flow fields) is the most interesting challenge from an
engineering point of view. A high surface roughness on the nanometre scale is for example
essential in order to obtain a catalyst layer with a high electrochemically active surface area.>” An
increased surface roughness on the millimetre scale is however disadvantageous in terms of an



even distribution of the assembly pressure or direct electrical and protonic interfaces as well as
for the deposition of protective coatings.?*

Membrane electrode assembly (MEA)

The PEMWE MEA typically consists of a CCM that is typically made of a proton conductive polymer
membrane as solid electrolyte coated with catalyst layers for the OER and HER (Fig. 4). At the
anode side, water is split into oxygen, protons and electrons. Gaseous oxygen is removed from
the PEMWE cell, whereas electrons travel through the external electrical circuit towards the
cathode side. Protons take another path, which is through the PEM, to be electrochemically
reduced at the cathode side to gaseous hydrogen. In both catalyst layers so called three-phase-
boundaries need to be present as electrochemically active sites to drive the splitting of water.%8
The three phases are i) electrical pathways within the catalyst layer and towards the external
current source ii) proton conductive pathways established via the ionomer in the catalyst layers
iii) a porous network to supply reactants and remove products from the active sites. The inlets in
Figure 5 show the oxygen and hydrogen evolution reaction exemplary at one catalyst particle per
electrode. At the anode side unsupported iridium-based catalysts are usually applied with primary
particle sizes in the nanometre range and agglomerates in the micrometre range.5* 8 At the
cathode side, finely dispersed platinum particles in the nanometre range supported on conductive
carbon are available with the advantage of an increased active surface area compared to the
anode side.

Anode - Cathode
catalyst layer 0, catalyst layer

Oxygen evolution Hydrogen evolution
reaction on IrOx I reaction on Pt/C
Anode PEM Cathode
catalyst layer catalyst layer

Fig. 4 Catalyst coated membrane (CCM) of a PEMWE cell. The PEM coated from both sides with catalyst layers for the
oxygen evolution reaction (anode) and hydrogen evolution reaction (cathode).

CCMs provide a good protonic interface between the catalyst layers and the PEM and are
manufactured either via direct deposition of the catalyst layers onto the membrane or via the
DECAL transfer process (Fig. 5).”"%° The latter is widely used in industry as the wrinkling of the
membrane when being coated with the liquid catalyst ink can be prevented. For the transfer
process, the catalyst layers are deposited on Teflon blanks as transfer substrates. The membrane
is placed in between the coated Teflon blanks and a hot press step transfers the catalyst layers
onto the PEM. The pressure and heat applied during the hot press step is important to form a
mechanically stable interface between the polymer membrane and the porous catalyst layer. Due
to the presence of ionomer as binder and proton conductive phase in the catalyst layer, a
continuous proton pathway from the reaction sites towards the membrane is established.
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Fig. 5 Conventional DECAL transfer process to fabricate catalyst coated membranes (CCMs): Catalyst layers are deposited
on transfer substrates and then hot pressed onto a membrane.

The membrane material usually used for PEMWE applications is Nafion (trademark of Chemours).
Nafion is a perfluorosulfonic acid (PFSA) polymer which consists of a hydrophobic PTFE backbone
and hydrophilic sulfonated side chains (Fig. 6).°% % The PTFE backbone establishes a good
mechanical and chemical stability under PEMWE operation conditions, whereas the side chain
allows for water uptake that is essential for proton conductivity. The exact mechanism of proton
conductivity in PFSA membranes is widely discussed. Latest findings claim the importance of an
increased porosity and higher number of microchannels within the membrane to improve proton
conductivity via non-bulk water along an increased interfacial area established by the hydrophilic
side chains of Nafion.?® The two basic proton conduction mechanisms in Nafion are the Grotthuss
mechanism via the sulfonated side chains and the vehicle mechanism via water molecules (Fig.
6).>* Nafion membranes are available in different thicknesses and with fiber reinforcement to
increase the mechanical stability of thin membranes at high-pressure operation. The thinner the
membrane, the shorter the distance for protons to travel and therefore the lower the protonic
resistance of the PEMWE cell.

e
— ((CF2 - CFZ)X_ CI:F_ CFz)y Backbone
o, H, (I)
CF,
W |
CF
— i .
H* (ID—CF3 Sidechain
.\./‘ (I:FZ
H,O (|3Fz
\ 0=5=0 Sulfonic acid
/ PEM ('5 THY group
Catalyst
CCM Nafion PEM

Fig. 6 Structure and mechanisms of proton conductivity in Nafion as proton exchange membrane (PEM) in the catalyst
coated membrane (CCM) configuration.

Catalyst layers are fabricated via deposition of a catalyst ink directly onto the membrane or the
transfer sheets. Catalyst inks are usually prepared via mixing the catalyst powder, solvents and a
certain amount of ionomer, via ultrasonication.’® The optimum amount of ionomer is essential for
the porosity of the catalyst layer, the amount of three-phase-boundaries, the mechanical stability
of the porous catalyst layer and a sufficient transport of protons from or towards the membrane.
The catalyst ink can e.g. be spray coated, printed or doctor bladed on a solid substrate. Drying of
the layer usually under elevated temperatures close to the evaporation points of the solvents,
form a porous catalyst layer.>” Typical catalyst materials used in PEMWE are platinum group based
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noble metals such as iridium, ruthenium or platinum with loadings of 0.5 - 3 mg cm2.% The
electrochemical active surface area is usually increased via using supported catalysts as e.g.
platinum on carbon (Pt/C) for the cathode side or iridium mixed with titanium particles on the
anode side.®” In 2.3 the catalyst layer and electrode development is explained in more detail as
the development of PTEs as alternative to CCMs is studied in this work.

Porous transport layers

To evenly distribute gases and water over the catalyst layers, PTLs are pressed against the CCM
from both sides (Fig. 7). The porous material needs to be electrically and thermally conductive as
well as chemically stable under PEMWE operation conditions. The conditions are especially harsh
at the anode side where high potentials (>2 V) are applied in combination with the acidic
environment of the proton conductive PEM. Therefore, titanium materials are used at the anode
side, whereas cheaper and softer carbon materials can be used at the cathode side.®” Carbon PTLs
are well studied from PEMFC research and application and are available in various forms.* Carbon
cloth or paper materials coated with a carbon based microporous layer (MPL) to smoothen the
surface towards the CCM are used to increase the electrical interface between catalyst particles
and carbon PTL. Fully freestanding electrodes with the catalyst layer deposited onto the carbon
PTL + MPL to form a cathodic PTE are available as well.

Porous transport layers (PTL)

CCM l Cathodic PTL: Carbon cloth

‘_1_\

Anodic PTL:
Titanium fiber l

(A) with microporous layer (B)

Fig. 7 Catalyst coated membrane (CCM) sandwiched between the titanium porous transport layer (PTL) at the anode
side and carbon PTL at the cathode side. Carbon PTLs are available with a microporous layer (MPL) to smoothen the
surface towards the PEM.

The variety of different PTLs as used for the cathode side is not yet available for the anode side of
PEMWEs. Standard materials are porous titanium fiber- or powder-sinter materials as used in the
filter industry.®® Those materials are far more expensive than carbon based materials and are not
yet fully optimized for PEMWE. The hard titanium materials and sophisticated fabrication route
e.g. via sintering are drawbacks for a flexible development on research level. Titanium PTLs are
applied with thicknesses varying from 300 um to 1 mm, whereas carbon cloth PTLs in the range of
400 um are already considered as thick for PEMWE applications as carbon paper materials with
thicknesses of around 200 um are more common. An increased thickness of the PTL leads to
increased electrical resistances, which are even more pronounced due to the large pores of the
commercial titanium materials leading to a poor electrical interface towards the catalyst layer.1®
The optimization of PTLs for PEMWE is in terms of efficiency and cost is an urgent topic and should
be combined with the development of a titanium based MPL for titanium PTLs to reduce interfacial

resistances between PTL and catalyst layer.100-103

-10 -



2.2 Influence of functional components on the polarization behavior of PEMWEs

All functional parts of a PEMWE cell are necessary to ensure a safe and durable electrolysis
operation. However, every additional component increases electrical, protonic and thermal
resistances, which increase the theoretically needed energy to drive the water splitting reaction.
Therefore, a deep understanding of the influences of every part used in the PEMWE cell on the
polarization behavior is necessary to optimize state of the art systems. The overall chemical
reaction of splitting liquid water into gaseous hydrogen and oxygen is shown in Equation 1, as well
as the half-cell reactions at the anode and the cathode (oxygen and hydrogen evolution) in

Equations 2 and 3.1%
1
Overall HZO(I) —>502 @ +H2 D) (1)
1 .
Anode Hy0(1) = 502 (g) + 2H™ + 2e (2)
Cathode 2H* +2e™ = Hy (g (3)

The thermodynamic quantity describing the spontaneous or forced nature of a chemical reaction
is the change in Gibbs free energy AGy calculated as the change in reaction enthalpy AHg minus
the entropy T - ASy (Gibbs-Helmholtz Eq. 4). The change in reaction enthalpy AHy (total energy
demand) is the energy needed to establish the chemical bonds of the products hydrogen and
oxygen minus the energy needed to build the chemical bond of the reactant water. The entropy
term T - ASy (thermal energy demand) represents the thermal input to the system with ASy being
a measure for the change in disorder of the thermodynamic system.

AGr = AHp — T - ASg (4)

The splitting of water is an endothermic process, as the change in Gibbs free energy is positive
(Fig. 8) and the activation barrier with the size of the activation energy E, needs to be overcome.
The activation barrier can be decreased by use of catalysts, which enhance the chemical reaction
but do not participate in it. Besides the use of a catalyst, a certain amount of electrical and thermal
energy input are needed for water electrolysis.

Free energy

Endothermic reaction of water splitting

Fig. 8 Energy diagram of the endothermic chemical reaction of water splitting. An activation barrier E 4 needs to be
overcome to reach the final energy level of +AG of the products oxygen and hydrogen.
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The Gibbs free energy at standard conditions (1 atm, 298 K) is calculated via the change in entropy
and enthalpy of the products and reactants as AGP = 236.483 k) mol*.1% The reversible cell
voltage 1,2, is a measure for the minimum amount of electrical work needed to split water (Eq.
5). The change in Gibbs free energy at standard conditions is hereby divided by the number of
transferred electrons z = 2 (see Eq.2 and Eq.3) and the Faraday constant F = 96485 C mol™.

AGP
Vo, = ﬁ =1.229V (5)

When standard conditions are left, temperature and concentration of the reactants and products
influence the electrode potential.’% The change in Gibbs free energy (Eq. 6) is therefore the Gibbs
free energy at standard conditions plus a term taking into account the temperature T and reaction
rate coefficient k. R = 8.314 J K mol! is the universal gas constant.

AGg = AGY + RT - In(k) (6)

The Nernst-Equation (Eq. 7) combines Equation 5 and 6 to describe the thermodynamic cell
voltage V}..,, with the reaction rate coefficient expressed as the activities a (concentrations) of
reactants and products according to their stoichiometric factors (see Eq. 1-3).

Vow = V2 —E-ln< alH0] )
rev rev ZF a[HZ] . a[OZ]l/Z

(7)

When considering real PEMWE operation, the thermal energy input is rather small, since PEMWE
is a low temperature application operated below 373.15 K (=100 °C, boiling point of water).
Therefore, the largest amount of energy needed to split water is supplied via electrical energy,
increasing the theoretically lowest possible voltage for splitting water to the thermoneutral
voltage at standard conditions V3, (Eq. 8).

AH?
vy =—==1481V (8)
th 7 F

The second change in real PEMWE operation is the applied electrical current through the cell and
therefore reversible thermodynamic equilibrium conditions are left. The open circuit voltage
(ocv) Vt(;l is increased due to the transfer of charges and therefore irreversible voltage losses in
the PEMWE cell. The chemical reaction of the OER and HER at the catalysts causes activation losses
at the anode and cathode in form of activation overpotential (¢t an + Nact,cat)- Protonic and
electrical resistances in bulk materials and at interfaces are measured as ohmic losses 17,5, and
an insufficient transport of gases and water induces mass transport losses 7,,45s- The real overall
PEMWE cell voltage is calculated as in as sum of all overpotentials and the OCV (Eq. 9).

Vcell = Vt(;l + Nact + Nohm + Nmass (9)

Figure 10 shows the current-voltage characteristic (polarization curve) of a PEMWE cell with the
thermoneutral OCV as lowest possible energy input to drive the chemical reaction of water
splitting. When a current is applied, the different voltage losses from Equation 7 increase the
overall cell voltage with contributions in different regions of the polarization curve. At low current
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densities, activation losses (Fig. 9 A) mainly increase the cell voltage, whereas at moderate current
densities, ohmic losses (Fig. 9 B) are dominant and at high current densities, with large amounts
of gases produced, mass transport losses become an issue (Fig. 9 C).

A B o C
> : : }nmass
| S
g : : Nohm
= I I
S| TR
= : | Nact
() | 1

Vin

Current density / A cm™

Fig. 9 Polarization curve (current-voltage characteristic) of a PEMWE cell. The thermoneutral cell voltage is the minimum
required electrical energy input to drive the reaction of water splitting. Irreversible losses in the kinetic (A), ohmic (B) and
mass transport region (C) occur however during operation of the cell and increase the overall cell voltage.

The thermodynamic cell voltage is used to calculate the voltage efficiency of the PEMWE system
as the ratio between the cell voltage V,.;; and the reversible voltage V..., (Eq.10). The voltage
efficiency of PEMWE systems is currently in the range of 67-82 %.”3

Vcell
Vrev

gy = (10)

To know the different voltage loss mechanisms and the contributing functional parts of the
PEMWE cell is an essential step towards the optimization of the overall performance and
efficiency. The activation losses due to the OER at the anode and HER at the cathode side as well
as ohmic and mass transport losses are explained in more detail in the following section.

A: Kinetic region

Activation losses are dependent on the thermal dynamics of chemical reactions at the electrodes,
which is basically the transfer of electrons to and from the catalyst surfaces, respectively.1%
Catalysts are used to reduce the activation barrier for both half-cell reactions. An appropriate
catalyst can be chosen according to the Sabatier principle, which states the perfect balance
between ad- and desorption energy of reactants and products onto and from the catalyst surface.
97 The interaction between catalyst, products, reactants and intermediate products should
therefore neither be too strong nor too week. For the OER, metal oxides are suitable catalyst
materials since they are covered with an oxide layer anyways during operation of the PEMWE cell
due to the applied high voltages in aqueous solution. The oxygen evolution reaction at the anodic
catalyst involves a four-step electron transfer and the formation of adsorbed intermediate
products. As several possible pathways for the OER are proposed!®, Equations 11-13 and Fig. 10
exemplarily describe the electrochemical oxide pathway according to Bockris et al. on an
electrochemically active site S.1° The double arrows indicate redox-reactions with a forward and
backward reaction happening at the same time. At thermodynamic equilibrium, both reactions
are balanced and the net current density (transferred charges) is zero.
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Step 1 S+H,02S5—0Hy;s+H" + e~ (11)
Step 2 S—OHgys 2S—0+H" +e” (12)

Step 3 25 =025+ 0,y (13)

Step 1 Step 2 Step 3

®C@ q-|><>+H+ t+te €— <>+H+ +e” Z

EIectrochemlcaIIy active site S

Fig. 10 3-step oxygen evolution reaction due to water splitting at the surface of an electrochemically active site S.

The current densities of the forward and backward reaction at thermodynamic equilibrium are
equal and called the exchange current density iy. The exchange current density depends on the
temperature and the catalyst material used with its specific activity for the desired chemical
reaction and the electrochemical surface area (ECSA), which depends on number of active sites
per unit mass of catalyst. The exchange current density for the OER at the anode e.g. on the most
active catalyst ruthenium oxide (RuOx) is with iy 4, = 1.2:10® A cm™ several orders of magnitudes
smaller than for the HER at the cathode e.g. on Pt/C with an exchange current density of iy .q¢ =
2101 A cm2.19% 110 The OER is therefore the rate-determining step for the overall splitting of
water.

When leaving thermodynamic equilibrium conditions, due to an applied activation overpotential
Nact, @ Net current density will be established at the electrode surface. The Butler-Volmer equation
(Eq. 14) describes the exponential increase of the current density with increasing overpotential as
combination of anodic and cathodic processes. The charge transfer coefficient S is dependent on
the electron transfer at the electrode and is a measure for how the activation barrier is reduced
by a catalyst. At high overpotentials, the Butler-Volmer equation can be simplified (Eq. 15) and
solved for the activation overpotential in the Tafel Equation (Eq. 16).

. . BforwardZFnact —BpbackwardZFNact
i =1iy-{exp RT —exp RT (14)
BforwardZFNact
i =iy exp RT (15)
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The Tafel Equation describes the linear relation between current density and overpotential on the
logarithmic scale. From the extrapolated Tafel-slope a the exchange current density can be
derived, as shown in Fig. 11.

(16)

RT l <1) log(i) — b
Nact = 5= log|— | =a-log(i) —
act .BforwardZF 8 lo 8

Nact

SN log (i)

log(io)

Fig. 11 The activation overpotential as function of the current density. The (Tafel) slope of the curve extrapolated gives
the exchange current density i.

The forward reactions at the anode and cathode in PEMWE are the oxygen and hydrogen
evolution reactions. The anodic and cathodic activation potentials can therefore be written as in
Equations 17 and 18. The overall activation losses increasing the cell voltage (Eq. 9) are the sum
of the activation losses at both electrodes 1yt an + Nact.cat = Nact-

n = In : (17)
actan ﬁanzj io,an
n = In : ( 18)
act,ca vdt ﬁcat F iO,cat

To reduce the activation overpotential, the catalyst loading per geometric electrode area can be
increased and the catalyst itself should have an ECSA. The accessibility of the catalyst particles for
reactants as well as the electrical and protonic pathways within the catalyst layer and towards the
interfaces of membrane and PTL are as well important to establish three-interphase reaction sites.
The availability and activity of enough catalyst material will determine the kinetic region and is
therefore the first basic concern when developing high performing PEMWE cells, as activation
overpotentials define the slope of the polarization curve at low current densities.

B: Ohmic region

Ohmic losses are proportional to the applied current and follow Ohm'’s law in the linear region of
the polarization curve at moderate current densities (Eg. 19). The ohmic cell resistance R_,;; is the
sum of all material related protonic and electrical resistances in series. Ohmic resistances originate
from the anode and cathode electrodes (Rgy, + Req;), flow fields and PTLs (Ryqte5) and the largest
is attributed to the ionic resistance of the membrane (R, )- The membrane resistance is
calculated with the thickness of the membrane l,,,.,,, the applied current density i and the
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specific proton conductivity of the membrane o,,.,,,, Which is dependent on the degree of
hydration and the temperature (Eq. 20).

Nohm =1+ Reey =1+ (Ran + Rear + Rplates + Rmem) (19)
_ _ lmem "
Nohmmem = I- Rmem - 0'— (20)
mem

Besides low protonic and electrical resistances of the bulk materials, interfacial resistances have
to be minimized as well. In CCM-configurations, the protonic interface between catalyst layer and
PEM is considered as optimal, whereas the electrical interface towards the PTL is only established
at direct contact between the PTL and the catalyst particles. As shown in section 2.1.2 when
describing the carbon and titanium based PTLs, a smooth interface between the coarse PTL and
the catalyst layer can be realized via an MPL. For the cathode side, various carbon based PTL+MPL
systems exist, but for the rate determining anode side, titanium based PTL+MPLs are not yet
available. The electrical interface between PTL and CL is therefore not optimal at the anode side
as pathways for electrons are only established at direct contact points of the PTL with the CL. As
consequence, parts of the catalyst layer could be insufficient electrically connected, which would
lead to a reduced amount of active sites and thus reduced specific mass activity of the anodic
catalyst in the CCM-configuration.!!! The development of MPLs to smoothen the surface of the Ti-
PTLs and the direct deposition of the CLs to form porous transport electrodes (PTEs) is therefore
highly motivated to reduce electrical interfacial resistances between PTL and CL (see section 2.3).

C: Mass transport region

At high current densities, there are no limitations due to reaction kinetics and thus the overall
reaction rate is mainly dependent on the sufficient supply of reactants to the active sites. The
supply with reactants is hindered, when the transport of water towards the active sites is blocked.
This is the case when gas bubbles are not removed from the catalyst layers and the nearby
channels into the porous PTL. The mass transport overpotential is therefore increasing with an
increasing diffusion limitation for gases. The Nernst Equation in combination with Fick’s law of
diffusion 194 1% describes the mass transport overpotential dependent on the oxygen and
hydrogen concentration at the electrode-membrane interface ¢; compared to the concentration
at a reference point outside of the electrode ¢, (Eq. 21).

Mass = . In (£L (21)
mass ZF Crp

An insufficient removal of gas bubbles from the catalyst layers not only decreases the efficiency,
but also increases the risk of high gas crossover through the PEM.!2 High gas crossovers bear also
the risk of the formation of a highly explosive gas mixture, as already 4 mol % H, in air (room
temperature and atmospheric pressure) is considered as safety risk for the operation of a PEMWE
system.'’® From an engineering point of view, the porous network within the catalyst layers and
the PTLs needs to be optimized for the counter flow of gases and water to not limit the transport
of one or the other species.10% 114
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2.3 PEMWE electrode development

The most complex functional component influencing all three major loss regions is the catalyst
layer due to the simultaneous presence of catalyst particles, ionomer and pore space to establish
enough three-phase boundaries as active sites. An insufficient electrical interface of the catalyst
particles towards the PTL increases ohmic losses and so does a bad protonic interface of the
ionomer phase in the catalyst layer towards the PEM. The activity of the catalyst for the OER as
well as the ECSA strongly influence the kinetic region. A good accessibility of catalyst particles for
water and gas distribution is essential at high current densities for a sufficient mass transport. An
optimized catalyst layer composition as well as optimized interfaces between the CL, PEM and PTL
is therefore crucial when developing high performing PEMWE MEAs.

Structural catalyst layer optimization is achieved by increasing the surface area of the catalyst
material using nanoparticles and by introducing (electrically conductive) supports (Fig. 13 A).1** A
mesoporous support can additionally enhance mass transport within the catalyst layer. A major
problem when depositing the (supported) catalyst layer on the PEM to form a CCM, is the non-
optimized interface towards the PTL. Especially when approaching low loadings with a reduced
electrical in-plane conductivity within the CL, parts of the CL might be inactive.!'¥.% An alternative
MEA design gaining more and more attention in research and industry is therefore the PTE
configuration. In this configuration, the catalyst layers are directly deposited onto the PTLs to
establish a direct electrical interface towards all catalyst particles. The goal is to reduce the
inactive catalyst layer regions and at the same time to provide a mechanically stable support for
thin catalyst layers.”® Advanced supported catalyst layers in combination with the PTE-
configuration are therefore a promising development approach. In the following subsections,
some examples of increased catalyst surface areas via supporting materials on the catalyst layer
scale and the development of PTE-configurations are discussed and motivated. Both approaches
influenced the work in this thesis as shown in section 2.4.

Catalyst supports for PEMWE

Carbon - A reliable catalyst support used in PEMFCs as well as on the cathode side in PEMWEs are
carbon nanoparticles on which platinum is decorated (Pt/C). The advantage of carbon as support
is the formation of a nanoporous carbon matrix with a sufficiently high electrical conductivity. Pt
nanoparticles can be decorated on carbon powders by several chemical synthesis routes and the
Pt/C powders form a stable catalyst ink when mixed with solvents and ionomer for e.g. spray
coating.''*"118 The degradation mechanisms of Pt/C during PEMWE operation is currently under
investigation with one assumption of the corrosion of the carbon support, or the removal of
platinum from the support.1?®2! Carbon supports can only be used at the cathode side in PEMWE,
as a high degradation rate due to the high potentials and acidic environment at the anode would
lead to the degradation of the supporting matrix.%” Nevertheless, Kong et al. presented an OER
catalyst consisting of IrO; nanoparticles supported on graphene, with a good stability and activity
at least in a three-electrode-setup. 12> Graphene can be doped with e.g. sulfur to attach functional
non-noble metal [MosS13]* clusters as presented by Pham et al. for the HER in acidic
environment.'?® The porous support ensured the accessibility of the catalytic active sites even at
high loadings and at the same time increased the electrical conductivity of the CL. Furthermore,
the S-dopant in the graphene structure established additional active centers as the Mo-atoms of
the [Mo03S13]% cluster attached to the S-atoms of the graphene support.

Noble metals - Supporting materials or structures on the anode side need to withstand the harsh
environment and fast degradation rates. The straightforward idea is therefore to use an inert
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noble metal as support. Porous thin films for the anode side made of nanoporous Au-IrO;
composites showed a highly increased specific mass activity due to the conductive, porous Au
support.’?* The idea of using a noble (conductive) and at the same time electrochemically active
support was followed by Audichon et al. with a compound of IrO, on Ru0,.1?®> Whereas RuO; is
even more active for the oxygen evolution reaction than IrO,, it suffers from relatively fast
degradation rates. The combination of RuO; with IrO; is therefore a way to gain highly efficient
OER electrodes with a reduced degradation rate compared to pure RuO,-based CLs.*?® 3D catalyst
layers with the more stable IrO, building the supporting layer itself are therefore a promising
alternative to noble (active) metal supports. Faustini et al. presented hollow spherical Ir-based
structures consisted of a porous Ir-matrix decorated with Ir-nano-needles to increase the specific
surface area.'?” The microporosity of the spheres additionally led to the enhanced distribution of
gases and water.

Titanium oxide - A compromise between durability and cost is the use of titanium as supporting
material. As titanium withstands the high voltage and acidic environment at the anode side, it is
used as durable PTL substrate and catalyst support. Rozain et al. mixed TiO; particles with IrO; to
prepare CCM-configurations.?® A reduced ohmic resistance most probably due to the increased
interfacial area towards the PTL, was the case. Bernt et al. used a commercial IrO,/TiO, powder
from Umicore to determine the optimum Nafion content of the anode catalyst layer in a CCM-
configuration.?” The increased interfacial contact area between CL and PTL was again mentioned
as main reason for the improved performance compared to unsupported IrO; catalysts, as well as
the increased mass specific activity due to the increased specific active surface area. Bernt et al.
pointed out the importance of an optimized electrical interface between PTL and CL, especially at
low loadings, with a reduced in-plane conductivity.®” An intermediate contact of catalyst and
support was reached by Mazur et al.}?® and Oakton et al.*® with the synthesis of IrO,/TiO,
nanoparticles. Wang et al. introduced TisO; for the synthesis of (Ir/Ti;O;) particles.’®! Besides
titanium on powder base, Yoo et al. also studied 3D TiO, nanotubes as supporting frames to be
doped with IrOx and RuOx.'*? In CCM-configurations however, there will always be a limit of direct
contact points of the PTL with the catalyst layer and therefore the risk of inactive parts of the
catalyst as well as of the formation of hot-spots.® 111

PTEs in combination with supported catalysts

Kang et al. showed the effect of an increased specific mass transport activity of cathodic PTEs vs.
CCM-configurations by making the hydrogen bubble formation visible in the holes of a laser
structured PTL-foil.1*3 In case of the catalyst coated foil as well as in case of the coated membrane,
the same bubble formation pattern along the edges of the holes was monitored indicating that
only those parts of the catalyst layer being in direct contact with the PTL are active during PEMWE
operation. At the anode side, no commercial PTEs are available due to the sophisticated
fabrication of suitable porous titanium substrates with smooth surfaces. First attempts to
manufacture a titanium based MPL are still research based and were not yet used for PTE-
development.2®? Promising works on anodic PTEs however exist, as Polonsky et al. sprayed TaC
supported IrO; catalyst layers directly on a Ti-felt.!** By this, the ionomer had not only the function
of a binder, but also of the proton conductive phase in the catalyst layer. Choe et al.
electrodeposited the iridium catalyst directly on a Ti-felt, which increased as well the mass specific
activity and additionally was identified as a barrier for titanium oxidation (degradation).’®> A
comprehensive study on how to optimize PTEs for PEMWE was to the best of the authors
knowledge not provided so far.
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2.4 Structure of this thesis

This work presents the development of novel PTE-based electrodes for PEMWE when using first
standard materials, fabrication and characterization techniques as widely used in PEMWE MEA
development (chapter 3). A test-cell and test-bench was co-designed in this thesis with PhD-
student Friedemann Hegge and is presented as well in the materials and methods chapter 3.
Chapters 4-8 show the results of developing PTEs in this work and are partly published or
submitted as full research paper as indicated below. The contributions of the author of this thesis
are clearly marked in this section as well as in every results chapter in this thesis.

e Inchapter 4, the influence on the polarization behavior when gradually changing the MEA-
configuration from a standard CCM-configuration towards a full PTE-configuration is
evaluated. For this, data from electrochemical and structural characterization of the MEAs
is combined with the idea of a structural model of the different electrode-membrane
interface. This chapter (except the section ‘critical discussion’) is left as published in the
original peer-reviewed research paper with the author of this thesis being the first author
of the publication.!

e In chapter 5, parameters to optimize PTEs for the anode side in PEMWEs were evaluated
via screening different Ti-substrates, catalyst and ionomer loadings. With the most
reproducible electrode configuration, a stability test of 200 h at a constant current hold
was performed. This chapter (besides the critical discussion) is left as published in the
original peer-reviewed research paper with the author of this thesis being the first author
of the publication.

e In chapter 6, results of implementing a supported IrO,@TiO; catalyst for the OER at PTEs
for the anode side are presented. As this particular work was submitted as full research
paper with a joint 1°* authorship of the author of this thesis (MEA fabrication and
characterization) with Dr. Chuyen Pham (synthesis and characterization of the catalyst
materials), the contributions of the author of this thesis to chapter 6 were:

= Sections 6.1 (introduction) and 6.5 (summary and conclusion) are left as submitted for
publishing with minor contributions from the author of this thesis.

= Section 6.2 (synthesis and characterization of IrO,@TiO, catalyst) was written by the
author of this thesis based on the original scientific data contributed by Dr. Chuyen
Pham in the submitted manuscript.

= Sections 6.3 and 6.4 (MEA preparation and characterization) were left as submitted in
the original research paper with major contributions of the author of this thesis.

= Section 6.6 (supporting information) contains parts of the supporting information as
originally submitted and indicates the contribution of the author of this thesis directly
in section 6.7.

= Section 6.7 (outlook) is not part of the submitted research paper and shows results of
gradient catalyst layer structures using the IrO,@TiO; catalyst as evaluated by the

author of this thesis.

e |n chapter 7, approaches to fabricate a titanium based MPL on commercial Ti-PTLs via
simple deposition techniques as spray coating, painting or doctor blading in combination
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with sintering are evaluated. The results of this chapter shell serve as preliminary studies
for further development steps.

e |n chapter 8, results of applying a novel non-noble metal catalyst for the HER at the
cathode side in PEMWEs are presented. As this particular work was submitted as full
research paper with a joint 15 authorship of the author of this thesis with Peter Holzapfel,
the contributions of the author of this thesis are clearly stated in the following:

= Sections 8.1 (introduction), 8.2 (synthesis and characterization of Mo03S13-NCNT
catalyst), 8.3 (MEA preparation and characterization) and 8.5 (critical discussion) were
written by the author of this thesis based on the data regarding catalyst
characterization provided by co-authors and own measurement data regarding MEA-
characterization.

= Section 8.4 (full-cell characterization) was left as submitted with major contributions
of the author of this thesis.

The structural changes in every development step are schematically shown in Fig. 12 to give a
better overview. The numbers refer to the above summarized results chapter of this thesis.
Chapters 4-8 are completed each with a critical view and outlook to discuss disadvantages and
advantages of the presented development approaches. After summarizing the main results of this
work, a comprehensive outlook states the next development steps for further optimizing PTEs for
PEMWE applications.

C-PTL 8
LA s e e

Substitution of

\4A Pt/C Pt/C
PEM

Iro, 7

SoA CCM ﬁ -
: ‘
6 W
Vg / ""' \ ‘:3 Advanced OER
t- & s

catalyst and gradient
electrode structures

Optimization of PTEs
for the anode side

Fig. 12 Overview on the development steps for PTEs in PEMWE application in this work. The numbers refer to the
respective chapters of this thesis.
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3 Materials and Methods

Standard MEA components purchased from commercial suppliers were used as reference systems
for the structure and performance of the PTEs developed in this work (section 3.1). Spray coating
was the main fabrication technique to deposit CLs and ionomer layers on various substrates
(section 3.2). The process of sintering to fabricate binder-free Ti-MPLs is described in section 3.3.
In the subsequent sections 3.4 and 3.5. tools for the structural and electrochemical
characterization of the electrodes developed in this work as well as of the commercial and in-
house synthesized catalyst materials are presented.

3.1 Commercial MEA materials

Besides anodic PTEs, all other components of the MEA could be purchased for testing and for
further deposition of CLs. Nafion membranes of the types N117 (175 um), N115 (150 um) and
N212 (50 um) were purchased by FuelCellStore and lonPower. Nafion membranes coated with the
IrO,-based anode (1.5 mg cm™) and Pt/C-based cathode (0.5 mg cm? 60 % Pt/C) to form complete
CCMs were purchased from FuelCellsEtc, as well as half-sided CCMs (Fig. 13).

cPTE

4
Half-sided

Half-sided cathodic CCM
anodic CCM 5 255

4

1+

ey Not
available

Fig. 13 Overview on commercial MEA-components purchased for the development of PTEs in this work and the
characterization of different MEA-configurations. PTEs for the anode side are not yet commercially available.

PTLs for the anode side were 1 mm thick porous titanium substrates purchased from Mott
(powder sinter, 40 % porosity, 50 um particle size) and Bekaert (fiber sinter, 76 % porosity, 20 um
fiber diameter) as in Fig. 14 A,B. The sheets were laser cut into 4 and 5 cm? squares to be used as
substrates for the PTEs or to be pressed against the anode side of a CCM. The PTLs were cleaned
in an ultrasonic bath for 10 min in an alkaline cleaning solvent (Borer Chemie, 5 vol % Deconex
OP153 in DI-water) to remove organic contaminations. The PTLs were rinsed and sonicated for
10 min fist in 2-Propanol and subsequently in DI-water. For the cathode side, 410 um thick carbon-
cloth PTLs with MPL (type GDL-CT) and cathodic PTEs based on the GDL-CT with 0.5 mg cm? 60 %
Pt/C (type SL-GDE) were purchased from FuelCellsEtc (Fig. 14 C.1 and C.2).

Fig. 14 Porous powder- and fiber-sintered titanium PTLs for the anode side (A,B) Porous carbon cloth with MPL (C.1) and
Pt/C-based CL on top forming the cPTE (C.2).
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3.2 Fabrication of electrodes via spray coating

To fabricate thin catalyst layers, titanium based intermediate layers as well as Nafion coatings, the
spray deposition device Exacta Coat from Sono-Tek was used (Fig. 15). A liquid ink (e.g. containing
the metal particles or Nafion dispersion mixed with alcoholic solvents) is inserted in the syringe
pump (A) and pumped through a tubing system towards the ultrasonic nozzle in the spray
chamber of the spray coater (B). At the tip of the nozzle (48 kHz, type AccuMist), the ink is
atomized to a fine mist (C). By defining a spray path along which the nozzle moves in the x- and y-
direction, a homogeneous layer can be deposited on various substrates (D). The substrates are
placed on a hot plate. The hot plate is heated to temperatures slightly below or above the boiling
point of the solvents to ensure the immediate evaporation of solvents once the ink touches the
surface of the substrate. In this way, the porosity and infiltration depths of the sprayed ink can be
controlled.

Exhaust
r (Flow rate) Air

Pump

P (Ultrasonic power)

— —
v (Path speed)
h (Nozzle height)

“é Spray mist

>

.| «—— s (Shaping air)

| |Substrate D
T (Hot plate temperature)

‘ Ultrasonic nozzle type
AccuMist (48 kHz)

Fig. 15 Schematic setup of the spray coater with the syringe pump (A), the ultrasonic nozzle (B), the atomized ink (C) and
the substrate placed on the hot plate (D). The picture on the right side shows the ultrasonic nozzle type AccuMist as used
in this work.

Flow rate r: Defines the amount of liquid ink per time unit that is pumped via the syringe pump
through the tubing of the spray coater towards the ultrasonic nozzle to be deposited on the
substrate. If the flow rate is too low, particle sedimentation in the tubing and blockage of the
nozzle can occur; if the flow rate is too high, an insufficient drying of the deposited layers can lead
to wrinkling of the membranes or the complete wetting of porous substrates.

Path speed v: Defines the time for spray coating of one complete layer. The lower the path speed,
the higher the amount of deposited ink per time and area and the higher the risk of insufficient
and inhomogeneous drying. The path speed in combination with the flow rate is therefore used
to control the deposited layer thickness.

Hot plate temperature T: Defines the temperature of the substrates to be coated and thus the
evaporation rate of solvents. The temperature is usually set higher than the boiling temperature
of the solvents used in the inks, in order to ensure a sufficient and fast drying of the sprayed layer
as soon as it touches the surface of the substrate. The infiltration behavior and porosity of the
deposited layer are dependent on the drying behavior. Upper limits for the temperature are
however the thermal stability of the used substrates. When toxic solvents are used, the exhaust
air of the spray coater needs to be controlled at any time to prevent the flow of vapor out of the
chamber towards the operator of the spray coater.
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Ultrasonication power P: Defines the droplet size of the spray mist. To prevent heating and
blockage of the nozzle, the sonication power needs to be adjusted together with a sufficient flow
rate. A low sonication power does not atomize the inks sufficiently. This leads to the formation of
inhomogeneous layers due to the uncontrollable drying behavior of large droplets on the surface
of the substrates.

Shaping air s: Is needed to form a defined spray mist that is directed towards the substrate.
Without the shaping air, the small droplets within the mist are distributed in the whole chamber
of the spray coater and removed by the exhaust air stream. The pressure of the shaping air should
not be too high to dislocate the sprayed layers on the substrate.

Nozzle height h: Defines the diameter of the sprayed mist cone together with the applied shaping
air at the surface of the substrate. A high nozzle height leads to a diffusive coverage of the surface,
whereas the nozzle in close distance to the surface focuses the sprayed mist in a smaller diameter.
The nozzle height should be sufficiently high to prevent spraying of the ink directly deep into the
pores of porous substrates.

Spray pattern and pitch p: Define the homogeneity and the surface roughness of the final
deposited layers. The width per sprayed line equals the diameter of the formed spray mist of the
ultrasonic nozzle. To cover the surface line-by-line, the distance between the lines (pitch) should
therefore equal the width of one sprayed line (Fig. 16 A).

A Side view B Top view C Meander shaped pattern

Nozzle

— Shaping air
\— L

__ Substrate D Final pattern

: | +90°
b= % width .‘E“. (meander + 90° turned)
B .
Substrate C | | -
C | |
Pitch p = defines the surface roughness L L

Fig. 16 The design of the spray pattern decides over the homogeneity of the deposited layer. The pitch between the
sprayed lines should be at least half of the width of the spray mist created by the nozzle and the shaping air (A,B). Layers
in this work were deposited via a meander shaped 90° turned pattern with rectangular turning points (C,D).

Considering the thickness distribution of the sprayed line, the distance between the lines should
be half of the width, to bring the peaks of the deposited lines closer together (Fig. 16 B). A
meander shaped pattern is usually used since it bears the advantage that the nozzle does not have
to be turned on and off after every line (Fig. 16 C). The turning points of the meander shaped
pattern can be adjusted from circular to rectangular. By this, vibrations and in the extreme case
oscillations of the spray coater due to the abrupt turning movement of the device can be reduced.
To further increase the homogeneity of the deposited layers, every second layer can be sprayed
90° turned to the layer before (Fig. 16 D).
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The spray pattern (meander +90° turned), nozzle height (h = 37 mm), and shaping air (s = 0.6 kPa)
were kept constant, but the other spray parameters need to be adjusted for ever new ink
composition and substrate to reach the desired homogeneity of the deposited layers (Table 2).

Table 2 Inks and spray coating parameters of the main metal and ionomer inks used in this work.

Anode
Ink components and mixing Spray coating
Metal IrO, Premion (AlfaAesar) | IrO,@TiO> Flow rate | 4.5 ml min?
powder IrO,/TiO; 75 wt% Elyst (in-house synthesized)
(Umicore)
lonomer 1-10 wt% Nafion D520 1 wt% Nafion D520 Path 170 mm s’?
(FuelCellStore) (FuelCellStore) speed
Additives | - - Pitch 0.75 mm
Solvents 2-Propanol + H,0 (1:1) Methanol + H,0 (3:1) Power 5W
Mixing 30 min ultrasonication, 16 h stirring, 30 min sonication | Temp. 120°C
Cathode
Ink components and mixing Spray coating
Metal Pt/C HiSpec 9100 (60 % Mo03S13-NCNT hybrid  (in- Flow rate | Pt/C: 0.33 ml min*
powder Pt) (Alfa Aesar) house synthesized) MoS: 0.45 ml min
lonomer 20 wt% Nafion D520 20 wt% Nafion D520 Path Pt/C: 140 mm s
(FuelCellStore) (FuelCellStore) speed MoS: 110 mm s?
Additives - 10 wt% C-black (Vulcan XC- | Pitch 0.75 mm
72R, FuelcellsEtc)
Solvents 2-Propanol + H,0 (3:1) 2-Propanol + H,0 (1:1) Power Pt/C:4.5W
MoS: 5 W
Mixing 40 min ultrasonication 30 min ultrasonication Temp. Pt/C: 90 °C
48 h stirring MoS: 110 °C
30 min ultrasonication
Nafion coating
Ink components and mixing Spray coating
Metal Flow rate | 0.2 ml min!
powder -
lonomer 2.5 wt% Nafion D2020 (FuelCellStore) Path 90 mm s
speed
Additives - Pitch 0.5 mm
Solvents 2-Propanol Power 25W
Mixing 5 min vortex mixer Temp. 60 °C, 120 °C

In this work, several metal inks as well as ionomer inks were sprayed on dense Nafion membranes
as well as on porous titanium and carbon PTLs. The ink composition and stability defines the final
layer composition and therefore ink mixing and ink treatment during spray coating are essential.
Sedimentation either in the syringe or in the long tubing of the spray coater has to be prevented.
To avoid inhomogeneous sprayed layers with another noble metal and Nafion content as desired,
the following improved workflow for spray coating was applied to stabilize the metal inks:
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Ink mixing: To avoid an exothermic reaction of the catalyst with the alcoholic solvents, first the
catalyst powders, followed by water were added. The solvents and subsequently Nafion as
ionomer or binder were inserted while ensuring a homogeneous mixture after every new
component was added. The complete ink was kept in motion via a magnetic stirrer and placed in
an ice bath to be further mixed with an ultrasonic tip for 30 min (Hielscher, model UIS250L,
0.55 W, 90 % amplitude). After sonication, the ink was placed on a magnetic stirrer overnight.
Right before spray coating, the sonication step was repeated.

Spray coating workflow: The inks were vortexed and inserted in the syringe of the spray coater
with the magnetic stirrer turned on 90 % maximum power. Only a fraction (ca. 15 ml) of the ink
was loaded into the syringe at once to avoid sedimentation of particles. The other part of the ink
was placed on a magnetic stirrer to repeat the vortex mixing prior to the next loading step. The
flow rate of the pump was set to a high value to prevent sedimentation in the tubing. The as-
delivered setup of the spray coater was modified to minimize the length of the tubing between
syringes and spray nozzle. Therefore, any valves and connectors between syringe and nozzle were
removed and the outlet of the syringe directly connected with the inlet of the nozzle. The
sonication power at the nozzle was set to a maximum value of 5.5 W to form the spray mist at
high flow rates.

Especially unsupported IrO; inks and titanium inks for the intermediate layer were prone to
sedimentation, since the binder content needed to be as low as possible (electrical conductivity
within the final layer, no shielding of active particles). Pt/C inks for the cathode side were more
stable as the particles are in the nanometer range and more Nafion is usually used. The choice
and ratio of solvents in the ink influence the particle stability and drying rate due to different
evaporation temperatures. When a new ink was used, a series of vials with different ratios and
types of solvents was prepared and placed on the shelf for 24 h. The degree of sedimentation was
decisive for the choice of the final ink composition. The standard anodic inks consisted of 1 wt%
solids and the cathodic inks of 2 wt% solids. Solids consisted of metal powders, the ionomer and
other solid additives (Eq. 23). The ionomer was added to the ink in form of a Nafion dispersion
with e.g. 5 or 20 wt% ionomer in an alcoholic solution (FuelCellStore, Nafion D520 and D2020).
The solvents in the dispersion as well as additional solvents (Methanol, 2-Propanol, DI-water),
accounted for 99 wt% (anodes) and 98 wt% (cathodes) solvent part of the final ink, respectively
(Eq. 24).

wt% solids Msolids = Mmetal powder TMionomer TMadditives (23)

wt% solvents Msoivents — Madditional solvents T Msolvents dispersion (24)

To determine the noble metal loading of the sprayed catalyst layers, a rectangular 1 cm? metal
piece was placed on a magnetic stripe and spray coated as well. The metal piece was weighted
before coating and in regular steps when a certain number of layers was deposited. The final
weight to be spray coated was calculated as the sum of the desired catalyst loading and the
ionomer content in the ink. EDX and TGA measurements were conducted to analyze the real
sprayed Nafion content (section 3.4).
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3.3 Sintering of Ti-MPLs

Sintering of Ti-particles was applied to fabricate a mechanically stable MPL on top of commercial
porous titanium substrates. Ti-inks containing Ti-powder, solvents and binders were deposited on
the Ti-PTLs, dried and placed in a tubular furnace. The sintering of the particles to form a
continuous, porous compound was reached via setting the maximum process temperature to
1000 °C. By this, the oxide film on the titanium particles was removed®® and an intermediate
contact between the Ti-particles was reached to form the MPL. To prevent the infiltration of the
porous Ti-PTL that was directly coated with the Ti-ink, a densification step of the dried Ti-ink was
not performed. Binders were necessary to deposit a homogeneous Ti-layer, were burned out
during sintering. Risks are hereby the formation of oxide layers and carbon residues of not fully
burned binders. Both effects can lead to a low electrical conductivity, low degree of
interconnected particles and impurities reducing the mechanical strength. In literature, a few
straightforward approaches for the fabrication of a sintered Ti-layer were presented and were the
basis for the trials in this work.'**238 The furnace used in this work (MTI, model OTF-1200X) was
equipped with a continuous gas flow and ceramic holders to place the substrates (Fig.17).
Different heating and cooling rates were tested with holding times at several intermediate
temperature steps with the maximum temperature of 1000 °C. A sophisticated process parameter
control of heating and cooling rates as well as the number and value of intermediate temperature
hold steps is required to prevent mechanical stress in the layers. When burning a polymeric binder,
the formation of carbon residues can be prevented by supplying an oxygen stream through the
glass tubing. Gaseous CO; is then ideally removed from the samples with the exhaust air.

Substate coated with titanium powder 1 T

Gas stream Glass tl@s /
Q Exhaust air

P4
e —— :>

AN
|:>

Sintering of a binder-free, interconnected
porous Ti-layer

Temperature

Ceramic holder

Fig. 17 High temperature furnace with the glass tubing holding the substrates placed on ceramic holders. A sophisticated
process control is required to fabricate a mechanically stable, binder free Ti-PTL. The furnace is connected to the exhaust
air.

As an oxygen containing atmosphere causes the risk of oxidation of the titanium particles, forming
gas (H2+N3) was used in combination with the sintering of a binder free titanium layer. By this, the
oxygen at the surface of the titanium layers was reduced to gaseous H,0 and removed from the
substrates by the exhaust air. To prevent particles from the sinter furnace entering directly into
the exhaust air system of the laboratory, a water-filled wash-bottle was connected to the outlet
of the furnace.
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3.4 Electrochemical characterization

A self-designed test cell as well as a self-build test bench co-designed of the author of this thesis
with the PhD-student Friedemann Hegge was used. The different test-setups e.g. for recording
polarization curves are described as well as the operation conditions for MEA-testing. For the
characterization of the commercial catalyst materials used in this work as well as of the advanced
catalysts synthesized in-house by Dr. Chuyen Pham, a three-electrode setup was used to
characterize the kinetics and catalytic activity of the different catalysts.

3.4.1 Test cell and test bench to test the different MEA-configurations

The in-house designed test cell enabled a simple layer-by-layer assembly from the cathode side,
via the membrane up to the anode side. The water in- and outlets were screwed into the most
outer parts of the cell which are 20 mm thick Al-plates (Fig. 17 A). The Al-plates held the heating
elements to set the cell temperature to 80 °C and guided eight M5 screws to fix the inner cell
parts. The screws were tightened in three steps of 3.0, 5.0 and 8.5 Nm. The potentiostat to apply
voltage or current to the MEA was connected to 2 mm thick Cu-plates, which were electrically
insulated from the Al-plates via a self-adhesive polymer foil (Fig. 17 B). The Cu-plates were
electrically connected with 12 mm thick Ti flow fields with a milled 5 cm? parallel channel structure
for the distribution of gases and water (Fig. 17 C). The flow fields used in chapter 7 were coated
with a ca. 300 nm thick gold layer to improve the long-term durability (prevent oxidation of the
titanium surface) and to reduce electrical resistances between flow field and PTLs. A temperature
sensor was inserted in the cathodic flow field to monitor the cell temperature. The MEA (Fig. 17 D)
consisting of the membrane, catalyst layers and PTLs was sandwiched between the two titanium
flow fields. PTFE frames were used to center the PTLs and PTEs, respectively. The PTFE frames as
well acted as hard stops to set the compression of the porous materials (Fig. 17 E). The Ti-PTLs
were assumed incompressible during cell assembly and therefore 1 mm thick frames (same
thickness as the PTLs) were used at the anode side. The carbon PTLs and PTEs respectively were
however made of a woven carbon cloth material, which can be compressed to a high degree. In
several preliminary tests with different thicknesses of the PTFE frames at the cathode side, a
relatively high compression rate of 60 % was leading to the lowest interfacial resistances. This
compression corresponds to a PTFE-frame thickness of 150 um at the cathode.

B PTLs screws
PEI\//II \
C ‘_T_' E T-sensor

A Heatingelement p

Fig. 17 Solid Works drawing of the in-house designed test cell with the Al-plates (A) holding the screws and the heating
elements, the Cu-plates (B) for the electrical connection, the Ti flow fields (C) as well as the PEM, CLs and PTLs forming
the MEA (D) with the PTLs or PTEs respectively placed in PTFE frames (E).
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An even distribution of the assembly pressure over the active area is essential to establish a
homogeneous interfacial area between all parts of the MEA as by this, an even current and
temperature distribution is established. With the help of a pressure sensitive paper (Fujifilm,
Prescale) the assembly pressure can be evaluated. To this end, the pressure paper is assembled
instead of the PEM in a standard MEA-test cell setup. After 10 s the cell can be disassembled and
the pressure distribution on the paper is analyzed with a mapping software (Fujifilm, FPD-8010E)
The assembly pressure applied on the active area of the MEAs assembled in the in-house
fabricated test-cell was calculated to be approximately 24 MPa. The assembly pressure is a
sensible parameter as it defines the interfacial contact between all different layers, which should
be as high as possible. However, too much pressure can decrease the pore sizes within the porous
layers that could then increase mass transport losses. The assembly pressure should as well not
be too high to prevent damage of soft functional parts as e.g. the membrane or the cPTL.
Damaging the membrane would lead to an electrical short and gas crossover (holes in the
membrane) and reduced electrode functionality (CL can show cracks or detachment from the PTL
and PEM). Fig. 18 A shows the side of the pressure paper that was pressed against the anodic Ti-
PTL. The parallel finger structure of the flow field is visible as well as the even pressure distribution
over the active area of 5 cm™. Fig. 18 B shows the other side of the pressure with the cathodic PTL
still attached.

A B
t

\
{

)

‘ Cathodic PTE

Fig. 18 Pressure paper after disassembly of the test cell (the pressure paper was assembled instead of the PEM). A Front
side of the pressure paper pressed against the anodic PTL. The finger structure of the flow field is clearly visible as well
as the positions of the water in- and outlet. B Back side of the pressure paper with the cathodic PTE pressed into the
pressure paper.

The test cell (Fig. 19 A) was connected to a peristaltic pump (Ismatec, model IP 65) (Fig. 19 B)
enabling the separate supply with DI-water of the anode and cathode side at a flow rate of
40 ml mint. At the anodic water in- and outlet, inline temperature sensors were assembled to
monitor possible temperature gradients over the test cell (Fig. 19 C). Between the pump and the
test cell, a thermostat (Lauda, model Ecoline 003, set to 88 °C) was placed to pre-heat the water
flowing into the test cell to around 80 °C (Fig. 19 D). The water bath of the thermostat needed to
be refilled every 12 h to ensure a continuous heating rate. The water-gas mixture leaving the
anode and cathode side of the test cell was pumped into separate gas-liquid separators (Fig. 19 E).
Oxygen was directly released of the anodic compartment, whereas hydrogen was directed to the
exhaust system. The anodic gas-water separator could be opened to refill fresh Di-water into both
compartments via opening the connecting valve in-between the compartments (Fig. 19 F). The
refilling of fresh water was necessary during longterm-testing, as no ion exchanger to purify the
DI-water was available. A Scribner 857 potentiostat (Fig. 19 G) was connected to the test cell. The
test setups used in this work are explained in more detail in the next section.
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Fig. 19 The test cell (A) assembled in the test bench and connected to the peristaltic pump (B), in-line temperature sensors
(C), the thermostat (D) and the gas-liquid separators (E) for the anode and cathode side respectively. A valve between
the anodic and cathodic compartment (F) enables the refilling of the cathodic compartment with fresh DI-water as the
lid of the Hy-compartment is directly connected with the exhaust air system of the laboratory. The test cell is connected
to a potentiostat model 857 from Scribner (G).

3.4.2 Recording and analysis of MEA polarization data

The cell voltage and in parallel the high frequency resistance (HFR) were recorded after a stable
cell temperature of 80 °C was observed. Prior to recording the polarization data, a break-in
procedure was applied to activate the catalyst layers of the MEA and to condition the relatively
thick Nafion membranes. The break-in procedure (activation of the catalyst) for the anodic PTEs
was a 15 times repeated voltage driven cycling from 1.4 V - 2.2 V in 200 mV steps (each step held
for 30s). The break-in procedure for the thicker non-noble catalyst layers at the cathode side
consisted of constant current holds of 2.5 A for 300 s and 15 times repeated voltage driven cycling
from 1.4 - 2.2V and 2.2 - 2.3V, respectively in 200 mV steps (each held for 30 s). The break-in
protocol was terminated by applying the constant current step of 2.5 A again for 300s. The
polarization curve was recorded in several segments with the highest resolution in the kinetic
region where every current step was held for 120 s. For the anodic PTEs, the segments were from
OA-0.04 Ain 10 mA steps, from 0.05 A -1 A in 50 mA steps, from 1.25 A - 3 Ain 250 mA steps,
from 3.5A -5 A in 500 mA and from 6 A on in 500 mA or 1000 mA steps. For the cathodic PTEs,
the segments were from 0 A - 0.025 A in 25 mA steps, from 0.05 A - 0.5 A in 50 mA steps, from
0.6 A-1Ain 100 mA steps, from 1.5 A -5.5A in 500 mA and from 6 A on in 500 mA or 1000 mA
steps. A constant current step with 2.5 A for 300 s completed the test protocol. The HFR was
measured in parallel at a frequency of 1 kHz. To compare the stability of the MEAs to literature>*
140 3 constant current hold was applied for 200 h while recording the cell voltage and HFR. During
the stability test, polarization curves were recorded to calculate degradation rates and to study
the change in kinetic, ohmic and mass transport region.

According to Suermann et al.'*! the contributions of the kinetic, ohmic and mass transport
overpotential to the overall cell voltage were extracted from the polarization data. Fig. 20
exemplary shows the cell voltage (voltage losses in region A,B and C) as well as the HFR (ohmic
losses in region B) as recorded during testing the MEA. The HFR gives an information about the
ohmic resistances in the membrane, cell parts and within the interfaces of the different functional
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layers as the PTL, CLs and PEM. To evaluate the contributions of the mass transport and kinetic
overpotential, the HFR-free cell voltage is evaluated, based on the measured HFR and cell voltage.
This curve represents influences on region A and C of the polarization curve, as the HFR of region
B is removed. A steep slope of the HFR-free cell voltage would indicate strong mass transport
losses due to an insufficient transport of water and gases e.g. due to a too low porosity of the
catalyst layer. The kinetic overpotential has the strongest impact at low current densities and
therefore a zoom in the low current density region of the HFR-free cell voltage plotted on a semi-
logarithmic scale, is used to analyze kinetic losses.
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Fig. 20 Analysis method of the polarization data in this work: The recorded cell voltage is divided into contributions from
the kinetic (A), ohmic (B) and mass transport region (C).

3.4.3 Three-electrode-setup

For catalyst development, measuring the activity of the catalyst material for the desired reaction
prior to conducting full-cell tests is an essential characterization.*? A three-electrode setup is
hereby used to study the intrinsic activity of a catalyst without influences from other functional
parts like in the PEMWE cell. In a three-electrode setup, a glassy carbon disc mounted on a rotating
disc electrode tip can be used as working electrode (WE). The catalyst powder mixed with ionomer
is deposited on the RDE. By rotating the electrode, evolving gas bubbles are removed and thus
mass transport problems limited. The WE is inserted in an acidic 0.5-1 M H,SO, electrolyte solution
for the HER and 0.1 M HCIO, electrolyte solution for the OER to mimic the acidic conditions close
to the Nafion membrane under PEMWE operation conditions. A counter electrode (CE) is needed
to balance the electron transfer at the WE and is usually realized with a Pt-wire immersed as well
in the electrolyte. A reference electrode (RE) is needed to determine the overpotential at the WE
compared to a known value. A reversible hydrogen electrode (RHE) is commonly used as RE. Via a
linear sweep voltammetry (LSV) measurement, the potential of the WE is linearly increased and
the corresponding current density is recorded. Once the onset potential (in V vs. RE) is reached,
the reaction starts and thus the current density increases exponentially. The onset potential is
therefore a thermodynamic value and correlated with the Gibbs free energy of the chemical
reaction taking place. The current density at a given potential or per mass of catalyst material is
used to describe the catalyst activity. The difference between the thermodynamically determined
potential needed to drive the reaction and the experimentally needed potential to reach a certain
current density is the overpotential at this current density. Plotting the current density vs. the
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potential on a semi-logarithmic sale, gives the third important information about the catalyst
material, which is the Tafel slope (in V dec™) in the linear region. The slope is an indicator for the
type of reaction mechanism at the catalyst surface and therefore a measure for the kinetics.*
Catalyst characterization using the three-cell-setup was performed by Dr. C. Pham.

3.5 Structural characterization

The microscopic and spectroscopic techniques'**4¢ presented in this section were used to

characterize the morphology and surface structure of catalyst materials and sprayed electrodes
as well as the chemical composition of the different materials and layers. The ink stability was as
well studied, as this is a crucial fabrication parameter for spray coating. The results from the
structural analysis were used to better explain and understand the electrochemical performance
of the catalysts and electrodes in this work as well as to show the successful synthesis of novel
catalysts prepared by Dr. C. Pham.

3.5.1 Morphology and surface structure

Transmission electron microscopy (TEM) was used to image catalyst particles that were deposited
in a thin film on a TEM grid. Due to the interaction of the applied electron beam (120 kV) with the
atoms in the sample, an image at a typical resolution of ca. 0.3 nm of the catalyst particles can be
provided. Light areas in the image show parts of the sample where the electrons were transmitted
and darker areas show parts of the sample where only a few electrons did transmit through thicker
parts of the sample. The gained information about the particle size and degree of agglomeration
are important material characteristics as they influence the activity of the catalyst as well as the
stability within a catalyst ink due to interaction with the solvents. Fig. 21 exemplary shows TEM
images of the commercial IrO; catalyst (Alfa Aesar, type Premion) used in this work (TEM device
from FEl, model Talos L120C). Especially in case of the in-house synthesized IrO,@TiO; catalyst,
TEM was an important tool to analyze the core-shell structure of the IrO; catalyst attached to the
TiO; cores. TEM images were provided by Dr. C.Pham.

100 nm

Fig. 21 Exemplary TEM images of IrO; catalyst powder used to fabricate the anodic electrodes in this work. The primary
particle size as well as the size of agglomerates are important material characteristics.

Scanning electron microscopy (SEM) was applied to image the surface of the PTLs and electrodes.
By this, the distribution and size of metal particles, the average coverage of the substrates and the
surface roughness was visualized. Samples were attached to self-adhesive carbon pads and placed
on metal holders with a diameter of 1 cm. The samples were cleaned in a N flow and fixed at the
metal holders in the vacuum chamber of the SEM (Tescan, model Vega-3). Two types of electrons
resulting from the interaction of the primary electron beam with the sample are used for imaging:
backscattered (reflected) electrons of the primary electron beam and secondary electrons that
were ejected from surface near atoms. Bright areas in the SEM image prepared by backscattered
electrons show parts of the material consisting of atoms of high atomic numbers (in this work e.g.
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iridium, platinum or titanium). SEM-images using secondary electrons show the topography of the
sample at a standard resolution of 1-20 nm.

By focused ion beam scanning electron microscopy (FIB-SEM), cross-section of the electrodes
could be imaged. During FIB-SEM, first a protective platinum layer is deposited on the samples
surface. A several um? large area is then defined to be removed by an ion beam. The time of
exposing the surface to the ion beam defines the depths of the cut volume and processing time.
The exposed cross section can then be polished by an ion beam to remove redeposited material.
Tilting the sample holder in direction of an electron source then allows for SEM imaging of the
cross-section. The porosity, particle size and quality of interfacial contact areas of the CL were
hereby of main interest in this work. With the information gained from repeated FIB-SEM imaging,
3D-models of a certain volume of the sample can be created e.g. to study transport mechanisms
in porous layers.' FIB-SEM analysis was performed with devices from Zeiss (Crossbeam 540 with
GEMINI 1l and Neon 40 EsB). FIB-SEM data was provided by PhD-students C. Klose, F. Hegge,
D. McLaughlin and M. Bierling

3.5.2 Chemical composition

By energy dispersive X-ray spectroscopy (EDX), the chemical composition of a material can be
determined and the surface near spatial distribution of different atoms. In this work, a device from
Oxford Instruments, model X-Max 150 with Aztec software was used for EDX-analysis. The sample
preparation was the same as for the SEM or FIB-SEM analysis, as the same vacuum chamber was
used for EDX. After imaging the area of interest via SEM, a mapping of the atoms in the surface
near layer in this area was performed. For this, the surface was scanned by the electron beam,
while detecting the intensity and number of X-rays. X-rays are released from the material in two
steps: the primary electron beam creates holes in the inner shell of an atom due to ejecting
secondary electrons. The hole is then filled with an electron from a higher energy level (electron
shell in greater distance from the core) while releasing X-rays with a characteristic intensity. Via
detecting the intensity of the released X-ray, the elemental composition of a material can be
evaluated and via mapping a larger area, the distribution of the different atoms can be
determined. EDX-data was provided by PhD-student D. McLaughlin.

X-ray photoelectron spectroscopy (XPS) was applied to study the molecular structure of the
synthesized catalysts. The surface of the sample is hereby irradiated by X-rays, which cause the
emission of electrons from inner electron shells of the atom. The binding energy of the emitted
electrons and the number of electrons with the same binding energy are detected. The position
of intensity peaks in the XPS spectra at a certain binding energy is therefore used to identify atoms
and the size of the peak correlates to the number of counted electrons with a certain binding
energy revealing the atomic composition of the substrate. XPS spectra were recorded using a
Quantera Il and analyzed using a CasaXPS software. XPS-data was provided by D. Escalera-Lépez.

The thermogravimetric analysis (TGA) of the sprayed catalyst layers was used to determine the
composition of the whole volume of the catalyst layer in terms of the real Nafion and noble metal
content. For this, catalyst layers with the same calculated final IrO; loading but different Nafion
contents were sprayed and scratched off the PTFE sheets in the spray coater. Ca. 15 mg of every
powder were burned under air atmosphere to remove carbon residues from the final samples The
weight of the powder was recorded while increasing the temperature as exemplary shown in Fig.
22. The loss of weight at a certain temperature can be related to the breaking of molecular bonds
and therefore to the burning of a specific material, in this case the ionomer Nafion*8. The first
slope until a temperature of ca. 300 °C is reached can be related to the evaporation of solvents
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(residues of 2-Propanol and water). From then on until 1000 °C the loss of weight can be related
to the amount of burned Nafion. The final weight is then the remaining metal content of the
original sprayed catalyst layer. TGA-data was provided by A. Warmbold.
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Fig. 22 Exemplary TGA analysis of an IrO,-metal and Nafion containing catalyst layer. The loss of weight can be correlated
to the burning of Nafion until the final weight of the remaining metal part is reached.

3.5.3 Catalyst ink stability and thickness of deposited Nafion layers

A turbiscan stability index (TSI) measurement was performed to study the stability of the catalyst
inks used for spray coating. For this, catalyst inks were prepared with the appropriate amount of
solvents and ionomer and filled in glass vials. The degree of sedimentation was evaluated over a
duration of 24 h by measuring the transmission and backscattering signals of the luminescent
diode over the full length of the sample. Transmission and backscattering data was recorded from
the bottom of the vial to the meniscus of the ink. The combination of both transmission and
backscattering at different levels of the ink vial was then used as measure for the transparency
and therefore the solid parts. TSI-measurements were performed by PhD-student D. Seeberger.

Confocal Raman imaging (WITec, model alpha 300) was used to accurately measure the thickness
of deposited Nafion layers in this work. Samples for Raman imaging were prepared by spray
coating several layers of Nafion on a flat glass substrate. A confocal depth scan was performed
and the spectral information was analysed to extract the layer thickness. Raman spectra are
generated by irradiating a sample with a laser beam. A part of the incident light is inelastically
scattered from the sample, and from this scattered light the so-called Stokes shift (red-shifted
with respect to the excitation laser wavelength) is analysed in the spectrometer of the Raman
microscope. Raman spectroscopy is a type of vibrational spectroscopy, which detects molecular
bonds within a sample based on the vibrations of these bonds. Thus, from virtually any material
(besides pure metals) a highly specific Raman spectrum is obtained, and Raman imaging can
therefore not only be used to identify unknown bulk samples, but also to perform imaging based
on chemical contrast since the confocal microscope adds spatial resolution to the system. In this
case, the Raman spectrum of Nafion was analysed along the z-axis to determine layer thicknesses.
The intensity of the symmetric stretching mode vs(C-F) of Nafion at 732 cm™ was summarized and
thresholded within a depth scan using Otsu’s method. Further, the resulting depth profile was
compensated for spherical aberration to avoid an underestimation of the actual layer thickness
since a metallurgical objective was used in the microscope. Raman measurements were
performed by PhD-student T. B6hm.
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4 From Catalyst Coated Membranes to Porous Transport Electrode
Based Configurations in PEM Water Electrolyzers *

4.1 Abstract

So far the superior cell polarization behavior of membrane electrode assemblies (MEAs) using
catalyst coated membranes (CCMs) as compared to those using porous transport electrodes
(PTEs) was a paradigm in proton exchange membrane water electrolyzers (PEMWEs). However,
this paradigm was so far neither systematically investigated nor understood. In this study, we
investigate the changes in PEMWE polarization behavior upon gradually changing the MEA from
a full CCM towards a full PTE-type configuration. We explain all observed findings based on the
idea for a structural model of discontinuous catalyst layers. Our results show, that for current
densities above 750 mA cm, PTE-based MEAs can result in a better polarization behavior than
CCMs. Therefore, the prevailing paradigm was disproved. CCMs showed better kinetics, while PTE-
type configurations performed more reproducible than CCMs despite rougher surfaces. Due to
the trend of a stabilizing HFR-free cell voltage, an improved mass transport behavior of the PTE-
type configurations at high current densities is assumed. Within the error-tolerance, no clear
differences between PTE and CCM-based configurations in ohmic resistance could be determined.
We conclude that PTE-based configurations for PEMWE, as alternatives to standard CCM-
configurations, could be highly important for future manufacturing techniques depending on the
application’s needs.

*The sections in this chapter (besides the critical discussion in section 5.6) have been published
identically as an original research paper at the Journal of the Electrochemical Society (impact
factor of 3.12 in 2018%)

Biihler, M., Holzapfel, P., McLaughlin, D. and Thiele, S., From Catalyst Coated Membranes to
Porous Transport Electrode Based Configurations in PEM Water Electrolyzers, J. Electrochem. Soc.,
166(14), F1070-F1078 (2019).

The individual contributions were as follows:

e M. Bihler: idea, literature research, fabrication and electrochemical characterization of
anodic PTEs, writing of the manuscript

e P. Holzapfel: Contributions to MEA fabrication and characterization

e D. Mclaughlin: FIB-SEM and EDX images of anodic PTEs

e S.Thiele: supervision of the scientific work

The author thanks T. Bohm and D. Abed el-Hafez for Raman imaging and preparation of thin
Nafion coatings on the aPTEs.
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4.2 Introduction

Proton exchange membrane water electrolyzers (PEMWESs) are considered a central technology
for a future hydrogen-based economy.>® The most important element for PEMWE operation is the
membrane electrode assembly (MEA). The MEA consists of anode and cathode catalyst layers and
a solid polymer electrolyte membrane in between. There is no doubt that the right choice of
materials for PEMWE MEAs is essential to improve lifetime, performance and cost. So far this fact
resulted in a carbon supported platinum catalyst for the cathode, pristine or titanium supported
iridium catalyst for the anode and Nafion both as proton exchange membrane (PEM) material and
as additive for the catalyst layers.”® The standard MEA-configuration is a catalyst coated
membrane (CCM), with both catalyst layers deposited onto the membrane.”? To enable a
multiphase transport to and from the catalyst layers, porous transport layers (PTLs) are pressed
against the CCM from both sides. For the anode side, porous titanium substrates are used to meet
the durability necessities of PEMWE operation conditions. Titanium PTLs come in many different
forms, with fiber or powder sintered structures being the base case.® On the cathode side,
typically carbon-based PTLs are used. These PTLs are already widely studied for PEM fuel cell
applications (e.g.'>!). CCMs are manufactured either by directly depositing catalyst layers on the
membrane or via the DECAL process.”® The latter consists in using Teflon blanks as a transfer
substrate, on which the catalyst layers are manufactured on in a first step, and then hot-pressed
on the PEM in a second step. The DECAL process is usually applied, because direct spraying on the
membrane can result in membrane deformation due to the wetting behavior of solvents in the
deposited ink. Alternative manufacturing routes for PEMWE MEAs, other than the above-
described CCM approach, are seldom investigated.

One other MEA-configuration that appears sporadically is the PEM sandwiched between porous
transport electrodes (PTEs), which are the PTLs coated directly with the catalyst layers. Grigoriev at
al.1%1 tested different porous sintered titanium substrates when spray coated with an Ir-based
catalyst layer compared to the PTLs pressed against the CCM. The worse performance of the PTE-
based MEA-configurations was explained by the reduced direct protonic interface between
catalyst layer and membrane. Choe et al. introduced a PTE with the iridium catalyst
electrodeposited on a titanium mesh PTL. Therefore, an intermediate contact between catalyst
particles and PTL was reached which increased the mass activity.'® The reason for an increased
mass activity when using PTEs was shown by Kang et al.?>2 for the cathode side via visualization of
hydrogen bubble formation at the platinum based catalyst layer. For this, a structured thin
titanium foil with circular, straight pores was pressed against a reference CCM and compared with
the approach of sputter coating the titanium foil directly with the platinum catalyst. For both
configurations, hydrogen bubbles were only visible at the edges of the pores of the thin titanium
foil and not in the area in between. This indicates that large parts of the catalyst layers in the CCM-
configuration are inactive, when not in direct contact with the PTL. Increasing the catalyst mass
activity is therefore one motivation for the development of PTE-based configurations, but also the
possibility to substitute costly titanium substrates at the anode side. A stable PEMWE operation
was shown e.g. for carbon paper coated either directly with the iridium-based catalyst or first with
a titanium-based adhesive intermediate layer.'>>' Besides high performance and low costs one
major criteria for the applicability in commercial PEMWE is the long term stability. It is known
from literature, that the single materials used in a PEMWE cell are prone to different degradation
mechanisms which influence the polarization behavior and affect the mechanical stability.1*% 156
157 When changing interfacial properties, as well as the microstructure of the catalyst layers, the
long term behavior would most probably change for every MEA-configuration tested in this work.
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PTE-configurations could be advantageous compared to CCM-based systems, since coating the
titanium PTL directly with the catalyst layer could establish a corrosion protection layer for the
titanium substrate®® and ensure a stable electrical interface between catalyst particles and the
PTL. The long term stability of the PTE-based configurations was however not tested in the frame
of this work but is a crucial quality factor when searching for the best MEA-configuration for
commercial applications.

All works on PTE-based configurations are first steps towards high performing PTE-configurations,
but the reasons for a changed polarization behavior compared to CCM-configurations, have so far
never been more deeply studied and understood. This study therefore investigates for the first
time, the influence on the polarization behavior of a PEMWE, when the electrode-membrane
interface of a PEMWE MEA was changed gradually from a CCM towards a cathodic PTE (cPTE) and
anodic PTE (aPTE) configuration. In literature, there are modifications of the membrane-electrode
interface in a PEMWE CCM setup such as roughening the membrane®®® or introducing an
additional Nafion layer™® on top of the PEM before depositing the catalyst layers. Consequently,
in this work we also investigate a thin Nafion impregnation of the aPTE, with the expectation of
an improved protonic interface.

A simple idea for a structural model was used to explain the influence of changed catalyst layer
structures and interfaces on the polarization behavior. The model is based on three general cases
connecting the size scales of catalyst particles with the pore space of different supports: (i) If the
pore sizes of a substrate are smaller or in the range of the catalyst particle size, the catalyst layer
will be homogeneous. (ii) If the pores are larger than the catalyst particles, the porous support is
most likely infiltrated by the catalyst ink during deposition. This would result in a continuous, but
rougher catalyst layer. (iii) If the pores are larger than the catalyst particles and additionally larger
than the thickness of the catalyst layer, discontinuities of the catalyst layer can occur. In this work,
we elucidate which of these cases are relevant, when changing from pure CCM to full PTE-based
PEMWE MEA-configurations.

4.3 Experimental

Membrane Electrode Assembly

Different MEA-configurations were tested in this work with a focus on systematically changing the
membrane-electrode interfaces. To minimize the influence of catalyst and membrane materials
as well as of different fabrication methods, materials purchased from the same manufacturer
were used for all experiments. CCMs and half-sided CCMs with only the anode or cathode catalyst
layer deposited on a Nafion N117 membrane were purchased from FuelCellsEtc. The samples had
a catalyst loading of 1.5 mg cm™ IrO; for the anode side and 0.5 mg cm™ Pt/C (60 %) on the
cathode side. A carbon cloth material (FuelCellsEtc, type GDL-CT) was chosen as cathode PTL
(cPTL) and a sintered titanium fiber substrate (Bekaert, 1 mm thick, 57 % porosity, 20 um fiber
diameter) was used as anodic PTL (aPTL). Free-standing cathode porous transport electrodes
(cPTE) with a loading of 0.5 mg cm™ Pt/C (60 %) were commercially available based on the GLD-
CT (FuelCellsEtc, type SL-GDE). The carbon substrates and commercial cPTEs were punched out
and the titanium PTLs laser cut into 5 cm? squares to meet the same active areas as of the full and
half-sided CCMs. Free-standing anodic porous transport electrodes (aPTEs) were not commercially
available, and were therefore manufactured in-house. For this purpose, an IrO,-based catalyst
layer was spray coated on top of the Bekaert titanium fiber substrates as described below. To
eliminate influences on the polarization behavior due to different fabrication parameters, a
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second reference CCM* was prepared for studying the anode side of the different MEA-
configurations. The CCM* was a commercial half-sided cathode CCM (FuelCellsEtc, 0.5 mg cm™
Pt/C (60 %) on Nafion N117) spray coated with the same anode catalyst ink as used for preparing
the aPTEs.

The IrO; ink for spray coating the anodic catalyst layers consisted of 1 wt% solids and 99 wt%
solvents (DI-water and 2-Propanol in equal parts). The solids consisted of 98 wt% IrO, Premion
(Alfa Aesar) and 2 wt% Nafion D520 (FuelCellStore). The catalyst powder was weighed in a glass
bottle and then wetted by the appropriate amount of DI-water. Afterwards 2-Propanol followed
by Nafion was added. The ink for spray coating needs to be homogeneously mixed. To this end,
the bottle was gently shaken after adding each new component. The final ink was continuously
stirred and sonicated for 30 min (Hielscher, model UIS250L, 0.55 W, 90 % amplitude) in an ice
bath. The ink was then placed on a magnetic stirrer overnight and the 30 min mixing procedure
was repeated right before spray coating. A spray coater (Sono-Tek, model Exacta Coat) was used
with an ultrasonic nozzle type AccuMist (48 kHz). The following parameters were used for spray
coating: path speed of 170 mm/sec, shaping air of 0.6 kPa, hot plate temperature of 120 °C, 5 W
ultrasonic power and flow rate of 0.45 ml/min. The spray pattern was meander shaped with a
pitch of 0.75 mm. The nozzle height was set to 37 mm. To monitor the noble metal loading during
spray coating, a 1 cm? rectangular metal piece was spray coated as well and weighed on a
microscale (Sartorius, model ME 36S). To deposit the anode catalyst layers, the porous titanium
substrates, as well as the half-sided cathode CCMs were fixed in PTFE frames. The exact amount
of Nafion in the final self-made anodic catalyst layers, and based on that also the noble metal
loading, was determined via thermo-gravimetrical analysis (TGA) (Netsch, model STA 449F5)
according to the burning characteristics of Nafion.'®® Powder for the TGA analysis was collected
via scratching the catalyst layer off the PTFE frames. The collected sample was heated under air
atmosphere at a rate of 5 K/min up to 1000 °C (hold for one hour). A Nafion content of ca. 9 wt%
and a noble metal loading of 1.4 mg cm™ IrO, was determined. The difference between the as-
mixed and final Nafion content could be a result of catalyst particle sedimentation along the tubing
of the spray coater as well as in the syringe.

Since the cPTEs were commercially manufactured with a thin Nafion coating to improve the water
management and adhesion towards the membrane, the same was tested for the aPTEs. Therefore,
impregnated aPTEs (ai PTEs) were prepared by spray coating a thin Nafion layer (2.5 wt% D2020
in 2-Propanol) on the surface of the aPTEs. Spray parameters were: 90 mm/s path speed (meander
shaped, 0.5 mm pitch), flow rate of 0.2 ml/min, 2.5 W ultrasonic power, 0.6 kPa shaping air,
37 mm nozzle height. The aPTEs were either placed on a hot plate at 65 °C or at 120 °C during
spray coating. The average thickness of the final Nafion coating was calculated from Raman
analysis to be approximately 1 £ 0.2 um.

Structural Characterization

Surfaces and cross-sections were analyzed in terms of porosity, thickness and homogeneity. To
this end, images were taken using a focused ion beam (FIB) scanning electron microscope (SEM)
(Zeiss, model Crossbeam 540 with GEMINI Il). To analyze the distribution of Nafion at the surface
of the ai PTEs as well as along the cross-sections, an EDX mapping was performed (Oxford
Instruments, model X-Max 150 using Aztec software).

To determine the thickness of the additional Nafion layer on the aPTEs, a glass slide was coated
with 36 layers of Nafion and then analyzed with a confocal Raman microscope (WITec, model
alpha 300). The Raman microscope was equipped with a 532 nm laser, operated at 50 mW. The
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microscope was coupled to a WITec UHTS VIS-NIR spectrometer with a 300 gr/mm optical grating
and a thermoelectrically cooled CCD-camera for acquiring Raman spectra. A metallurgical
objective (Zeiss, model LD EC Epiplan-Neofluar 50x/0.55) was used to operate the microscope. A
confocal depth scan at a step size of 500 nm through the membrane was performed. After a
background subtraction (WITec Project FIVE+), the summarized intensity of the vs(C-F) mode (700
to 760 cm™) was used for a segmentation of the membrane within the line scan using Otsu’s
method in Matlab (MathWorks). The thickness was calculated from the segmented data and
corrected for spherical aberration, induced by the refractive index mismatch between Nafion
(Nnafion = 1.38%1) and air (nair = 1), by multiplying the obtained value with nyafion/nair 2. A single
point measurement of 36 layers of Nafion on the glass slide revealed a thickness of around 7.6
0.9 um.

Electrochemical Characterization

The different MEA-configurations were tested at atmospheric pressure in a self-designed test cell
setup. The outermost parts of the test cell were aluminum plates tightened with eight screws at
8.5 Nm to hold the inner cell parts. Two heating elements, set to 80 °C, were inserted into the Al
plates. The inner cell parts were electrically connected to a potentiostat (Scribner, model 857) via
two copper plates at the anode and cathode side respectively. The copper plates were electrically
insulated on the side facing the aluminum plates via a self-adhesive PTFE foil. On the other side,
titanium flow fields were in direct contact with the copper plates. The flow fields both at the anode
and cathode side were made of titanium plates with a 5 cm? milled parallel finger structure to
evenly distribute water towards the PTLs. The PTLs, were made of fiber sintered porous titanium
at the anode and carbon cloth at the cathode. The PTLs had the same geometric area as the finger
structure of the flow field. PTFE frames were used to align the PTLs and also acted as hard-stops
to control the assembly pressure of the cell. The PTFE frame at the anode side was as thick as the
titanium PTL (1 mm) to avoid a “step” between PTFE frame and hard titanium substrate towards
the MEA. At the cathode side the PTFE frame was thinner (150 um) than the carbon PTL (410 pm)
to set a sufficient compression. The MEA was then sandwiched between the PTLs. Two metal pins
were used to align the different materials and were removed before testing the cell.The internal
cell resistance without membrane was calculated to ca. 0.091 Q cm?from a set current and the
corresponding cell voltage (repeated three times). To be able to reduce this high resistance, it is
planned in future work to apply a conductive gold coating on top of the titanium flow fields to
further reduce parasitic contact resistances.

Anode and cathode were supplied separately with DI-water via a peristaltic pump (Ismatec, model
IP 65) at a flow rate of 40 ml/min. The tubing close to the inlets of the test cell was immersed into
a water-filled thermostat set to 88 °C (Lauda, model Ecoline 003) to prevent temperature
gradients in the cell. Once a stable cell temperature of 80 °C was observed (monitored
continuously with a temperature sensor), the test cell was conditioned in potentiostatic mode
from 1.4V - 2.2V in 200 mV steps. Each voltage step was held for 30 s and the complete range
was scanned for 15 times. Afterwards polarization curves were recorded as follows: 0 A - 0.04 A
in 10 mA steps, 0.05A - 1 Ain 50 mA steps, 1.25A - 3 A in 250 mA steps, 3.5A—-5A in 500 mA
steps and above 6 A in 1 A steps for the CCM-configurations and in 500 mA steps to record more
data points of the lesser-known PTE-configurations. Every step was held for 120 s.

The high frequency resistance (HFR) was measured via the software “FlowCell” (Scribner) at a
frequency of 1 kHz. The measured HFR was then applied to the experimental polarization curves
for an analysis of the HFR-free cell voltage. The polarization data was analyzed in terms of
contributions to the kinetic, ohmic and mass transport overpotential.’*! Three samples per MEA-

-39-



configuration were prepared and tested. The average values and standard deviation therefore
gives an impression of the reproducibility of the respective MEA-configurations. To substantiate
the gained knowledge regarding separate contributions of the anode and cathode side on the
polarization behavior in changed MEA-configurations, the use of a reference electrode (e.g.?>3)
was suggested. In future works such an extension would be beneficial.

4.4 Results and Discussion

4.4.1 Design of Experiments and Research Hypothesis

The aim of this study was to understand in depth what changes occur in an MEA upon changing
from a CCM-type configuration towards a PTE-type configuration, with the electrodes deposited
directly onto the PTLs. The leading questions in this study were: Is there a benefit when using PTE-
type configurations? What are advantages and disadvantages of the different configurations? Are
there potentials for a future change in the manufacturing process, which at the moment
concentrates on CCM-based approaches? All this was discussed based on systematic and
reproduced measurements, in which a gradual transition from a CCM-type configuration to a full
PTE-type configuration (Fig. 23) was studied. To avoid unwanted cross dependencies of different
fabrication techniques and catalyst materials, a second reference CCM* was prepared (Fig. 23 C)
for a direct comparison with the MEA-configurations using an aPTE. The anode side of the CCM*-
configuration consisted of the same anode catalyst layer and was prepared with the same
manufacturing method (spray coating) and with the same parameters as used for preparing the
anodes in the PTE-configurations. At the cathode side, the material composition and fabrication
technique was constant for all MEA-configurations, since all materials could be purchased from
the same supplier.

MEA configurations tested in this work

A B cPTE c D aPTE E FC/ai PTE
CCM

(cathode PTE) CCM* (anode PTE) c/a PTE (impregnated)

ﬁ TS OTTT Gmm e
Carbon

I_DEM

|'ro2

Titanium

Fig. 23 A Commercial catalyst coated membrane (CCM) with both electrodes deposited on the membrane. B Commercial
catalyst coated cathode porous transport electrode (cPTE). C CCM with in-house manufactured anode catalyst layer
deposited on a commercial half-sided cathode CCM denoted CCM*. D Catalyst coated anode porous transport electrode
(aPTE) produced with the same in-house manufactured anode as used for CCM*. E Combined aPTE- and cPTE-
configuration with a bare membrane in between, denoted as c/a PTE F cPTE and Nafion impregnated aPTE named as
¢/ai PTE.

We investigated all six different MEA-configurations in the following in terms of polarization
curves and a breakdown analysis of kinetic contributions, ohmic resistance and mass transport.
Complementarily, we analyzed the structure of the samples using methods based on electron
microscopic methods.
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Based on these considerations we used a simple structural model (Fig. 24) to clarify our
expectations for the influence of the different MEA-configurations tested in this work (Fig. 23).
When the catalyst layers are directly deposited onto flat membranes as in the CCM-configurations
(Fig. 23 A,C), protonic transport is most likely improved, due to the geometrically shortest possible
protonic pathway between all anode and cathode catalyst particles for a given PEM thickness. At
the same time, the electrically conductive interface facing towards the PTLs could be suboptimal,
since the PTLs are only mechanically pressed against the CCM. Therefore, at the anode side, only
a few titanium fibers establish a direct electrical contact between catalyst layer and PTL (Fig. 24 A).
Regarding mass transport, the distribution of water and gases within the catalyst layer could be
less than optimal, since all transport must be performed through a compact catalyst layer. Mass
transport through the pristine, uncoated PTLs pressed against the CCM however, is supposed to
be optimal.

= —— Structural model of electrode-membrane interfaces
PtC A CCM B aPTE C aiPTE D cPTE
(i y (anode side) (anode PTE) (impregnated) (cathode PTE)
PEM
Ir0\2 tHJ’ PEM I Nafiﬁn t PtC /Crack
Ir0, 1 ! n Q\,I T I E’E‘E'
N \ v / ! b
1l ¥ ¥, L4

cross-sectional view —>H,0 ==>0, >H,

Fig. 24 Model of the membrane-electrode interfaces and transport processes in different MEA-configurations. Thinner
arrows imply a relative decrease of a certain transport process. A Anode side of a CCM pressed against titanium fibers B
Anode-PEM interface facing towards a free-standing aPTE C Interface between PEM and impregnated ai PTE D Cathode-
PEM interface when a cPTE is used.

When applying the anode catalyst layer directly on the titanium PTL as in the aPTE-configuration
(Fig. 23 D), the deposition of large parts of the catalyst layer up to multiple hundreds of
micrometers into the pores of the titanium PTL (Fig. 24 B) is expected. Grigoriev et al. discussed,
that in this case fewer parts of the catalyst layer are in direct contact with the solid membrane.'%!
Therefore, first the direct protonic interface between catalyst layer and the PEM is reduced, which
would result in an increased ohmic resistance. Moreover, when some catalyst particles are
disconnected from the protonic network within the catalyst layers, a lower catalyst utilization and
therefore comparably worse kinetics are most likely to result. Depositing the catalyst particles
directly on the titanium fibers however, improves the electrical interface compared to the CCM-
configuration. The rough, porous electrode surface could improve mass transport, but the risk of
blocked pores due to the comparably deeper infiltration of the aPTL during deposition of the
catalyst material exists. This infiltration would then increase mass transport problems. For the
cPTEs (Fig. 23 B), a much more planar carbon-based support compared to the titanium substrates
is used. Therefore, one would assume less poorly connected catalyst areas (Fig. 24 D). Cracks in
the micro porous layer (MPL) could however lead to similar effects as in the aPTE case.
Consequently, worse kinetics, better mass transport and counteracting protonic vs. electrical
resistance could appear. For the c/ai PTE (Fig. 23 F) we expected a behavior based on the aPTE
and cPTE base cases, but an improvement of the ionic transport and consequently an improved
HFR (Fig. 24 C).
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4.4.2 Influence of Cathode PTE (cPTE) on the Polarization Behavior

The influence of the position of the cathode catalyst layer on the polarization behavior was
analyzed by comparing the performance of commercial CCMs with a commercial cPTE-
configuration (Fig. 25 A). Both configurations were purchased from the same supplier, using the
same loading of catalysts as well as the same manufacturing method (compare methods section).
One polarization curve each of three different samples per configuration were analyzed. The size
of the single standard deviation (~68 % confidence interval), characterized the reproducibility of
the considered MEA-configuration (Fig. 25 B). At the transition between 5 A and the last segment
of the polarization curve starting at 6 A, unfortunately an inaccurate recording of the cell voltage
at 1.2 Acm? (6 A) occurred for some samples of the CCM- and cPTE-configurations. This data
points could not be used to calculate the average and standard deviation and are not shown in
Fig. 25.
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Fig. 25 A Schematic of the tested MEA-configurations CCM vs. cPTE B Polarization curves C High frequency resistances D
HFR-free cell voltage E HFR-free cell voltage at low current densities.

Experimental results: Full CCMs performed slightly better than cPTEs (Fig. 25 B), due to lower
ohmic losses (Fig. 25 C) and barely better due to a better HFR-free cell voltage (Fig. 25 D). The
kinetic region at low current densities was very similar for both configurations (Fig. 25 E).
Interestingly, the standard deviation of the cPTE polarization curves was significantly smaller than
of the full CCM. Particularly at higher current densities, the full CCM showed a less reproducible
operation than the cPTEs (Fig. 25 B).

Structural analysis: SEM images and a FIB-SEM cross-section analysis confirmed, that the carbon-
based cPTLs (Fig. 26 A) provided a comparably flat surface for depositing the cathode catalyst layer
on top (Fig. 26 C), due to the MPL (Fig. 26 B). The cross-section showed the smooth interface
between MPL and cathode catalyst layer (Fig. 26 D) of the cPTE. Consequently, there was no strong
variation of the membrane-electrode interface between CCM- and cPTE-configuration. Some
cracks were found throughout the MPL (Fig. 26 B). These cracks are less significant for the cPTE.

-42-



Fig. 26 A Backside of the carbon cloth porous transport layer B Microporous layer (MPL) deposited on the carbon cloth
material facing the electrode C Pt/C catalyst layer deposited on the microporous layer forming the final cPTE D Cross-
section of the cPTE showing the MPL and Pt/C catalyst layer.

Discussion of the results: Due to the relatively smooth surfaces of both the carbon PTL as well as
the cPTE, the loss of catalyst material in the cracks of the carbon materials was negligible.
Therefore, no larger disconnected ‘catalyst islands’ and consequently no significant differences in
the kinetic region were observed. In accordance with the above-discussed qualitative structural
model (Fig. 24), we found slightly higher mass transport losses for the cPTEs. This might be since
smaller cracks in the cPTE surface allowed for less water and gas distribution, compared to a cPTL
with bigger cracks in the MPL being pressed onto the CCM. Coating the PTLs with catalyst material
therefore reduces the pore size at the interface towards the catalyst layers, which was then most
probably a hindrance for mass transportation through the electrodes. The slightly higher Tafel
slope of the cPTE-configuration (Fig. 25 E) is as well an indication, that mass transport losses are
more pronounced, when the PTL is coated with the catalyst material. Trinke et al. recently
analyzed the correlation between cathode electrode structure and mass transport
overpotential.!*2 They found an increase of ionomer content within the cathode catalyst layer to
cause higher mass transport resistances. The removal of hydrogen from the catalyst layer was
impeded with increased ionomer contents, which is supposed to be due to a decreased pore space
and longer transport paths within the ionomer. Consequently, this leads to high dissolved
hydrogen concentrations at the interface between membrane and electrode. This supersaturation
of dissolved hydrogen was then indicated as a reason for a higher gas crossover through the PEM
and higher mass transport losses due to higher cathode half-cell potentials. For the cPTE-
configuration tested in this work nevertheless, at higher current densities, the difference of the
HFR-free voltage (kinetic and mass transport overpotential) between cPTE and CCM-
configurations became smaller. One explanation could be a beneficial mass transport of the cPTEs
at higher current densities, but also other contributions e.g. of the effective proton resistance
within the catalyst layers have to be considered. The HFR as the combination of ionic and electrical
resistances was either equally good or slightly worse for the cPTE compared to the CCM. This was
not fully derivable from the HFR data due to the significantly higher variation of the CCM-
configuration than compared to the cPTE-configuration. Reasons for the lower reproducibility of
the CCMs were difficult to assess, as this also depends on the process parameters chosen for the
production. One possible explanation would be the intermediate electrical interface between
catalyst layer and PTLs in the PTE-configurations due to the direct deposition of the catalyst layers
on the titanium and carbon substrates. In the CCM-configuration, bending of the membrane
during assembly or operation of the membrane could lead to a changed number of direct contact
points between CCM and PTLs which would then lead to e.g. different HFRs within the same MEA-
configuration.
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4.4.3 Influence of Anode PTE (aPTE) and Symmetric PTE (c/a PTE) on the Polarization
Behavior

In this section a spray coated aPTE with the anodic catalyst layer deposited directly on the porous
titanium substrate was compared to a reference CCM* with the same anodic catalyst layer
deposited on a half-sided cathodic CCM (Fig. 27 A). In the combined c/a PTE-configuration, a
membrane was sandwiched between the cPTE and aPTE. All experiments were performed at least
three times with a single standard deviation (¥68 % confidence interval) representing the
reproducibility of the investigated MEA-configuration.
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Fig. 27 A Comparison of CCM* vs. aPTE and c¢/a PTE-configuration B Polarization curves C High frequency resistances D
HFR-free cell voltage E HFR-free cell voltage at low current densities.

Experimental results: As can be derived from Fig. 27 B, full CCM*s performed slightly better at
lower current densities (below ~750 mA cm™) while both aPTE and c/a PTE performed better and
were more reproducible at higher current densities (above ~750 mA cm™). An analysis of the
different contributions to the polarization curve revealed the reasons for this behavior: The kinetic
losses can be derived from a semi-logarithmic plot of the HFR-free cell voltage (Fig. 27 E) at low
current densities. The CCM*-configuration showed the lowest kinetic overpotential, whereas the
aPTE and c/a PTE-configurations were shifted to a higher value. With increasing current density,
contributions of the mass transport overpotential became more and more pronounced as it was
visible in the HFR-free cell voltage over the whole current density range (Fig. 27 D). The CCM*-
configuration showed the best HFR-free cell voltage, but with increasing current density the
difference between the three configurations became less significant and variations between the
different CCM*-configurations became more pronounced. The reason for these trends should be
further analyzed especially when aiming for PEMWE cells operating at higher current densities
and when planning to apply pressure to the system. Suermann et al.’®® e.g. showed, that with
increasing operating pressure, the mass transport overpotential is reduced. Therefore, the
difference between the three CCM* samples could have a minor impact on the reproducibility at
higher operating pressures compared to atmospheric conditions in this work. The main reason for
the worse overall performance of the CCM*-configuration at higher current densities was a higher
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average HFR (Fig. 27 C), which was significantly less reproducible than the HFR of the aPTE- and
c/a PTE-configurations.

Structural analysis: As expected, SEM images showed a rough surface of the titanium-based PTLs
(Fig. 28 A). In contrast to carbon-based PTLs no titanium PTL with MPL is commercially available.
Consequently, the interface between membrane and anode was significantly changed when
depositing the anode catalyst layer on top of the porous titanium substrate compared to a flat
membrane. In the aPTE-configuration (Fig. 28 B), parts of the anode catalyst layer were deposited
deep into the pores of the aPTL. Therefore, parts of the catalyst material are placed in great
distance from the membrane. At the large scale, the catalyst layer of the aPTE showed an
inhomogeneous distribution of the catalyst particles on top of the titanium fibers (Fig. 28 C).
However, as can be derived from the cross-section (Fig. 28 D), the deposited layer itself is
homogeneous.

Fig. 28 FIB-SEM analysis of the catalyst coated anodic porous transport electrode (aPTE) A Surface of the titanium fibers.
In contrast to the porous carbon materials, no microporous layer was commercially available B,C IrO;, coated Ti-fibers D
FIB-SEM cross-section of the aPTE showing the titanium fibers, catalyst layer and Pt protection layer (deposited during
the FIB-SEM imaging process).

Discussion of the results: According to the idea of a structural electrode model discussed above
(Fig. 24), we had the case of a highly inhomogeneous electrode structure for the aPTEs. The
resulting disconnected ‘catalyst islands’ were expected to result in worse kinetics, which was
clearly the case (Fig. 27 E). When advancing from an aPTE to a c/a PTE, we observed only a slight
increase of kinetic overpotential, which was expected according to the results when varying the
cathode side in the previous section. The CCM*-configuration showed the lowest HFR-free cell
voltage (Fig. 27 D), but is approaching the PTE-based configurations at higher current densities. As
discussed in the methods section, a beneficial mass transport behavior of PTE-configurations at
high current densities compared to CCMs could be one explanation, but also e.g. the effective
proton resistance has to be considered, as analyzed by Babic et al. for anodes in CCM-
configurations.'® When considering the HFR behavior however, the situation became more
complicated: on the one hand, the ionic conductivity was expected to be worse in the aPTE and
c/a PTE-configurations compared to the CCM*, on the other hand, improvements in electrical
conductivity were expected, due to a better electrical interface contact. In Fig. 27 C we observed
that the CCM* exhibited a worse average HFR (0.24 Q cm?) than the aPTE and c/a PTE-
configurations. This HFR value was unexpected when compared to the value of the CCM from Fig.
25 C of which was 0.18 Q cm?. We assume that our CCM* manufacturing process could be further
optimized with respect to ionic contact. Here also a hot-pressing step might be advantageous, but
would have altered the catalyst layer structure compared to the aPTEs. This was to be avoided, as
we concentrated on only structural layer effects in this study. Apart from that, we observed what
we expected from the discussion of our model: the interfacial contact area between the catalyst
layer and the membrane when using the aPTE-configuration was smaller compared to the cPTE-
configuration with a flat carbon substrate. Therefore, the HFR of the aPTE-configuration was
around 0.22 Q cm? (Fig. 27 C) compared to the cPTE-configuration with a HFR of around
0.19 Q cm? (Fig. 25 C). This explained, why, for the c/a PTE-configuration, as a combination of the
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aPTE- and cPTE-configurations, we observed a decreased HFR of 0.21 Q cm? compared to the aPTE
(Fig. 27 C). Also in this study, we observed, that the reproducibility was highest for the c/a PTE-
configuration, a bit lower for the aPTE-configuration and the CCM* approach was found to have
the worst reproducibility. The same effect was seen in the previous section when comparing the
CCM with the cPTE polarization behavior. In summary, we saw a tendency in both studies that
there was an improvement of the reproducibility when changing from a CCM-configuration to a
PTE-configuration.

4.4.4 Influence of Nafion Impregnated Anode PTE (ai PTE) on the Polarization Behavior

In this section, we investigated the influence of an additional Nafion D2020 layer deposited
directly on the aPTE. The basic idea was that this kind of an approach could improve the ionic
interface resistance between electrode and membrane. At higher temperatures of the aPTEs, the
additional Nafion layer was expected to dry immediately at the aPTEs surface whereas at lower
temperatures a certain degree of infiltration into the pores of the aPTE was expected. Therefore,
two different types of ai PTEs were fabricated at a temperature of 65 °C as well as 120 °C. The
c/ai PTE-configurations were then compared to the c/a PTE-configuration presented in the
previous section (Fig. 29 A). Three samples per configuration were prepared and tested (Fig. 29 B).
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Fig. 29 A Configurations ¢/a PTE vs. ¢/ai PTE (fabricated at 65 °C and 120 °C) B Polarization curves C High frequency
resistances D HFR-free cell voltage E HFR-free cell voltage at low current densities.

Experimental results: Impregnating the aPTE with Nafion strongly reduced the overall cell
performance (Fig. 29 B). One reason was an increased HFR of the c/ai PTE-configurations with a
strong dependency on the current density (Fig. 29 C). In both c/ai PTE-configurations mass
transport losses were obvious when analyzing the HFR-free cell voltage (Fig. 29 D). The c/ai PTE
prepared at 65 °C showed a slightly stronger increase of mass transport overpotential with current
density than the c/ai PTE prepared at higher temperature. The HFR-free cell voltage at low current
densities (Fig. 29 E) showed similar kinetics for the c/ai PTE-configurations, which were both
slightly worse than the c/a PTE-configuration. The reproducibility of the c/ai PTE prepared at
120 °C was slightly worse in the kinetic region than for the other configurations.
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Structural analysis: The surface of the ai PTE impregnated at 120 °C (Fig. 30 A) was analyzed with
an EDX tool to map the fluorine content at the surface which showed large, inhomogeneous fields
of Nafion covering the catalyst layer (Fig. 30 B). The cross-section revealed a continuous Nafion
coating (Fig. 30 C). Therefore, voids between the Nafion coating and the catalyst layer were
observed. A fluorine mapping of the cross-section showed the continuous character of the
impregnation at 120 °C (Fig. 30 D) on the local scale. However, the samples showed a strong
variation of the global thickness of the Nafion coating, first due to the rough surface of the aPTE
itself and second most probably due to an inhomogeneous drying of the Nafion layer.

c/ai PTE
AB CD

Fig. 30 A Surface of the ai PTE coated at 120 °C B EDX mapping of F of the impregnated surface. C FIB-SEM cross-section
of the ai 120 °C PTE with protective Pt layer showing voids between the Nafion coating and the catalyst layer. D EDX of
the cross-section showing the Nafion coating on top of the aPTE (C and D do not show the same position).

Discussion of the results: For the c/ai PTE, we expected a behavior based on the c/a PTE-
configuration, but with an improvement of the ionic transport and consequently a reduced HFR.
However, the experimental results were not in line with this hypothesis: We not only found a
higher initial HFR for the c/ai PTEs, but also discovered a worse mass transport. More interestingly,
the additional Nafion impregnation caused an increase in HFR as a function of current density,
indicating worse ionic transport and interfacial contact resistances. We used the following model
to explain changes of the polarization behavior when a c/ai PTE-configuration impregnated at
different temperatures (high T vs. low T) is used (Fig. 31):
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Na/fion | Iro,

»
-

- — — cross-sectional view

Fig. 31 Model of oxygen transport pathways in the Nafion impregnated anodic porous transport electrodes (ai PTE). High
T The impregnation at high temperatures prevents an infiltration of the catalyst layers pores, but leads to voids with no
direct protonic interface. Low T Impregnating at lower temperatures could lead to a deeper infiltration of surface near
pores of the catalyst layer and therefore the trapping of oxygen.

At high temperatures, solvents are expected to dry immediately at the surface of the aPTE (Fig.
31, high T). The fast drying of solvents prevents the deep infiltration of the pores of the catalyst
layer with Nafion. Therefore, a continuous Nafion layer as seen in the cross-section of the c/ai PTE
coated at 120 °C (Fig. 30 C) is most probably the case. Voids between the Nafion layer and the
catalyst layer increase the protonic interfacial contact resistance and therefore the HFR. When
coated at low temperatures (Fig. 31, low T), the additional Nafion layer is expected to infiltrate
the pores of the aPTE to a further extend. This would lead to an intermediate contact of the
surface of the aPTE with the Nafion layer and less voids on the one hand. On the other hand, the
pores of the catalyst layer might be blocked, so that a higher mass transport overpotential at
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higher current densities could be the case. We assume, that the Nafion coating on top of the
catalyst layer in combination with the solid titanium fiber below acts as diffusion barrier for
evolving gas bubbles and possibly also for water. When evolving oxygen is trapped in the PTE
structure, active sites might be blocked, which would increase mass transport losses.”® When the
trapped gas additionally dries out parts of the Nafion phase within the catalyst layer, the proton
conductivity is reduced and thus the HFR is increasing with increasing current densities.

4.5 Conclusions

In this work, we presented a detailed study on the effect on cell polarization when changing from
a CCM-configuration in systematic steps to PTE configurations. PTE-based MEA-configurations
showed a similar performance as CCM-based MEA-configurations and are thus suitable for
PEMWE applications. Generally, PTE-type configurations showed a tendency towards worse
kinetics than the CCM-configurations. The tendency of a stabilizing HFR-free cell voltage at high
current densities could be an indicator for a beneficial mass transport behavior of PTE-based
configurations. The HFR evaluation was not fully conclusive due to a significantly worse
reproducibility of the HFR values of the CCM-configurations compared to the PTE-configurations.
A Nafion coating did not improve the performance of the aPTEs. Instead, a Nafion coating led to
a higher HFR, which further increased with current density. The Nafion coating additionally
increased the mass transport overpotential. Interestingly, we found in general a strong increase
in reproducibility when depositing the catalyst layers directly on the titanium and carbon
substrates as in the PTE-based MEA-configurations.

We suggested a simple structural model for three different cases for porous support - catalyst
layer interactions to explain the observed changes in polarization for CCM, aPTE and cPTE like
structures. One key idea on the path towards understanding the polarization behavior of the
analyzed MEA-configurations was the idea of disconnected ‘catalyst islands’ within porous
supports. Based on that idea we were able to explain the differences in the contributions to the
overpotential in all considered cases. By developing an idea of the structural interaction between
catalyst layer, porous substrates and membrane, we intend to stimulate future improvements of
the interfacial design of PEMWE MEAs.

In our study, we found that the interfaces between membrane and catalyst layer, as well as the
porous transport layer have an influence on the polarization behavior of a PEMWE MEA. This
highly interesting playground opens up the path towards novel MEA structures and MEA-PTL
structure interactions beneficial for the PEMWE conversion efficiency. Optimizing porous
transport electrodes for alternative PEMWE MEA-configurations is therefore highly promising
since not only the performance can be improved. On top, also the fabrication costs could be
reduced, when using a direct spray technique instead of a DECAL transfer process.

The interpretation and analysis of influences on the polarization behavior in this study were valid
for a specific set of operation conditions, as well as a specific combination of material and
fabrication techniques. When changing one of those parameters, the polarization behavior of the
single MEA-configurations will most probably change and could therefore lead to a different
picture as captured in this work. We therefore suggest to perform the presented analysis, which
was a structural model idea in combination with a systematic structural and electrochemical
investigation, for every new MEA-configuration at the given operation conditions. The influence
of changed interfaces on the long term stability adds additional quality requirements on the way
to choose the best possible MEA-configuration.
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4.6 Critical discussion

The influence of gradually changing electrode-membrane interfaces from the CCM-configuration
towards the PTE-configurations on the polarization behavior of six different MEA-configurations
was analyzed in correlation with the analysis of the surface morphology and microstructure. The
goal was to understand the importance of direct interfaces between the PEM and CLs (CCM-
configuration) and between the PTLs and the CLs (PTE-configurations). Anode and cathode were
studied separately from each other. The conclusions from this study need to be carefully drawn
as other materials, fabrication techniques, test parameters or MEA-configurations most probably
lead to other results.

Reference CCM*- |deally all materials used for the different MEA-configurations could be
purchased from the same supplier to prevent influences from own manufacturing techniques on
the performance. However, no anodic PTEs are commercially available and had to be fabricated
in-house. Therefore, to be able to compare the performance of the aPTEs and full PTE-
configurations with the standard CCM-approach, a second reference CCM* was prepared in-house
with the same anodic catalyst ink deposited onto the PEM. For direct comparison with the anodic
PTE, the CCM* was not optimized via hot-pressing or an optimized catalyst layer composition. The
overall performance of the PTE-configurations was better than the one of the CCM*, but due to
the missing optimization of the CCM*, it cannot be necessarily concluded, that in any case the
PTE-approach is superior to the CCM-configuration. Only with the fabrication technique und
catalyst layer composition used in this work, the CCM was outperformed.

Operation parameters - The conclusion, that PTE-configurations can outperform standard CCMs
or that one MEA-configuration works better than the other is not only dependent on materials
and fabrication techniques used, but also on the operation parameters of the PEMWE cell. A
pressurized application, higher temperatures or lower flow rates of the DI-water influence the
polarization behavior leading most probably to a changed overall performance as discussed
above.

Fabrication parameters — influence on HFR and reproducibility - Regarding the polarization data,
some effects were not yet fully understood. The lower HFR of the c/a PTE-configurations is not in
line with the structural changes of the interfaces when going from CCM (both catalyst layers on
the membrane) via aPTE (anodic catalyst layer on the Ti-PTL) towards the full c/a PTE-
configuration (freestanding membrane). Other, differently prepared commercial materials could
influence the polarization behavior in other ways than observed in this work. The lower
reproducibility of the CCMs compared to other MEAs was as well remarkable and could so far not
be related to a structural effect or the influence of assembling or operating the PEMWE test cell.

Longterm stability of PTE-configurations - When developing novel MEAs for industrial PEMWE
applications, the longterm stability is a major concern. The performance of the PTE-configurations
tested in this chapter was not evaluated during a longterm experiment, which is however
necessary to study degradation mechanisms in PEMWE MEAs.

As there are some unknown parameters when developing and characterizing PTE-configurations,
the results presented in this study should be seen as basic step to motivate the better
understanding, development and optimization of alternative MEA designs based on PTEs as
compared to the standard CCM-configuration. By optimizing PTE-configurations, improvements
in all regions of the polarization curve as well as reduced costs in manufacturing can probably be
reached, as evaluate in the following chapter when optimizing the anodic PTE for the OER.
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5 Optimization of anodic porous transport electrodes for proton
exchange membrane water electrolyzers *

5.1 Abstract

In this study we investigate the potential of porous transport electrode (PTE) based membrane
electrode assemblies (MEAs) for proton exchange membrane water electrolysis. The focus is on
the overpotential determining anodic PTE for the oxygen evolution reaction. The influences of
catalyst loading, ionomer content and porous titanium substrate on the polarization behavior are
analyzed. The comparison of a porous fiber-sintered with a powder-sintered substrate shows no
significant differences in the kinetic and mass transport region. Ohmic losses however, are lower
for fiber PTEs above a catalyst loading of 1.0 mgio02 cm™. Variations of the Nafion content in the
catalyst layer reveal changes of mass transport and ohmic losses and have an influence on the
reproducibility. Varying the noble metal loading and therefore the thickness of the applied catalyst
layer influences the kinetic region and ohmic resistance of the MEAs. The best compromise
between reproducibility and performance is found for a loading of 1.4 mgi0, cm™? and 9 wt%
Nafion. The stable operation of the aforementioned PTE is shown in a 200 h durability test at
2Acm>

*The sections in this chapter (besides the critical discussion in section 6.5) have been published
identically as an original research paper at the Journal of Materials Chemistry A (impact factor of
10.733 in 2018%)

Biihler, M., Hegge, F., Holzapfel, P., Bierling, M., Suermann, M., Vierrath, S. and Thiele, S.,
Optimization of anodic porous transport electrodes for proton exchange membrane water
electrolyzers, J. Mater. Chem. A, 165, F305 (2019).

The individual contributions were as follows:

e M. Bulhler: idea, literature research, outline of the work, fabrication and electrochemical
characterization of the anodic PTEs, writing the manuscript, design and building of the
test cell and test bench

F. Hegge: design and building of the test cell and test bench, FIB-SEM imaging

P. Holzapfel: contribution to MEA fabrication and characterization
M. Bierling: FIB-SEM imaging
e M. Suermann: discussion on the evaluation of the results and literature research

S. Vierrath and S. Thiele: supervision of the scientific work
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5.2 Introduction

One major focus of current research for proton exchange membrane water electrolysis (PEMWE)
is the reduction of noble metal loadings while maintaining or even prolong durability. Due to the
fast reaction kinetics of the hydrogen evolution reaction (HER), the platinum loading at the
cathode can be reduced to several pg cm without significantly affecting the performance.®® This
also applies for the sluggish oxygen evolution reaction (OER) when using advanced anode catalysts
based on IrOx nanoparticles or nanowires with low loadings in the range of 0.08 — 0.1 mgjr0. cm’
2,165,166 The development of novel catalysts for the rate limiting OER is therefore a central measure
to prevent limitations for a large scale implementation of PEMWEs in GW per year scale, as iridium
is only mined as secondary metal and ten times scarcer than platinum.”? One approach to further
reduce the noble metal loading that has not yet been fully investigated is the development of
novel designs for the membrane electrode assembly (MEA) addressing the electrode-membrane
interface as previously investigated for PEM fuel cells (PEMFCs).%®’

PEMWE MEA-configurations are currently restricted to the CCM-configuration only (Fig. 32 A).
Here a CCM is sandwiched between porous transport layers (PTLs) made of titanium, to meet the
durability conditions at the anode®, and carbon PTLs at the cathode side. Sandwiching a
membrane in-between the cathodic PTE (cPTE) and anodic PTE (aPTE), as shown in Fig. 32 B, will
be named as PTE-configuration in the following. The PTE-configuration could be a promising
alternative to the standard CCM-configuration, but is not yet commercially available.

A  CCM-configuration PTE-configuration
' ~Ir0, Pt/C
N A
Porous transport layers Porous transport electrodes

PTL

Fig. 32 A CCM-configuration: a standard catalyst coated membrane (CCM) pressed against porous transport layers (PTLs)
made of titanium and carbon. B PTE-configuration: the membrane sandwiched between a cathodic and anodic porous
transport electrode (PTE).

The challenging electrode side for implementing PTE-configurations is not the cathode, where
usually the same cPTEs as in PEMFCs are used. The cPTEs are available as porous carbon cloth or
paper substrates with or without an additional microporous layer (MPL), hydrophobic treatment
and with various Pt/C loadings.'®® Anodic PTEs however, consisting of porous titanium substrates
coated with an iridium-based catalyst for the OER are not commercially available. One reason
might be the costly and challenging fabrication of customized sintered titanium substrates for
depositing the iridium-based catalyst layer on top. Already small variations of sintering process
parameters like pressure and temperature can lead to cracks or bending of the substrates. The
rapid formation of an oxide layer at the surface of the titanium structures increases the electric
interfacial contact resistances and impurities in the gas atmosphere during sintering can cause
mechanical instability.® Currently available porous titanium substrates were initially developed
e.g. for industrial filter applications and are not yet optimized for PEMWE. Since also titanium-
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based MPLs to smoothen the titanium substrates' are still on a research level, the subsequent
deposition of smooth catalyst layers on top of the coarse titanium substrate is not trivial as well.

Despite the challenging fabrication of aPTEs for PEMWE, there are some studies on novel anode
electrode designs available in literature. Grigoriev et al. compared the performance of different
powder-sintered PTLs with different porosities and therefore changed transport properties.
Their self-made PTLs were tested either in a CCM-configuration using a Nafion 115 membrane or
in a PTE-configuration. The noble metal loading of the spray coated anode was 2 mgirblack cm™. The
PTE-configurations performed slightly worse, which was explained by a reduced direct protonic
contact area between catalyst layer and membrane compared to the CCM setup. Sapountzi et al.
introduced a carbon paper substrate sputter-coated with titanium and subsequently
0.55 mgiro2 cm2. The electrode was then coated with Nafion prior to hot-pressing the compound
onto a Nafion 117 membrane.’® At an optimum Nafion loading of 1.5 mgnafion cMm™? a current
density of 0.9 A cm™ was measured at 1.75 V (tested at 60 °C). The cathode electrode was coated
with 1.5 mgnafion cm2 as well, to improve the mechanical stability during and after hot pressing.
Lee et al. also used a carbon paper substrate, but applied a thin IrO, layer directly via
electrodeposition without a titanium based intermediate layer.’>* The highest performance was
found for a loading of 0.1 mg;,02, cm™, with a current density of 1.92 A cm™ at 1.8 V using a Nafion
212 membrane (tested at 90 °C). Compared to previous works, the mass activity was significantly
improved when directly depositing the iridium based catalyst on the electronically conductive
carrier substrate. Besides an improved performance and reduced material costs, the use of carbon
substrates is still a critical issue, since only a small crack in the deposited layers would start a rapid
corrosion process at the anode side in PEMWESs as mentioned above.®” Choe et al. went one step
further and electrodeposited an iridium based catalyst layer directly on a porous titanium
substrate instead of using a carbon paper.’®® The IrO; layer not only acted as catalyst but also as
corrosion-protective layer for the titanium substrate. The electrodes were tested in the PTE-
configuration with a Nafion 212 membrane at 120 °C. Catalyst loadings as low as 0.4 mgio, cm™
showed a sufficient cell performance with a current density of 0.97 A cm™ at 1.6 V. The stability
of the electrodeposited catalyst layer was higher than for a spray coated catalyst layer, but it can
be argued, that the coating had to be perfect to prevent corrosion of the porous substrate.
However, with a continuous and defect-free Ir-coating, the durability of the MEAs was found to
be increased due to the reduced Ti-PTL surface area exposed to the oxidative environment.

The question if and how the deposition of the anodic catalyst layer directly on top of the titanium
PTL influences the long-term behavior of PTE-based MEAs extends the already intensively
discussed topic regarding corrosion protective layers for PTLs. Rakousky et al. e.g. found that 78 %
of the degradation rate during a long-term experiment originated in the degradation of the Ti-
PTL.13° A protective sputter deposited platinum layer on top of the PTL reduced the degradation
remarkably. Due to concerns regarding the formation of an oxide layer on the Pt-coating, Liu et
al. presented a thin sputtered iridium layer on top of the titanium PTL to improve electrical
resistance and long-term durability.'®® Since coating the titanium PTL with a noble metal layer of
Au, Ptor Irincreases the cost of PEMWEs, Bystron et al. presented an etching technique to remove
the oxide layer of the titanium PTLs (reduced electrical resistance) while at the same time
introducing Ti hydride on the titanium surface (corrosion protective layer, reduced oxide layer
formation).}”® This cheap and effective alternative to expensive protective noble metal coatings
improved the cell performance compared to untreated PTLs as well in terms of electrical
resistance and durability. However, the degradation mechanisms and associated need to coat Ti-
PTLs are not yet fully understood. Suermann et al. demonstrated the operation of pristine PTLs in
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CCM configurations for several hundred hours at elevated cell voltages without significant
degradation.!#°

In a recent publication we showed that PTE based approaches can perform as good or even better
as CCM based approaches.! To stimulate the further development of aPTEs for PEMWEs, there is
the need to show the potential of improving the performance and fabrications costs when using
the PTE-configuration instead of the standard CCM-configuration. Therefore, in this study, we
focus on the optimization of spray coated aPTEs made of porous titanium substrates coated with
an Ir0O; and Nafion-based catalyst layer. To the best of our best knowledge, no attempts to further
optimize catalyst layers for aPTEs based on different commercial porous titanium substrates exist
so far. We consequently evaluated the optimum noble metal loading and ionomer content in the
catalyst layers of the aPTEs as well as the influence of different titanium substrates. We
furthermore showed the stable operation of the most reproducible aPTE developed in this work
for 200 h at a constant current of 2 A cm™.

5.3 Experimental
MEA

The reference CCM-configuration in this work consisted of a commercial half-sided cathode CCM
(FuelCellsEtc) with 0.5 mgpyc cm™ (60 % platinum on vulcan) on a Nafion 117 membrane, which
was spray coated with 1.4 mgi0, cm™ (Alfa Aesar) and 9 wt% Nafion D520 (FuelCellStore) on the
anode side. The CCM was sandwiched between a porous carbon cloth substrate (FuelCellsEtc, type
GDL-CT) at the cathode and a titanium fiber PTL (Bekaert, 1 mm thick, 56 % porosity) at the anode
side. The geometric active area of all MEAs used in this work was 5 cm?.

For the PTE-configurations, commercial carbon cloth based cPTEs (FuelCellsEtc, type SL-GDE) with
a catalyst loading of 0.5 mgpyc cm™ (60 % platinum on vulcan) were purchased. The aPTEs were
fabricated via spray coating an IrO;-based anode catalyst layer with varying noble metal and
Nafion loadings on different porous titanium substrates. One PTL was the same as used in the
CCM-configuration (Bekaert, 1 mm thick, 57% porosity), the second was a titanium powder-
sintered PTL (Mott, 1 mm thick, 40 % porosity). Prior to deposition of the catalyst layer, burrs
(residues from laser cutting) at the edges of the 5 cm? sized titanium PTLs were removed with a
scalpel. The PTLs were then immersed in an alkaline cleaning solvent (Borer Chemie, 5 vol%
Deconex OP153 in Dl-water) and sonicated for 10 min to remove organic contaminations.
Afterwards, the PTLs were rinsed and sonicated again for 10 min in 2-Propanol followed by DI-
water. The aPTE and cPTE were pressed against a Nafion 117 membrane to complete the PTE-
configuration.

The IrO,-based catalyst inks for spray coating the aPTEs contained 1 wt% solids (metal and Nafion
D520, FuelCellsEtc) in a mixture of 2-Propanol and DI-water (equal parts). After wetting the IrO;
powder with water, 2-Propanol and Nafion were added. The bottle was stirred after adding a new
component. The ink was then continuously ultra-sonicated in an ice bath for 30 min (Hielscher,
model UIS250L, 0.55 W, 90 % amplitude) and stirred at the same time. After stirring the ink
overnight, the sonication step was repeated, before filling the ink into the syringe of the spray
coater (SonoTek, model Exacta Coat). An ultrasonic nozzle type AccuMist (48 kHz) setto 5 W at a
height of 37 mm was used. The titanium substrates were laser cut into 5 cm? squares and placed
in 1 mm thick PTFE frames on the hot plate of the spray coater. The hot plate was set to 120 °C,
the shaping air to 0.6 kPa, the path speed to 170 mm sec and the flow rate to 0.45 ml min'. The
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ink was stirred within the syringe during spray coating with a magnetic stirrer. A meander shaped
path with a pitch of 1.5 mm was set. The additional ink for re-loading the syringe was placed on a
magnetic stirrer to keep the particles in the ink well dispersed within the solvents. The noble metal
loading was determined via spray coating on a 1 cm? rectangular metal sheet, which was weighted
on a microscale (Sartorius, model ME 36S). Since catalyst material was found to partly sediment
in the syringe and long-tubing of the spray coater, the final Nafion content in the sprayed catalyst
layers was determined via a thermo-gravimetrical analysis (Netsch, model STA 449F5) according
to a the work of Feng et al.’®® The TGA-measurement was performed under controlled air
conditions at a heating rate of 5 K min’. The final temperature of 1000 °C was held for 1 h. The
Nafion content was found to be approximately five times higher as expected from the ink
preparation. We therefore suggest TGA measurements after manufacturing to be sure about the
final composition of the sprayed catalyst layers.

Electrochemical testing

A two electrode test cell was used to study the CCM and PTE-configurations. Eight M6 screws
tightened at 8.5 Nm were used to fix the cell. The screws were inserted in two aluminum end
plates holding the inner cell parts, as well as the heating elements, which were set to 80 °C. The
potentiostat was connected to copper plates, which were electrically insulated from the end
plates with a self-adhesive PTFE foil and on the other side in contact with the titanium flow fields.
The flow fields were designed with a 5 cm? parallel finger structure to evenly distribute water
towards the PTLs. The PTLs were placed within PTFE frames, which at the same time acted as hard-
stops setting the compression of the PTLs. For the titanium PTLa 1 mm thick PTFE sheet was used
since the compressibility of the 1 mm thick titanium material was expected to not change
significantly when being assembled in the test cell. To ensure a sufficient contact of the PTEs with
the membrane, a relatively high compression of 60 % was chosen for the carbon cloth based cPTE
via using a 150 um thick PTFE frame. The membrane was placed between the PTLs. A relatively
high internal cell resistance of around 0.091 Q cm? without the membrane was measured and will
be addressed in future test cell design via coating the flow fields with a thin gold layer. Both
electrodes were supplied separately with DI-water (Ismatec peristaltic pump, model IP 65) at a
flow rate of 40 ml min. The tubing at the inlets of the test cell was placed in a water bath (Lauda,
model Ecoline 003) to preheat the process water. The temperature, which was measured at three
different points, was monitored: at the anodic water inlet and outlet, as well as directly in the
titanium flow field. Measurements were performed at atmospheric pressure and were started
when all temperature sensors showed a constant value of 80 °C.

The MEA was conditioned with a potentiostat (Scribner, model 857) from 1.4V —2.2 V in 200 mV
steps (each hold for 30 s, 15 repetitions). The polarization curve was recorded in several segments
with the highest resolution in the kinetic region at low current densities. Every set current density
was held for 120 s before recording the corresponding cell voltage. In the first segment, the
current density was increased from 0 A — 40 mA in 10 mA steps, then from 50 mA -1 Ain 50 mA
steps, followed by the third segment from 1.25A — 3 A in 250 mA steps. At higher current
densities, the step size was increased to 500 mA in the range of 3.5 A—6 A and finallyto 1 Ain the
last segment starting at 7 A.

In the results section, the recorded cell voltage, the HFR (measured in parallel at 1 kHz) and the
resulting HFR-free cell voltage are used for the electrochemical analysis of the aforementioned
MEA-configurations. A combination of the structural data with electrochemical data goes far
beyond the material screening in this work. Therefore, a more detailed structural analysis will be
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performed in a separate paper, using FIB-SEM, similar to previous work done with CCMs#, as well

as a more detailed electrochemical characterization. In order to further break the overpotential
down into kinetic and mass transport, the HFR-free cell voltage is shown in the corresponding
relevant current density range.

For the stability test, the standard measurement protocol as used for all the PTEs tested in this
work was enhanced by a constant current hold of 2 A cm™for 200 h. As no ion exchanger was
available, the DI-water was precautionary exchanged every second day. By this, the conductivity
of the water did not exceed 1.5 uS cm™™. To enable the regular manual exchange of the DI-water
and recording of polarization curves, the 200 h constant current hold was applied as the sum of
45 h current holds followed by a polarization curve.

Structural analysis

To study structural characteristics of the aPTEs, focused ion beam scanning electron microscopes
(FIB-SEM) were used (Zeiss, model Crossheam 540 with GEMINI Il and model Neon 40 EsB). Images
taken from the surface of the aPTEs allowed investigating the homogeneity of the deposited
catalyst layers. With the possibility to image cross-sections, the interfacial contact area between
titanium and catalyst layer, as well as the porosity and pore size distribution within the catalyst
layer could be investigated.

5.4 Results and Discussion

5.4.1 Influence of the titanium porous transport layer on cell polarization

Porous titanium layers can be made of powder-sintered or fiber-sintered materials and are
characterized via e.g. the size of the pristine powder particles or fibers as well as the final porosity,
pore size and layer thickness. The structure of the PTLs has a crucial impact on the manufacturing
of aPTEs and furthermore influences the performance of the MEA.® 1% In case the pores are much
larger than the size of the catalyst particles, parts of the catalyst layer could be sprayed deep into
the pores in great distance from the membrane and could be therefore inactive for the OER. The
pore size and therefore the surface roughness were also expected to have a similar impact as in
CCM-configurations on the interfacial contact area between PTL and catalyst layer as well as on
the mass transport behavior.!'% 163

Microstructure. The surface and cross-sections of powder- and fiber-sintered titanium substrates
spray coated with 1.0 mgio, cm™ and 5 wt% Nafion are shown in Fig. 33. The surface of the fiber
PTE was very inhomogeneous due to large pores in the 100 um range of the pristine titanium PTL
(Fig. 33 A), whereas the aPTE based on the denser powder-sintered PTL showed a continuous
catalyst layer (Fig. 33 B). The local thickness of the catalyst layer on the titanium fibers was almost
constant (Fig. 33 C) but only for the powder-sintered substrate the gaps between different
titanium parts could be closed by the catalyst material (Fig. 33 D). No significant differences of the
porosity of the catalyst layer as well as the interface towards the PTLs could be seen when using
fiber-sintered or powder-sintered substrates (Fig. 33 E,F). For the subsequent analysis of the
performance of the different aPTEs, a schematic representation of the electrode structure with
respect to the preferred transport pathways is shown in Fig. 33 G,H. We assumed, that the larger
pores of the aPTE based on a fiber-sintered substrate are an advantage for the distribution of
gases and water through the aPTE but at the same time a disadvantage due to loss of active sites
in the pores and therefore an increased kinetic overpotential was assumed. The smoother surface
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of the powder-sintered substrates was considered to improve protonic and electrical interfaces,
but to increase the mass transport resistances.

IrOs/Nafion

IrO,/Nafion

Fig. 33 Structural investigation of aPTEs consisting of a porous titanium PTL spray coated with 1.0 mg0; cm? and 5 wt%
Nafion. A,B Surface of the aPTEs, when using a titanium fiber- or powder-sintered substrate. C,D Cross-sections of the
aPTEs showing the titanium PTL, IrO;, catalyst layer and protective Pt-layer deposited during the FIB-SEM analysis. E,F
Cross-sections of the aPTEs showing the porosity of the IrO; catalyst layers as well as its interfaces towards the different
titanium substrates. G,H Assumption of improved interfacial resistances and mass transport properties along the cross-
section of the aPTEs when using a fiber or powder-sintered PTE.

Electrochemical performance. Fig. 34 shows the electrochemical measurement data of aPTEs
using a powder- or fiber-sintered substrate spray coated with different noble metal loadings of
0.5, 1.0 and 1.4 mg:.0. cm™, while keeping a constant Nafion content of 5 wt%.

Surprisingly, the aPTEs based on the denser powder-sintered PTLs did not outperform the fiber-
sintered substrates, as it was expected from the structural analysis. On the contrary, the fiber PTE-
configuration exhibited a better cell polarization behavior for loadings above 1.0 mg;:0. cm™ (Fig.
34 A). The HFR-free cell voltage (Fig. 34 B) showed no significant differences of mass transport
losses between the different aPTEs. There were however, differences in the HFR between the
different loadings as well as the different titanium substrates (Fig. 34 C). The HFRs of the aPTEs
with a loading of 1.0 mgi0. cm? and 1.4 mgiro, cm™ were lower when using a fiber PTL. This was
not expected, since in theory the smoother surface of the powder-sintered substrates should have
increased the electrical contact area between catalyst layer and PTL. The opposite effect was the
case, with even a stronger difference in HFR between fiber and powder-sintered materials at
higher noble metal loadings.

The higher HFR for the powder-sintered aPTEs could be explained by an effect visible on the cross-
sections of that layer (Fig. 34 D). The smaller pores of the powder-sintered PTL were partly filled
with catalyst material leading to a locally increased thickness of the catalyst layer and therefore
longer pathways for electrons. However, for noble metal loadings as low as 0.5 mg;;0. cm™ the HFR
was lower when using the smoother powder-sintered PTL. A smoother PTL could therefore be
beneficial for the in-plane conductivity of low-loaded catalyst layers. A slight decrease in the HFR
with increasing current density may be explained due to the increase in waste heat production
and a deviation from the thermal equilibrium (see e.g.1' 141.163) '|n general, the higher the noble
metal loading of the aPTEs, the lower was the kinetic overpotential (Fig. 34 D). Contrary to our
expectations, the deposition of catalyst material into the bigger pores of the titanium fibers did
not significantly affect the kinetic overpotential. The direct electrical interface between catalyst
layer and PTL, as it is the case for both the fiber and powder-sintered aPTEs, could therefore have
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had a greater influence on the kinetic overpotential than a changed protonic interface between
catalyst layer and membrane. The direct electrical interface between catalyst layer and electrically
conductive substrate, was at least according to Mo et al. essential for a sufficient catalyst
utilization in CCM-configurations.*’
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Due to the in average better performance, as well as the superior material characteristics such as
a higher degree of interconnected pores'’?, pores, fiber-sintered PTLs were used as substrates for
the aPTEs further investigated in this work.

5.4.2 Influence of the Nafion content in the catalyst layer

The Nafion content in the catalyst layer is a key parameter to reduce all three main contributions
to the overpotential, i.e. ohmic, kinetic and mass transport. The amount of ionomer in the catalyst
layer has an influence on its structure itself as well as on the electrical interface towards the PTL
and on the protonic interface towards the membrane.'”® 4 An optimized three-phase boundary
between catalyst particles, water supply and ionomer is essential to achieve the highest activity
of the catalyst material possible. The ratio between ionomer and catalyst particles also influences
the ohmic region, due to influences on the electrical resistance within the catalyst layer as well as
the electrical resistance towards the PTL. A reduced porosity of the catalyst layer depending on
the Nafion content as well as increased protonic resistances within the catalyst layer could
furthermore pronounce mass transport losses. For anodes in the CCM-configuration, several
optimum Nafion contents were found depending on the catalyst material and fabrication
technique. Xu et al. e.g. reported an optimum Nafion content of 25 wt% for a CCM with 1.5 mg
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cm2 Ruo7Iro30; spray coated on a PTFE sheet and hot-pressed onto a Nafion 117 membrane.'’* A
similar value of 30 wt% Nafion was found for a CCM with 1.5 mgmiack cm brushed onto a Nafion
1135 membrane.”® Bernt et al. reported a lower optimum Nafion content of 11.6 wt% when using
2 mg;, cm of a supported IrO,/TiO; catalyst.?”> Since a porous titanium substrate was used for
depositing the catalyst layer on top and not a flat membrane, we expected the optimum Nafion
content of anodes in the PTE- configuration to vary from the values reported for the CCM-
configurations.

Microstructure. The surface and cross-sections of two aPTEs based on titanium fibers with a
loading of 1.4 mg0, cm™ and different Nafion contents of 21 wt% and 12 wt% were analyzed (Fig.
35). The sample with 21 wt% Nafion showed parts of the catalyst layer peeling off the titanium
fibers due to large agglomerations of Nafion (Fig. 35 A). The cross-section indicated, that pores in
the catalyst layer could be partly blocked by Nafion. The catalyst particles were disconnected from
the titanium fiber at some spots due to electrically insulating layers of Nafion (Fig. 35 B) or voids
between catalyst layer and PTL. The surface (Fig. 35 C) of the aPTE with 12 wt% Nafion showed a
rough catalyst layer but no obvious discontinuities as seen for the aPTE with a higher Nafion
content. The cross-section of the aPTE with 12 wt% Nafion in the catalyst layer (Fig. 35 D) showed
a higher porosity and was therefore expected to perform better than the aPTE with 21 wt% Nafion.

A
Fig. 35 A,B Surface and cross-section of the aPTE with 21 wt% Nafion in the catalyst layer. Red squares indicate peeled
off parts of the catalyst layer, blocked pores and electrically insulated interface between PTL and catalyst layer. C,D
Surface and cross-section of the aPTE with 12 wt% Nafion in the catalyst layer. The catalyst layer did not peel off, the
porosity and interface towards the PTL was not affected significantly by the ionomer in the catalyst layer.

Electrochemical performance. Fig. 36 shows the results of three types of aPTEs based on titanium
fibers with different Nafion contents in the catalyst layers (5 wt%, 9 wt% and 12 wt%) and a
constant loading of 1.4 mgyo; cm™. Since the aPTEs with 12 wt% (Fig. 35 C,D) already showed a
comparably bad polarization behavior, the inhomogeneous aPTE with 21 wt% Nafion content (Fig.
35 A,B) was not electrochemically investigated. Below a Nafion content of 5 wt% the catalyst ink
started to be unstable, which led to inhomogeneous spray patterns during fabrication of the aPTE.
Therefore, aPTEs with lower Nafion contents than 5 wt% were not electrochemically investigated
in this study. Every PTE-configuration was fabricated three times to calculate an average value and
standard deviation for the cell voltage.

The lower the Nafion content, the better was the overall performance of the aPTEs (Fig. 36 A). The
HFR-free cell voltage (Fig. 36 B) was increased with increasing Nafion contents, most probably due
to the filling of pores with Nafion and therefore increased mass transport losses. The significant
increase of the HFR (Fig. 36 C) at 12 wt% Nafion could be explained with a worse electrical
interface between catalyst layer and titanium PTL (compare to Fig. 35 B). Since increasing the
Nafion content also increased the thickness of the catalyst layer, pathways became longer which
additionally could have led to a higher ohmic but also mass transport overpotential. The
polarization data for the aPTEs was in good agreement with findings for anode catalyst layers in
the CCM-configuration. Bernt et al. also saw a significant increase of the HFR when the Nafion
loading was above a certain threshold, which was around 20 wt% for the supported IrO; catalyst
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in their CCM-configuration.'’® The reproducibility was worst for the fiber aPTE with 5 wt% Nafion
already in the kinetic region (Fig. 36 D) and got more pronounced with increasing current density.
A higher Nafion content did slightly increase the kinetic overpotential most likely caused by the
occurrence of mass transport losses already at relatively small current densities. To further study
the impact of different noble metal loadings on the polarization behavior, fiber aPTEs with a
Nafion content of 9 wt% and varying IrO, loadings were fabricated as compromise between
performance and reproducibility.
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noble metal loading of 1.4 mgi.0; cm™. B HFR-free cell voltage. C HFR D Kinetic region of the HFR-free cell voltage.

5.4.3 Influence of the IrOx loading

To increase the activity of the anodic catalyst layer, the catalyst loading and therefore the number
of active sites need to be increased. But when increasing the noble metal loading, also both the
thickness of the catalyst layer as well as the amount of the material that is deposited into the
pores of the PTL is typically increased.! Therefore, mass transport properties change as a function
of catalyst layer thickness. For anodes in the CCM-configuration, several studies on the influence
of the noble metal loading and ionomer content exist. Rozain et al. e.g. found an optimal catalyst
loading at the anode when using 0.5 mgyo, cm? with 10 wt% Nafion.'?® For loadings below
0.5 mgiro2 cm, the use of a conductive support was suggested, to electrically contact and activate
every catalyst particle due to the reduced in-plane conductivity, which was also identified by Bernt
et al. as structural challenge for low loaded electrodes.?® When using aPTEs, the electrical contact
area between catalyst particles and the PTL is good compared to CCM type configurations but still
the in-plane conductivity of the catalyst layer is highly dependent on the roughness of the PTL as
discussed when comparing the powder- with the fiber-sintered substrates. Su et al. studied low
loading anodes with respect to the Nafion content and concluded, that for loadings as low as
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0.38 mgiro2 cm a Nafion content of 5 wt% is still sufficient.’’® The influence of the iridium loading
on the polarization behavior of aPTEs was investigated in the following and compared to studies
on the anode catalyst layer in CCM-configurations.

Electrochemical performance. Fiber aPTEs with 9 wt% Nafion in the catalyst layer but with varying
noble metal loadings of 0.5, 1.0, 1.4 and 1.9 mgi0, cm? were fabricated. To compare the
performance of the fiber aPTE with a CCM-configuration, a half-sided cathodic CCM, with
0.5 mgpyc cm™ (60 % platinum on vulcan) on a Nafion 117 membrane, was spray coated on the
anode side with 1.4 mgi.0. cm™and 9 wt% Nafion. Three samples per configuration were prepared
to calculate an average value for the cell voltage and the standard deviation (Fig. 37).

For the tested fiber aPTEs with 9 wt% Nafion, an optimum loading of 1.4 mgyo, cm™ was found
(Fig. 37 A). The best aPTE showed a better average overall performance than the reference CCM
with the same anode catalyst layer composition. The HFR-free cell voltage as a combination of
kinetic and mass transport losses (Fig. 37 B) interestingly showed no significant difference
between aPTEs with 1.4 and 1.9 mg0. cm? loading. The CCM-configuration performed best in
HFR-free cell voltage. It should be noted, however, that the relative better polarization behavior
of the CCM-configuration diminished with increasing current densities.
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Fig. 37 A Polarization data of the fiber aPTE with constant Nafion content of 9 wt% and varying noble metal contents. B
HFR-free cell voltage. C HFR D Kinetic region of the HFR-free cell voltage.

The superior overall performance of the aPTE with 1.4 mg;0. cm™ compared to the other MEA-
configurations was most likely due to the lowest HFR (Fig. 37 C) which also showed the best
reproducibility. With reduced catalyst layer loadings, the reproducibility of the HFR of the aPTEs
became worse. The CCMs showed an in average higher HFR than the PTE with the same catalyst
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loading. It has to be stated, however, that the anode catalyst layer deposited on the reference
CCM was optimized for the PTEs in terms of Nafion content. Thus, an optimized CCM-configuration
with the same noble metal loading but an optimized amount of Nafion could lead to an improved
HFR and therefore better performance of the CCM-configuration. Nevertheless, in this work the
same anode catalyst layer composition was chosen for the sake of comparability and simplicity.
The kinetic region of the HFR-free cell voltage (Fig. 37 D) showed the CCM with the best
performance, most probably due to the largest direct protonic contact area of the catalyst layer
with the PEM. The higher the noble metal loading of the aPTEs, the smaller was the kinetic
overpotential. The kinetic region was however affected already at about 20 mA cm™ by mass
transport losses. Since at such low current densities bubble and diffusion overpotentials should
not dominatel®, a changed proton conductivity within the catalyst layer could have been the
reason for this behavior. As already described by Babic et al. for CCMs®, the thickness of the
catalyst layers increased with increasing noble metal loadings and therefore protonic pathways
increased. This then most probably led to increased protonic resistances within the catalyst layer.

A comparison between the HFR-free cell voltage at low current densities (Fig. 37 D) with the HFR-
free cell voltage at low current densities per milligrams IrO, (Fig. 38 A), helped to further study the
impact of the noble metal loading on the cell performance. At an HFR-free cell voltage of 1.47 V
all PTE-configurations were compared with each other in terms of current density and mass
specific activity dependent on the noble metal loading (Fig. 38 B). The reference CCMs showed
both the best catalyst utilization due to the lowest HFR-free cell voltage per noble metal loading
(Fig. 38 A) and the lowest overpotential in the kinetic region (Fig. 37 D). Increasing the noble metal
loading of the aPTEs reduced the kinetic overpotential (Fig. 37 D), but at the same time the
effective catalyst utilization was reduced (Fig. 38 A). This opposing trend of kinetic losses vs. mass
activity is shown in a combined graph (Fig. 38 B). The cell current and mass activity at a set HFR-
free cell voltage of 1.47 V were plotted in dependency of the IrO; loading. The higher the noble
metal loading, the specific current density, but at the same time, the mass specific activity was
reduced. Babic et al. reported a similar opposing trend of activation losses vs. effective catalyst
utilization for anode catalyst layers with different loadings for the CCM-configuration®4,
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Stability test

The fiber-sintered PTE with a loading of 1.4 mgcm? and 9 wt% Nafion showed the highest
reproducibility and reasonable performance in comparison with the CCM-configuration with the
same anodic catalyst layer sprayed on the membrane, and was therefore chosen for the durability
test. Fig. 39 shows the cell voltage over time while applying a constant current of 2 Acm?.
Polarization curves were recorded for the pristine PTE and after every segment (Fig. 40).

The cell voltage improved significantly during the first hold of 45 h, as well did the HFR-free cell
voltage and the HFR of the PTE-configuration (Fig. 39). This behavior can be related to the break-
in of the cell due to the activation of the catalyst and e.g. washed-out impurities of the Nafion
membrane. In the second constant current hold of 45 h, the overall cell voltage and HFR stabilized
and so did the HFR-free cell voltage. Subsequently, increased degradation of approx. 200 pV h?
was observed in segment 3 and 260 uV h!in segment 4, which can be assigned almost exclusively
to the HFR-free cell voltage and in particular to the anodic catalyst. However, these are of
apparent nature and reversible as soon as lower potentials are present and the metal oxide
catalyst is reduced with permeated hydrogen.4% 156
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The polarization curves recorded for the pristine PTE-configuration as well as after every segment
of the constant current hold, showed a significant improvement of cell performance after the first
constant current hold of 45 h (Fig. 40 A). The cell voltage was then stable for the subsequent 155 h
of the durability test. The HFR-free cell voltage (Fig. 40 B) as combination of the kinetic and mass
transport overpotential as well significantly improved by 20 mV at 2 A cm™ after the first 45 h
constant current hold and did not show remarkable changes during the remaining time of the test.
The HFR (Fig. 40 C) improved by ca. 8 mQ cm? at 2 A cm™ after the first constant current hold and
stabilized around a value of 200 mQ cm?. The reduction of the kinetic overpotential by ca. 10 mV
at low current densities was probably due to the activation of the catalyst during the first constant
current hold (Fig. 40 D). The kinetic overpotential slightly increased for the polarization curves
recorded in the subsequent hours.

The PTE-configuration tested in this work showed a similar stability compared to literature
regarding the characterization of commercial CCM-configurations3® 140,

A 24 l B 17
'
2.2 e 2
n ) e n"
2 ./';: f/{ E) 16 .t ’/.’::;;v-—'x‘f\ =u |
g 20 - : rites g
< ,:ju/{ ‘ % /.,.-j)‘/u/'
S 1% —=— Pristine PTE o A
> n"
= 18 ™. —e— After 45 h 8 1 57,555“)‘
@) oag —a— After 90 h )
164 & v After 135 h i /
/f“ —o— After 180 h 3
M After 200 h 14;
"0 500 1000 1500 2000 2500 3000 3500 "0 500 1000 1500 2000 2500 3000 3500
Current density / mA cm™ Current density / mA cm™
c 0.22 D 1.50
3 ._ >

.\ LA n <)

. = o
1= 0.214 e i %E ./'/”]
o I\./. 4 n /x
S o T 145 = 3
< ! & I g = e

{ Y X - -
L Vg Ii;‘;i‘””x\' s 4 \,g,zri}*\:,\, R g / /x
I OZO'JH . a 4~ VAL ..? '/
& o4 .///Y’
| LL
3 : //
0.19 1.40
0 500 1000 1500 2000 2500 3000 3500 10 20 40 60 80 100
Current density / mA cm™ Current density / mA cm™
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5.5 Conclusions

In this work, anodic porous transport electrodes (aPTEs) were fabricated via spray coating of IrO,
and Nafion-based catalyst layers on top of two different titanium porous transport layers (PTLs).
The aPTEs were then pressed against a Nafion 117 membrane and a cathodic porous transport
electrode (cPTE) made of a carbon cloth material coated with 0.5 mgpyc cm™ (60 % platinum on
vulcan). The fiber-sintered PTL outperformed the powder-sintered aPTE for loadings above
1.0 mgr02 cm™2 despite a coarser surface. Reducing the amount of ionomer in the catalyst layers
with a loading of 1.4 mg;0. cm™? to only 5 wt% showed a reduced ohmic and mass transport
overpotential. Reducing the Nafion content in the catalyst ink however led to inhomogeneous
spray patterns and therefore a worse reproducibility. Optimizing the deposition technique is
therefore suggested to further reduce the Nafion content for the development of high performing
fiber-sintered aPTEs. When keeping the Nafion content at 9 wt% in the catalyst layer, the optimum
noble metal loading was 1.4 mgi02 cm™. With this amount of Nafion in the catalyst layer, a very
good reproducibility was reached, especially when compared to CCMs with the same anode
catalyst layer composition. The optimum Nafion content and noble metal loading for aPTEs are
most likely different for every new material combination, due to the complex interplay of porous
substrate, catalyst loading, Nafion content as well as operating conditions. Optimizing every aPTE
step by step as shown in this work is therefore too time consuming and advanced structural
models are more than needed to help to reduce and define the wide range of fabrication
parameters.

In the applied test cell setup, the aPTEs fabricated in this work outperformed a reference CCM
with equivalent catalyst loading in terms of HFR, reproducibility and the tendency of an improved
mass transport at high current densities. The development and further optimization of aPTEs for
PEMWEs is therefore highly interesting and promising since not only the performance could be
further improved but also fabrication efforts reduced. Due to the simplified direct spraying of the
anode catalyst layer on top of the titanium substrates, no hot pressing or transfer substrate are
needed to manufacture a PTE-type MEA.

The stable operation of the most reproducible fiber-sintered aPTE was shown in a 200 h durability
test when applying 2 A cm™ constant current. The overall cell voltage improved significantly after
the first 45 h mainly due to an improved kinetic and ohmic region. The cell performance stabilized
then for the remaining time of the durability test. The directly spray deposited anodic catalyst
layer therefore showed a mechanically stable interface between catalyst layer and anodic PTL
ensuring a high catalyst utilization, electrical connectivity as well as sufficient mass transport.
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5.6 Critical Discussion

This study was a first step to provide an engineering approach to characterize and optimize anodic
PTEs fabricated with standard materials and deposition techniques. There was however only a
limited amount of materials and fabrication parameters tested as discussed herein.

PTLs - As only two different Ti-PTLs were tested in this work (fiber- and powder-sintered) the
potential of other commercial porous titanium substrates was not investigated and could lead to
a different picture of how anodic spray coated PTEs should be optimized. Especially denser Ti-PTLs
or PTLs with a gradient pore-size could have a great potential when approaching low loadings, as
the denser powder-sintered PTL surface seemed to improve the interfacial contact area between
thin CL and PTL. The thickness of the Ti-PTL could be reduced as well, to decrease ohmic losses
originated from PEMWE cell components.

Catalyst/ionomer interaction - Every catalyst powder behaves differently in an ink of solvents and
ionomer as the particle size and morphology are different. The optimization of the Nafion content
in this work is therefore a good first indication for the used IrO; Premion catalyst (AlfaAesar) but
when using other catalysts, the optimum Nafion content might be around another value. Results
show, that the electrochemical performance improves with lower ionomer contents, but the
reproducibility gets worse. An improved ink stability in combination with an improved spray
coater setup or even other deposition technique is therefore an essential parameter to improve,
to be able to fabricate reproducible anodic PTEs with lower Nafion contents. In addition, the
choice of ionomer material changes the performance of the PTEs: Nafion was used, as it is a
standard material in PEMWE. As the PEM is as well made of Nafion, the interface between
ionomer in the catalyst layer as well as the PEM is expected to be optimized. There are however
concerns on using Nafion due to the fluorine content and sustainable alternatives should be
investigated. The optimum ionomer content could then as well differ from the results of this work.

Reference CCM - The reference CCM used in this work was not optimized via hot pressing or the
adjustment of the Nafion content in the anodic catalyst layer, as a direct comparison to the anodic
PTEs was desired. The overall performance of an optimized CCM with the anodic catalyst layer
used in this work could therefore exhibit a much better performance. The interpretation of the
data in this work was therefore limited to the direct comparison but not to an overall valid
statement regarding the performance of an optimized CCM-configuration vs. an optimized PTE-
configuration.

Noble metal loading vs. ionomer content - For the loading study, an ionomer content of 9 wt%
was used as anodic PTEs with a loading of 1.4 mg cm™ showed the best reproducibility with this
Nafion content in the Nafion study. However, when reducing the noble metal loading, ideally also
the Nafion content should be reduced, as less catalyst particles need less ionomer to establish
enough three-phase boundaries. The anodic PTEs with a higher or a lower loading could therefore
perform probably better as shown in this work, with an individually adjusted Nafion content in the
catalyst layers.

In summary, there is great room to further optimize and study anodic PTEs for PEMWE and ideally,
the same studies should be performed for the cathode side as well, as so far commercial carbon
and Pt/C based cathodic PTEs developed for PEMFC are used in PEMWE applications.
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6 IrO; coated TiO, core-shell microparticles advance performance of
low loading proton exchange membrane water electrolyzers *

The work presented in this chapter was submitted in 2019 as full research paper with the author
of this thesis being the joint first author together with Dr. Chuyen Pham. The author of this thesis
contributed with MEA fabrication and characterization to the work and Dr. Chuyen Pham with the
synthesis and characterization of the catalyst. The contributions to the sections discussed in this
work are:

Section 6.1 (introduction) contains minor contributions of the author of this thesis and
was left as submitted

Section 6.2 (synthesis and characterization of the IrO.@TiO; catalyst) was written by the
author of this thesis based on the scientific data and images provided by Dr. Chuyen Pham.
A more detailed description and analysis can be found in the submitted manuscript.
Sections 6.3 and 6.4 (MEA preparation and characterization) were left as submitted and
contain the major contribution of the author of this thesis to the work discussed in this
chapter. FIB-SEM images and data of the ink-stability test were provided by co-authors of
the submitted manuscript.

Section 6.5 (summary and conclusion) was left as submitted and contains minor
contributions of the author of this thesis

Section 6.6 (supporting information) shows parts of the originally submitted supporting
information as needed in the context of this thesis. Contributions are indicated.

In section 6.7 preliminary results of developing gradient sized CLs to further enhance the
performance of anodic PTEs when e.g. applying the presented IrO,@TiO; catalyst are presented.

*submitted manuscript (2019)

Pham, C.**, Biihler, M.**, Knéppel, J., Bierling, M., Seeberger, D., Escalera-Ldpez, D., Mayrhofer,
K. J. J., Cherevko, S., and Thiele, S., IrO, coated TiO; core-shell microparticles advance performance
of low loading proton exchange membrane water electrolyzers

**joint first authorship
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6.1 Introduction

Wind and solar energy technologies are increasingly important for a sustainable energy supply.
However, both technologies suffer from intermittent natural supply, which makes energy storage
e. g. in the form of a chemical fuel, such as hydrogen a necessity. Among water electrolysis
technologies, proton exchange membrane water electrolyzers (PEMWEs) are expected to play an
important role due to their ability for fast load change, high power and energy efficiency, and high
gas purity.l’” Due to the sluggish kinetics of the oxygen evolution reaction (OER) and the corrosive
operation conditions at the anode, so far only IrO; is known to be a suitable catalyst that meets
the criteria of activity and stability for PEM OER catalysts.'’® However, the scarcity and high cost
of this precious metal are challenges for sustainable development of PEMWEs. A development of
alternative non-noble OER catalysts has only achieved limited successes so far.1”98! Extensive
research has been therefore devoted to improve the effectiveness of Ir based OER catalysts. The
research activities so far can be categorized into two categories: enhanced intrinsic activity of the
catalysts by material design on the one hand and by advanced electrode morphologies and cell
configurations on the other hand. The intrinsic activity of OER catalysts has been dramatically
improved over the last few years. One of the most active OER catalysts are mixed oxides of IrO;
and RuO, with different Ir:Ru ratios (IrsRu1.x0,).18% 183 As a result, high performing PEMWEs have
been achieved even with low OER catalyst loadings (e.g. 0.2-0.5 mg cm™).184718 By this way, the
loading of precious Ir metal can be reduced. However, the stability of IryRu;4O; is still a concern
due to the dissolution of the Ru component under typical operation conditions.®’

At catalyst layer scale, using catalyst supports could largely enhance catalyst utilization'® and
improve the interfacial and structural stability of catalyst layers at low loadings.” However, again
the highly corrosive conditions of the PEMWE anode restrict the support selection. Several
candidates have been tested as supports for OER catalysts, including NbO,,% antimony doped tin
oxide (ATO),'° fluorine doped tin oxide (FTO),*! TaC,*** doped Ti0O,,*? TiN,** Ti metal,'® and
TiO,.%” Of those, Ti0,%” and FTO! are promising due to their stability. Millet et al. reported the
application of micrometer sized Ti metal particles as support for IrO; catalysts by physically mixing
the two components.'® This strategy improved the dispersion of IrO, within the anodes, leading
to an unprecedented high catalyst utilization, and allowed achieving 1 A cm™ at 1.73 V with low
catalyst loadings of 0.12 mg, cm™ on the anode. This demonstrated the necessity of catalyst
support for reducing Iridium loading. Still, Ti metal micro particles might be oxidized gradually in
electrolysis working conditions, increasing the internal electrical resistance of the anode. In spite
of low conductivity of TiO,, catalysts using TiO, support exhibit good performance.®” ¥ Ti0, is
thus a promising OER catalyst support for large scale application, given its high stability, low cost,
abundance, and a mature production industry. The electrical interaction between oxide support
and IrO; could improve the stability of supported catalysts'** and even, according to some reports,
enhance intrinsic activity of Ir0,.1% Mazur et al.}?® studied the use of IrO,/TiO, supported catalyst,
synthesized by a modified Adam fusion method, and found an enhanced performance compared
to unsupported IrO, catalyst. Bernt et al. extensively optimized catalyst layers of 1rO,/TiO,
supported catalyst (Umicore), targeting a maximal catalyst utilization to reduce the Ir loading.®°
The study found that with this catalyst, the optimal Ir loading is in the range of 1-2 mg cm? to
obtain optimal overall performances. At loadings lower than 0.5 mg; cm, the catalyst layers were
too thin and structurally not a homogeneous layer anymore. Generally, due to the low
conductivity of the TiO; support, large amounts of IrO; catalyst are needed to form an electrically
percolating structure.®” 12° The authors suggested that a core-shell design of IrO,/TiO, could
increase the IrO; utilization, maximizing the IrO; dispersion the catalyst layer.
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Elsewhere, core-shell catalysts with non-noble metal cores of such as Ni or Sr, and IrO; rich shells
have been developed, allowing high precious metal utilizations.?**'% Unfortunately, in these
approaches only a portion of the Ir core was replaced with Ni or Sr, moreover Ni and Sr are likely
dissolved in acidic solution during operation.'*® So far, core-shell structured catalysts with a core
of stable nonprecious metals and a nanoscale-thin shell of high crystalline IrO; have not been
realized due to catalyst - metal oxide support interaction leading to the disturbance of crystal
structure of the IrO, shells.’® In this context, we introduce an approach that combines an
advanced structural IrO; catalyst with a porous transport electrode (PTE) configuration to form a
catalyst layer with optimal IrO; catalyst dispersion. The catalyst consists of IrO, coated TiO, core-
shell microparticles (IrO,@TiO;) with 50 wt% of IrO; synthesized by a facile method. To form a
catalyst layer, IrO,@TiO, microparticles were directly deposited on a titanium porous transport
layer (PTL). This allowed an optimal electrical contact of IrO,@TiO, microparticles with the large
pore sized titanium PTL current collector. As a result, PEMWEs with an anodic catalyst loading of
0.4 mg;, cm?, using the IrO,@TiO, catalyst, achieved 1 Acm™? at 1.67 V, outperforming both
unsupported and supported commercial catalysts from Alfa Aesar and Umicore, respectively.
Despite relatively low Ir loading, this performance is amongst the best reported in literature.” 188

6.2 Synthesis and characterization of the IrO.@TiO: catalyst

The advantage of the synthesis method of the core-shell catalyst presented in this work is the
100 % yield of the precursors TiO; (Sigma Aldrich, rutile, < 5 um) and HzlrCle.4H,0 (VWR, 99 %
metal basis). To reach this maximum yield, the surface charge of the TiO, support particles was
first modified from negative to positive by reducing the pH-value with acetic acid (Fig. 41 a-b). The
negatively charged [IrClg]* anions of the precursor were than able to attach to the surface of the
modified TiO,-particles (Fig. 41 c). The Zeta-potential (measured by using Malvern Panalytical)
shown in Fig. 41 is a measure for the surface charge dependent on the pH-value of the reaction
solution. The reaction solution was stirred at 100 °C to dry out the solvents (Fig. 41d). Via
pyrolysis, the attached H;IrClg shell was transformed into IrO; in a tubular furnace heated up to
500 °Cin the presence of air (Fig. 41 e). The final IrO,@TiO, powder was homogeneously grinded
and comprised of 50 wt% TiO, and 50 wt% IrO,.
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Fig. 41 Schematic illustration of the synthesis process of the IrO,@TiO; catalyst. The Zeta potential of TiO; particles in
the reaction solution shows the change from negative to positive surface charges when reducing the pH-value of the
solution (a,b). By this, the negatively charged [IrCls]* anions attach to the surface of the TiO,-particles (c) and the
solvents can be evaporated (d). A pyrolysis step transforms the HIrCls shell into IrO; (e). TEM images (e.1 and e.2)
show the complete coverage of the TiO,-core with a porous IrO,-shell. The activity of the core-shell catalyst is higher
than of the commercial IrO,/TiO, catalyst from Umicore (f).
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TEM images (Talos L120C (FEI)) show the TiO,-cores fully covered by a porous IrO,-shell (Fig. 41 e.1
and e.2). The core-shell particles show a high distribution of the IrO,-catalyst and an improved ink
stability for spray coating when compared to mixed IrO,+TiO; catalyst powder. The activity of the
synthesized powder was compared to a commercial unsupported IrO,-catalyst (AlfaAesar, type
Premion) and a commercial supported IrO,/TiO, catalyst (Umicore, type Elyst 75 % Ir).
Measurements were performed in a three electrode scanning flow cell (SFC) setup.’®® The activity
of the unsupported IrO; catalyst (AlfaAesar) was the highest with 279 mA mg,* at 1.55 V (vs. RHE)
in a 0.1 M HCIO,4 solution. The commercial supported catalyst (Umicore) showed the lowest
activity with 47 mA mg, ! at the same potential. The in-house synthesized core-shell catalyst
(Ir0,@Ti0,) revealed an activity in between the two commercial catalysts of 112 mA mg,* at
1.55V.

6.3 MEA preparation and characterization

6.3.1 Catalyst inks: preparation and stability test

The goal of this work was to evaluate the potential of the novel in-house synthesized IrO,@TiO,
catalyst for PEMWE. To be able to compare the influence of microstructure and membrane
electrode assembly (MEA) performance with other benchmark catalyst powders, the fabrication
(catalyst ink mixing and spray parameters) and catalyst layer composition (Nafion content, noble
metal loading) of the PTE catalyst layers were kept as close as possible. An individual optimization
of all the process parameters for every different catalyst material for ultrasonic spray coating was
beyond the scope of this work. The IrO; catalyst layer was studied extensively in our previous work
and was optimized regarding reproducibility and performance.?

Three different catalyst powders were used to form the porous transport electrode: the in the
current work synthesized IrO,@TiO; particles as well as two commercially available catalyst
materials for the oxygen evolution reaction. These were 75wt% Ir supported on TiO;
(IrO2/TiO,,Umicore) and unsupported IrO, (Premion, Alfa Aesar). The solvents for the IrO,/TiO;
and IrO; ink were DI-water and IPA (1:1). For the IrO,@TiO; ink, DI-water and methanol were used
in a 1:3 ratio, since using IPA instead of methanol resulted in a less homogeneous catalyst ink
mixture. All catalyst inks contained 1 wt% solids, which consisted of 99 wt% catalyst material and
1 wt% Nafion (D520, FuelCellStore). The catalyst powder was weighted in a glass bottle prior to
adding the solvents and finally Nafion. After adding a new component, the ink was stirred for a
short time. After all components were added, the ink was continuously stirred overnight after an
additional 30 min mixing step using an ultrasonic tip (Hielscher UIS250L, 90 % amplitude,
continuous mode, 0.55 W). The bottle was placed in an ice bath during ultrasonication and stirred
continuously. After being stirred overnight, the ultrasonication step was repeated prior to spray
coating.

Besides comparing the IrO,@TiO, catalyst with the IrO, and 1rO,/TiO, catalyst, a fourth catalyst
ink with just mixing the same IrO; and TiO; particles (IrO,+TiO;) which were used to synthesize the
IrO,@TiO, particles was prepared for spray coating. A stable dispersion of catalyst particles in a
matrix of solvents and Nafion was required to prevent particle precipitation in the long tubing of
the spray coater, when the ink was pumped from syringe reservoir towards the ultrasonic nozzle.
Since the IrO,+TiO; ink showed insufficient ink stability due to particle precipitation already during
ink preparation, no PTE and subsequently MEA could be fabricated with that catalyst. To quantify
the unstable character of the IrO,+TiO, based ink, a turbiscan stability index (TSI) measurement
was performed. The prepared IrO,@TiO, and IrO,+TiO; inks were transferred to glass vials
(length = 45 mm) and placed in the measurement chambers of a Turbiscan Tower (Formulaction,
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France). The temperature in the chambers was set to 25 °C. After an equilibration time of 5 min,
the transmission and backscattering signals of the luminescent diode (Aair=880nm) were
collected at an angle of 180° and 45°, respectively. The signals were collected over the full length
of the sample, acquiring transmission and backscattering data every 40 um. Scans were taken over
a course of 24 h. After the first measurement, the samples were scanned every 20 minutes during
the first 2 h, every hour the following 10 hours and every 2 hours during the last 12 hours. The
transmission and backscattering data was recorded by the device software, in the range from the
bottom of the vial to the meniscus of the ink.

6.3.2 Fabrication of porous transport electrodes

To prepare the porous transport electrodes, the catalyst inks containing IrO,/TiO,, IrO,@TiO; and
unsupported commercial IrO; were spray coated on top of 4 cm? fiber sintered titanium substrates
(Bekaert, 1 mm thick, 57 % porosity) using an Exacta Coat (Sono-Tek) ultrasonic spray coater. The
titanium substrates were placed on a hot plate set to 120 °C. An ultrasonic nozzle of the type
AccuMist™ (48 kHz) was used. A meander shaped pattern (pitch of 1.5 mm) was sprayed at a
speed of 170 mm s}, a flow rate of 0.45 ml min? and the ultrasonic powder of the nozzle set to
5 W. The height of the nozzle was 37 mm and the shaping air was set to 0.6 kPa. The noble metal
loading was controlled several times during spray coating via weighing a 1 cm? reference metal
sheet on a microscale (Sartorius ME 36S) which was spray-coated in parallel to the titanium
substrates. The syringe of the spray coater was not fully filled with the ink to prevent particle
sedimentation during spray coating. The way of refilling the syringe more often whilst stirring the
bigger part of the ink on a separate magnetic stirrer, led to more homogeneous spray patterns
due to a stable smaller portion of the ink in the syringe of the spray coater. An additional magnetic
stirrer in the syringe helped to keep the ink homogeneous.

Since still some precipitation of catalyst material was observed in the syringe of the spray-coater,
the final Nafion vs. noble metal ratio in the catalyst layers was measured by a thermogravimetric
analysis (TGA, Netsch STA 449F5) of the sprayed catalyst layer was performed and revealed an
actual Nafion content of around 5 wt%. For TGA, the Nafion part in the sprayed catalyst layer was
burned according to Feng et al.»*® under air atmosphere to analyze the loss of weight. The heating
rate was 5 Kmin?! up to a temperature of 1000 °C, which was held for one hour. Due to the
discrepancy between ‘as mixed’ and final catalyst layer, we suggest TGA analysis as a tool for
controlling the results of the spray-coating procedure.

6.3.3 Structural characterization of porous transport electrodes
The surface and cross-sections of the different porous transport electrodes were studied with a
focused ion beam (FIB) SEM (Zeiss Crossbeam 540 with GEMINI II). By this method the
homogeneity and porosity of the deposited catalyst layers were studied to explain influences on
the polarization behavior. The interfacial area between titanium fibers and catalyst layer was
analyzed to explain possible influences on the electrical resistance.

6.3.4 MEA testing

For PEMWE cell tests, the fabricated porous transport electrodes were pressed against a Nafion
N212 membrane (FuelCellStore) and a carbon cloth based gas diffusion electrode (0.5 mg cm™
(60 %) Pt/C (SL-GDE, FuelCellsEtc). The test-cell was designed in-house and consisted basically of
the MEA sandwiched between two titanium flow fields, two copper plates for the electrical
connection towards the potentiostat and two aluminium end plates to fix the inner cell parts. The
test cell was tightened with 8 screws at 8.5 Nm. Two heating elements inserted in the end plates
were set to 80 °C. The titanium flow fields were designed with a parallel finger structure. The
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porous transport electrodes at the anode side were placed in a 1 mm thick PTFE frame, the
cathode electrode was placed in a 150 um thick PTFE frame. The PTFE frames were used to set
the compression level of the porous supports of the electrodes. The titanium material was not
significantly compressed, but the thickness of the carbon cloth based cathode was reduced by
almost 40 %. The test cell was connected to a peristaltic pump (Ismatec IP 65) which supported
both the anode and cathode separately with DI-water at a flow rate of 40 ml min™. The tubing at
the inlets of the test cell were immersed in a water bath (Lauda Ecoline 003, 88 °C) to pre-heat
the inflowing water and therefore prevent temperature gradients within the cell. Two in-line
temperature sensors in the tubing at the in- and outlet of the anode side, as well as one
temperature probe inserted in the flow field were assembled. After a stable temperature of 80 °C
was observed at all temperature sensors, the conditioning of the MEA was started with a
potentiostat type 857 from Scribner: the voltage was varied for 15 times from 1.4V — 2.2V in
200 mV steps (30 s per step). Afterwards, a polarization curve was recorded via controlling the
current density. Every step was held for 120 s and started in a range of 0 A—40 mA in 10 mA steps.
When proceeding to higher current densities, the step size was increased to 50 mA in the range
of 50 mA-1 A and to a step size of 250 mA between 1.25 A and 3 A. From 3.5 A-6 A the step size
was 500 mA. Above 7 A, the step size was increased to 1 A. The frequency to measure the high
frequency resistance (HFR) was 1 kHz.

The polarization curves were analyzed according to the contributions of the kinetic overpotential
at low current densities, ohmic losses at moderate current densities towards mass transport losses
when high current densities were applied.’*! To study differences in the reproducibility of different
types of porous transport electrodes, the average cell voltage and standard deviation was
calculated for the three samples tested per configuration.

6.4 Results: MEA preparation and characterization

6.4.1 Catalyst inks: preparation and stability test

As the stability of the catalyst ink is a crucial parameter for the application of spray coating and
other MEA manufacturing techniques, we examined the stability of our ink formula for IrO,@TiO,
compared to an ink with mixed TiO,+IrO, powders. Both inks contained 1 wt% solids mixed with
methanol and water (3:1 vol. ratio). The solid content was the sum of 1 wt% Nafion and 99 wt%
metal powder. The stability was studied by measuring the effect of ink destabilization on
backscattering signal intensity. In general, a drop of backscattering intensity indicates instability
of the tested ink. The results in Fig. 42 a show that the backscattering intensity of IrO,@TiO; ink
dropped by only < 2 % during 2.5 h aging, which is ten-fold less than that of the ink with the same
ink formula but using mixed IrO,+TiO, particles (> 10 %). As such, the results demonstrated that
the IrO,@TiO; ink was stable, while (IrO,+TiO,) ink was unstable. This result was also corroborated
in digital images (Fig. 42 b), in which the white colour of TiO, was observed at the bottom of the
test vial of the (IrO,+TiO,) ink, while it was absent for the IrO,@TiO, ink.

The stability of IrO,@TiO; ink can be explained by surface covering of IrO, over TiO; particle, which
changes the surface properties of the received IrO,@TiO, core-shell particles. At the same
conditions, the bare TiO; particles were demonstrated to be unstable in suspension. Therefore, it
was not practically feasible to use the catalyst ink with physically-mixed IrO; and TiO, to fabricate
spray coated anodes. To our knowledge, the stability of the TiO,+IrO, mix based inks was not
investigated before but is an important factor for future catalyst development: an unstable ink
with its corresponding catalyst will not make it into the device.
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Fig. 42 Ink stability study for IrO,@TiO, in comparison with an ink made by physically mixed IrO, + TiO; in the same
conditions. (a) Evolution of backscattering spectra of the IrO,@TiO; ink and the reference IrO, + TiO; ink upon aging
time. (b) Digital images of two compared inks, which were taken prior to stability test. IrO,@TiO; ink remained
homogenous, while the IrO,+TiO; ink segregated into two layers due to the precipitation of TiO; particles onto bottom
of the vial.

Due to the insufficient stability for spray coating with the device used in this work, no MEAs were
fabricated using the mixed IrO,+TiO; catalyst ink. In former works from Rozain et al.’®® it was
claimed that pure Ti particles were mechanically mixed with an IrO; catalyst powder. As the Ti
powder however is exposed to air, there will be at least a small oxide layer forming on the Ti
particles and the oxide layer will dominate the surface chemistry and physics of the particles when
mixed into the solution of a catalyst ink. In our investigation the catalyst ink with the mixed
IrO,+TiO; catalyst ink like shown in Fig. 42 undergoes sedimentation. Consequently, when aiming
towards preparing large area electrodes with sizes of up to 1 m?, homogeneous deposition of the
electrode and thus reproducibility cannot be ensured with IrO,+TiO; type catalyst systems.
Therefore, the following structural characterization and MEA testing was performed on PTEs
prepared with the IrO,@TiO, catalyst, the unsupported IrO, and the supported IrO,/TiO, catalyst.

6.4.2 Structural characterization of porous transport electrodes

A structural analysis of the cross-section of the different types of porous transport electrodes is
shown in Fig. 43. The catalyst layers contained 1.2 mg;, cm for the IrO,@TiO, and unsupported
IrO; catalysts, and 1.4 mg;, cm™ for IrO,/TiO2(Umicore) and 5 wt% Nafion. By the decision to take
the same Nafion content and spray parameters for all different catalyst layers, the performance
of the different MEAs, with respect to e.g. changes of the microstructure, was directly comparable.

The reference PTE made of commercial unsupported IrO; catalyst (Premion, Alfa Aesar) showed a
good porosity and a homogeneous catalyst layer (Fig. 43 a). When using the micrometer scale
IrO,@TiO; catalyst particles, the structure of the catalyst layer was clearly altered (Fig. 43 b). The
relatively large TiO, cores in the range of 500 nm led to a different distribution of IrO, catalyst
material within the catalyst layer compared to the unsupported IrO; catalyst. An EDX analysis of
the IrO,@TiO, catalyst layer (Fig. 46 and Fig. 47) showed the consistency of the catalyst
composition with the material characterization (Fig. 48). The supported 1rO,/TiO, catalyst
(Umicore) (Fig. 43 c) showed particle sizes in the size range of the unsupported IrO; catalyst which
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was approximately 100 nm. Therefore, the TiO; particles were much smaller compared to the TiO,
cores used to prepare the IrO,@TiO; catalyst.

'
TiO,-core

Ti-fiber
=

Ti-fiber
A

Fig. 43 FIB/SEM cross-sections of the anodic catalyst layers deposited on titanium based porous transport layers (PTLs)
containing 5 wt% Nafion and three different IrO, based catalysts. (a) Unsupported IrO; Premion powder from Alfa Aesar;
(b) IrO,@TiO; catalyst. (c) IrO,/TiO, supported catalyst from Umicore. The Pt-pad was deposited for assisting FIB/SEM
analysis.

According to the fabrication procedure, more layers of the supported catalysts have to be sprayed
to reach the same overall loading as when the unsupported IrO; powder is used. Therefore, the
average thickness of the catalyst layers increased with an increasing wt% of TiO, in the supported
catalyst powder. The volume of the catalyst layer is additionally increasing with an increasing
particle size of the TiO, support. The IrO,@TiO, catalyst layer has the in comparison biggest
particle size and highest wt% of the TiO;, support and is therefore thicker, than the IrO, and
Ir0,/TiO; based catalyst layer. The increased thickness of the IrO,@TiO, catalyst layer was
supposed to have an influence on mass transport properties. Also, the TiO, was supposed to
improve the mechanical stability of the catalyst layer. Conventional catalyst layers with loading
< 0.5 mg cm™ are often too thin, leading to mechanical instability when assembling in the PEMWE
cell and an inefficient electrical contact with current collector as pointed out by Bernt et al.” The
average thickness of the catalyst layers fabricated in this work was however not trivial to analyze
due to the rough surface of the PTEs (Fig. 49).A difference of several um in local catalyst layer
thickness made a direct comparison between the three different PTEs via the method of cross-
sectional FIB-SEM analysis inaccurate and time consuming.

6.4.3 MEA testing

The MEAs used for electrochemical testing were made of a Nafion 212 membrane sandwiched
between a PTE anode and Pt/C based cathode. To assess the reproducibility, three samples were
prepared and tested for every type of PTE. Each curve shown in Fig. 44 is plotted using the average
data of the three samples for each PTE type cell with the standard deviation included.

When analyzing the polarization curves (Fig. 44 a), all PTEs showed a very good reproducibility, as
the standard deviation of all polarization curves was in the range of 0.2 %. The IrO,@TiO; catalyst
showed a superior performance compared to the unsupported IrO, and supported IrO,/TiO;
catalyst, which even had a 0.2 mg, cm2higher Ir-loading. The HFR-free cell voltage (Fig. 44 b) was
similar for the IrO; and IrO,@TiO,-based PTEs of ca. 1.6 V at 2 Acm™, but a ca. 40 mV higher
overpotential for the supported IrO,/TiO, catalyst was measured at the same current density. Due
to no significant differences in the slopes of the HFR-free curves, differences in mass transport
were rather small despite different catalyst layer thicknesses when using supported catalysts
compared to unsupported IrO, powder. The presence of TiO; particles had in general a positive
impact on reducing the HFR (Fig. 44 c), which was almost 37 mQ cm? higher at 2 A cm™ for the
unsupported IrO; catalyst. A possible reason for the decreased HFR when TiO, was added to the
catalyst layer might be an increased percolation of IrO, particles compared to the unsupported
case.
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Also, the wider the IrO; network, the more direct contact points within the titanium PTL can be
established and the more electrical pathways via the IrO, network are present. Rozain et al.
analyzed the influences of adding conductive microsized Ti-particles to an IrO,-based catalyst layer
in a CCM.8 Due to the high electrical conductivity of the Ti-support, not only a structural effect
regarding the dispersion of IrO, particles was beneficial for the performance, but also the
additional Ti-network within the catalyst layer distributing the electrical current from the PTL deep
into the catalyst layer. An improved electrical resistance due to the material of the support itself
is most probably not the case for the PTEs in this work, since less conductive TiO; particles were

used and not Ti metal-powder.
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Fig. 44 Full-cell characterizations of the IrO,@TiO;, catalyst in comparison with commercial reference catalysts. (a)
Polarization curves of PEMWE cells using IrO,@TiO; catalysts, unsupported IrO;, (Alfa Aesar), and IrO,/TiO, (Umicore).
Catalyst loadings are 1.2 mg,, cm™ for IrO,@TiO, and unsupported IrO; (Alfa Aesar) catalysts, and 1.4 mg, cm? for
IrO,/TiO,; Nafion 212 membranes with thicknesses of 50.8 um were used for all cells. (b) HFR-free cell voltage. (c) HFRs
of the different PTE. (d) Kinetic region of the HFR-free cell voltages.

A magnification of the kinetic region of the HFR-free cell voltage (Fig. 44 d) revealed the reason
for the worse HFR-free cell voltage of the IrO,/TiO, catalyst despite a similar mass transport
overpotential. The IrO,/TiO, catalyst showed a significantly worse activity on the cell level
compared to the other catalyst systems. The activity of the IrO,@TiO, catalyst was even slightly
better than that of the unsupported, pure IrO,. This is a surprising result, since half-cell
measurements (Fig. 50 a) showed the unsupported IrO; catalyst being most active for the OER.
The use of bigger TiO, particles in the case of the IrO,@TiO; (Fig. 43 b) compared to the smaller
particles in the IrO,/TiO, catalyst (Fig. 43 c) seemed to increase the accessible catalyst surface area
and therefore the iridium catalyst utilization.
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The combination of both a low HFR and high activity was the reason for the superior performance
of the IrO,@TiO, based PTE configuration compared to the pure IrO; and IrO,/TiO, based MEAs.
These results demonstrate that the intrinsic catalyst activity showed in half-cell measurement is
not always consistent with its performance at full-cell level due to the catalyst morphology
incompatible with device configurations. In this case we suggest the evaluation of novel catalyst
materials for a first screening in half-cell tests but then in a full-cell tester to state the final usability
for PEMWE application.

Due to the need of reducing the overall noble metal content used in PEMWE applications, the goal
of electrode fabrication in this section was to test the applicability of the novel IrO,@TiO, catalyst
for low loadings. The aims were first, to fabricate a homogeneous catalyst layer and second to
determine the reproducibility and sufficient performance of the MEAs when tested in a full-cell.
Due to the worse overall performance of the unsupported IrO; catalyst already at higher loadings,
only the two supported catalyst materials were further investigated. The Ir loading was
0.4 mgi, cm? for the IrO,@TiO, and 0.5 mg;, cm™ for 1r0,/TiO; (Umicore). The Nafion content in
the catalyst layers was again constant at 5 wt%. The configurations with lower loadings were
tested two times (Fig. 45).

2.2 1.8
(a) (b)
2.1+ 5 >
40 ml min, 80 °C o 2E 2 "U’D’T“D’D;WT
2.0+ ! ] P o 1.7 /Dén/E/U/D i —
> N212 membrane P g H,yT’ ‘
o 1.9 | = % " LI
= . > T
< 18 . = 16
S 0 o
= 171 5
© 16 | . < 15%
—s——o0—0.5 mg, cm™_IrO,/TiO L
1.5F Ir _2_ 2 '2 ] T
: 0.4 mg, cm™_IrO,@TiO,
1.4 : : : : : 1.4
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Current density / mA cm™ Current density / mA cm™?
0.15 1.60
(@ (d) P
2 1551 CAR—
gﬁ E?E:E/D T
L 0.10 & 1.50 L= !
% é al ﬁﬂ/
G WHEDUUH:HEF N - = 1.45 H/H/T
E = TEEO=0-e=n=-0-0-0=0 § E\/ ‘
T 0.05q 2 1.40
i 04
L 135
0.00 1.30
0 1000 2000 3000 4000 5000 1 10 100
Current density / mA cm™ Current density / mA cm?

Fig. 45 PEMWE performance at reduced catalyst loadings. (a) Polarization curves of PEMWE using IrO,@TiO; catalysts
in comparison to the IrO,/TiO,. Catalyst loadings were 0.4 mg,; cm™ for IrO,@TiO, and 0.5 mg;, cm? for IrO/TiO,. A
Nafion 212 membrane with a thickness of 50.8 um was used. (b) HFR-free cell voltage. (c) HFR of the different PTEs (d)
Kinetic region of the HFR-free cell voltage.

The IrO,@TiO, catalyst did also perform significantly better than the IrO,/TiO, catalyst at low Ir-
loadings (Fig. 45 a). When comparing the polarization behavior of the PTEs in this work, the higher
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performance of the low loading 0.4 mg;, cm?21r0,@TiO, PTE was obvious. The same parameters
for spray coating were used for all three catalysts. At a current density of 1 A cm?, a cell voltage
of 1.67 V for the 0.4 mg, cm? Ir0,@TiO, PTE, and 1.72 V for 0.5 mg; cm2 Ir0,/TiO, PTE, were
measured, respectively. The unsupported IrO, and IrO,/TiO, based PTEs required a loading of
1.2 mgr cm™? and 1.4 mg;, cm?, respectively, for achieving similar performances as the low loading
IrO,@TiO, PTE (Fig. 51). The HFR-free cell voltage (Fig. 45 b) showed no significant differences in
the slopes of the curves indicating as for the higher loadings (Fig. 44 b), a similar mass transport
behavior. The IrO,@TiO,-based PTE showed an almost stable HFR of ca. 75 mQ cm? (Fig. 45 c). The
HFR of the Ir0,/TiO>-based PTE however decreased when approaching to higher current densities.
Starting with an initially higher HFR than for the IrO,@TiO,-based PTE, the IrO,/TiO, samples
showed lower HFRs above 3 A cm™. This trend of the decreasing HFR with current density was
already present at higher loadings (Fig. 44 c) and might be the reason for the smaller difference in
cell voltage when approaching higher current densities. Comparing the HFR of the low loading
PTEs with the higher loadings, the HFRs are in the same range. Therefore, the positive influence
of improving the in-plane conductivity within the catalyst layer via adding TiO, support was more
pronounced at lower loadings. A zoom in the HFR-free cell voltage (Fig. 45 d) shows again the
superior OER kinetics on the IrO,@TiO; as already analyzed for the PTEs with higher Ir loadings
(Fig. 44 d). The reproducibility of the IrO,/TiO,-based PTEs was slightly worse compared to PTEs
prepared with the IrO,@TiO; catalyst and could be related to an increased homogeneity due to
an increased thickness as already discussed in the structural analysis section.

Overall, IrO,@TiO, catalyst demonstrated notably superior performance compared to
unsupported IrO, and supported IrO,/TiO, commercial catalysts at full-cell level in our
experimental systems. To compare the performance of IrO,@TiO, PTE with state of the art PEM,
we used an Ir-specific power density metric, which focuses on catalyst utilization, excluding the
influence of other testing factors.”® The Ir-specific power density is calculated via dividing the
noble metal loading by the cell power at a fixed cell voltage of 1.79 V, which corresponds to a
target cell voltage efficiency of 70 % (based on lower heating value of hydrogen). For the PTEs
with 0.4 mg;, cm™ Ir0,@TiO; catalyst, the cell voltage of 1.79 V corresponded to a current density
of ca. 2.1 A cm™ and therefore a Ir-specific power density of ca. 0.106 g, kW™. This value was close
to the minimum Ir-specific power density of ca. 0.08 g kW of the CCM MEA with the lowest
loading (0.2 mg, cm™) prepared by Bernt et al.”? Rozain et al.’® achieved the value of ca. 0.05
gir kW for CCM MEA using 0.12 mg cm™ IrO,-loading of IrO,/Ti supported catalyst. However, the
use of Ti metal particle support bears the stability and cost concern as mentioned previously. It
should be noted, that in this work the same spray and ink parameters optimized for the
unsupported IrO, were the same for all three catalysts to have a comparable morphology. Neither
the Ir0,/TiO, catalyst, nor the IrO,@TiO, catalyst therefore were optimized in terms of the catalyst
layers. Although, the Ir-specific power density of IrO,@TiO; PTE cell is still slightly inferior to the
Ir0,/TiO, CCM cell, the IrO,@TiO, PTE configuration has an advantage of a straightforward
manufacturing process resulting in mechanically stable and homogeneous catalyst layers, and
reproducible PTEs at low catalyst loadings. In PTEs, all catalyst particles being connected with each
other and with the titanium PTL could lead to an interface connection stability, mitigating the
passivation problem of PTL current collectors.®*
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6.5 Summary and Conclusion

A high catalyst dispersed electrode has been accomplished, allowing a high PEMWE performance
at low Ir loading. This is achieved by the combination of a unique microstructural catalyst, IrO;
coated TiO; core-shell microparticles, with new electrode configuration, catalyst coated porous
transport layer (PTE). The core-shell catalyst (IrO,@TiO,) has been synthesized by a facile and
scalable method. The method works on the basis of electrostatic interaction of [IrClg]* precursors
to positively-charged surface of TiO, microparticles to form H,lrClg-coated TiO, particles
intermediate product, followed by pyrolysis to form IrO,@TiO,. TEM and SEM investigations
revealed the core-shell like structures of IrO,@TiO, microparticles with high coverage of IrO; on
the surface of TiO; particles. High resolution TEM revealed high crystallinity of rutile IrO; shell.
Electrochemical testing by scanning flow cell (SFC) revealed that IrO,@TiO, exhibits a two-fold
higher mass activity than commercial 1rO,/TiO, (Umicore) towards oxygen evolution reaction
(OER) in acidic solution.

When implemented in PTE-configurations for PEMWEs, IrO.@TiO, anode catalyst layers
demonstrated a notably superior performance compared to two commercial benchmark catalysts:
unsupported IrO, (Alfar Aeasar) and IrO,/TiO, (Umicore). The different catalysts layers were
prepared with the same fabrication technique and compared at the same electrochemical testing
parameters. IrO,@TiO, PTEs with a loading as low as 0.4 mg, cm? yielded current densities of
1 Acm?2at 1.67V, still outperforming the benchmark IrO,/TiO, PTE with a 3-fold higher loading
(1.4 mg, cm™). This high performance was mainly attributed to the combination of the best
kinetics and low HFR. Conversely, the unsupported IrO; catalyst PTE showed good kinetics but a
higher HFR, and the IrO,/TiO, PTE showed a low HFR but worst kinetics. The better catalyst
utilization in the IrO,@TiO, configuration was related to its catalyst morphology, as the high
dispersion of IrO, within porous structured catalyst layers was confirmed by FIB/SEM
investigation. The addition of TiO; particles reduced the ohmic resistance, which was related to
an increased in-plane conductivity and electrical contact area between catalyst layer and titanium
porous transport layer. It was found that the intrinsic catalyst activity showing in half-cell
measurements is not always consistent with its performance in full-cell level due to the catalyst
morphology incompatible with device configurations.

Overall, in comparison to state-of-the-art PEMWE, the IrO,@TiO, PTE exhibited amongst the best
performances reported in the literature. The potential of our novel IrO,@TiO; catalyst for
industrial PEMWE applications was motivated in this work, given the facile synthesis route and
high MEA performance at low Ir loadings. Further optimization of the IrO,@TiO; catalyst layer in
terms of Nafion content and fabrication parameters could result in even further reduced Ir loading
while maintaining high cell performance. For a better comparison to state-of-the-art PEMWE
performance, catalyst coated membranes will be investigated. Still, the stability of IrO,@TiO; in
OER condition was not optimal, and still inferior to that of commercial IrO,/TiO, (Umicore). We
suggest that the stability could be improved by the optimization of thermal treatment process in
the future.%% 201
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6.6 Supporting information

Figure numbers of the original manuscript and supporting information are referenced in this
chapter. The author of this thesis contributed to Fig. 51.
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Fig. 46 EDX mapping of the IrO,@TiO; catalyst layer. (a) Different positions along the cross-section of the IrO,@TiO,
catalyst layer, where an EDX analysis performed (b) Selected EDX-data from position 4 (on the TiO; core) and 6 (on the
IrO; shell) showing the the Ir and Ti content in good agreement with the material characterization.(original: Fig. S5)
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Fig. 47 (a) Cross-section of the IrO2@TiO2 catalyst layer, on which an EDX-scan was performed (b) EDX mapping showing
the TiO2 cores (c) EDX mapping showing the IrO2 shell. (original: Fig. S6)
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Fig. 48 SEM images of blank TiO; particles (al1) and (a2), and of IrO,@TiO; (a3) and (a4). EDX elemental mapping images
for Ir (b2), Ti (b3), and O (b4), respectively for a single particle of IrO,@TiO; in (b1) SEM image, showing homogenously
covering of Ir over the TiO, particle. (original: Fig. 3)
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Fig. 49 Surfaces of the porous transport electrodes (PTEs).
based PTE. (original: Fig. S7)
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Fig. 50 Electrochemical performances of IrO,@TiO; in comparison with IrO; reference catalysts from Alfa Aesar and
Umicore. (a) Linear sweep voltammograms (LSVs); (b) Stability investigation based on detected iridium dissolution during
OER: potential profiles (upper image) and detected Ir concentration in the electrolyte during ramping potential to 1.65 V
vs. RHE and constant current at 100 mA mg* for IrO,@TiO; and IrOy (Alfa Aesar) and 20 mA mg* for IrO,/TiO, (Umicore).
(c) CVs recorded before AST for all catalysts. (d) S-numbers of the studied catalyst. Catalyst loadings: 10 ug cm? for
Ir0,@TiO; and IrOy (Alfa Aesar) and 50 ug cm for IrO,/TiO, (Umicore), LSVs without iR drop correction. (original: Fig. 4)
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Fig. 51 Polarization data comparing the supported IrO,@TiO, and IrO,/TiO; based MEAs, with a loading of 0.5 mg;, cm”
2 for the IrO,@TiO; samples and 0.4 mg, cm? as well as 1.4 mg;, cm™ for the IrO,/TiO; based MEAs. The low loaded
IrO,@TiO, MEA performed better than the IrO,/TiO, samples with almost the same loading and up to a current density
of ca. 1.5 A cm™ even better as the IrO,/TiO; sample with an almost three times higher Ir-loading. (original: Fig. S8)
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6.7 Outlook: gradient sized catalyst layers based on IrO,@TiO; to reduce the noble
metal loading

As the core-shell structure of the supported IrO,-catalyst increases the average particle size of the
material deposited in the CL, the interface towards the coarse PTL is improved. To smoothen the
CL surface towards the PEM, a particle size gradient from PTL towards the PEM could be one
solution to optimize both interfaces, as well as the catalyst utilization due to an optimized
distribution throughout the catalyst layer. Gradient catalyst layers were fabricated via spray
coating a core-shell layer and unsupported IrO, (Alfa Aesar, type Premion) on top of a fiber-
sintered PTL (Fig. 52).
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Fig. 52 Gradient sized catalyst layer with core-shells coated with unsupported IrO.

The overall loading for PEMWE testing was 1.5 mg cm™ with 75 wt% IrO; in the core-shell layer.
Fig. 53 A shows the cell voltage and HFR-free cell voltage of a gradient PTE compared to the core-
shell catalyst. Ohmic resistances were quite high in this study, as a Nafion N117 membrane and
flow fields without gold coating were used. The performance of the gradient PTE was only slightly
better than the core-shell PTE due to a better HFR (Fig. 53 B). However, according to FIB-SEM
evaluations (Fig. 52), a stronger effect of the gradient PTE on the polarization behavior was
expected. Further optimization studies regarding the ratio between supported and unsupported
catalyst and the Nafion content in the different layers are therefore planned.
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Fig. 53 Polarization data of the core-shell and the gradient PTE. A Cell voltage and HFR-free cell voltage. B HFR.
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The second gradient catalyst layer that was evaluated was the combination of unsupported IrO,-
catalyst coated with IrO,-nanoparticles (NPs) synthesized by PhD student Jan Bucher (University
of Bern). A standard ethylene-synthesis route was used as described elsewhere.?°%2% The NPs had
a size of 4-5 nm and were mixed with 5 wt% Nafion in the final catalyst layer. The NP-PTE showed
a smooth surface with a few cracks and almost no porosity (Fig. 54). The IrO,-based PTE showed
an increased porosity but rougher surface. When coating the IrO,-based PTE with NPs, the surface
could be smoothened. The gradient sample was fabricated with a ratio of 75:25 wt% IrO; in the
IrO, layer vs. the NP layer.

Nanoparticles

Low/now porosity

Parts with
no direct
interface
to Ti-PTL

Fig. 54 FIB-SEM cross-sections: The NP catalyst layer shows almost no porosity, cracks and a discontinuous electrical
interface towards Ti-PTL. The IrO; layer is porous and has a good electrical interface towards the Ti-PTL. The combination
of both layers still has a good electrical interface towards the PTL and sufficient porosity. The surface was smoothened
by the NPs.

The impact of the microstructure and morphology is directly visible in the polarization data with
the different PTEs pressed against a N212 Nafion membrane and a carbon cloth based cathodic
PTE (Fig. 55 A). The NP-PTE shows high mass transport losses (Fig. 55 B) due to the very low
porosity as well as the highest ohmic resistance (Fig. 55 C). The Nafion content might be too high
in combination with the NPs leading to only a few direct electrical contact points towards the PTL.
The kinetic region (Fig. 55 D) is however improved by the use of nanoparticles, due to the
increased specific surface area. The combination of larger IrO, particles with the nanoparticle-
layer shows a slightly worse kinetic region as the average particle size of the catalyst was
increased, but the mass transport region improved significantly due to the larger pores within the
gradient catalyst layer compared to the pure nanoparticle based layer. The HFR was improved as
well, as the gradient catalyst layer combines both: a good interface towards the PTL as well as
towards the PEM via a smooth nanoparticle surface. The decreasing HFR with increasing current
density is not yet fully understood. The effect was more pronounced for the NP-PTE and could be
again related to the reduced release of waste heat of the dense catalyst layer (see e.g.11 141 163),
Nevertheless, the better ohmic region (Fig. 55 C) compared with stable mass transport (Fig. 55 B)
and better kinetic region (Fig. 55 C) led to a superior performance of the gradient PTE compared
to the pure IrO,-based PTE. The dense NP structure therefore needs a porous support (gradient
structure) to show a sufficient mass transport and to benefit from both: a good interface towards
the PTL as well as towards the PEM in combination with lower kinetic overpotential.
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Fig. 55 Polarization data of Ti-fiber PTEs with a total IrO; loading of 1.5 mg cm™. A Cell voltage B HFR-free cell voltage.
C HFR D Kinetic region of the HFR-free cell voltage.

The advantage of fabricating gradient catalyst layers for a better catalyst particle distribution was
shown with positive effects on the HFR and kinetic region. However, to understand the effects on
the polarization behavior in combination with a structural analysis, more measurements and
variations are needed. The Nafion content is e.g. a crucial parameter when developing novel
catalyst layers. Smaller catalyst particles as the nanosized IrO, theoretically need far less Nafion
to establish protonic pathways between the particles and to be connected with the PEM. The ratio
of IrO; in the different layers as well needs to be optimized as the average porosity of the gradient
catalyst layers is influenced by the porosity of the single contributing layers.
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7 Development of titanium based MPLs for anodic Ti-PTLs

The deposition of the OER catalyst layer with thicknesses in the 5 um range directly on top of
commercial Ti-PTLs with pores in the 100 um range, leads to the deep infiltration of the PTL with
active material and inhomogeneous, rough electrode surfaces. To show the effect of infiltration,
when no MPL is available, IrO,-based catalyst layers were printed (Fig. 56 A,B) and spray coated
(Fig. 56 C,D) on top of powder- and fiber-sintered PTLs, respectively. The larger printed ink
droplets compared to the fine sprayed layer, dried mostly on top of the substrates, when an
appropriate temperature higher than the evaporation point of the solvents was set. The formation
of a catalyst layer was therefore in principle possible, but cross-sections prepared via breaking the
samples in liquid N, showed the deep infiltration of the PTLs. Via spray coating, thinner CLs were
deposited, but the fine atomized mist was sprayed deep into the pores of the porous PTLs. As
catalyst particles were found in several hundred um distance to the membrane, the catalyst
utilization was significantly reduced and the protonic interface towards the membrane can
therefore only be established at direct contact points with the PTE.
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Infiltration of PTL

Loss of active
catalyst particles
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interface towards
the PEM

Fig. 56 Schematic of titanium powder- and fiber-sintered PTLs without MPL directly printed (A,B) and spray coated (C,D)
with the CL. Cross-sections reveal the deep infiltration of the porous titanium substrates with catalyst particles..

The availability of a titanium based intermediate layer between PTL and CL could establish a
smooth surface to deposit the catalyst particles on top. Lettenmeier et al. presented a vacuum
plasma sprayed MPL as free-standing porous layer with suitable porosity and surface roughness
for an application in PEMWE.X Vacuum plasma spraying is however a costly manufacturing
method that is due to the size of the device and the need of trained staff usually not available in
a standard laboratory or company. Therefore, more facilitated and cost efficient methods to
manufacture a Ti-based MPL were evaluated in this work. Ti-inks containing Ti-powder, binder and
solvents were directly deposited with simple methods like spray coating, painting and printing on
porous Ti-PTLs that are commercially available for the anode side in PEMWEs. Sintering was used
to fabricate binder-free, interconnected titanium layers. The influence of different deposition
techniques, temperatures, binder contents and sinter parameters on the mechanical stability,
homogeneity and electrical conductivity of the Ti-layers was evaluated.

A short outlook motivates the development of Ti-MPLs not only to improve the direct electrical
and protonic interface of the CL towards the PTL and PEM, but as well as to allow for the direct
deposition of the membrane material on smooth anodic electrode surfaces. This approach was
introduced as direct membrane deposition (DMD) in the fuel cell community and is now slowly
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transferred to PEMWE.?** Due to the lack of a MPL at the anode side in PEMWE, so far no
continuous CL and subsequently no closed membrane layer could be formed on the anodic PTE.

7.2 First studies on developing a binder based Ti-MPL

Depending on the deposition technique of a powder based layer, a binder is needed to stabilize
the metal particles in the liquid ink (e.g. for printing). A binder also increases the mechanical
stability of the final MPL on top of the porous substrate. The binder should be thermally
conductive and chemically stable in acidic conditions at the anode in PEMWEs. As water needs to
be supplied from the anodic PTL through the MPL towards the active sites of the CL, the polymeric
binder needs to be water-insoluble but not hydrophobic. Nafion was studied as binder for the
MPL, as a sufficient binding with the Nafion phase in the CL was expected.

Influence of the substrate temperature: The deposited MPL-ink ideally dries immediately at the
surface of the PTL to prevent infiltration and to form a porous layer. Fig. 57 shows a Ti-ink printed
on Ti-PTLs when varying the substrate temperature. The ink consisted of Ti-particles <20 um (Alfa
Aesar) and 15 wt% Nafion ionomer which together accounted for 10 wt% solid parts in the ink.
The solids were mixed with DI-water and the ink was then stirred for 3 h prior to sonicating for
15 min. The printing parameters (Biofluidix, model BioSpot) were: 1 mm s path speed, 50 pl
droplet volume, 0.3 mm pitch. At room temperature, the ink was soaked in by the porous PTL as
the solvents did not dry at the surface. When setting the hot plate temperature to 120 °C (above
the evaporation point of H,0), the deposited MPL stayed more on top of the PTL as it dried at the
hot surface (Fig. 57 A). However, when the temperature was set to 145 °C, the Ti-ink dried too fast
to form a continuous layer (Fig. 57 B). To avoid a rough and inhomogeneous MPL, the hot plate
temperature was set to 120 °C for the subsequent tests.
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Fig. 57 Effect of the hot-plate temperature on the drying behavior of the deposited MPL. At 120 °C a continuous MPL
could be formed, whereas the Ti-ink did dry too fast at 145 °C.

Influence of the Nafion binder content: The binder content should be as low as possible to
increase the electrical conductivity of the MPL, but as high as needed to stabilize the metal
particles in the ink as well as to deposit a homogeneous MPL. Fig. 58 shows the result of pipetting
(Fig. 58 A, B, D) and printing (Fig. 58 C) the above described Ti-particle ink (Ti < 20 um, Alfa Aesar)
with different wt% of Nafion ionomer binder on different Ti-PTLs. The inks contained 10 wt% solids
and H,0 as solvent. Printing parameters were the same as stated for above with the hot plate set
to 120 °C. When using an ink with 25 wt% Nafion, the deposited MPL was stable and reduced the
pore size of the Ti-PTL (Fig. 58 A.1). The porosity was however too low to allow the distribution of
gases and water and no titanium particles did protrude from the surface of the MPL (Fig. 58 A.2).
Adirect access to the Ti-particles in the MPL however, is needed to electrically connect the catalyst
particles. With a reduced Nafion content of 15 wt% (Fig. 58 B.1), more Ti-particles were directly
visible and thus available without being electrically insulated by the binder (Fig. 58 B.2). To
fabricate a porous MPL, the Nafion content was further reduced. Fig. 58 C.1 shows a printed
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pattern on a Ti-powder sintered MPL with 10 wt% Nafion. The MPL led to a reduced pore size of
the Ti-PTL (Fig. 58 C.2) while showing a high porosity and directly accessible Ti-particles (Fig.
58 C.3). Further reducing the Nafion content to 5 wt%, formed a brittle, inhomogeneous MPL (Fig.
58 D). A Nafion content of 10 wt% was therefore chosen for the subsequent tests.

Fig. 58 Pipetted (A,B,D) and printed (C) Ti-MPL with various Nafion contents as binder influencing the mechanical
stability, electrical conductivity and porosity of the MPL. A 25 wt% Nafion B 15 wt% Nafion C 10 wt% Nafion. D 5 wt%.

Towards up-scalable deposition techniques: As Ti-particles sediment in the tubing of the printer,
alternative deposition techniques that require a lower stability of the Ti-inks, were evaluated. A
doctor-bladed Ti-ink with 20 wt% solids (Ti-particles as used above and 10 wt% Nafion) deposited
on a fiber-sintered PTL is shown in (Fig. 59). The PTL was placed on a hot plate set to 120 °C and
therefore the formation of a continuous MPL that dried at the surface of the PTL was reached.
The setup for doctor blading was not optimized for large areas but was suitable to show the
feasibility of the deposition technique. The MPL showed directly accessible Ti-particles and a
sufficient porosity.

Fig. 59 Doctor bladed Ti-MPL with 10 wt% Nafion. Large areas can be coated in a short time but the setup need to be
adjusted to prevent an inhomogeneous distribution of the layer thickness esp. at the edges.

A drawback of doctor blading was the amount of ink mechanically pressed into the pores of the
PTL. As the doctor blade is moved over the substrate in a certain distance to the surface, to set
the layer thickness, the ink is weather moved forward in forward direction or it is pressed into the
pores. Doctor blading might therefore be a useful tool to coat dense surfaces, but for coating
porous PTLs it might be not the best choice. Painting the Ti-ink on top of the PTLs was therefore
evaluated as fast and gentle deposition technique. As the force applied on the ink is rather small,
the amount of Ti-particles that are pressed into the PTL can be reduced compared to doctor
blading. A stable ink is as well not required and the surface of the PTL can be homogeneously
covered. An ink containing 10 wt% Nafion, H>O as binder and the same Ti-particles (Ti < 20 pum,
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Alfa Aesar) as used for the previous tests was applied. The amount of deposited ink volume per
run was reduced compared to doctor blading or printing and therefore the amount of liquid ink
on the surface of the PTL was reduced. The temperature of the hot plate could therefore be
reduced to 100 °C as water was evaporated immediately out of the thin painted layers. Room
temperature was not sufficient to stabilize the MPL on top of the PTL and the layer did not dry
homogeneously (Fig. 60, left side). 100 °C were however sufficient, as showed in SEM-images of
the surface of the pristine PTL compared to the PTL coated with the MPL (Fig. 60, right side).
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Fig. 60 Ti-MPL fabricated via painting a powder sintered Ti-PTL. Different substrate temperatures led to different
infiltration depths and thickness distributions after drying. A temperature of 100 °C resulted in a smooth MPL structure.

Towards a full anodic PTE based on the PTL+MPL compound: For an electrochemical test in the
self-designed test cell, a 4 cm? fiber-sintered Ti-PTL was painted with the above described Ti-MPL
and subsequently spray-coated with an IrO,-based catalyst layer (Fig. 61 A). The spray parameters
were: ultrasonication power of 2.5W, 90°C hot plate temperature, 0.6 kPa shaping air,
0.1 ml min? flow rate and 90 mm s path speed. The IrO,-based ink consisted of 2 wt% solids
(13 wt% Nafion ionomer) and a solvent ratio of 1:5 (H,0:IPA). Despite a smooth MPL and catalyst
layer (Fig. 61 A), the recording of a full polarization curve was not possible, due to the high ohmic
resistance. An analysis of the cross-section of the system revealed the electrically in-plane
insulation of the Ti-particles by the Nafion binder as main problem (Fig. 61 B,C).

IrO,+Nafion

~

Fig. 61 A Painted MPL with spray coated IrO,-based catalyst layer on top. B,C The Nafion binder in the MPL surrounds
the Ti-particles leading to a high electrical resistance.

Reducing the binder content could increase the electrical conductivity, but at the same time the
mechanical stability of the MPL is reduced. The use of an electrically conductive binder is therefore
highly suggested and should be taken into account in future development steps. To be
independent from the binder content and properties at all, the approach of sintering Ti-particles
is presented in the next section.

7.3 First studies on developing sintered Ti-powder MPLs

Ti-layers with and without binder were sintered for a proof of principle in this work. Two different
types of titanium powders were tested, with the first one being the Ti-powder used in the previous
section (Ti-particles < 20 um) and the second one being a titanium hydride powder (TiH;) with
particles in the 1-3 um range (Alfa Aesar). The smaller TiH, particles were expected to vary the
porosity and smoothness of the MPL and the hydride was interesting in combination with a
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reducing atmosphere in the sinter furnace to increase the purity of the final MPL.13® 137 As the
sinter parameters like temperature and duration of holding times as well as heating and cooling
rates define the quality of the sintered MPLs, an intense parameter study is necessary to fabricate
sintered MPLs in a reproducible quality. Fig. 62 A shows the applied sinter curve with reduced
heating rates compared to a previous test in which a strong bending of the substrates and cracks
in the MPL were observed. The samples used in this test are shown in Fig. 62 B and consisted
titanium fiber- and powder sintered PTLs coated with TiH;- and Ti- powders mixed with H,O or
polyethylene glycol (PEG 400, Sigma Aldrich) as binder. The basic ink composition and deposition
parameters were the same as in the previous section.
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Fig. 62 A Sinter curve with the maximum temperature of 1000 °C held for 5 h B PTLs coated with Ti- and TiH,-based MPLs
prior to sintering in the high temperature furnace.

The spray coated samples were used to be able to directly see the MPL-PTL interface after
sintering, as the titanium PTL is not directly visible after painting an MPL on top. Fig. 63 shows the
result of sintering a TiH,- and Ti-based MPL on top of a fiber-sintered PTL. In both cases, the
titanium particles were sintered to the Ti-PTL indicating the right choice of sinter parameters.
Spray coating is however not suitable to fabricate a continuous MPL as the porous substrate was
infiltrated by the MPL preventing the formation of a continuous layer.

Fig. 63 Results of sintering a spray coated TiH,-base
PTL. An intermediate interface of the Ti-MPL with the Ti-PTL was reached.

Painting the Ti-based inks on top of the titanium substrates led to a more homogeneous coverage
of the PTLs and thus to a more continuous MPL as shown in Fig. 64. All samples showed Ti-particles
of the MPL connected with the PTL. Sintering with the parameters used in this work is therefore
in principle applicable to fabricate MPLs directly on top of the Ti-PTLs. The homogeneous coverage
of the PTL was however not yet reached, which might be the result of shrinking of the Ti-layer
during the sinter process. The use of Ti-powder vs. smaller TiH,-particles showed the possibility to
trigger the surface roughness of the MPL. The addition of PEG as binder varied the infiltration of
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the PTL and porosity and needs to be further optimized.?® The degree of roughness, porosity and
infiltration of the PTL will determine the functionality of the MPL, which needs to be evaluated in
PEMWE full-cell tests.

Painting of Ti + H,0

. Painting of Ti + PEG

L 4

50 ; . | [5um | N 50 um
Fig. 64 Sintering of Ti-based MPLs deposited via painting on Ti-fiber PTLs. The MPLs with larger Ti-particles (< 20 um)
showed a rougher surface than the MPLs fabricated with smaller TiH, particles (1-3 um).

The results of sintering Ti-based MPLs on top of powder-sintered PTLs are shown in Fig. 65. The
larger Ti-particles led to partly inhomogeneous layer thicknesses on the PTL as marked with a red
circle in Fig. 65 A. The thickness of the deposited MPLs needs to be optimized, as a too thick
painted TiH,-MPL showed cracks and a brittle structure after sintering (red circles in Fig. 65 B). For
thinner TiH,-MPLs, a stable and smooth MPL could be fabricated, which however slightly
infiltrated the PTL. (Fig. 65 C).

A

Painting of Ti + H,0

P -\4
i Painting of TiH, + H,0 |

Fig. 65 Sintered Ti-MPLs based on Ti- and TiH,-powder painted on top of a powder-sintered titanium PTL.
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To summarize the results of the preliminary tests shown in this section, doctor-blading or painting
at appropriate temperatures showed the potential of being an up-scalable technique for the
deposition of MPLs on porous Ti-PTLs. Cross-sections of PTL+MPL compounds should be imaged,
to study the influence of fabrication parameters as the temperature, deposition rate and layer
thickness. For final MPLs containing a binder, electrically conductive binders should be evaluated
to reduce the ohmic resistances of the MPL. For sintering, the composition of the deposited MPLs
as well as the sinter parameters need to be adjusted to prevent bending of the substrates, brittle
MPLs or the formation of oxide layers during sintering.

7.4 Outlook: via MPLs towards advanced DMD-configurations for PEMWE

The development of MPLs for anodic PTLs is not only motivated by an increased contact area
towards the CL, but moreover as requirement when transferring the approach of MEAs fabricated
by direct membrane deposition (DMD) from PEMFC to PEMWE.?® As no commercial anodic PTL
with smooth MPL was available so far, Stidhler.et al. used carbon based PTEs at the anode and
cathode side to be coated with the membrane material.?®® However, due to degradation concerns,
titanium is required at the anode.?” Holzapfel et al. therefore used aPTEs developed in the frame
of this work to fabricate an asymmetric DMD-MEA.> The PEM was hereby spray coated directly on
a commercial cathodic PTE+MPL and pressed against the in-house fabricated anodic PTE (Fig. 66,
asymmetric DMD). The DMD-configuration showed to potential to particularly reduce ohmic
losses compared to CCM- and PTE-based MEAs. Reasons for the improved ohmic region could on
the one hand be the improved interface between the PEM and CL, but on the other hand also the
changed membrane structure when using spray coating instead of e.g. casting. With the
availability of a Ti-based MPL, the surface of the anodic PTE could be smoothened and thus a
transition from the asymmetric DMD approach towards a symmetric configuration (Fig. 66,
symmetric DMD) as in PEMFC could be possible.®! The MPL could as well be used to increase the
interface between anodic PTL and CL when modifying the asymmetric DMD approach towards a
bottom-up design by additionally depositing the anodic catalyst layer and MPL on top of the
cathode-PEM compound (Fig. 66, bottom-up MEA).
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Fig. 66 Future MEA-configurations for PEMWEs based on the PTEs developed in this work and the deposition of the PEM
via DMD on the electrodes. The asymmetric DMD approach® can be modified via using an MPL at the anode side towards
a symmetric DMD approach or a full bottom-up manufactured MEA with increase interfacial area between the Ti-PTL
and CL.
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8 Noble metal free Mo3S13-NCNT catalyst based cathodic PTEs*

This chapter presents the electrochemical and structural characterization of a Mo3S13-NCNT based
catalyst in a PTE-configuration as promising non-noble alternative to platinum for the HER in
PEMWEs. The work presented in this chapter was submitted as full research paper with the author
of this thesis as joint 1% author. The contributions of the author of this thesis to this chapter are:

e Section 8.1 (introduction) was written by the author of this thesis to give an overview on
the development of M03S13-NCNT catalyst for the HER in PEMWE

e Section 8.2 (synthesis and characterization of M03S13-NCNT catalyst) was written by the
author of this thesis. Data regarding the characterization of the catalyst material was
provided by co-authors of the submitted manuscript.

e Sections 8.3 and 8.4 (MEA preparation and characterization) were left as submitted and
contain the major contribution of the author of this thesis to the work discussed in this
chapter.

In section 8.5, a critical discussion on the performance and applicability of the Mo3S13-NCNT
catalyst was added by the author of this thesis. Data regarding the catalyst activity was provided
by co-authors of the submitted manuscript.

*submitted manuscript (2019)

Holzapfel, P.**, Biihler, M.**, Escalera-Ldpez, D., Bierling, M., Speck, F., Vierrath, S., Breitwieser,
M., Cherevko, S., Pham, C. and Thiele, S., Fabrication of a robust PEM water electrolyzer based on
non-noble metal cathode catalyst: [M0o3S13]* anchored to N-doped carbon nanotubes

**joint first authorship
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8.1 Introduction

Alternatives for the costly and precious platinum-based catalysts for the HER in PEMWEs are
desperately needed when installing large-scale PEMWE plants to produce green hydrogen.’? 207
This work focused on the HER in PEMWE cathodes to substitute platinum while maintaining a high
performance and durability. From biomimetic studies, molybdenum sulfides (MoSx) were
suggested as promising non-noble electrocatalysts for the HER in acidic environments?®® and a few
examples exist in literature using MoSx-based catalyst for the cathode side in full-cell PEMWE
operation.?®2!1 The high activity for the HER of MoS, NPs was attributed to sulfur atoms at the
edges of the molecules and therefore motivates the synthesis of nanosized MoSx-based catalysts
with an increased number of active sites (S-atoms at the edges).?!> 213 Kibsgaard et al. therefore
synthesized thiomolybdate [M03S13]* nanoclusters, with nearly all S-atoms having an appropriate
atomic structure at edges of the clusters.?** The number of active sites was drastically increased
and the scalable synthesis in combination with a straightforward fabrication of functional layers
via drop casting on various supports further motivated the use of the [Mo0sSi3]* clusters to
fabricate HER electrodes.

To increase the distribution of the nanosized catalytically active sites as well as the electron
conductivity, graphene is a highly interesting support material due to its high electrical
conductivity as well as chemical and mechanical stability.?*> Reduced graphene oxide (rGO) as
product of chemically modified graphene is a promising supporting material for active sites due
to its high electrical conductivity and hydrophilic parts.?'® To decorate rGO with catalyst NPs, a
two-step synthesis method was proposed by Pham et al. via decorating sulfur doped reduced
graphene oxide (S-rGO) with NPs.?Y” In a first step the functionalization of graphene oxide with
thiol (-S-H) groups replaced O-atoms by S-atoms and simultaneously partly reduced the graphene
oxide to rGO due to the formation of the by-product H,S. By this, restacking of graphene sheets
prior to decoration with NPs was prevented. In the second step, a homogeneous self-assembly of
nanoparticles on the S-rGO surface was reached as the thiol groups strongly bind e.g. to transition
metal nanoparticles.

Pham et al. successfully showed the applicability of [M03S13]* cluster decorated S-rGO as noble-
metal free catalyst for the HER in PEMWESs as tested in acidic media in a three-electrode setup.'?
The supported MosS13-SrGO catalyst showed a Tafel slope of 40 mV dec® and a current density of
10 mA cm at an overpotential of 174 mV compared to the unsupported [Mo3S13]% clusters with
a Tafel slope of 53 mV dec? and overpotential of 244 mV at the same current density. The S-rGO
support favoured the availability of active sites as high loadings due to the porous structure and
high electrical conductivity. The sufficient stability of the supported Mo3S13-SrGO catalyst was
explained by the strong bond between the S-atoms of the support with the Mo-atoms of the
[MosS13]* clusters. Another advantage of the S-rGO support was the formation of additional active
sites due to the S-Mo bond between support and active clusters.

In this work, a commercially available nitrogen doped carbon nanotubes (NCNTs) support for the
[MosS13]* clusters was used. The NCNT support was expected to facilitate the synthesis of a
supported MosSi3 catalyst as well as to increase the porosity, chemical and mechanical stability,
and electrical conductivity of the catalyst layer.2*® The supported MosS13-NCNT catalyst was spray
coated on carbon PTLs for form cPTEs. The cPTEs were tested in full-cell PEMWE application to
study the influence of the catalyst loading, high current densities and constant current operation.
The influence of the break-in procedure to activate the catalyst and membrane is discussed in the
final section of this chapter.
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8.2 Synthesis and characterization of M03S13-NCNT catalyst

[M03S13]* clusters?® were added to commercial NCNTs (ACS materials LLC, USA, > 98 % with 5 wt%
N) in dimethyl formamide (DMF) and ultrasonicated for 10 min. The homogeneous mixture was
continuously stirred for 24 h during heat-treatment at 140 °C. Distillation under vacuum at 90 °C
was used to evaporate the DMF solvent and the dry MosS:3-NCNT catalyst was grinded to a
homogeneous powder. Fig. 67 shows a TEM image of the decorated Mo3S13-NCNTs with the flake
like clusters homogeneously covering the NCNTS leading to an increased surface roughness.

Fig. 67 TEM image of the NCNTs coated with [MosS;3]* clusters.

XPS spectra of the supported and unsupported clusters showed a similar atomic composition
indicating the successful coverage of the NCNTs with the [Mo03S13]* clusters. To evaluate the
chemical composition of the clusters after synthesis of Mo03S13-NCNTs compared to the
unsupported clusters, XPS was used to calculate the atomic percentage and ratio of the different
functional S-atoms in the compound (terminate, bridge and apical S).2* XPS revealed, that the
ratio of 2.5 of bridge and apical S vs. terminate S was the same in both materials and therefore
the catalytic activity for the HER was not reduced when depositing the [M03S13]* clusters on the
NCNT support.

The activity of the Mo3S13-NCNT catalyst was analyzed in a three-electrode-setup (0.5 M H,SO,,
N,-saturated) and compared to the unsupported the [Mo3S13]* clusters and a Pt-disc reference.
The Tafel slope of the supported MosS:3-NCNT catalyst was ca. 40 mV dec? and therefore lower
than the Tafel slope of the unsupported [Mo0sS13]% clusters that was ca. 58 mV dec? and in the
same range of the Tafel slope of the Pt-disc reference that was ca. 38 mV dec’. The M03S13-NCNT
catalyst showed an activity at 10 mA cm™? at an overpotential of 188 mV compared to an
overpotential of 233 mV of the unsupported clusters. Whereas the Tafel slope and therefore the
reaction mechanism of the HER at the active sites of the supported Mo3S13-NCNT catalyst was
comparable to the Pt-reference, the almost 150 mV higher onset potential is a major drawback of
the non-noble Mo03S:3-NCNT catalyst. The higher onset potential and overpotential will determine
the overall cell performance in the full-cell characterization regarding the maximum current
density that can be applied to the system before reaching a safety limit of the cell voltage due to
high overpotentials. It is therefore a crucial engineering task to develop a porous, highly
conductive catalyst layer with perfect interfaces towards the PTL and PEM to not further limit the
performance of the Mo3S:3-NCNT based catalyst in a MEA configuration by introducing mass
transport resistances or high ohmic resistances.
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8.3 MEA preparation and characterization

For the full-cell tests, two different MEA-configurations were used. For the loading variation, a
half-sided anodic CCM (1.5 mgi.02 cm™ on N115 membrane) purchased from FuelCellsEtc was
contacted via a fiber-sintered PTL at the anode side (Bekaert, 1 mm thick, 20 um fiber diameter).
The cathode side consisted of the synthesized Mo3S13-NCNT catalyst spray coated on a carbon
cloth PTL with MPL (FuelCellsEtc, type GDL-CT). The loading of the Mo03S13-NCNT catalyst was
varied while keeping the Nafion content in the catalyst layer constant. For the stability tests, a full
PTE-configuration was used with a freestanding N212 membrane sandwiched between two free
standing PTEs. The PTEs for the anode side consisted of the same Ti-fiber PTL as used for the
loading study but spray coated with 1.4 mgi0, cm™-based catalyst layer as described in a previous
work.! The PTE for the cathode side was a spray coated Mo3S13-NCNT-based catalyst layer with a
loading of 3 mg cm™ deposited on the same carbon cloth based PTL+MPL as used in the loading
study. A commercial Pt/C based cathodic PTE as well based on the same carbon cloth PTL+MPL
was used as reference (FuelCellsEtc, 0.5 mgp: cm2). The active areas were 5 cm™.

The catalyst layers were spray coated with the device Exacta Coat from Sono-Tek with an
ultrasonic nozzle type AccuMist (48 kHz). The catalyst inks consisted of 98 wt% solvents (1:3 DI-
water vs. 2-Propanol). The solids consisted of 75 wt% Mo3S13—NCNTs mixed with 10 wt% carbon
black (Vulcan XC-72R, FuelcellsEtc) to increase the electrical conductivity and porosity of the
catalyst layer, as well as 20 wt% Nafion ionomer (Nafion® D520, FuelCellStore). First, the catalyst
and carbon black powder were inserted in a glass bottle followed by the DI-water. 2-Propanol and
Nafion® were added afterwards and the glass bottle was agitated after adding every new
component. After sonication for 30 min (Hielscher, model UIS250L, 0.55 W, 90 % amplitude) in an
ice bath under continuous stirring, the ink was further stirred for 48 h. Right before spray coating,
the ink was sonicated and vortexed again before filling a portion of the ink in the syringes of the
spray coater. The other part of the ink was stirred to not risk the sedimentation of particles. For
spray coating, a meander shaped pattern with a pitch of 1.5 mm and path offset of every second
path of 0.75 mm was set and a path speed of 170 mm sec™. The temperature of the hot plate was
set to 110 °C. A flow rate of 0.45 ml min™ combined with an ultrasonic power of 5 W ensured a
homogeneous spray mist. The shaping air was set to 0.6 kPa and the height of the nozzle was set
to 37 mm. To determine the catalyst loading, the catalyst layer was as well spray coated ona 1 cm?
rectangular metal piece, which was weighted on a microscale (Sartorius, model ME 36S).

The test cell, test bench and parameters of the break-in as well as the recording of the polarization
curves was described in chapter 3. The impact of the break-in procedure on the catalyst
performance and stability will be discussed in the last section of this chapter.

8.4 Full-cell characterization

The performance of the M03S;3-NCNT catalyst for the HER in PEMWE was tested in full-cell MEA-
configurations with first studying the impact of varying the loading of the catalyst on the
polarization behavior followed by a 100 h stability test at a constant current of 1 A cm=.

8.4.1 Variation of the Mo3S13-NCNT-loading

For the loading variation, cathodes with [Mo3S13] catalyst loading of 1.5, 3, 4.5 and 5.8 mg cm™
were fabricated tested in a full-cell setup. Fig. 68 shows the cell voltage, HFR and HFR-free cell
voltage as well as a zoom in the kinetic region of the HFR-free cell voltage plotted on a semi-
logarithmic scale to study the kinetic region.
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The overall cell performance (Fig. 68 A) was improved when increasing the loading, but did not
significantly vary for [MosSi3] catalyst loadings between 3.0 and 5.8 mg cm™? at the maximum
current density of 2 Acm™. There were however differences in the kinetic, ohmic and mass
transport region of the polarization curve due to varying the catalyst loading. The HFR-free data
(Fig. 68 B) combines kinetic and mass transport losses and showed no increased slope when
approaching higher loadings. The porous and highly conductive NCNT support therefore led to a
high availability of active sites while maintaining a sufficient mass transport even at a [Mo03Si3]
catalyst loading of 5.8 mgcm?, which showed only a slightly higher HFR-free cell voltage
compared to the lower loading of 4.5 mg cm™.
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Fig. 68 A Cell voltage of the cPTEs with varying MosSis-loadings of 1.5, 3, 4.5 and 5.8 mg cm™ B HFR-free cell voltage C
HFR D Zoom in the kinetic region of the HFR-free cell voltage.

No trend of the HFRs of the different samples (Fig. 68 C) related to the increase of the catalyst
loading was seen but the tendency of a decreasing HFR with increasing current density for a
loading of 5.8 mg cm™. This could be related to the production of waste heat at high currents in
the thick catalyst layer by around 20 mQ cm?, which in turn could reduce protonic resistances in
the ionomer .11 141163 The kinetic region (Fig. 68 D) showed an improved activity when increasing
the catalyst loading. To compare the performance of the Mo3S13-NCNT catalyst in this work with
a publication by Ng et al.?% a [Mo0sS:3] catalyst loading of 3.0 mg cm™ was used for the stability
test in section 8.4.2.
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8.4.2 Performance of M0o3S13-NCNT under high cell current density

To show the capability of the non-noble Mo3S13-NCNT catalyst for high current density application,
the MEA-configuration was changed from half-sided CCM-configuration as used for the loading
study to a full PTE-configuration. In the full PTE-configuration, a free standing membrane is
pressed against two PTEs as the anode and cathode side respectively. The full-PTE configuration
with anin-house fabricated IrO,-based anodic PTE showed superior performance compared to the
half-sided CCM-configuration in earlier studies! and was therefore chosen to be able to increase
the current density during full-cell tests in this work. To further increase the current density, a
thinner N212 membrane instead of the N115 membrane in the loading study was applied. At high
current densities, a high amount of protons is generated at the anode side, which need to be
electrochemically reduced at the cathode side to form hydrogen. The catalyst layer at the cathode
side therefore needs to exhibit enough active sites for a high reaction rate. The high amount of
hydrogen evolving at the cathode is then critical for the degradation rate of the catalyst layer. Gas
bubbles could lead to mechanical stress between the cPTL and CL as well as at the active sites
itself and in case of an insufficient porosity of the CL, mass transport problems could occur. The
performance under high current densities and the stability during a constant current hold of the
Mo03S13-NCNT-based cathode with a loading of 3 mg cm™? was compared to a Pt/C-reference
cathode with a standard loading of 0.5 mg cm.

The stability of the cPTE with a [Mo03S33] catalyst loading of 3 mg cm was tested for 100 h at a
constant current of 1 A cm™. Fig. 69 shows the cell voltage, HFR and HFR-free cell voltage recorded
during the stability test. The cell voltage (Fig. 69 A) of the MEA with Mo03S:3-NCNT cathode did
slightly increase (degrade) with a rate of 83 puV h'* due to the increase in HFR-free cell voltage (Fig.
69 B). The HFR (Fig. 69 C) of the Mo3S13-NCNT cathode stabilized at a value of around 105 mQ cm?
after ca. 30 h constant current hold. The HFR of the Pt/C-reference was in the range of 88 mQ cm?
and showed no significant change during the stability test, which was as well true for the HFR-free
cell voltage and thus the overall cell voltage.
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Fig. 69 A Cell voltage B HFR C HFR-free cell voltage during 100 h at 1 A cm? constant current hold.

To study the changes in polarization behavior of the pristine vs. the MEA after the 100 h stability
test, polarization curves were recorded prior to the test and after 100 h (Fig. 70). The Mo03S13-
NCNT catalyst based cathode delivered a high current density of 4 A cm™ at a cell voltage of 2.36 V
(Fig. 70 A). To our knowledge, this is an unprecedented high current density reported for a noble
metal free HER catalyst of PEMWE. The HFR-free cell voltage (Fig. 70 B) showed slightly higher
mass transport losses compared to the Pt/C reference which could be the result of the thicker
Mo3S:13-NCNT catalyst layer with a 6 times higher catalyst loading than the reference. The HFR-
free cell voltage of the Pt/C-reference slightly improved (decreased) due to the 100 h constant
current hold, whereas the HFR-free cell voltage of the Mo3S13-NCNT catalyst based cathode slightly
increased. The HFR (Fig. 70 C) of the Pt/C-reference slightly improved after the 100 h stability test
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and showed no significant change with increasing current density. The HFR of the Mo03S13-NCNT
based cathode however changed with increasing current density. The pristine non-noble metal
MEA showed a reducing HFR with increasing current density, whereas the 100 h altered MEA
showed a HFR which was strongly increasing with increasing current density. Both HFRs
approached a value of around 112 mQ cm? at the final current density of 4 A cm™ compared to
the HFR of the reference MEA of 92 mQ cm?. The change of the HFR with current density is not
yet fully understood but the opposing trend of the pristine vs. the MEA after 100 h constant
current hold is an interesting finding and should be investigated in more detail. Fig. 70 D shows
the kinetic region of the HFR-free cell voltage revealing the most prominent drawback of the non-
noble Mo3S:3-NCNT catalyst which is the lower activity for the HER and worse kinetics when in the
electrode configuration. The HFR-free cell voltage of the pristine M03S:3-NCNT catalyst at a current
density of 10 mA cm™ is almost 113 mV higher compared to the Pt/C-reference.
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Fig. 70 Polarization curves recorded of the pristine MEAs and after the 100 h constant current hold at 1 A cm?. A Cell
voltage B HFR-free cell voltage C HFR D Zoom in the kinetic region of the HFR-free cell voltage.

The constant current hold could however improve the HFR-free cell voltage of the M03S13-NCNT-
based cathode at 10 mA cm™ by around 63 mV that could be related to more active sites being
available. As the slope of the curve in the kinetic region is increasing stronger for the Mo3sS;3-
NCNT-based cathode being tested for 100 h, mass transport losses with increasing current density
indicate the insufficient transport of protons in the catalyst layer and towards the PEM. One
explanation for these effects could be the exposure of more active sites after 100 h constant
current hold, which are not as good connected to the ionic network as the pristine actives sites.
Therefore, a higher activity at low current densities would be the case but as more protons need
to be transported with increasing current density, the ionic network is not sufficient. The
availability of more active sites not well connected to the ionomer in the catalyst layer could be
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an indication for catalyst support degradation. This idea would be supported by the increasing
HFR with increasing current density as for high currents the electrical conductivity within the
catalyst layer or at the interface towards the PTL seems to be insufficient.

The stability of the Mo3S13-NCNT cathode presented in this work was superior to the 3 mg cm?
Mo03S13-CB (carbon black) based cathode in CCM-configuration using a N115 membrane as
presented by Ng et al.?%°, In that work, a constant voltage of 1.85 V was held for 24 h and the
required cell voltage to reach 0.5 A cm was increased by 150 mV after the 24 h stability test. The
cell voltage at 0.5 A cm™ when using the MosS13-NCNT-based cathodes in PTE-configuration in this
work was even 2.4 mV lower after the 100 h constant current operation at 1 A cm™. The current
density of the full-cell test in this work using the M03S:3-NCNT-based cathode was to the best of
our knowledge the highest reported so far, as Ng et al. showed a maximum current density of ca.
1.1 Acm™at 2 V and King et al.?!® demonstrated a maximum current density of around 1.8 A cm™
at 2.3 V when using 1 mg cm™ of a non-noble cobalt phosphide (CoP) catalyst for the HER in a full
PTE-configuration with a N117 Nafion membrane. King et al. however reported a remarkable
stability of the CoP-based cathode when applying a constant current of 1.86 A cm™ for more than
1700 h even when carbon based PTLs at the anode and cathode were used. In our work, a current
density as high as 4 A cm™ at a cell voltage of 2.36 V could be demonstrated even after 100 h of
constant current operation at 1 A cm™.

8.5 Critical discussion

The suitability of the synthesized Mo3S13-NCNT catalyst as non-noble substitute for Pt/C-based
catalysts for full-cell PEMWE application was successfully evaluated in this work. The catalyst was
capable of driving current densities as high as 4 A cm™ at a cell voltage below 2.4 V when mounted
in a full PTE-configuration with a 50 um thin N212 membrane. Increasing the Mo3S13-NCNT
catalyst loading to almost 6 mg cm™ did not significantly increase mass transport losses and
showed an improved kinetic region indicating the positive impact of the porous and highly
conductive NCNT support. In three-electrode-setup measurements, the MosS13-NCNT catalyst
showed a similar Tafel slope compared to the Pt-disc reference indicating a similar reaction
mechanism for the HER of the non-noble catalyst synthesized in this work. The activity of the
supported non-noble catalyst was lower compared to the Pt-reference and the onset potential
was ca. 150 mV higher. These material specific voltage losses are most probably one major
drawback for an industrial application of the Mo03S13-NCNT-based non-noble metal catalyst but
might on the other hand be suitable for the production of hydrogen by electrolysis when using
excess electrical energy produced by renewables with negligible energy costs.

To increase the activity, the loading can be increased. However, this comes along with fabrication
limitations as high loadings lead to deposition times of several hours already per 200 cm™ active
area when using spray coating. Thick layers also bear the risk of getting brittle during drying. The
crack-free assembly of brittle electrodes in the test cells cannot be ensured and parts of the
catalyst layer could even peel off the cathodic PTL+MPL substrate. Therefore, other methods to
improve the performance should be applied as e.g. reducing ohmic and mass transport losses.
Ohmic losses can be reduced via improving interfacial contact areas between the CL and the
PTL+MPL as well as between the CL and the PEM and via increasing the electrical conductivity of
the bulk material. Mass transport losses can be avoided by using thin and porous layers indicating
that e.g. a study dedicated to the MPL at the cathode side could be a promising development step
(for PEMWE in general). Depositing the membrane directly on the CL could as well improve the
interfacial contact area between PEM and CL as shown in DMD approaches for the PEMFC.?%°
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Regarding the activation of the MEA, the influence of the break-in procedure should be studied in
more detail. Fig. 71 shows the break-in data of the full PTE-configuration using a thinner N212
membrane sandwiched between an in-house fabricated anodic PTE and a cathodic PTE with a
Mo03S13-NCNT catalyst loading of 3 mg cm? (samples of the 100 h stability test). The break-in
procedure consists of three subsequent voltage-cycling steps, each repeated for 10 times, while
recording the current density of the MEA (Fig. 71). The current density is shown on the x-axis for
better comparison with the depiction of the polarization curves. The “large” curves correspond to
the 1%t and 3™ cycling between 1.4 and 2.2 V and the “smaller” curves to the 2™ cycling between
2.2 and 2.3 V. The change in current density between start and end point of each cycling step but
even more between the start and end point of the complete break in procedure (1*and 3™ cycling)
can be attributed to the activation of the catalyst layer as well as of the membrane. Fig. 71 shows
the Pt-reference nearly unaffected by the voltage cycling, as the current density did not increase
significantly during the break-in. The voltage cycling above 2 V could not be performed as the
current would have exceeded 4 Acm?, which corresponds to the limiting current of the
potentiostat of 20 A as the active area was 5 cm? The break-in procedure had however a
significantimpact on the cell performance when using Mo3S13-NCNT cathodes. The current density
was increased by ca. 600 mA cm2at 2.2 V due to the break-in procedure (difference between first
current density measured at 2.2 V of the 1% cycling step and the final current density measured at
2.2 V of the 3™ cycling step).
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Fig. 71 Break-in data of the Mo3S13-NCNT -based cPTE with a loading of 3 mg cm™ vs. the Pt/C-reference with a loading
of 0.5 mgp: cm? The cPTEs were tested in a full PTE-configuration using a N212 membrane (see 100 h stability test). The
numbers indicate the break-in steps with the 1t and 3™ being the voltage cycling between 1.4 and 2.2 V and the 2" one
the voltage cycling between 2.2 and 2.3 V.

Conditioning of the MEA containing the Mo3S13-NCNT at high voltages showed a positive effect on
the cell performance, as the maximum current density could be significantly increased. An
increased current density leads to an increased formation of hydrogen bubbles at the cathode and
could therefore as well be a risk for the mechanical stability of the catalyst layer. Further studies
including characterization of the Mo3S13-NCNT catalyst degradation under accelerated stress test
conditions in a three-electrode scanning flow cell connected downstream to a mass spectrometer,
are therefore ongoing.
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9 Summary

The most important findings and conclusions of this work on developing novel electrodes for
PEMWE are highlighted in this chapter. The content of chapters marked with a star* has been
published or submitted as full scientific research papers.

Fabrication of porous transport electrodes via spray coating - Spray coating was used as fast and
up-scalable deposition technique for the fabrication of PTEs, but a sophisticated material
preparation and parameter control was necessary for reproducible results. Especially particle
sedimentation in metal based inks during ink mixing or spray coating increased the final Nafion
loading in the sprayed CLs by almost five times, as evaluated with TGA-measurements.

From Catalyst Coated Membranes to Porous Transport Electrode Based Configurations in PEM
Water Electrolyzers* - In chapter 4, MEA-configurations were gradually changed from the
standard CCM-type approach to full PTE-type configurations. The influence of the changed
membrane-electrode interface on the polarization behaviour was correlated to structural data of
the electrodes. The cathodic membrane-electrode interface had a rather small impact but the rate
determining anode side showed reduced ohmic losses and the tendency of a stabilizing mass
transport overpotential at high current densities when using anodic PTEs. The reduced protonic
interface of PTEs towards the membrane however led to a non-optimal kinetic region. The
potential of PTE-configurations to perform similar to CCM-type approaches, but with the
advantage of a facilitated manufacturing was indicated.

Optimization of anodic porous transport electrodes for proton exchange membrane water
electrolyzers* - In chapter 5, anodic PTEs based on commercial porous powder- and fiber-sintered
Ti-PTLs were optimized. Coarser fiber-sintered PTLs showed an unexpected better cell
performance at loadings above 1 mg0, cm™. A variation of the Nafion loading revealed showed
an in average improved performance at lower ionomer contents but also a worse reproducibility.
The stability of the most reproducible PTE with 9 wt% Nafion at a loading of 1.4 mgi0, cm™? was
demonstrated for 200 h at a constant current hold of 1 A cm™. The presented material study is, to
the best of the authors knowledge, the first approach reported to optimize spray coated anodic
PTEs and could be transferred as well to the cathode side.

IrO; coated TiO, core-shell microparticles advance performance of low loading proton exchange
membrane water electrolyzers* - In chapter 6, the fabrication of high performing aPTEs at low
noble metal loadings was presented by combining the gained knowledge of optimizing anodic
PTEs with a supported IrO,@TiO; core-shell catalyst synthesized by Dr. C. Pham. The improved
kinetic and ohmic region of the core-shell structure when deposited on a titanium fiber-sintered
substrate led to a by 160 mV improved performance of 1.95V at 5 A cm? when using a N212
Nafion membrane in the PTE-configuration at a loading of 1.2 mg cm™. Gradient sized catalyst
layers for the anode side showed the potential of further improving the cell performance.

Development of titanium based MPLs for anodic Ti-PTLs — In chapter 7 preliminary studies to
fabricate Ti-powder based MPLs directly on commercial Ti-PTL substrates were evaluated to form
a smooth, microporous transition layer on top of coarse PTLs towards the CL. To increase the
electrical conductivity of the MPLs containing a binder, the use of an electrically conductive
polymer binder was suggested. Sintering of Ti-MPLs showed promising results, a sophisticated
process control is however required for upscaling. MPLs were motivated as key functional layer in
advanced DMD-configurations to be able to deposit both, the catalyst and membrane,
respectively on the PTL+MPL compound.
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Noble metal free Mo3S13-NCNT -based cathodic PTEs* - Chapter 8 presented the work on a noble-
metal free Mo03S13-NCNT-based cathodic CL deposited on a carbon cloth PTL. A 100 h constant
current hold at 1 A cm™ was performed as stability test of a M03S13-NCNT -based cathode with a
loading of 3 mg cm™. The MosS13-NCNT-PTE was capable of high current densities of 4 Acm? at a
cell voltage of 2.36 V and showed only small degradation of 83 puV h™. This performance is to the
best of the authors knowledge, the highest reported for a PEMWE MEA with non-noble HER
catalyst. The voltage driven break-in of the Mo3S:3-NCNT-cathodes had a positive impact on the
MEA-performance, and is therefore planned to be further investigated in combination with
degradation studies of the catalyst.
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10 Outlook

The development of anodic and cathodic PTEs in this work showed the potential of PTE-based
MEAs to increase the performance and to reduce manufacturing costs compared to state-of-the-
art CCM-based approaches. The results and identified challenges regarding the development of
PTEs for PEMWE can now serve as base studies for further development steps as described below.

Advanced electrochemical and structural characterization to support an extensive screening of
materials and fabrication parameters — A deeper understanding of the interfacial properties and
composition of the different functional layers of the MEA is expected to reveal further parameters
to optimize the performance and fabrication of novel MEA-configurations for PEMWESs. Especially
when approaching low noble metal loadings, e.g. the amount of ionomer needs to be adjusted
and the influence of interfacial surface properties of the porous substrates in contact with the thin
CLs increases. To guide the extensive parameter and material screening and to be able to better
distinguish between contributions of kinetic, mass transport and ohmic losses on the polarization
behaviour, impedance spectroscopy and a variation of operation parameters as e.g. the
temperature are planned. The availability of a reference electrode at the interface between the
PEM and CL could as well deliver a more detailed picture of the performance of the MEAs. Results
of the advanced electrochemical analysis could then be correlated to a more detailed structural
analysis of the porous electrodes gained from tomographic analysis using FIB-SEM data. An
advanced material study on suitable PTLs, MPLs and the catalyst layer composition is expected to
not only contribute to anode PTE development but as well to optimizations at the cathode side.

Evaluation of gradient size effects in porous electrodes - The development of a cost efficient and
stable Ti-based MPL for the anode side is one major goal for the future optimization of Ti-PTLs for
PEMWE. By the MPL, a pore size gradient from the coarse titanium based PTL towards thin catalyst
layers can be established leading to first an increased electrical interface between CL and PTL. A
MPL in the PTE setup would on top increase the protonic interface between PTE and PEM due to
the smooth surface of the electrode. In addition, the infiltration of the PTL by catalyst particles
could be prevented by an MPL and therefore the catalyst utilization increased. A homogeneous,
smooth anodic PTL+MPL compound with the CL deposited on top could then allow for a symmetric
DMD-design with the membrane deposited directly on the free standing anodic and cathodic PTEs.
The MPL is therefore a key functional layer to allow for a more flexible and advanced MEA-design
for PEMWESs. The MPL is also interesting in combination with the idea of a gradient particle sized
CL as presented in the context of supported core-shell particles. The evaluation of an advanced
electrode structure by first reducing the surface near pores of the PTL via the MPL, followed by
the deposition of bigger catalyst particles closer to the MPL and smaller catalyst particles closer
to the dense surface of the membrane is therefore planned.

Characterization of the longterm stability of PTE-configurations — The test bench used in this
work was not designed for longterm tests, which are however a crucial characterization criteria
when developing novel electrodes and MEAs for industrial applications. In this work, continuous
operation at a maximum of 200 h was performed, while profound degradation studies deliver
tests in the range of 400-1000 h continuous operation even at literature level.13% 140 221 For this, a
modified test bench and test cell are needed to prevent degradation and to allow for a safe
operation of the PEMWE equipment over several hundred hours. Minimum requirements are e.g.
longterm corrosion stable coatings for the Ti-flow fields, an ion-exchanger to purify the DI-water
during operation as well as the possibility to take and analyse samples of the gaseous and liquid
phase to monitor degradation of the MEA materials and gas crossover.
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