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PSIs Electrochemistry Laboratory is the leading
center for research in electrochemical energy
storage and conversion in Switzerland. The Lab
bridges fundamental electrochemical science
with applied electrochemical ~ engineering,
which is unique even on international stan-
dards. This allows us to keep a systemic view
even when addressing basic scientific questions.

In 2023, the Lab has achieved significant
scientific advancements. This Annual Report
2023 highlights 10 outstanding  results
from our Lab, addressing major challenges
inelectrochemical energy storage and
conversion. Additionally, the report presents
key facts and figures for 2023, including a
comprehensive list of our 35 peer-reviewed
publications and numerous presentations.
These accomplishments underscore the leading
role of PSI's Electrochemistry Laboratory on both
national and international stages.

The 39" annual Swiss Electrochemistry
Symposium, titled  «Future  Materials in
Electrochemical ~ Energy ~ Systems», — was
successfully held in May at the Kultur &
Kongresshaus in Aarau. The event featured
world-class  scientists and engineers as
speakers and attracted an audience of over 100
participants. You can find more details about
this event on page 63 of this annual report.

2023 was also a successful year for 9 of our PhD
students who successfully defended their the-
ses. An overview of their PhD work is provided
in this report. Most of the new PhDs continued
their careers in either academic or industrial
environments.

However, 2023 also brought changes and
challenges for the Lab. Firstly, Dr. Juan Herranz
was elected as the new head of the Fuel Cell
Systems and Diagnostics group. My heartfelt

EDITORIAL

congratulations to him! Secondly, due to my
unexpected health problems in September, Mrs.
Denise Verhoeven, the head of staff of the ENE
Department, graciously took over the Lab head
duties. My sincere thanks to her! In 2024, she
will formally assume the Lab head position, and
[ wish her all the best for this challenge, which |
have enjoyed immensely over the past 6 years.

At this point, in my last Editorial for this Yearly
Report, | would like to thank the dedication and
passion of all collaborators in the Lab, which |
gratefully acknowledge. Also, we would not
have been able to perform much of our work
without the funding we received from industrial
partners and the different funding agencies in
Switzerland and abroad. We, therefore, would
like to take this opportunity to thank all our
funding sources hoping to continue our success-
ful collaborations in the years to come.

Felix N. Biichi



THE ELECTROCHEMISTRY LABORATORY

Our Mission is

AT A GLANCE

+ to develop novel materials, cells & devices relevant for the Energy

Transition;

+ to use advanced insight-providing methods;
+ to perform fundamental, applied & industry-oriented research;
+ to educate highly skilled people.

PSI's Electrochemistry Laboratory is Switzer-
land’s largest Center for Electrochemical Re-
search with about 60 employees. Our mission
is to advance the scientific and technological
understanding and implementation of electro-
chemical energy storage and conversion, spe-
cifically in the context of a sustainable energy
system. This requires renewable energy to be
stored in secondary batteries or chemicals such
ashydrogen and be (re-)converted into electric-
ity. Additionally, the utilization of carbon dioxide
for fuels or chemicals is an important aspect of
a future non-fossil society. The Laboratory’s R&D
is hence focused on secondary batteries — spe-
cifically Li- and Na-based systems as well as
polymer electrolyte fuel cells and electrolyzers
to produce hydrogen and reduce C0,.

As aresearch institute’s laboratory we are bridg-
ing the gap between fundamental science and
applied engineering by combining both aca-
demically and industrially relevant questions.
For the technologies under research, we not
only develop fundamental understanding of
materials on an atomic and molecular scale, but
also in the applied development of technical
cells and device implementation.

On many technical complexity levels, we are
developing and utilizing advanced insitu and
operando diagnostic tools to gain insights into
properties and processes from the nanometer
to the centimeter scale, respectively, making
intensive use of PSI's unique large-scale facili-
ties such as the Swiss Light Source (SLS) and the
Swiss Neutron Spallation Source (SINQ).

Topics of Electrochemistry Laboratory.

Electrochemical
Material Science
Electrocatalysis
Cells and Systems
Advanced in situ
Diagnostics

Polymer Electrolyte
Fuel Cells

Polymer Electrolyte
Electrolyzers

Electrochemistry
Laboratory

Redox Flow Cells

Li-lon and Post-Li-lon
Batteries

Na-lon Batteries



Electrochemical Energy Storage

The vision in Electrochemical Energy Storage is
to make significant contributions to the most
advanced electrochemical energy storage sys-
tems.

The work is focused on rechargeable batteries,
which are mainly lithium based. The scientific
goal is a profound understanding of the elec-
trochemical processes in complex non-aqueous
systems. In particular, of utmost scientific inter-
est are the numerous interactions of all com-
ponents determining the safety and lifetime of
such systems.

The work equally considers the synthesis of nov-
el materials for electrochemical energy storage
and the modification of known materials (e.q,
carbon), and material characterization, keep-
ing in mind the entire span from basic science
to industrial applications. To answer the scien-
tific questions, we develop various sophisticated
insitu and aperando methods for use in the field
of non-aqueous solid-state electrochemistry
and investigate the physical and electrochemi-

cal properties of insertion and conversion mate-
rials and electrochemical interfaces in situ. Also,
we conduct electrochemical engineering work
on three-dimensional electrodes and character-
ize industrial batteries

Hari Vignesh Ramasamy (left), Postdoc, and Efthymiadou Anastasia (right), Ph. D student,
assembling the solid-state cell developed at PSI.



Electrochemical Energy Conversion

The Electrochemical Energy Conversion focuses
on the development and in-depth understand-
ing of materials, processes and devices for the
conversion of renewable power to hydrogen (or
syngas through the electrochemical reduction
of carbon dioxide) and back to power. Especially
in the context of a sustainable energy system
utilizing hydrogen as an energy carrier, these
electrochemical energy conversion steps are of
particular importance.

In this topical context the work is focused on
Polymer Electrolyte Fuel Cells (PEFC) and Poly-
mer Electrolyte Water Electrolyzers (PEWE) for
water electrolysis and the co-electrolysis of (O,
and water, respectively. In addition, work is de-
voted to the materials development for Redox
Flow Cell systems.

The R&D strategy involves activities on four
pathways:

- the development and application of
advanced insitu and aperando diagnostic
imaging tools on stack, cell and component
levels (X-rays and neutrons) with strong use
of the large installations at PSI (Swiss Light
Source and Neutron Spallation Source);

- research in electrocatalysis and the reaction
kinetics of the relevant reactions (e.g., the
oxygen electrode reactions) for developing
new electrocatalysts and improved under-
standing of intrinsically limiting factors;

« development of new porous materials for
PEFCand PEWE;

- membrane development based on function-
alized commercial polymeric materials;

- system, stack and cell testing.

On the level of technology demonstration, we
have designed, developed and operated the
so-called hydrogen path on PSI's Energy System
Integration (ESI) Platform at the 100 kW level,
i.e,, operate a technical scale PEWE System in-
cluding product gas clean-up and a H,-0, PEFC
reconversion system.

Master student Masis Sirim is assembling a proton exchange membrane

fuel cell
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Updated Electrochemical Impedance Model for
Understanding the Interface of Metallic Lithium

Lithium metal negative electrodes are often used as counter electrodes while test-
ing other electrochemically active materials, and are considered to be equivalent,
independently of their thickness, supplier and production processes used. Here, we
clearly demonstrate, using Electrochemical Impedance Spectroscopy (EIS) that this is
not the case, as well as the often-used symmetric cells are actually not so symmetric,
when EIS spectra are disentangled using thee-electrode cells.

High energy density rechargeable lithium metal
battery technology is expected to dominate
the next generation of rechargeable batteries,
provided that the safety issues will be rectified.
Its rise is predicted due to the demand for
higher energy density from the electrification
of vehicles and ever more powerful mobile
electronic devices. As the achievable energy
density by optimizing conventional lithium
jon batteries, based on graphite negative and

transition metal positive electrodes, is reaching
its limits, new solutions are needed. Since no
truly new chemistries are emerging to enable
significant increase of energy density of the
battery, scientists have recently turned back
to metallic lithium, which was discarded
after discovery of lithium ion battery based
on graphite intercalation, due to the safety
concerns. Metallic lithium has highly negative
potential (—3.04V vs. SHE) as well as high
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Figure 1

Electrochemical impedance spectroscopy
spectra and scanning electron microscopy
images of three different types of metallic
lithium.




specific capacity (3860 mAhg ™), both of which
a@n potentially double the energy density of
existing Li-ion batteries.

Progress in implementing metallic lithium
technology is impeded by safety issues related
to dendrite growth; limited cycle-life due to
the high reactivity of metallic lithium toward
the conventional organic liquid electrolytes,
where the generated unstable solid electro-
lyte interphase (SEI) and dead lithium formed
during cycling lead to continuous and irrevers-
ible lithium consumption; and large volume
changes during lithium plating and stripping.
All three aspects are related to the metallic
lithium interface and therefore electrochemical
impedance spectroscopy (EIS) is an important
tool to obtain physical and chemical informa-
tion. However, it is complex technique, requiring
data post-treatment by applying fitting models
in order to extract numerical values of different
parameters, which allow comparison and cor-
relation between different samples.

Most of the EIS studies, reported in literature,
have been performed using thick lithium foil,
and therefore, severely simplified equivalent
Randles circuit has been used. However, the
thin lithium of 50 um in thickness has shown

two semicircles, instead of one, as is usual in EIS
spectra of thick (> 500 um) lithium. Therefore,
we have updated the EIS model to enable study-
ing more complex metallic lithium impedance
spectra and taking into consideration both the
lithium fon migration and the charge-transfer
processes that occur at the Li interface, but
still allowing to use standard software, com-
ing with commercial potentiostats, instead of
using much more complex transmission-line
model, which requires dedicated scripts. Fur-
ther investigation identified that all three com-
mercially-available lithium foils give distinctly
different EIS spectra, even if the thickness of
two (of the three) is the same. Based on this,
we have designed the experiments and proved
that the resulting differences in EIS spectra are
determined by native lithium passivation layer,
which most likely comes either from the lithium
foil production specificities or from lithium foil
storage after production. A three-electrode set-
up allowed us also to separate contributions of
both working and counter electrodes during rest
and cycling. As a result, a direct correlation of
the observed overpotential during cycling of in
symmetric cells and the corresponding imped-
ance was demonstrated, clarifying working and
counter electrode contributions to the overall
cellimpedance spectra.



Surprisingly, we have found that the imped-
ance, generated at each side of the cell during
cycling of symmetric cells, is not identical and
should not be treated as such. We confirmed
the continuous localized self-repairing re-
passivation process, taking place after exposing
freshly deposited lithium to the electrolyte, and
demonstrated that it is time and electrolyte de-
pendent. In conclusion, this work demonstrates
that EIS can be used as a powerful technique,
providing crucial information regarding the in-
terfacial reactivity of the lithium metal anode at
rest and during cycling. The proposed updated
model has been validated in various conditions
and is shown to be reliable for fitting EIS spectra
of lithium metal anodes, regardless of the type
of lithium used.
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Integration of Li,Ti.O,, Crystalline Films on Silicon
Towards High-rate Performance Lithionic Devices

The growth of crystalline Li-based oxide thin films on silicon substrates is essential
for the integration of next-generation solid-state lithionic and electronic devices. In
this work, we employ a 2 nm y-Al,O; buffer layer on Si substrates in order to grow
high quality crystalline thin films of Li,TisO,, (LTO). Long-term galvanostatic cycling
of 50 nm LTO demonstrates exceptional electrochemical performance, with a spe-
cific capacity of 175 mAhg" and 56 mAhg™ at 100C and 5000 C respectively, with a

capacity retention of 91% after 5000 cycles.

In an ever-growing autonomous world, further
technological developments within the inter-
net-of-things (loT) rely on monolithic integra-
tion and miniaturization of functional devices
on-chip such as microbatteries, memristive
neuromorphic architectures, and gas sensors.
Solid-state lithionic devices, formed by integrat-
ing oxide-based Li-ion conducting thin films
on silicon substrates, offer a very promising

solution for the aforementioned applications
especially when combined with thin film solid
electrolytes. The Li-ion migration mechanism
within such lithionic devices enables operation
over a multitude of applications:
For energy storage, especially by employing
three dimensional solid-state microbattery
architectures to achieve high energy and
power capability;

50 nm LTO on 2 nm y-ALO./Si(111)

-
(&)}

Figure 2

GHigh quality 90 nm and 50 nm LiTis0;,
.= films integrated on silicon substrates with
Ta T sharp interface by applying an ultrathin

: (2 nm) y-ALO; buffer layer. Exceptional
electrochemical performance is archived,
with a specific capacity of 175 mAh g ' at
100, with a capacity retention of 91%
after 5000 cycles.
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For resistive memory such as two-terminal
or three-terminal memristive  devices,
where fast and low-energy operation (i.e.
nonvolatile resistant switching) can be
achieved between multilevel analog states;
For electrochemical gas sensing and en-
vironmental monitoring/tracking devices,
with enhanced stability and selectivity
towards gaseous species. Accordingly, the
use of Li-containing ceramics offers a path
towards on-chip multipurpose (energy and
memory) storage and sensing devices.

In order to achieve optimal performance of the
aforementioned lithionic devices, the grown
oxide-based thin films (i.e. Li-ion conductors
including solid electrolytes) must exhibit excel-
lent Li-ion conductivity as well as structural,
mechanical, and (electro-)chemical stabil-
ity under applied bias. Moreover, achieving
the desired Li stoichiometry, the purest phase,
a high degree of crystallinity, and sharp/stable
interfaces will facilitate rapid Li-ion transport
throughout the bulk and across the interfaces
leading to a device with superior rate perfor-
mance. However, integrating crystalline films of
functional Li-based oxides directly onto techno-
logically relevant silicon substrates, which is a
standard within the electronics manufacturing
industry, remains a challenging task due to the
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large lattice mismatch between these materials
as well as substrate reactivity at elevated de-
position temperatures and high oxygen partial
pressures. Such unwanted oxygen-containing
species formed at the interface between the Si
substrate and the Li ceramic compromise the
growth quality while building up interfacial
resistance, which could reduce overall device
performance.

In summary, high-quality 90 nm and 50 nm
Li,Tis0;, (LTO) films can be grown on silicon
substrates by applying an ultrathin (2 nm)
y-ALO; buffer layer. This alumina layer enables
crystalline LTO films to be deposited by PLD
at low temperature (500°C) while mitigating
the formation of undesirable species such as
silicates and Si0, on the surface of the silicon
substrate. From in-depth structural character-
ization, the PLD process results in columnar
growth of LTO(111) bidomains with two grain
orientations rotated by 180° along the [111]
growth axis. HRTEM and elemental maps con-
firmed the sharp interfaces between Si/Al,0;
and Al,0,/LT0.

The electrochemical performance of the LTO thin
filmswasverifiedinliquid-based half-cells using
the surface-modified y-Al,05/Si(111) substrate
directly as a current collector. Long-term



galvanostatic cycling measurements of 90 nm
and 50 nm L0 films were conducted at 3C
with 97% capacity retention after 1000 cycles
and at 100 C with 91% capacity retention after
5000 cycles, respectively. A multitude of rate
capability tests were performed using different
voltage ranges (1.4-1.7 V'vs. 1-2.5 V vs. Li*/Li)
and special conditions such as 10 C lithiation
steps while varying the delithiation C-rates up
to 5000 C. For the latter test, the 50 nm LT0/
ALO,/Si heterostructure cycled with a charge
capacity of 56 mAhg ' at an extreme rate of
5000 C. Additionally, the thin film retained more
than 80% of LTO's theoretical capacity up to a
(-rate of 350 C. Furthermore, to showcase rapid
Li-ion (de)intercalation of the LTO thin film,
sub-millisecond current pulses (0.2 ms pulse at
1000 Cor 3 mA cm ™) were successfully applied
to the 50 nm LT0/ ALQs/Si heterostructure,
which is promising for resistive memory devices
with fast switching timescales.

This work highlights the feasibility of integrating
oxide-based Li-ion conducting thin films on Si-
based chips through interface engineering via a
2 nm alumina buffer layer to promote further
developments in solid-state lithionic devices
such as microbatteries, memristive memories
or gas sensor technologies.

Publications

Integration of Li,Ti;0;, crystalline films on
silicon towards high-rate performance lithionic
devices.

Steven D. Lacey, Flisa Gilardi, Elisabeth Miller,
(lement Merckling, Guillaume Saint-Girons, Claude
Botella, Romain Bachelet, Daniele Pergolesi, Mario
Bl Kazzi.

ACS Appl. Mater. Interfaces (2023).

DOI: 10.1021/acsami.2c17073
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Towards Next Generation Membranes for Polymer
Electrolyte Water Electrolysis

The conversion efficiency for green hydrogen production in a polymer electrolyte
water electrolyzer (PEWE) is strongly influenced by the ohmic cell resistance and
therefore the thickness of the membrane. The use of thin membranes (~50 micron or
below) is limited by gas crossover of H, and O,, which can lead to the formation of an
explosive gas mixture. The incorporation of a Pt recombination catalyst provides rem-
edy and allows a more dynamic operating mode (cf. Highlight 03/2022). However, the
presence of Pt nanoparticles leads to an increase in the rate of membrane degrada-
tion. Therefore, we have additionally doped the membrane with cerium-zirconium-
oxide (CZO) nanoparticles, which act as radical scavenger. The rate of membrane deg-
radation can thus be reduced.

The use of thin membranes with a thickness
of 50 um or below leads to a reduction of the
ohmic loss of the polymer electrolyte water
electrolyzer compared to membranes with a
more traditional thickness of between 150 and
200 microns. The produced H, and 0,, however,
pass more easily through a thin membrane,
which can lead to the formation of an explosive
gas mixture. The situation is particularly critical
on the anode side of the cell, where 0, is elec-

trochemically produced, since the diffusivity of
H, through the membrane is higher than that of
0, and the rate of O, production is only half that
of H,. The flammability limit is 4% H, in 0, and
a safety limit of 2% H, in 0, is typically used. To
mitigate the formation of an explosive gas mix-
ture, a gas recombination catalyst, in the form
of Pt nanoparticles, can be incorporated into the
membrane. Crossover H, and O, will react to H,0
on its surface (hence recombination catalyst'),
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thus the amount of gas reaching the opposite
side is reduced.

During the reaction of H, and O, on the Pt sur-
face OH-radicals are formed as intermediates,
which have a high oxidative strength and attack
the membrane polymer, leading to chain break-
down, which will eventually trigger membrane
failure. Commercial perfluorinated membranes
used in fuel cells contain radical scavengers, such
as Ce(lll) ions or cerium oxide (‘ceria’) nanopar-
ticles, which quench the radicals according to
the reaction «OH + Ce(lll) +H" — H,0 4 Ce(
V), thus protecting the ionomer against radi-

Figure 3

(a) Cell performance, (b) H, crossover, and (c) fluo-
ride release rate measured in the single cell water
electrolyzer using solution cast Nafion™ membranes
(thickness ~ 60 micron) with and without Pt

qas recombination catalyst (0.04 mgs-cm ™) and
cerium-zirconium oxide (CZ0) radical scavenger

(1 wt %). Cell temperature: 80°C, cathode pressure:
3 bar, anode pressure: ambient. Current density
during 100 htest: 2 A-cm™.

cal attack. Ceria is preferred over cerium-ions as
radical scavenger, because i) it does not displace
protons from the membrane, and ii) it does not
migrate under the influence of the electric field,
unlike cerium-ions. However, ceria (Ce0,.) is
thermodynamically unstable at low pH and the
potentials prevalent in an electrolyzer. Therefore,
in the presented approach, we used a mixed ox-
ide, cerium-zirconium oxide (CZ0), as a mem-
brane dopant and radical scavenger.

Membranes were prepared by solution cast-
ing of Nafion™ dispersion onto a glass plate,
followed by drying and curing, to obtain a
membrane thickness of around 60 micron. In
addition to a pristine, undoped membrane, a
membrane containing Pt-black nanoparticles
as recombination catalyst with a loading of
0.04 mgy-cm " was prepared. Another series of
membranes was prepared that contained com-
mercial CZ0 nanoparticles as a radical scavenger
with up to a content of 10 wt %. At a dopant
level of 5 wt % and above, an impact on cell
performance was observed, therefore subse-
quent experiments were performed with a (0
content of T wt%. Finally, a membrane co-
doped with Pt at a loading of 0.04 mgPt-cm ™
and 1 wt % CZ0 was prepared. The membranes
were coated with a Pt-based cathode catalyst

15



layer and a ITi0,-based anode catalyst layer to
obtain catalyst coated membranes (CCMs) with
an active area of 25 cm’. CCMs were assembled
intosingle cells, using a sintered titanium porous
transport layer (PTL) on the anode and a carbon
based gas diffusion electrode (GDL) on the cath-
ode. Cell tests were performed at a temperature
of 80°C. Polarization curves were recorded af-
ter conditioning, from which the cell voltage
values at a current density of 3 A-cm™” were
extracted (see Figure 3, Panel a). The doped
membranes did not have an adverse effect on
cell performance. However, the gas crossover
was significantly reduced in the presence of the
Pt recombination catalyst (Panelb). In extended
cell operation over 100 h at a constant current
density of 2 Acm™, the rate of membrane
degradation was assessed by measuring the
fluoride release rate (FRR), as radical attack of
Nafion™ leads to the emission of fluoride ions.
As explained above, the incorporation of the Pt
recombination catalyst leads to an enhanced
rate of membrane degradation, which more-
over appears to increase over time. Doping of
membranes with (Z0 reduces membrane deg-
radation through radical scavenging. Although
the FRR of the Pt-CZ0 co-doped membrane is
higher than that of the CZ0-only doped mem-
brane, the values are still lower than those of
the pristine Nafion™ membrane. This indicates
that co-doping of membranes with a recombi-

16

nation catalystand a radical scavenger improves
membrane functionality for water electro-
lyzer applications, highlighting potential design
strategies for next-generation membranes.

Publications

Platinum and Cerium-Zirconium Oxide Co-
Doped Membrane for Mitigated H, Crossover
and lonomer Degradation in PEWE.

Zheyu Zhang, Zongyi Han, Andrea Testino, Lorenz
Gubler.

Journal of The Electrochemical Society 169, 104501
(2022).

DOI: 10.1149/1945-7111/ac9%4a3
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The Evolution of O, on Ir-based Catalysts Requires
the Complete Oxidation of their Surface to Ir™

The evolution of O, occurring in polymer electrolyte water electrolyzer anodes is a
very slow reaction that must be catalyzed using iridium (Ir-) based materials. Howev-
er, Ir is an extremely scarce metal, and thus the extended commercialization of these
electrolyzers will only be possible if the amount of Ir implemented in their anodes is
drastically reduced. This requires an improved understanding of the individual steps
through which these Ir-based materials catalyze the evolution of O,. To shed light
on this matter, in this work we studied four different Ir-based catalysts under opera-
tive conditions using time resolved X-ray absorption spectroscopy. Our results show
for the first time that, despite the differences between these materials, their surfaces
must systematically be completely oxidized to a +5 state in order for the evolution of

O, to proceed on them.

Polymer electrolyte water electrolyzers (PEWEs)
are very well suited for the production of hy-
drogen using renewable electricity. However,
PEWE-commercialization could be severely
limited due to the reliance of this technology on
scarce and expensive Ir-based materials to cata-
lyze the evolution of O, in PEWE-anodes. This
translates in the need for a significant decrease

Figure 4

Schematic representation of the processes triggering
the evolution of 0, on Ir-based catalysts, as inferred
from our time-resolved XAS-measurements under
operative conditions. As the potential increases from
1.0 V vs. the reversible hydrogen electrode (VRHE,
X-axis), the surface oxidation state of two different
Ir-oxides with their surfaces in an Ir™ or a mixed I/
Ir oxidation states (IFO.HT vs. IrO.AS, respectively)
linearly increases (see left-hand Y-axis), while the
OFR-current remains negligible (right-hand Y-axis).
This surface oxidation process reaches a plateau once
a value of +5 is reached, which in turn overlaps with
the 0,-evolution onset for each catalyst.

of the amount of Ir used in these electrolyzers,
which will in turn be possible by improving our
understanding of how these materials catalyze
the evolution of 0, (i.e., of the so-called reac-
tion mechanism). In this context, there is a vivid
debate regarding the changes in oxidation state
undergone by the surface of the Ir-based cata-
lysts during the O,-evolution reaction (OER).
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To get a better understanding of this question,
in this work we selected four Ir-based catalysts
with very different surface areas, initial oxida-
tion states and O,-evolution activities, and stud-
ied them under operative conditions using X-ray
absorption spectroscopy (XAS). We performed
these measurements using a setup available
at the SuperXAS beamline of the Swiss Light
Source that allowed us to continuously record
X-ray absorption spectra with an acquisition
frequency of one spectrum per second. The
analysis of these time-resolved data showed
that the surface of all catalysts becomes linearly
more and more oxidized as the applied potential
increases. Most importantly, this oxidation pro-
cess systematically reaches a plateau at a poten-
tial specific to each catalyst, but that systemati-
cally coincides with the onset of 0,-evolution on
its surface. Finally, we compared these spectra
acquired under operative conditions with others
recorded on reference Ir-compounds with well-
defined oxidation states; this allowed us to con-
clude that for all catalysts the surface oxidation
state triggering O,-evolution corresponds to
I, As such, our results discard previous reac-
tion mechanisms that postulated that in order
to catalyze the OER, Ir--based surfaces only reach
oxidation states < +5.
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Polymer Electrolyte Water Electrolysis:
Understanding the Microstructure of a Core-shell
Based Anode Catalyst Layer

Reducing precious metal loading in the anodic catalyst layer (CL) is indispensable for
lowering capital costs and enabling the widespread adoption of polymer electrolyte
water electrolysis (PEWE). This work presents the first three-dimensional reconstruc-
tion of a TiO,-supported IrO, based core shell catalyst layer, using high-resolution
X-ray ptychographic tomography at cryogenic temperature of 90 K. The high data
quality and phase sensitivity of the technique have allowed the reconstruction of all
four phases namely pore space, IrO,, TiO, support matrix and the ionomer network,
the latter of which has proven to be a challenge in the past.

Theanalyzedvolumeof9x9x7um3isprovedtobe  SEMimages. The analysis of the continuous pore
representative for all phases. The phase fraction  and particle size distribution reveals that the
calculations show a discrepancy compared to  void phase presents a broader size distribution
the expected values derived from the catalyst  compared to the other phases.

layer ink composition. The overestimation of

segmented [r0, volume fraction is caused by  Results show that the pore phase has the least
the presence of nanoporous Ir0, as confirmed by~ tortuosity while the ionomer with a value

_><104
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Figure 5

Two-dimensional slice obtained from the entire tomogram showing all phases present in the electrode.

a) The grayscale values represent the electron density expressed in e/A;

b) Electron density histogram calculated over the entire volume;

¢) Three-dimensional rendering of a subvolume extracted from the full segmented dataset. In c), the white phase is the Ir0,, the gray phase is the Ti0,,
the green phase is the ionomer and the porosity is transparent.
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of 7.1 presents the highest values. The effective
conductivities computed from the tomographic
data are comparable to previous experimentally
reported values and indicate that, in the
structure with a non-swollen ionomer, the ionic
conductivity is the limiting component, even if
the ionomer is in a well-conducting state.

The analysis of the CL ionic and electronic con-
ductivity shows that for a dry CL, the fonic con-
ductivity is orders of magnitudes lower than the
electronic conductivity. Varying the electronic
conductivity of the support phase by simula-
tions, reveals that the conductivity of the sup-
port does not have a considerable impact on the
overall CL electrical conductivity.

This study provides not only insights into state-
of-the-art catalyst layers via synchrotron-based
PXCT and quidance on rational catalyst layer
design but also provides a novel tool for analy-
sis of future generation low-loaded CL micro-
structures.
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Importance of Identifying Key Experimental
Parameters for the Li-ion Battery Performance

Testing

The mass loading of Si-graphite electrodes is often considered as a parameter of

secondary importance when testing their performance. However, if a sacrificial ad-
ditive is present in the electrolyte, the electrode loading becomes the battery cycle-
life-determining factor. A lower loading was obtained by keeping slurry preparation
steps unchanged from binder to binder and resulted in a longer lifetime for some
of the binders. When the final loading was kept constant instead, the performance
became independent of the binder used.

The increasing market demand for high energy
density batteries urges scientists to develop
simple but feasible approaches to improve
gravimetric and volumetric energy of commer-
cial cells. This can be achieved either by increas-
ing the cell's voltage or its capacity. One of the
approaches is to increase the capacity of the
anode, as the capacity of cathodes is fundamen-
tally more limited. The simplest method to do so
isto mix graphite with a capacity of 372 mAh/g,
with a specific charge-enhancing component
(an element or compound possessing a sig-
nificantly higher capacity than graphite), such
as silicon with a capacity of 3572 mAh/q, i.e.
a capacity about ten times higher than that of
graphite.

However, an increasing fraction of silicon also
renders cell cycling less stable, and different
electrode engineering approaches are used to
improve their cycling stability. One of the rem-
edies often discussed in literature is functional
binders, such as polyacrylic acid (PAA), sodium
carboxymethyl cellulose (Na-CMC), and Na-al-
ginate, because they are able to partially buffer
Sivolume expansion thanks to the formation of
a cross-linking network and a strong interaction

with Si particles. Another often-used remedy
is electrolyte additives, significantly improving
the cycle life of silicon-containing electrodes,
where the most used is fluoroethylene carbon-
ate (FEC).

The long-term cycling stability of silicon-graph-
ite electrodes in presence of additives indirectly
depends on another important parameter: the
electrode mass loading. Because the additives
are often of the sacrificial character and are
consumed during cycling, it has been proven
that the lifetime of a cell, containing silicon
electrodes, is linearly dependent on the ratio
between the additive and active material load-
ing. This means that a larger amount of additive
or lower mass loading will result in a longer
lifetime of the cell with the same amount of
electrolyte. However, the electrode loading is a
parameter often unreported in many scientific
publications. Therefore, we performed a sys-
tematic study to show the importance of these
experimental parameters once and for all.

There are two approaches how to perform com-
parable experiments: either keep the procedure
constant or keep the final testing set up con-
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stant — in this case, either the slurry recipe or
the mass loading of final electrode. An alterna-
tive approach would be to adjust the electrolyte
and additive amount to the loading, in which
case experiment reliability is less robust. There-
fore, the goal of our study was to demonstrate
the interrelation between electrolyte additive,
electrode loading, and type of binder, and how
these parameters influence the cycling stability
of silicon—graphite electrodes.

The results of this study showed that in the
presence of a constant amount of electrolyte
additive, the loading plays a major role in
determining the cell cycle-life, and therefore
more attention has to be paid to this parameter
inorder to provide truthful results to the scientific
and industrial communities. Electrodes with
various mass loadings and different types of
binder were fading after a number of cycles, the
onset of which linearly correlated to additive/
loading ratio and, contrary to the expectations,
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the hattery cycle life did not depend on the
type of binder. In cases where electrodes were
prepared with different binder types but with
very close values for active materials loading, the
differences in cycle life were minor, which leads
to the conclusion that the FEC consumption per
amount of active material per cycle is the same,
independently of the binder used.

This means that when revisiting past results,
where binder properties are considered as
performance-enhancing factors using sacrifi-
cial additives, careful scrutiny of experimental
conditions and especially differences in elec-
trode loading and electrolyte (additive) to active
materials ratio should be done. Our results also
show that in order to test the effects of electrode
composition changes (such as the binder in our
case), the same active material loading should
be the quiding parameter and not the same
electrode preparation conditions.

Onset of rapid fading [number of cycles]



Figure 6

a) Linear dependency of
cycle number on electrolyte to
electroactive material loading.

b) Identical performance of

the cells when electroactive
materials loading is unified and
the only difference between cells
is the nature of the binder.
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Improving the Oxygen Evolution Reaction Activity
of Co-based Oxides by Phosphate Functionalization

Ourfindings disclose that P-functionalization successfully enhances the oxygen evolu-
tion reaction (OER) activity of different cobalt-based catalysts (namely, La,,SrosCoOs s,
Lag,SrosCopsFeq,0s.5 and CoO,) at near-neutral pHs and that both phosphate ion
assistance in the OER mechanism and catalyst Co oxidation state can play a role in

the enhanced OER activity.

Alkaline exchange membrane water electrolyz-
ers (AEMWE) are a promising electrochemical
energy conversion device to produce green
hydrogen from intermittent renewable ener-
gies. The electrochemical reaction that suffers
most from high overpotentials is the oxygen
evolution reaction (OER). Transition metal oxide
catalysts can exhibit relatively high OER activ-
ity and stability at high basicity (>pH 13),
but their electrochemical properties degrade
in near-neutral pH (7—10) environments.

Lag;5i5600; 5(15C)

However, near-neutral pHs are highly relevant
in practical applications. Using KOH electrolytes
in AEMWE creates vulnerability to carbonation
during operation, lowering the initially high
pH level toward near-neutral pHs. Carbonation
is a significant problem in recently established
AEMWE systems using a carbonate membrane
that operates as a co-electrolysis cell by replac-
ing the cathodic hydrogen evolution reaction
with carbon oxide reduction

CoO,
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This study has investigated a dry phosphate
jon treatment to functionalize nano-sized
cobalt-based oxygen evolution reaction (OER)
catalysts (Lag;SrosC005_s, Lag,SrosC0ogsFeg;055,
Lays5r,5C00,_5, and C00,) at near-neutral pHs.
We proved that a dry treatment process using
NaH,P0,-H,0 as P source is effective for catalyst
surface functionalization, especially for nano-
sized catalysts. Electrochemical evaluations
revealed that phosphate ion functionalized
cobalt-based oxides, except for LaysSr; 500,
exhibited higher OER activity at neutral pH than
the as-synthesized catalysts. The mechanism of
deteriorated OER performance in LagsSr, 500,
at neutral pH was successfully explained by
surface-sensitive soft X-ray absorption and X-
ray photoelectron spectroscopy measurements.
Electrochemically inert SrO-based surface
segregations likely inhibit the phosphate ion
functionalization on the active cobalt layer of
Lays5r,5C00, 5 and reduce OER activity, espe-
cially atnear-neutral pHs. Differently, phosphate
functionalization seems to be beneficial for

Figure 7

Top: Crystal structure of the investigated cobalt-based
oxides.

Bottom: Gyclic voltammograms (25" cycle at

10 mV's™) of the as-synthesized (LSC) and
phosphate-treated (p-L5C) Lay ;51,5000 ; catalyst
atpH 7 (left) and OFR activity at 1.58 VRHE for each
catalystat pH 13 and 7 (right).

(00, Lan;5r05C005_5, and Lag,SrosC0paFes5055,
and particularly for the Lag,SrpsC00s;_ catalyst.
It is hypothesized that phosphate ion groups
could assist the deprotonation step of the
OER mechanism in electrolytes with low OH—
concentration. In addition, we unveiled that
P-treatment led to a reduced cobalt oxidation
state in Lag,SrysC005_s, which could also boost
its OER activity at neutral pH. Thus, it would be
important in the future to decouple the effect
of phosphate functionalization on the physi-
cochemical properties of the catalysts from the
phosphate ion role in the OER mechanism and
kinetics. Additionally, optimization of the P
functionalization process could result in a fur-
therimprovement of OER activity at neutral pHs.
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Insights into Radical Induced Degradation of
Anion Exchange Membrane Constituents

Electrochemical energy conversion devices, such as fuel cells and electrolyzers, using
an anion exchange membrane (AEM) operating in the alkaline regime offer the pros-
pect of the use of non-noble metal electrocatalysts and lower-cost cell construction
materials. The widespread application of electrochemical cells with AEMs has been
largely limited by the low chemical stability of the material. AEM degradation is trig-
gered by i) nucleophilic attack by OH", and ii) by reaction with free radicals formed
during cell operation. Whereas the alkaline stability of AEMs has been greatly in-
creased over the last 10 years, the understanding of mechanisms of radical induced
degradation is limited. In this study, we have addressed this topic for the first time.

Electrochemical ~ cells  using  membrane
electrolytes and a zero-gap configuration have
alow ohmic resistance, thus enabling operation
at high current density (in the range of A/cm’),
and allow a compact stack design with high
power density. Proton exchange membranes
(PEMs) have been used successfully in fuel cells
and water electrolyzers for decades and reached
a high level of technical maturity. The acidic
environment in the cell, however, necessitates
the use of noble metal electrocatalysts, for
reasons of activity and stability, for the hydrogen
and oxygen half-cell reactions. Alkaline
conditions allow the use of non-noble metal
catalysts and cheaper cell build materials (such

radical stability
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as nickel instead of titanium), thus reducing
cost and the use of critical raw materials.
AEMs operating under alkaline conditions are
susceptible to nucleophilic attack by OH™, yet
significant improvements have been made over
the past ~ 10 years. Today, several suppliers
(e.g, Dioxide Materials, Versogen, Orion
Polymer, Xergy, lonomr) offer AEMs for fuel cells
and electrolysis cells. It has been known for a
long time that the chemical durability of PEMs
is limited by radical induced degradation. The
radical induced aging of AEMs, however, has
received little attention. The increase in alkaline
stability of AEMs increases the importance
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of studying and improving stability of AEMs
aqainst radical induced polymer breakdown.

The presence of radicals in AEM fuel cells during
operation has been confirmed experimentally
and reported in the literature. Radicals form as
a result of the interaction of H,, 0, and the elec-
trocatalyst. The type of prevalent radical species
depends strongly on the local pH in the cells.
The pKa of radicals are 4.8 for HOO", 9.1 for H',
and 11.9 for HO". This means that the dominant
radicals at alkaline pH of > 12 are 02, eag—,
and 0. We studied the reaction of radicals in
an aqueous solution with selected aromatic
quaternary ammonium compounds, mimick-
ing different AEM exchange groups, namely
benzyl-trimethylammonium (BTM), N-benzyl-
N-methyl-piperidinium  (BMP),  3-methoxy-

Figure 8

Left: benzyl-type quaternary ammonium model
compounds mimicking the chemistry of anion exchange
membranes. All compounds contain perchlorate as counter
anion. NBTM = 3-nitro-benzyltrimethylammonium, BTM
= bennzyltrimethylammonium, BMP = N-benzyl-N-
methyl-piperidiunium, MBIM = 3-methoxy-benzyltri-
methylammonium. Degradation of compounds (1 mM)

benzyltrimethylammonium ~ (MBTM), and
3-nitro-benzyltrimethylammonium ~ (NBTM).
We used pulse radiolysis at ETH Ziirich with
time-resolved transient spectroscopy to study
the kinetics of radical reactions, and performed
degradation studies where radicals are pro-
duced continuously at low dose rate using a
60Co gamma source at PS|.

Pulse radiolysis studies indicate that the reac-
tion of 0 with the benzyl-type quaternary
ammonium (QA) compounds results in the
formation of mainly reducing but also oxidizing
species with a lifetime on the order of milli-
seconds. Steady-state gamma-radiolysis ex-
periments show that the electron density of the
aromatic ring critically influences the behavior
of the compound. The presence of an electron-

after exposure in the “’Co gamma cell to a dose of
1200 Gy, corresponding to 0.75 mM of radicals.
Comparison between inert atmosphere and air, which
leads to different mixtures of predominant radicals. The
stability against radical induced degradation increases
with decreasing ring electron density, whereas the
opposite trend has been observed for alkaline stability.
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withdrawing group decreases alkaline stability
by increasing the overall electrophilic character
of the aromatic compound, thus rendering it
more susceptible to nucleophilic attack by OH ™.
Concomitantly, stability against radical induced
degradation is increased because an electron
poor character destabilizes intermediate radical
species that form following radical attack.

Therefore, a careful balance needs to be estab-
lished between alkaline and radical durability.
Under neutral and acidic conditions, HO" is the
radical with the highest oxidative strength and
readily reacts by addition to the aromatic ring.
Yet at high pH, HO" is deprotonated, and the
formed 0 reacts with the substrate mainly
by hydrogen atom abstraction or by dealkyl-
ation through reduction. In analogy, at high pH
hydrogen radicals, H’, will deprotonate to the
highly reducing hydrated electron, e,, , and
will readily attack the QA groups, which results
in fragmentation of the compound.

A key finding of the study is the understanding
of the influence or ring electron density on the
susceptibility to degradation of benzyl-type QA
compounds: electron-donating  constituents
promote radical induced degradation, while
electron withdrawing ones improve stability.
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Therefore, resistance against radical-induced
degradation shows an opposite trend to alka-
line stability, which is known to be decreased for
electron-poor compounds due to their high re-
activity towards the nucleophilic attack of OH".
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Understanding the (De-)Lithiation Mechanism of
Nano-sized LiMn,O, Allows Achieving Long-term
Cycling Stability

We report an in-depth investigation of the local atomic geometry, electronic and
crystallographic structure evolution of nano-sized LiMn,0, using operando XAS and
XRD to shed light on (de-)lithiation mechanism when cycled in a wide voltage range
of 2.0 to 4.3V vs Li"/Li. Leveraging these findings, a novel electrochemical cycling
protocol, with periodic deep discharge, yields superior electrochemical performance
cycled in the range of 3.3 to 4.3V, exhibiting excellent structure cyclability and an
unprecedented increase in the specific capacity upon long cycling.

Lithium-ion battery (LIB) remains the most  stable power and energy densities is one of the

widely used technology for portable electronic,
electric vehicle and as backup power, connected
to the grid when electricity is produced from re-
newable sources. Despite the substantial prog-
ress in this area over the last years, the develop-
ment of advanced LIBs to meet safety, low cost,
environmentally friendly with the desirable

Figure 9
Operando XAS and XRD of nano-sized LiMn,0; to shed light on (de-)lithiation mechanism and the role playing the Jahn-
Teller distortion. Based on these findings, a novel electrochemical cycling protocol, with periodic deep discharge to 2 V, yields
superior electrochemical performance when cycled in the 3.3 V10 4.3 V range exhibiting an excellent structure cyclability
and an unprecedented increase in the specific capacity upon long cycling.

most important challenges in modern electro-
chemistry today. In this context, LiMn,0, spinel-
type has received continuous and considerable
attention as cathode material for LIB applica-
tions. Besides its low-cost and being abound
non-toxic material, LiMn,0, is a high voltage
cathode with the ability of accommodating
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two Li* per unit cell resulting in 296 mAhg™’
as theoretical specific capacity. Unfortunately,
LiMn,0, and other transition metal cathode
materials have been observed to suffer from
irreversible phase transformations responsible
for the capacity fading upon long cycling. Par-
ticularly, for the LiMn,0,, one of the causes of
low cyclability is related to the presence of the
Jahn-Teller distortion, which is a phase change
from cubic to tetragonal when the second Li* is
intercalated. Such Jahn-Teller distortion desta-
bilizes the host structure of cathode material,
resulting in a large volume change.

The synthesis of nanostructured electrode mate-
rials represents one of the most attractive strate-
gies to enhance battery performance, including
cycling life and rate capability. In addition to the
better Li" diffusion resulting from the short dif-
fusion pathway, nano-sized particles compared
to micron-sized can better accommodate the
strain caused by the volume change during
cycling, which can cause cracking, fracture, and
pulverization of the active particles during cy-
cing and rapid fading of the cell.

In this study we exploited the capability of

operando XAS and XRD to shed light on the
(de-)lithiation processes within nano-sized
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and micron-sized LiMn,0, spinel and to elu-
cidate the mechanism and the role of the
Jahn-Teller distortion in two different cycling
voltage ranges. By monitoring the local atomic
geometry change, the electronic and crystal-
lographic structure evolution, we demonstrated
the contrasting Li diffusivity of nano-sized and
micron-sized spinels. In the case of nano-sized
particles, we observed that it is easier to inter-
calate Li during discharge, while in the micron-
sized particles, it is easier to de-intercalate Li*
upon charge. Furthermore, when the nano-
sized spinel is cycled in the wide voltage range
from 2.0 and 4.3 V, we observe clear evidence
of a significant Jahn-Teller distortion occurring
during deep discharge at low potential which
is reversible during charging to 3.3 V. We ad-
ditionally find that in the nano-sized spinel, the
deep discharge at 2.0 V to form the Jahn-Teller
distortion enhances the Li" deintercalation dur-
ing subsequent charges.

Finally, based on the electronic and atomic
geometric structure studies, a cycling protocol
has been proposed for the nano-sized LiMn;,0,
spinel particles to achieve an optimal electro-
chemical performance. The protocol consists
of cycling the cathodes repetitively in two dif-
ferent voltage range: 2 cycles at (/20 rate in a



wide range (charging to 4.3 V and discharging
until 2.0V, where the Jahn-Teller distortion
takes place), followED by 30 cycles between
3.3and 4.3 Vat (/5 rate. The nano-sized spinel
cathode recovered the capacity lost after being
cycled only twice in the wide voltage range and
presents more defined plateaus in the charge/
discharge profiles indicating an improvement
of Li* diffusivity after deep discharge. Further-
more, this protocol led to increased specific ca-
pacity values in long cycling performance with
a Coulombic efficiency higher than 99% in the
voltage range of 3.3V to 4.3 V for the nano-
sized spinel LiMn,0, compared to the micron-
sized counterpart. Our findings exemplify the
structural flexibility of the Li-rich nano-sized
spinel and its excellent potential in long term
cycling stability in half cell batteries.

Publications

Unveiling the (de-)lithiation mechanism of nano-
sized LiMn,0, allows for designing a cycling protocol
for achieving long-term cycling stability.

Juliana B. Falqueto, Adam H. Clark, tukasz Kondracki,
Nerilso Bocchi, Mario Hl Kazzi.

Royal Society of Chemistry — Journal of Materials
Chemistry A (2023).

DOI: 10.1039/D3TA04660E

Acknowledgement

Financial support and/or scholarships from the
Brazilian funding agencies FAPESP — Sdo Paulo Re-
search Foundation (process no. 2018/16158-6 and
2019/25700-1), C(NPq — National Counil for Sci-
entific and Technological Development, and CAPES
— Coordination for the Improvement of Higher Edu-
cation Personnel are gratefully acknowledged. Part of
this work was performed at the SuperXAS beamlines
of the Swiss Light Source (SLS), Paul Scherrer Institut
(PSI), Villigen, Switzerland.

Contact

For further information, please contact
Dr. Mario El Kazzi, Head of Research Group
Battery Materials and Diagnostics.

+41563105149
mario.el-kazzi@psi.ch

31



Quantification of PEFC Catalyst Layer Saturation
via Small-Angle X-ray Scattering

The complex nature of liquid water saturation in polymer electrolyte fuel cell (PEFC)
catalyst layers (CLs) greatly affects the device performance. To investigate this prob-
lem, a method to quantify the presence of liquid water in a PEFC CL using small-angle
X-ray scattering (SAXS) was developed in collaboration with researchers from the
Federal Institute for Materials Research and Testing (BAM, Berlin, Germany), the Pho-
ton Science Division and the Electrochemistry Laboratory of PSI. The method lever-
ages the differences in electron densities between the solid catalyst matrix and the
CL-pores filled with liquid water under dry and wet conditions, respectively.

This small angle X-ray scattering methodology
has been applied to porous model materials
and a conventional carbon-supported platinum
nanoparticle (Pt/C) catalyst layer in both ex situ
and fn situ measurements. First, the detectabil-
ity of liquids in the different nano-porous layers
was demonstrated and it was shown that the
liquid saturation can be quantified using SAXS.
Second, in silico experiments and stochastic
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modeling were used to interpret the complex
multiphase material by generating statistically
representative 3D real-space structures of inter-
sected Boolean models. In silico simulated SAXS
intensity profiles were shown to capture the dif-
ferences in pore-filling modes, specifically con-
sidering whether small or large pores get filled
with water first, or if the liquid water forms as a
homogeneously-distributed thin film. Third, the

SAXS profile
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DR oy WML

Intensity [a.u.]




insitu wetting behavior of a Pt/C catalyst layer
used as the working electrode in a liquid elec-
trolyte flow cell was investigated with the new
method. We observed that mainly small pores
and a limited fraction of large pores are being
filled simultaneously after the liquid electrolyte
contacts the catalyst layer. The time resolved
insitu measurements furthermore  showed
that the saturation level in the catalyst layer
increased sharply to a saturation level of = 65%
within 3 minutes and plateauing thereafter at
=70%.

The presented SAXS data analysis tools and ap-
proach are foreseen to enable the determination
of the water saturation level and the water wet-
ting mechanism in catalyst layers given the de-
velopment of an appropriate SAXS-compatible
operando setup in the future. This, in turn, will

Figure 10

X-ray photons are scattered at different angles due
(o electron density heterogeneities in a catalyst layer
and collected on a 2D detector. The azimuthally
integrated scattering data is fitted using 30D
morphology models of the catalyst layer under dry
conditions. Different wetting scenarios are realized
insilico, and the resulting, numerically simulated
SAXS data are compared with the measured wet
SAXS data to conclude on the most probable wetting
mechanism.

Reproduced from DOI 10.7021/acsami. 3c00420, Creative Commons
Attribution 4.0 License (CCBY, http://creativecommons.org/licenses/
by/4.0/).

close the gap of currently available diagnostic
methods that cannot provide insights into pore
size specific saturation in the catalyst layer un-
der operando conditions on a wide nm-scale,
and will enable advancements in catalyst layer
design.
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Abstract

Over the past decade, there has been a revival
of research activity on lithium metal batteries
(LMBs) because these could be a solution for
key challenges in electromobility and mobile
device autonomy. With an increase in energy
density by a factor of 1.5-2 in reach, enabling
LMBs in commercial applications would be
highly attractive. However, the poor reversibility
of Li deposition and stripping is still impeding a
breakthrough: especially when only a small res-
ervoir of metal s present, cells fail quickly due
to complete consumption of electrochemically
active Li. At the same time, processes leading to
cell failure are poorly understood, as most stud-
ies focus on a suppressing symptoms in-stead
of looking for the root causes. Therefore, three
core questions are being clarified in this thesis:
what are the critical parameters for reversible
cycling of lithium metal, how electrolyte com-
patibility to metallic lithium can be enhanced,
and which tools can help to better understand
the kinetics and dynamics of lithium deposition
and strip-ping. A baseline study is first looking
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into factors that are often neglected during bat-
tery characterisation, such as current density,
type and quantity of electrolyte and the con-
tribution of more-reactive electrode edges. It is
found that the latter play a significant role in the
formation of dendrites and thus eventually leads
to premature cell failure. On another hand, the
excess of lithium metal and electrolyte in a cell
conceals detrimental effects that are important,
even when cycling takes place at elevated cur-
rent density. Having identified key factors that
influence the outcome of experiments, the
modification of carbonate electrolyte with an
organophosphate—lithium nitrate mixture has
been investigated. Using close-to-industrial
conditions with limited excess of metallic lith-
ium and electrolyte at high current density, a
positive contribution of the additive is observed,
leading to larger particle size, less surface de-
composition products and a prolongation of cell
lifetimes. The contribution of electrolyte chem-
istry remains an important topic throughout the
thesis and is investigated from a methodology



point-of-view. Potentiostatic lithium plating,
inspired from hydrogen pumping, which is a
standard test for fuel cell performance evalua-
tion, is explored as a method for fast electrolyte
suitability - investigation.  Scanning  electron
microscopy helps to establish a link be-tween
measured current response and lithium surface
coverage hefore a selection of different electro-
lytes is used to validate the testing procedure.
Electrolyte-specific patterns highlight the po-
tential of the method for electrolyte screening,
especially due to an observed direct correlation
between measured activation overpotentials
and lithium kinetics. Finally, methodology for
neutronimaging asa powerful yet facile method
for operando tracking of lithium deposition and
stripping has been developed. Using a neutron
microscope, conventional coin cells are cycled
normally, yetin original cell configuration, while
the deposition and removal of Li is recorded at
high resolution. In addition to providing tempo-
ral information on lithium nucleation, a simple
pro-cessing step also allows determining the

quantitative lateral distribution of lithium metal
on the current collector. By using three carbon-
ate electrolytes with varying content of fluoro-
ethylene carbonate additive, the contribution
of an electrolyte additive to cycling is further
clarified. By combining neutron imaging and
operando dilatometry, the density of lithium
deposition can also be identified. In summary,
this work con-tributes to the identification of
critical cycling parameters, better understand-
ing of the role of electrolyte additives as well as
new method-ologies. The gained knowledge
will help to accelerate progress in the field of
Li-metal batteries and systematic experimental
design. With a better understanding of metal
plating and stripping, it will be possible to ad-
dress safety concerns and use lithium-um metal
as a safe and long-lived electrode for high ca-
pacity cells.
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Abstract

Proton exchange membranes are used in low
temperature fuel cells and serve three impor-
tant functions: conducting protons, providing
electrical insulation, and serving as a gas bar-
rier. Currently, most commercial fuel cell mem-
branes are made from perfluorinated polymers
such as perfluoroalkylsulfonic acid (PFSA)
ionomer. These polymers work well in fuel cells
due to their high chemical stability and good
performance. However, the EU has announced
that non-essential fluorinated materials may be
phased out, which could affect fuel cell mem-
brane production. Therefore, there is a need for
alternative, environmentally friendly materials.

An alternative group of membranes, aromatic
hydrocarbon-based membranes, have shown
encouraging fuel cell performance. A major
drawback of these membranes is that they are
susceptible to oxidative degradation during fuel
cell operation. Of the reactive species formed in
the fuel cell, HO" was identified to be the most
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harmful. Radical attacks lead to deleterious re-
actions that ultimately cause reduced mechani-
cal strength and premature cell failure. Previous
kinetics studies, performed at PSIand ETH, have
shown that utilising Ce(lll) as a repair agent may
mitigate membrane damage by preventing ir-
reversible degradation.

The aim of this thesis is to promote the un-
derstanding of radical-induced  chemical
degradation of aromatic hydrocarbon-based
membranes. This is achieved by studying model
compounds and several differently modified
membranes. The importance of developing a
targeted antioxidant strategy is highlighted by
contrasting it to strategies used for perfluori-
nated materials. The final objective of this work
is to develop a repair mechanism that could be
applied to aromatic hydrocarbon ionomers ge-
nerically. This would allow for the production of
hydrocarbon membranes that could compete
with perfluorinated membranes.



Based on the study of the kinetics of radical at-
tack on aromatic compounds and relevant fol-
low-up reactions, it was shown that Ce(lll) can
catalytically repair aromatic cation radicals and
thereby restore the parent aromatic compound.
Important reaction rate constants were deter-
mined by pulse radiolysis and stopped-flow ex-
periments. Furthermore, the effect of molecular
weight and ionic strength on the formation and
decay of intermediates was investigated. Mn(Il)
was also investigated as a catalytic repair agent,
yetits rate of repair was approximately one order
of magnitude slower than that of Ce(lll).

To test whether this repair mechanism is viable
in fuel cell conditions, Ce(lll) crown ether com-
plexes were covalently attached to the polymer
backbone of a grafted membrane. Cerium-
containing membranes showed significantly
slower degradation than reference membranes
in fuel cell accelerated stress tests. Ce(lll) can
therefore be utilised as a repair agent in fuel cell
membranes.

Further kinetics and fuel cell testing with the
same experimental framework as for the Ce(lll)
investigation were performed on Cu(ll)-porphy-
rin containing membranes. The use of Cu(ll)-
porphyrins was inspired by hemes. Hemes are a
group of chemicals found in biological systems
capable of handling highly oxidizing species
and thus, are resistant to irreversible oxidative
damage. It was found that damage can likely
be transferred from the cation radical to Cu(ll)-
porphyrin complexes. Fuel cell tests with Cu(ll)-
porphyrin  containing  membranes  showed

increased resistance to radical-induced deg-
radation over a few hundred hours of testing.
Post-test results revealed the turnover number
of Cu(ll) porphyrin to be at least 35, indicating
that the repair mechanism is likely catalytic.

In summary, the findings of the work indicate
that aromatic hydrocarbon based membranes
require a different antioxidant strategy than
whatis used in PFSA membranes to reach com-
petitive membrane lifetime in the fuel cell. The
repair of long-lived intermediates appears to be
a promising approach.
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Abstract

Energy is what sustains the well-being and
functioning of our society. The global energy
demand continues to rise every year to con-
tinuously meet the human social and economic
development needs of humanity. In order to
rapidly meet these needs, fossil fuels (i.e., oil,
coal, and natural gas) have been integrated into
our daily lives as the primary energy source.
Concurrently, it is widely known that the com-
bustion of these fossil fuels emits enormous
amounts of greenhouse gases, jeopardizing
the environmental stability of our planet and
our own way of life. This environmental impact
compels us to pursue alternative energy sourc-
es, namely renewable energies (i.e., solar and
wind). The transportation sector is one of the
main contributors to such intensive greenhouse
gases emissions, and therefore its rapid electri-
fication is key for minimizing its impact on the
global environment. In this context, polymer
electrolyte membrane fuel cells (PEMFCs) are
highly efficient energy conversion devices that

40

produce electricity from the oxidation of hydro-
gen (supplied from renewable energies) and
the reduction of oxygen at the cell’s anode and
cathode, respectively. However, the excessive
cost and insufficient durability of PEMFCs limit
their extended market implementation. This is
caused by the fact that these cells require high
amounts of platinum to catalyze the sluggish
oxygen reduction reaction (ORR), making this
catalyst layer the most expensive component in
the fuel cell stack. Furthermore, the insufficient
durability is partially caused by the presence of
a carbon support in conventional Pt-based cata-
lysts (often referred to as platinum-on-carbon,
Pt/C), which oxidizes when high potentials are
encountered, as can be the case during PEMFC
startup/shutdowns or upon local fuel starvation
events.

In this context, bimetallic, carbon-free, Pt-Ni
aerogels have been developed to tackle both of
these challenges. The bimetallic, alloy nature of



this material leads to a = 2.5-fold higher ORR-
activity compared to the conventional Pt/C, and
the absence of a carbon support enhances its
durability at high potentials, leading to a sus-
tained electrochemical performance over time.
Encouraged by these features, this work aimed
to perform a full electrochemical characteriza-
tion of the Pt-Ni aerogel under automotive rel-
evant PEMFC conditions.

Thus, the first part of this thesis focused on the
scale-up and optimization of the Pt-Ni aerogel
to obtain a homogenous and highly performing
catalyst layer in PEMFC at standard measure-
ment conditions (i.e., at 80°C, 100 % relative
humidity and 1.7 bar,). Subsequently, the
catalyst layer was tested under a broader range
of relative humidities and temperatures, as well
as submitted to fast load transients. The voltage
losses associated with low relative humidity
conditions were partially attributed to the cell
design and inhomogeneities in the distribution
of the current density. Moreover, the effect of the
relative humidity on the ORR-kinetics and mass
transport losses was further explored by using a
coverage-dependent form of the Butler-Volmer
equation to extract intrinsic-ORR kinetic param-
eters and elucidate the fundamental causes of
the voltage losses observed for conventional
Pt/C catalysts and the Pt-Ni aerogel.

On top of this, this thesis also tackled the elec-
trochemical testing of low loaded Pt-Ni aerogel
electrodes (i.e., with =0.1 mgPt-cm™). A dras-
ticdrop in performance was initially observed at
these reduced loadings, and this was attributed

to the high O,-transport resistance caused by
the use of a thin ionomer film in these aerogel
electrodes. The subsequent removal of this iono-
mer from the electrode’s formulation resulted in
asignificantenhancement of the overall fuel cell
performance caused by the negligible 0, trans-
port resistance. Lastly, a limited water/ice stor-
age capacity of these thin aerogel catalyst layers
was observed in isothermal galvanostatic cold-
starts at freezing conditions (-20°C), in which
the aerogel catalyst layer featured a reduced ice
storage capacity compared to conventional Pt/C
due to its reduced thickness and volume.

In summary, this work contributed to the de-
velopment and understanding of the strengths
and challenges that Pt-Ni aerogels need to over-
come for their full implementation in polymer
electrolyte membrane fuel cells.
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Abstract

The global shift towards the electrification of
transportation aims to transition from fossil
fuels to renewable energy sources, addressing
concerns about greenhouse gas emissions, ris-
ing global temperature, and sea level changes.
Among the alternatives, polymer electrolyte
fuel cell (PEFC) vehicles stand out for their high
efficiency, power density, long-range, and zero
emission. However, their market share is far
behind battery electric vehicles because of high
costs, limited lifetimes (< 5000 h), and opera-
tion challenges in cold climates. Operation chal-
lenges in cold climates are attributed to issues
like voltage instability or failures during startup
and mechanical damage to cell components
due to water freeze in subfreezing conditions.
This thesis investigates the influence of the gas
diffusion layer (GDL) properties on water freez-
ing behavior, aiming to understand cold-start
failures and successes. Based on this, a new
design of cross-patterned GDL is proposed to
enhance the ice resilience of GDLs and fuel cell
cold-start capabilities.
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First, initial studies using exsitu differential
scanning calorimetry (DSC) explore the ef-
fects of hydrophobic treatments on GDLs on
ice crystallization. Contrary to expectations,
increasing GDL overall hydrophobicity does
not isolate water clusters from ice nucleation
seeds, reducing freezing probability. This is at-
tributed to the uneven coating distribution and
limited fiber coverage within GDLs with the
dip-coating method but can be improved when
waterproofing GDLS under vacuum. In addition,
the propagation of freezing in GDLs is fast as
s00n as ice crystallization initiates. GDLs with
patterned wettability are introduced to prevent
ice propagation and extend the operation time
of the fuel cell, even thoughice is formed locally.
Ex situ DSC measurements show that separating
water clusters in GDLs effectively constrains ice
propagation, which can be further enhanced by
well-defined patterns - reducing the width of
hydrophilic pathways and increasing the width
of hydrophobic lines.



However, translating exsitu results to cell per-
formance posed challenges due to differences in
sample sizes and dynamic water distribution. To
bridge this gap, an advanced in situ DSC setup is
developed to investigate the supercooled water
freezing behavior in GDL of a single-cell scale
and condition without being affected by the
membrane electrode assembly. The findings
reveal that the freezing temperature of super-
cooled water shifts to higher temperatures with
alarger sample size and higher saturation level.
In addition, the broad distribution of freezing-
thawing cycles and the noticeable inter-cycle
variations demonstrate a good agreement with
exsitu DSC results.

Finally, the performance of the novel-designed
cross-patterned GDL is assessed with isother-
mal cold-start measurements. Positively, cross-
patterned GDLs extend the operation time and
reduce the voltage-failure probability of PEFCs
under less extreme conditions. It also shows
reduced mass transport losses under normal

operation conditions because of advanced water
management. In addition, the scattered opera-
tion time for isothermal cold-start aligns well
with both exsitu and in situ DSC measurements,
highlighting the importance of understanding
freezing imitation and stabilization features for
future material innovations.
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Abstract

Due to the increasing demand for alternative
energy solutions, batteries have become cru-
cial in the automotive sector owing to their
high reliability as energy storage devices. As
the needs in this industry drive improvements
in terms of fast charging and operation under
extreme temperatures, understanding their in-
fluence on the battery performance and cycle
life has become increasingly important. Current
characterization methods, however, rely on ex-
perimental designs that do not fully capture the
overall internal macroscopic dynamics of these
systems, reducing their accuracy, particularly in
commercially available designs.

Therefore, a comprehensive spatially resolved
method is required, capable of resolving chang-
es in relatively large areas, while providing de-
tailed information on physical, chemical, and
electrochemical effects that come into play dur-
ing the cycling of batteries. Neutron imaging,
combined with spectral techniques, provides a
solution by offering deeper insights into battery
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materials due to the physics behind the interac-
tions between neutrons and matter. This thesis
describes these interactions and provides the
fundamentals that led to the development of
spectroscopic neutron imaging (SNI), a method
capable of resolving spectroscopic features in a
spatially resolved manner.

Since electrolytes often endure the most dam-
age in battery operation under extreme condi-
tions, this work primarily focuses on the use of
SNI'to understand the physio-chemical changes
that electrolytes experience in connection with
the loss of performance caused by cycling bat-
teries at sub-freezing temperatures and fast
charge. The application of the SNI to electrolytes
includes ex situ and in situ studies in four beam-
lines of two different technologies for produc-
ing neutrons, i.e., reactor and spallation sources.
Throughout the neutron experiments with the
SNIin electrolytes, it became evident that to ex-
ploit this method to its fullest in current neutron
sources, the optimization of parameters govern-



ing this method is key. Therefore, a simulation
framework was developed to test its potential
and to provide a baseline for the speedy and ef-
ficient investigation of materials with the meth-
od. Lastly, in a more applied context, SNI was
used to study the operando intercalation of Li*
in graphite anodes that extended its capabilities
even further. The investigation aimed to study
the state-of-charge in a spatially resolved man-
ner to identify potential deficiencies connected
to the battery design and manufacturing that
resultin loss of performance.

The results in this thesis demonstrate the capa-
bilities of the SNI method to study the dynamics
and composition of hydrogenated molecules
due to the inelastic scattering of neutrons
and matter, as well as materials that undergo
changes in their crystalline structure with elas-
tic scattering. One of the major advantages of
the SNI'is its versatility and possible extension
as a characterization method for a broad range
of applications well beyond batteries and bat-

tery materials. Therefore, as much as this thesis
establishes the fundamentals of this spectral
neutron technique, its continuous development
and application are essential to strengthening
material research in the ever-evolving progress
of current technologies.
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Abstract

The rise in greenhouse gas emissions
since the industrial revolution has spurred
the development of renewable energy.
However, renewable energy sources such
as wind and solar experience intermittency
issues.  Correspondingly, hydrogen  based
energy conversion systems are of interest to
counterbalance this irreqular production of
energy. Unified regenerative fuel cells (URFC)
are promising devices for energy conversion
and combine a hydrogen fuel cell and water
electrolyzer in one device. However, currently,
URFCs suffer from low round trip efficiencies
and short lifetimes due in part to the high
overpotentials and slow kinetics of the oxygen
reduction (ORR) and oxygen evolution (OER)
reactions that occur at the oxygen electrode. As
a result, the development of high performing
and stable bifunctional catalysts is essential for
the advancement of URFCs. Motivated by this,
this thesis explores perovskites as bifunctional
catalysts for ORR and OER, with the focus on
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understanding the reaction mechanisms and
the catalyst properties that lead to activity.

Operando techniques are invaluable for inves-
tigating catalyst changes during a reaction. In
this work, operando X-ray absorption spectros-
copy (XAS) was utilized to uncover insights into
the local coordination geometry and electronic
structure during the oxygen reduction and
oxygen evolution reactions. With high time-
resolution, the change in oxidation state of
the active site, B-site metal of the perovskite,
was elucidated, while cyclic voltammetry
was performed. Additionally, device level fuel
cell and water electrolyzer measurements
are performed to assess the feasibility of the
bifunctional catalysts in a more applied setting.

Understandingthe oxygen reductionand oxygen
evolution reaction mechanisms is essential to
improving catalytic activity. Carbon is often
added to perovskite catalyst layers to increase



electrical conductivity. These perovskite/carbon
composites are theorized to catalyze ORR
through a different reaction mechanism. The
relationship between carbon and perovskite
was further elaborated by investigating the
effect of conductive additives on the perovskite
Ba sSrysC0gsfeg ;055 (BSCF). Operando XAS was
used to investigate the influence of carbon on
the change in the Co oxidation state during ORR
and OER.

After the influence of conductive addi-
tives is investigated, the catalysts BSCF and
L2551 eMn055 (LSM) are assessed for their
bifunctional activity and stability. A URFC will
alternate between reducing potentials in fuel
cell operation and oxidizing potentials in elec-
trolyzer operation. The bifunctional oxygen
electrocatalysts must then also reversibly alter-
nate between ORR and OER, respectively. BSCF
and LSM were subjected to alternating OER and
ORR potentials, while the change in oxidation

state of their B-site metals was observed. The
results revealed performance degradation due
to oxidizing potentials. Additionally, key insights
into the reversible and irreversible changes that
occur during the two reactions were uncovered.
Finally, the results of the previous sections are
used to design new bifunctional perovskite
catalysts. Two design strategies were chosen to
incorporate active sites for ORR and OER into the
catalyst. The resulting catalysts were screened
for activity and stability and operando XAS was
utilized to study the change in oxidation state of
the active sites.

In summary, this thesis started with a
fundamental investigation into the reaction
mechanisms and concluded with the design of
new bifunctional perovskite catalysts. Overall,
the knowledge attained during this work
allows for the careful design of new bifunctional
perovskite catalysts and, ultimately, advances
the performance and lifetime of URFC devices.
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Abstract

Energy conversion and storage systems for a
broad time- and capacity range are required to
equilibrate the intermittency problem of renew-
able energy sources and to enable the substitu-
tion of fossil fuels on a global scale. A promis-
ing solution for the long-term and large scale
storage of renewably produced electric energy
is the conversion into chemical energy in the
form of hydrogen by the electrochemical split-
ting of water in so-called electrolyzers. Renew-
ably produced hydrogen can then be stored and
converted back into electric energy at any time
when demanded. Among the different types
of electrolyzers, the ones using alkaline condi-
tions have the possibility to facilitate hydrogen
production on a global scale as they are com-
posed of abundant and cost-efficient materials.
However, todays available products still suffer
from low energy conversion efficiencies, which
hinders a greater market penetration and thus
limits the extent of fossil fuel substitution with
renewable energy sources. An important reason
for the low energy efficiency of alkaline water
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electrolyzers (AWEs) lies in the slow kinetic of
the anodic oxygen evolution reaction (OER). The
reaction kinetic can be improved by selecting an
anode material, which is able to electrocatalyze
OER. However, industrial requirements on an
ideal OER electrocatalyst include not only a high
OER activity and stability, but also the produc-
tion of nanocatalyst by a scalable synthesis
technique from abundant and cost-effective
chemicals. Among the variety of tested materi-
als, flame-spray synthesized cobalt-based oxide
nanocatalysts are promising candidates as ideal
OER electrocatalysts for AWE considering the
demanding industrial requirements. Neverthe-
less, an improvement of the electrocatalytic
performance of these materials is still required
to further decrease the production costs of hy-
drogen.

In this context, the first part of this doctoral the-
sis focuses on the relationship between flame
condition and electrocatalytic performance of
the produced nanocatalysts. This investigation



shows exemplarily for BagsSrysC0psFeg;0s
that the influence of the flame-spray synthesis
parameters on the high-temperature particle
residence time and the oxygen partial pressure
in the flame allows to directly control OER rel-
evant materials properties such as oxygen va-
cancy concentration and bulk Co oxidation state.
Therefore, the optimization of the flame-spray
synthesis parameters can significantly improve
the OER activity, which is an important finding
particularly for scaling-up the synthesis, where
the production rate must be maximized but
withoutlosing the electrocatalytic performance.

The second and third part of this thesis focus
on the optimization of the Co-to-Fe ratio in two
material series of Cor,Fe,0, and BaysSrosCor,
Fe,0; 4 (BSCF) to find the best OER performance
with the lowest Co-content as possible. More-
over, these two materials series were inves-
tigated by using exsitu surface-sensitive and
operando bulk averaging techniques, which
delivered new insights into the OER beneficial
(o-Fe-interaction and a fundamental under-
standing how surface and bulk changes can
influence the electrochemical behaviour and
electrocatalytic performance of Co-Fe-based
oxide nanocatalysts.

In summary, this thesis demonstrates the abil-
ity to significantly improve the OER activity of
flame-spray synthesized Co-based nanocata-
lysts by optimizing the synthesis parameters,
which is an important finding for the scale-up
of the synthesis. Moreover, the electrocatalytic
performance of these Co-based nanocatalysts

are even further improved by partially sub-
stituting Co with Fe. This substitution is more
extensively possible for the Coy,Fe,0, than for
the BSCo,. e, series and is explained with the
different optimal Co-to-Fe ratio for the most ex-
tensive formation of the OFR active Co-Fe-based
(oxyhydr)oxide phase as revealed after combin-
ing exsitu surface-sensitive and operando bulk
techniques.
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Abstract

Polymer Electrolyte Fuel Cells (PEFC) are seen
as a crucial option for decarbonization efforts
in mobility applications and hydrogen-based
power-to-power cycles. The technology uses
hydrogen and oxygen as reactants, with only
waterand heat as by-products. However, proper
water management is essential for efficient
PEFC performance, which can be challenging.
One of the primary obstacles to maintaining
high PEFC performance is preventing water
accumulation in the cell's porous layers. If excess
water persists, it can impede reactants from
accessing the active sites of the catalyst layers.

Conversely, inadequate hydration of the polymer
membrane, as wellas the ionomerin the catalyst
layer, occurs if insufficient water is supplied to
humidify the reactant gases. The dehydration
reduces their proton conductivity, ultimately
compromising the cell's performance. As a
result, managing water levels in the catalyst
layers becomes critical to ensuring optimal PEFC
performance.
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Within this thesis, a methodology has been
developed using X-ray scattering methods to
quantify water levels in PEFC's nanoporous
layers and the membrane during cell operation.
The methodology includes the development
of a small and wide-angle X-ray scattering (S/
WAXS) compatible PEFC and data collection
in relevant operating conditions. S/WAXS was
chosen because of its sensitivity to information
in the nanoscale regime which fits to structural
features of interest. Scanning S/WAXS was used
to isolate the different layers of the PEFC, and a
multi-phase Invariant calculation approach was
used to quantify the water level in the catalyst
and microporous layer. Furthermore, pore size-
specific interpretation of liquid water filling the
nanoporous media via representative structure
modeling has been developed to reveal a likely
liquid water distribution.

The methodology is applied to reveal the
saturation levels of the catalyst layers as a
function of the relative humidity of feed gas,



current density, and operating pressures at
relevant operating temperatures. Furthermore,
the methodology is applied to investigate
the impact of a variation in the adjacent
microporous layers on the saturation levels and
water distribution in the catalyst layers. It was
found that introducing micron-sized pores in
microporous layers lowers the hydration level
of not only the microporous layer itself but
also catalyst layers and the membrane at
3 bary,. and 100% relative humidity. In
contrast, the extensive increase of the PTFE
content as the binder of the microporous layer
enhanced its detected water levels. The impact
of the catalyst layer's carbon primary porosity
modified via heat treatment on the saturation
levels of the catalyst layers and their adjacent
layers was also investigated. The membrane
electrode assembly using a modified cathode
catalyst shows on average a lower saturation
level compared to the non-modified catalyst
layer, despite the higher current densities it
generates.

With the capability of operando S/WAXS mea-
surements to gain insight into the liquid water
level in nano-porous layers in actual operating
conditions the methodology is expected to
improve material design and further advance
electrochemical conversion devices as it is not
limited to fuel cells but easily transferrable to
polymer electrolyte water electrolyzers and
other devices, such as (0, electrolyzers, nitro-
gen reduction cells, etc. For example, in water
electrolyzers, it could provide insights into the
0xygen saturation level in the catalyst layers.
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Synergizing the Porous Transport and Catalyst
Layers in Polymer Electrolyte Water Electrolysis

Carl Cesar Weber
Ph.D. Thesis No. 29853, ETH Ziirich, November 2023.

Examiners:

PD Dr. Lorenz Gubler, PSI Villigen / ETH Ziirich

Prof. Dr. Thomas J. Schmidt, PSIVilligen / ETH Ziirich
Dr. Felix N. Biichi, PSIVilligen

Abstract

Polymer electrolyte water electrolysis (PEWE) is
experiencing a massive renaissance, driven pri-
marily by the urgency for rapid renewable en-
ergy storage solutions. However, the high price
and especially the scarcity of iridium, which is
needed as an anodic catalyst, are some of the
main limiting factors hindering a rapid expan-
sion in capadity installation. Therefore, reducing
the iridium content in the system is essential.
The porous transport layer (PTL) interaction
with the catalyst layer (CL) contributes signifi-
aantly to the performance and efficient use of
the catalyst. However, the mechanistic reasons
behind the role of the PTL/CL interface are not
well understood. In this work, we focus on the
influence of the PTL, the CL, and their interface
to reduce the total amount of critical materi-
als in PEWE cells through the synergy of these
components.

Reducing PTL thickness can help minimize Ti

content and contribute to making PEWE stacks
smaller. In this context, we examined how
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varying the thickness of the anodic PTL be-
tween 0.16 and 2 mm affects cell performance
while keeping other PTL parameters constant.
A difference of up to 120 mV overpotential at
4 Acm™ was observed which we attributed to
sluggish water transport below the flow field
land in thin PTLs. From our findings, we formu-
lated a quideline that proposes an optimal ratio
between PTL thickness and flow field charac-
teristics.

In an effort to better understand the effect of
the PTL/CL interface, we designed a matrix of
two-dimensional interface layers with a well-
known structure. We integrated these structures
into PEWE cells between the PTL and the (L.
Through a thorough analysis of performance
and high-frequency resistances, we were able
to determine catalyst utilization. In collabora-
tion with NREL (Golden, USA), we estimated
the impact of membrane dry-out and calcu-
lated the current distribution in the CL using a
3D-multiphysics model. As the current density



increased, we observed that large parts of the

(L became inactive. This is due to two reasons:

1) the high electronic resistance of the CL in
the open pores space and

2) a significant gas accumulation in the CL
under the PTL lands, which hinders the
distribution of liquid water.

We call this phenomenon gas blinding. Based

onour findings, we can conclude that small pore

sizes and inter-pore distances of the PTL at the

(L interface are crucial in maximizing catalyst

utilization.

To identify the challenges in the CL's morphol-
ogy at lower loadings, we analyzed the 3D
nanostructure using ptychographic X-ray lami-
nography in both dry and wet conditions. Our
findings showed that interruptions in the per-
colation network of the particles can limit elec-
tronic conductivity. Microporous layers (MPL)
with smaller feature sizes can help in bridging
the electronic paths in the interrupted CL. To
test this hypothesis, we varied iridium loadings
ranging from 2.5 to 0.1 mg, cm™ in two dif-
ferent configurations: depositing either on the
membrane or on the Ti-substrate (MPL). Addi-
tionally, we investigated the effect of introduc-
ing a thin protective Pt coating on the MPL to
decrease the interface resistance. We tested the
electrochemical performance of all cell com-
binations and conducted an in-depth kinetic
analysis to reveal information on CL utilization.
The findings indicate that cells using MPLs with
Pt-coating facilitate the reduction of iridium
loadings, allowing them to sustain performance
with only modest voltage losses.

In the final section of this thesis, again in collab-
oration with NREL, a new generation of ultra-
thin MPL was developed and tailored to increase
efficiency and catalyst utilization at low Ir-load-
ings, simultaneously saving raw material. The
structure and surface properties were analyzed
using X-ray tomographic microscopy exhibit-
ing a lower surface roughness. Compared with
state-of-the-art PTL materials, cells with MPLs
showed improved performance, with gains of
up to 100 mV at 7 Acm™ using low platinum
group metal loadings of 0.6 mgpgcm™. Fur-
thermore, we tested cells with thin membranes
(N212), where a significantly lower hydrogen
crossover was measured when an MPL was
used. This effect was particularly strong at low
current densities, which contributes to increas-
ing the turndown ratio.

Through a rational design of PTL surface proper-
ties, we have shown that high catalyst utiliza-
tion can be achieved by overcoming the high
in-plane resistance of low-loaded catalyst lay-
ers. The materials and findings presented in this
work will pave the way for advanced PEWE cell
components and help minimize the use of criti-
cal materials in future electrolyzer systems.
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o
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