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ABSTRACT

A new generation of polymer electrolyte membrane fuel cells (PEMFCs) has started to enter the
public market ahead with Toyota’s model Mirai in 2015. Further on, several automakers also an-
nounced small scale production of fuel cell electric vehicles (FCEVs). Simultaneously the hydrogen
infrastructure is aimed to be developed further in order to support FCEVS’ market entry. In the
last decade, PEMFC research has focused on characterization method development which should
support the understanding of the catalyst layer (CL). Especially the CL’s microstructure is not yet
completely investigated. Due to the materials complexity, an accurate description of catalyst dis-
persions appears to be impossible. Hence, the present study focuses on experimental investiga-
tion of the catalytic ink particle size distribution and the corresponding catalyst layer morpholo-
gy. An electrochemical evaluation was subsequently performed in order to categorize the CLs into
sufficient or insufficient cell behavior. Therefore, a consecutive approach of parameter variation
was carried out.

First, the manufacturing process of cathodic electrodes was investigated by selective analysis of
catalyst layers resulting from diverse processed catalyst dispersions (mixing time variation). Sec-
ond, the ionomer to carbon ratio (I/C) was varied in order to evaluate the pore network develop-
ment and finally the particle size distribution was directly tuned with the goal to create differen-
tiated catalyst layers. As a result, the mixing time and the particle size distribution tuning re-
vealed detectable variations within the CL microstructure which were directly measurable with
electrochemical testing. Hence, monomodal catalytic ink particle size distributions with a maximal
size of 1 pm presented a 50 % reduced film thickness and slit shaped pores within the CL leading
to a direct cell breakdown during electrochemical evaluation. In contrast, polymodal catalyst dis-
persions with a maximal size of 10 pm yielded well performing catalyst layers related to a suffi-
cient pore and ionomer network which manage gas and proton transport, respectively.

These cell behaviors are predictable by using the identified catalyst dispersion and catalyst layer
characteristics which include the state of the catalytic dispersion Df, the modality of the particle
size distribution, the maximal particle size of the distribution x_, the hysteresis loop of the re-
sulting CI, and the specific surface area of the CL. A good cell performance was achieved when
the catalyst dispersion presented a polymodal distribution below particle sizes of 10 pm, the ab-
sence of Mie scattering, and H2 type hysteresis loop for the resulting catalyst layer. On the other
hand, poor cell performances are created with monomodal particle size distributions below 1 pm
maximal size resulting in Mie scatter. Hence, a high particle packing density is observed within the
CL so that slit shaped pores are created which induce a H4 type hysteresis loop and an early cell
breakdown.
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1 INTRODUCTION

“I do believe in the horse. The automobile is no more than a transitory phenomenon.” - this fa-
mous quote of Emperor Wilhelm II as a reaction to Carl Benz s introduction of the first automo-
bile in 1886 proves the evidence of misjudgment and uncertainties towards new arising technolo-
gies as its best. 130 years later, history shows that the automobile became by far one of the great-
est inventions of the last centuries. Today, the automobile industry struggles again with new aris-
ing technologies and is trying to find its way to adaption. After the glory oil era, the global oil
demand is still forecasted to reach 115 million barrels a day in 2035 which equals a 25 % increase
of the present 92 million barrels a day in 2014.' In contrast, several opinions predict the global oil
demand as far lower than the OPEC does. The powerful forces are named as the improvement of
energy efficiency, the adoption of battery vehicles, hybrids, and fuel cell vehicles also towards
truck fleets and the marine shipping, and the rising institution of carbon emission targets.' Espe-
cially the carbon emission targets force the OEMs to produce more zero-emission vehicles which
include battery electric vehicles (BEVs) and fuel cell electric vehicles (FCEVs). Especially FCEVs
benefit from higher well-to-wheel efficiency in comparison to common internal combustion en-
gines (ICEs), acceptable ranges per filling of the tank (up to 600 km), and short refueling times.
Simultaneously FCEVs face the hurdles of present energy intensive hydrogen production and a
lacking H, infrastructure.*” Therefore, the H, Mobility Initiative - founded in 2013 and trans-
formed 2015 into a private joint venture covering six industrial companies - is expanding the total
number of hydrogen filling stations across Germany to 400 by 2023.*> Today, only a couple of
dozen is found in Europe while California brings up 46 public stations and Japan will have com-
pleted 74 by early 2016.° The slowly arising stations demonstrate the complexity of matching the
car roll-out process and the hydrogen infrastructure development.®

The CO, emission targets for the European Union are categorized into three levels: short term the
upper CO, emission limit is reduced to 130 g CO,/km (2012-2015), followed by a mid-term goal
of 95 g CO,/km (2020) which finally should reach 68 - 78 g CO,/km by 2025 onwards.*” Consider-
ing all sales market regions, a significant CO, emission reduction of averaged 28 % by 2020 is re-
quired.” As far as energy efficiency is improved, these goals could only be completed by the inte-
gration of reduced emission or zero-emission vehicles. Thus, the automotive industry is changing
and once again it is demonstrating its agility towards emerging trends. The annual ranking of the
“most innovative companies 2015” firstly presents equality in between technology companies and
automakers within the top 10. Apple, Google, Microsoft, and Samsung place the first positions
aside from Tesla Motors which is ranked at position 3. Toyota, BMW, and Daimler fill positions 6,
7, and 10, respectively.® All these companies launched successfully an alternative powered vehicle:
Tesla Motors presented first a fully electrified sport car but is additionally not only an automaker
but also an energy storage company that sells it battery components to competitors.”'” Tesla Mo-
tors understands its business concept as both hardware and software related.'” Hence, Forbes
magazine ranked Tesla Motors as the world "s most innovative company of 2015." Toyota intro-
duced the FCEV Mirai in 2015, while BMW experienced great success with its electric model i3 as
the most frequently sold BEV in Germany in 2014.%'*" Daimler started alternative powered car
selling in 2009 with BEV and FCEV which demonstrated mature technology with the Mercedes-
Benz F-Cell Word Drive in 2011."*" Innovative companies are characterized by their ability of
quick adoption to new technologies, implementation of lean research and development processes,
and the application of digital, mobile, and big data.® Especially, occurring disruptive events chal-
lenge the companies and force them to immediate reaction. Today, four key areas are identified as
such challenging topics which could lead the automotive industry towards a new golden age of
technological advancement and automotive innovation which include the power train, lightweight
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2 1 INTRODUCTION

materials, connectivity, and active safety and assisted autonomous driving.'®* The automobile is
changing from a collection of mechanical and hydraulic systems to a machine that is predomi-
nantly controlled by software and electronics.'” Those trends are deduced from consumer re-
search analysis and OEMs research and development spending as well as the numbers of patent
fillings." Further on, the automotive industry conversion and the application of new arising tech-
nologies are already visible in the present road transportation - even if FCEVs are still an exotic
product.

Since Daimler belongs to one of the leading automakers focusing on fuel cell technology in Ger-
many, this study presents experimental investigations of cathodic catalyst layers production pro-
cesses and is trying to identify parameters that allow process efficiency increase so that cost re-
ductions will pave the way for large-scale FCEV production.



2 AIM OF THIS WORK

The microstructure of polymer electrolyte membrane fuel cell catalyst layers is not yet completely
investigated. Great effort in advanced characterization methods, especially electrode imaging and
electrochemical analysis has taken place in the last decade.*'”** But still, the common catalytic ink
analysis techniques are lacking methods for the dispersion state analysis which also includes pre-
cise particle/agglomerate size distributions. Due to the materials complexity - highly porous cata-
lyst powder with fractal geometries and networking ionomer with solvent depending swelling
behavior - an accurate description of the catalytic ink appears to be impossible. Especially the
selection of a suitable particle size analysis technique, which is usually utilizing light sources, is
confronted with either black particles and complex refractive indices or transparent ionic poly-
mers. Thus, the simultaneous detection of solid catalyst particles and a polymeric material repre-
sents insurmountable hurdles which lead to CL microstructure model development. Hence, the
catalyst agglomerate size and other crucial characteristics such as the ionomer coating film thick-
ness are estimated so that their impact on the CL formation could be evaluated.'”** In contrast to
the widely used agglomerate models,*** the present study focuses on experimental investigation
of the catalytic ink particle size distribution. The catalyst particles/agglomerates serve as basis for
the solid skeleton of the catalyst layer so that their distribution plays a key role for CL design
optimization.?**® Epting et al. proposed that using a single agglomerate diameter as basis for mod-
elling predictions is not adequate for precise results while using an agglomerate diameter distri-
bution presented a far more sensitive output with approximately 70 % difference compared to the
prediction running on a single agglomerate diameter.* This hypothesis validated for agglomerate
model predictions should be reviewed within this study by experimental investigations.

Furthermore, the PEMFC electrodes consist of three components of which each is crucial for the
overall fuel cell reaction: catalyst particles and their conductive support ensure the electron con-
duction, an interconnected ionomer network creates void space which serves as pore network for
the gas transport and the ionomer itself guarantees the proton diffusion within the electrode.'”""
The difficulty for electrode design optimization is the complexity of component interaction and
mutual influence - in addition to applying suitable characterization methods. Thus, an ideal de-
signed electrode includes reactant gases access to the catalytic active sites, proton and electron
diffusion paths as well as water removal mechanisms avoiding gas diffusion path blocking.'”**
Before CL design optimization could be performed, a deep understanding of the CL microstruc-
ture is needed. Especially the three networks build up by the catalyst particles, ionomer, and the
resulting pores should be investigated within this study.

The goal of the present study is to identify characteristics within the catalyst coated membrane
(CCM) production process which increase the overall cell performance. Thereby, raw materials, the
applied production technologies as well as few material ratios are fixed which could reduce the
expected output variation range. The investigated components include the catalytic ink, the cata-
lyst layer (CL) coated on a decal substrate, and the CCM. Within this study, nitrogen physisorption
analysis should be performed in addition to common optical microscopy techniques for CL analy-
sis. Furthermore, the characterization of the catalytic ink is focused and its particle size distribu-
tion as well as stability and internal dispersion state analysis are introduced. According to the
applied characterization techniques, adapted to fuel cell materials, promising results are expected
in order of clear correlation between the three components catalytic ink, CL, and CCM. The hy-
pothesis of indirect fuel cell performance tuning by adjusting the catalyst ink properties should
be verified following the outlined approach (Fig. 2.1, bullet point 1).



4 2 AIM OF THIS WORK

1. HYPOTHESIS

LFuel cell performance is tunable by catalyst ink properties when
raw materials and applied production process are fixed”

2. PRODUCTION PROCESS ANALYSIS

Identification of suitable characterization methods for catalytic
ink, catalyst layer (CL), and catalyst coated membrane (CCM)
» 5.1 “Descriptive analysis of cathodic electrode production”

3. MATERIALS - BUILDING UP THE CL

i) lonomer loading variation
» 5.2 Does the ionomer loading influence the PSD and overall
electrode microstructure characteristics?“

i) Catalyst particle size distribution variation
» 5.3 Microstructure tuning by particle size distribution variation of
catalytic inks*“

4. DISCUSSION

What happens when the applied mixing technology is varied? A

proof of concept for the obtained experimental findings.

» 5.4 Does the ink property settings determine the electrode
microstructure independent of the deployed mixing technology ?*

Fig. 2.1 Strategic outline for the present study.

After formulating the hypothesis, the present cathodic electrode manufacturing process should be
investigated with respect to catalytic ink, electrode morphology, and catalyst coated membrane
performance analysis. Relevant characterization techniques should be identified and further ap-
plied (Fig. 2.1, bullet point 2). Then, the electrode microstructure should be investigated by a con-
secutively variation sequence including ionomer loading and catalyst layer particle size distribu-
tion widths. Thereby, solely one parameter is changed at the same time so that first the ionomer
loading is adjusted while platinum loading, solid contents, the solvent system ratio, the applied
mixing energy and the resulting catalytic ink particle size distribution should remain constant.
Second, a suitable ionomer loading is chosen and fixed whereas a range of diverse catalytic ink
particle size distributions should be created. Here, the essential parameter platinum loading
should also be fixed in order to guarantee comparable valid interpretation. All microstructural
experiments should be completed with electrochemical single cell testing so that correlations
between CL microstructural properties and cell behavior could be identified.

In conclusion, the experimental findings and correlations should be reviewed with a proof of con-
cept by applying a diverse mixing technology. The goal is to create an identical ink particle size
distribution so that the manufactured electrodes achieved from these two mixing technologies
could be investigated and feasible differences revealed (Fig. 2.1, bullet point 4).



3 STATE OF THE ART

3.1 PEMFCs for automotive application

The applicability of polymer electrolyte membrane fuel cells (PEMFCs) has changed from a lab
scale product into the most probable successor for automotive manufacturers during the last
century. However, the first fuel cell was discovered by Christian Friedrich Schoenbein in 1838
already. It was considered as interesting “gas battery” but it took over a century until the first fuel
cell was tested in a vehicle.*'” From 2005 onwards, the first production-ready passenger vehicles
became public with a new generation of fuel cells. In contrast to prior handmade prototypes, these
few hundred examples were produced by assembly lines and field tested in order to demonstrate
mature technology. The Mercedes F-Cell B-Class, the Chevrolet Equinox FC, and the Honda FC-X
Clarity presented approximately 90 kW fuel cell power, 150 km/h top speed, and 100 000 km
durability. Further on, one tank covered 350 - 400 km and the refueling procedure was executed
within less than 4 minutes. In 2015, a next generation of fuel cells entered the market in small
quantities whereby Toyota’s Mirai was the first of several announcements.>'? But still, FCEVs suf-
fering from high production costs and durability targets as well as from fragmentary hydrogen
distribution infrastructure.>*** Additional PEMFC power plant requirements are identified as high
reliability and mass manufacturability. Future FCEVs need to fulfill a power target of approxi-
mately 80 kW in order to power a light-duty automobile.’> Further power plant improvements
coupled with smarter H2 tank integration are expected to increase the vehicle’s range and the
systems efficiency. Moreover, automotive industry is aiming to increase the durability standard of
2000 h towards 8000 h.?

In order to compete with traditional internal combustion engines (ICEs) the automotive
fuel cell system costs need to be reduced to $25/kW.* The United States Department of Energy
(DoE) annually presents a study for costs of a single automotive fuel cell system on the assump-
tion for a yearly production of 500 000 vehicles: the former costs of $105/kW in 2006 are reduced
by 48 % to $50/kW in 2014 which equals $24/kW for a PEMFC stack. The cost target for 2020 is
aimed of $40/kW while an ultimate target for PEMFC systems after 2020 is set as $30/kW (80 kW
PEMFC system, 500 000 units/year).”** This promising data is related to ongoing MEA design op-
timization development which presents by far the most cost intensive component: on FC stack
level, the MEA constitute 70 % while on FC system level it contributes 50 % of the total costs. Thus,
the platinum loading was reduced from initial 1 mg/cm?2 ten years ago to present 0.35 mg/cmz2.
Furthermore, industry is aiming for a platinum loading of 0.2 mg/cm?2.** Concluding, cost reduc-
tion will only be successfully completed by deepening the understanding of the MEA and its
structural components.**

3.2 Design and function of PEMFCs

Polymer electrolyte membrane fuel cells (PEMFC) are designed for automotive application which
means that they are operating at low temperatures. This fact reduces the design requirements a
bit but on the other hand several properties such as resistance to high power densities, start-stop
operation, and temperature varieties must be fulfilled.'***> Therefore, several components and
materials are commonly used for PEMFC manufacturing which are described below. For most of
the components (GDLs, PEMs, and CLs) and their manufacturing processes a large number of ref-
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6 3 STATE OF THE ART

erences can be found within the literature.*'”'**** Regarding the preparation of the catalytic ink
dispersion, less literature is available: mostly the impact of organic solvents to the resulting elec-
trode microstructure and the structure itself is investigated.**'* Many control levers within the
catalytic dispersion have been reported but most of them were modelled only.**#**#4 Few sources
correlate classical colloidal dispersion findings™' to the fuel cell system such as the thesis of
Schlumbohm does.*

A fuel cell stack needs to power an engine - the automobile - so that a high cell performance is
required. This is ensured by stacking hundreds of single fuel cells resulting in the fuel cell stack.
The so-called single fuel cell consists of a membrane electrode assembly (MEA) which is embed-
ded between two bipolar plates (chapter 3.2.4).>* The MEA itself includes the catalyst coated
membrane (CCM), a membrane which is usually a polymer electrolyte membrane (PEM; chapter
3.2.1) and the catalyst layers (CLs; chapter 3.2.2) designed as cathode and anode electrodes. The
CCM is the powerhouse of the fuel cell since the electrochemical reaction takes places: the hydro-
gen molecule is ionized into protons and electrons from which the protons only are transported
through the membrane (Eq. 3.1). The remaining electrons create a potential difference between the
electrodes so that a direct current is induced which powers the electric motor. The cathode elec-
trode is fed with oxygen which will be reduced into the reaction product water (Eqg. 3.2). In order
to guarantee water transport within the cathode, a sufficient porosity is required which is de-
scribed in chapter 3.2.2.77% Eq. 3.3 present the overall fuel cell redox reaction.

2H, - 4H" + 4e” Eq. 3.1
0, + 4H* + 4e~ > 2H,0 Eq. 3.2
0, + 2H, - 2H,0 Eq. 3.3

3.2.1 Polymer electrolyte membrane (PEM)

The membrane framed with anode and cathode, is responsible for the PEMFC durability and
therefore also one of the most important components of a fuel cell which directly influences its
lifetime. The membrane’s function is to exchange protons between anode and cathode side which
explains its second common name proton exchange membrane (PEM). Furthermore, the membrane
is insulating towards electrons and prevents gas crossover events for the reactants (H, and O,). For
proper fuel cell operation, the membrane needs a precisely adjusted level of hydration so that
ionic transport (proton conduction) throughout the membrane is guaranteed.**** The perfluorosul-
fonic acid (PFSA) membrane Nafion® manufactured and distributed by DuPont™ is the most com-
mon PEM for automotive application.™ Its chemical structure is shown in Fig. 3.1: the backbone
structure ensure mechanical strength while the sulfonic acid groups manage the proton
transport.**>’

—[((ljFC Fo)(CF2CF o) —
OCF,CFOCF;CF,803H
CFs

Fig. 3.1 Chemical structure of Nafion.*

Polymer electrolyte membranes face diverse stressing events during automotive operation: rapid
changing loads such as start/stop or freeze/thaw operations can damage the membrane. Here,
different mechanisms are literature known such as the chemical or mechanical degradation.'
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These processes can develop pinholes within the membrane so that gas transport through the
membrane can occur resulting in a system short-circuit which is the main cause for fuel cell fail-
ure.

3.2.2 Catalyst layer (CL)

The catalyst layer (CL) is the most important component of a fuel cell by hosting the electro-
chemical reaction at the metal/electrolyte interface.'” Besides this main reaction, several processes
are running simultaneously which include interfacial charge transfer, electron and proton
transport, as well as reactant gas (O, and H) and product mass (H,0) transport."” Thus, the cata-
lyst layer morphology should support the proceeding reactions which is realized through the ap-
plication of porous materials loaded with catalyst particles (Fig. 3.2).*'""” The advantage of porous
carbon materials is their conductivity and high surface areas so that they are typically found in
electrochemical energy conversion and storage applications such as capacitors, photoelectro-
chemical cells, batteries, and fuel cells.!” Especially the large surface area is favorable for the for-
mation of large interfaces with the electrolyte which allows the generation of high power densities
within the catalyst layer.*'"*® Characteristic platinum particles present diameters of 2 - 5 nm while
their support material exists as primary particles with averaged diameter of
5 - 20 nm. Primary fuel cell carbon support is usually carbon black or graphitized carbon black
which is further aggregated into agglomerates (~100 nm diameter) or aggregates (~1 pm diame-
ter).***”** The resulting structures demonstrate diverse pore types which are categorized into mi-
cropores between crystalline domains inside the primary carbon particles (<2 nm), mesopores of
2 -50 nm diameter inside agglomerates, or macropores (>50nm) between agglomerates.'”*
Fig. 3.2 illustrates a typical fuel cell catalyst layer morphology.'” The original classification of
pores was initially proposed by Sing et al. for IUPAC application and further adapted by the fuel
cell community so that meso- and macropores are also referred to as primary and secondary
pores, respectively.’”**#* These types of pores are directly linked to the electrochemical reaction:
hydrophilic primary pores are partially filled with liquid water while the larger more hydrophobic
secondary pores manage the gas transport.’”

PEM CL GDL
(cathode)

JL ) B platinum
O carbon
ionomer

Secondary pore
(macropore)

Primary pore
(mesopare)

Fig. 3.2 Catalyst layer morphology sketch. Micropores are found inside primary
carbon particles while meso- (primary) and macropores (secondary pores) are
formed inside or between carbon agglomerates, respectively.'”
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Today, fuel cell research focuses on understanding correlations between structural in-
sights and physical or electrochemical properties. The results often support material development
and design optimization. Especially the progress within nanotechnology and instrumentation re-
vealed more precise characterization within the nanometer or subnanometer scale. In general,
catalyst layer characterization is mainly based on 2D or 3D microscopic or scattering techniques.
Microscopic characterization has the drawback of small local region analysis but benefits from
real-space observation of investigated morphologies. In contrast, scattering techniques represent
large sample areas and result in statistical averaged information but simultaneously require a
model for interpretation which is based on several assumptions. Thus, the question is usually not
which of these two characterization types is the best for structural analysis but rather the combi-
nation of both reveal the most information.> 2D electron microscopy techniques such as scanning
electron microscopy (SEM), field-emission (FE)-SEM, transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), TEM-energy dispersive X-ray spectroscopy (EDXS), scanning
transmission electron microscopy (STEM), and 3D electron microscopy (ET) are standard charac-
terization techniques for catalyst, carbon support, and ionomer analysis. Here, the catalyst parti-
cle size, distribution, as well as its dispersion on the carbon support is investigated. Regarding
catalyst development and durability studies, the particles sizes are characterized before and after
fuel cell operation in order to evaluate platinum nanoparticle growth or carbon corrosion phe-
nomena.*'* Catalyst layer porosity and composition analysis are carried out by porosimetry (mer-
cury intrusion porosimetry, MIP, or standard contact porosimetry, SCP), physisorption, and X-ray
photoelectron spectroscopy (XPS).

Advanced microscopic techniques include additives such an in-situ TEM sample holder or the en-
vironmental SEM (ESEM) whereby realistic atmospheres are created. For example ESEM technique
allows the addition of small volumes of diverse gases or water vapor so that MEA images are cap-
tured under quasi in-situ humid conditions. Thus, further MEA characteristics such as wettability,
water transport behavior or ice growing mechanisms could be collected which support under-
standing the complex collaboration of the single MEA components.'®

3.2.3  Gas diffusion layers (GDL)

Porous gas diffusion layers manage the reactants’ (H, and O,) distribution towards the catalyst
layers and frame both anode and cathode (Fig. 3.2).”"” Owed to the GDLS’ position within a MEA -
connecting the catalyst layers and bipolar plates - they need to be electrically conductive. GDLs
are manufactured from porous carbon papers with a thickness ranging from 100 - 300 pm and
presenting porosities of 80 % and pore diameters of approximately 10 nm, respectively."” Addi-
tionally, they support the mechanical strength with their carbon network and improve the water
management of the MEA: therefore, the carbon papers are impregnated with hydrophobic polymer
(PTFE)."*” Moreover, the GDL is coupled with an additional microporous layer (MPL) on its catalyst
layer contact side with respect to increased mass transport ability at high current densities.*

3.2.4 Bipolar plates

Bipolar plates cover a range of functions in order to support and protect a single cell unit. These
functions mainly include electron transfer and macroscopic gas distribution so that the plates
need to present electrical and thermal conductivity which are typical properties of metals. The
plates are manufactures with a channel structure on their surface so that they are often titled as
bipolar plates. Several structures are applied which include channel, finger, or mesh appearance.
Their manufacturing becomes challenging due to the requirement of minimal thickness related to
their weight which present the main fraction of one unit cell. Further on, the microscopic gas dis-
tribution is carried out by the porous GDLs. Moreover, the plates support the mechanical strength
of the complete stack and separate unit cells from each other. Furthermore, the plates need to
present high corrosion resistance which is usually achieved by the use of graphite plates. When
metal plates should be utilized they require an additional protection coating in order to demon-
strate the corrosion resistance. Today, graphite plates are predominately deployed due to their
natural corrosion resistance. Further on, ideal bipolar plates manage pressure drop over the
transportation path and production water removal."
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4.1 CCM manufacturing and applied characterization techniques

Samples for investigation are taken from the CCM manufacturing process that included the cata-
Iytic dispersion (ink), the catalyst layer (electrode), and the catalyst coated membrane (CCM).
Catalytic inks consisted of Pt-supported carbon, 25 wt% ionomer dispersion, and a fuel cell sol-
vent (water, primary organic alcohols, and solvent mixtures). The weight percentage of the solid
components ranged in between 8 wt% and 10 wt%. The ink mixing process covered a seven day
processing time using a roll mixing technology. After terminating the mixing procedure the ink
was coated to a decal substrate which yielded the cathodic catalyst layer (electrode). Finally, the
CL was transferred to a fuel cell membrane using a hot-pressing roll to roll process. More details
on fuel cell catalyst layer preparation can be found in the literature.**##52

4.1.1 Catalytic dispersions

The catalytic dispersions were analyzed using static light scattering technique and analytical cen-
trifugation.

Static light scattering. Laser diffraction experiments were performed at 22° C using the
Mastersizer 3000 with the Hydro SM dispersion unit (Malvern Instruments Ltd.) according to ISO
13320 (2009)." Temperature was controlled by a Thermo Scientific Haake Circulator ARCTIC SC
100 - A10. Results were obtained as volume-weighted particle size distributions and averaged of
10 measurements. Samples were prepared by adding 0.05 g ink into 5 g of solvent which were
continuously mixed before usage. The measurement cell eluent equaled always the utilized sol-
vent. For the measurement 0.6 ml of the prepared dilution were injected into the dispersion unit
resulting in a final dilution of 1:10 000. The sample flow was set as 1000 rpm and a target laser
obscuration of ~10 % was aspired. The Mastersizer Software directly calculated characteristic
parameters such as the volume-weighted mean diameter D[4;3] and the 10 %-quantile Dv[10],
50 %-quantile Dv[50], and the 90 %-quantile Dv[90] for the corresponding cumulative particle size
distribution.®** The three quantiles were used for boxplot presentation of the corresponding par-
ticle size distributions complemented with their maximal and minimal particle sizes. Likewise, a
particle size distribution plot was extracted from the Malvern Software following the representa-
tion norm.* The relative amount of small particles (< 0.3 nm) was extracted from the particle size
distribution plot: the distribution curve was mathematically integrated using OriginPro® software.
A threshold was set at 0.3 pm so that the relative fraction of small-sized particles could be calcu-
lated. Further on, the fractal dimension Df was calculated using the scattering intensity I(q) and its
corresponding scattering angle 6 data which was transformed into the scattering wave vector Q
using Eq. 4.1 where n is the refracted index of the solvent and A is the laser wavelength of the
used laser light source.**

_(47m) ) Ea. 4.1
Q= 7 st q. 4.
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Plotting this data as a double logarithmic plot I(q) versus Q allows the determination of the fractal
dimension Df within the Q-range which is limited by the light scattering instrument’s detection
range with 8 = 0.015° and © = 144°. The resulting slope of the data sets within the Q-range
equal the fractal dimension Df (Eq. 4.2, Eq. 4.3).5%6%¢7

1(q) = q°r Eq. 4.2

logI(q) = —Dflogq Eq. 4.3

Within this work three different types of Df values were detected which could be categorized into
Df > 1 for aggregated and Df < 1 for non-aggregated catalytic dispersions, respectively. These
inks were characterized with polymodal particle size distributions whereas monomodal distribu-
tions below a maximal particle diameter of 1 pm demonstrated Mie scattering which is typically
observed for monodispersed colloidal dispersion.”* Further on, dispersions presenting Mie scat-
tering also demonstrated high dispersion stability which is illustrated in Fig. 4.1.

A B

vvvvvvvv

1,E-02
—»— Df >1 (aggregated)
| —o— Df <1 (non-aggregated)
[ —6— Mie scattering

1E-03 i

0,1 1 10
scattering vector Q (A1)

scattering intensity 1(q) (%)

Fig. 4.1 Log-log plot for internal structure analysis of catalytic dispersions (A). Scattering intensity I(q) and
scattering vector Q are obtained from static light measurements. The plot present three identified dispersion
levels: aggregated (Df >1), non-aggregated (Df <1), and Mie scattering that invalidates Df determination. (B)
presents the corresponding catalytic dispersions after centrifugation for 20 min at 2300 g.

Analytical centrifugation. Analytical centrifugation experiments of catalytic dispersions
were carried out according to ISO 13318-2 using the 8-channel LUMifuge LF 1112-62 with a light
source of 865 nm (L.U.M. GmbH) and SEPView® 6.4 Software.®® Polycarbonate (PC) cells with path
length of 2 mm were used. Standard operation measurements (SOPs) for 0.01 wt% catalytic disper-
sions were performed at 22° C, 4000 rpm, and 2300 g for 20.8 min. Front tracking (FT) analysis
was applied by SEPView® software. The measured transmission data was analyzed within 107 -
129.8 mm using a moving average (9 points) and a threshold of 15 % transmission. The resulting
sedimentation velocity at 2300 g was converted into sedimentation velocity at gravity, on condi-

tion that a linear correlation between the relative centrifugal force (RCF) and the corresponding
sedimentation velocity existed.®
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4.1.2 Catalyst layers (CLs)

Catalyst layers were investigated with a range of ex-situ characterization techniques. Therefore, a
systematic approach was the method of choice (Fig. 4.2) whereby first the surface appearance was
analyzed focusing on diverse resolutions and sizes of investigation area followed by cross-
sectional and internal structure analysis (Table 4.1). Each technique yielded different characteris-
tics so that a complete three-dimensional result is expected.

o Surface 0

0 Cross section

o Volume

o Electrode
! 3 Decal film

Fig. 4.2 Systematic approach for catalyst layer
characterization.

Table 4.1 Specific investigation areas for the applied characterization methods.

CL section Method Investigated area/ Output
volume
Surface (1) Laser confocal microscopy 5.6 x 10 cm? e roughness
e crack area
Nanometer-scale X-ray 2.0x 1072 cm? e crack area
computed tomography
(nanoCT)
Transmitted light 6.4 x 10' cm2 e void area
photography
Scanning electron 6.0x 107 cm? e particle morphology
microscopy
Cross section (2) Scanning electron 1.6-2.2x10°%cm? e thickness
microscopy ¢ material distribution
Internal structure (3) N, physisorption 1.5 x 10* cm?  internal surface area
0.10 - 0.14 cm3 e pore volume
0.35 - 300 nm e pore size distribution

Laser confocal microscopy. Catalyst layer surface analysis was performed with the laser
confocal microscope VK-9710 and a 50-times magnification lens (Keyence Corporation). The rec-
orded images were further processed with the corresponding VK Analyzer Software by applying
tilt correction and noise reduction. Additionally to the laser and optical (LO) image a 3D picture
was captured which was used for crack area calculation (Fig. 4.3, A). Here, a programmed MATLAB
algorithm (The MathWorks, Inc.) was applied which originally was developed for TLP image analy-
sis and yielded a binary image (Fig. 4.3, B; see “Transmitted light photography”). Further on, the
algorithm identified the amount and size of black and white pixels so that the cumulative crack
area (black pixels) was calculated from the ratio of black pixels related to the total amount of pix-
els.”” Moreover, the averaged surface roughness R_was received from VK Analyzer Software.
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Fig. 4.3 3D-laser confocal microscope image (A) and the corresponding binary image (B) extracted from the
MATLAB algorithm.

Nanometer-Scale X-ray computed tomography (nanoCT). A 0.25 cm? sample was used
for CL surface visualization recorded by the nanoCT® system phoenix nanotom m (General Elec-
tric Company; voxel size of 300 nm and 160KV acceleration voltage). The sample was fixed with
tape on its horizontal edges on a glass substrate stabilized for the standing position during
nanoCT® imaging (Fig. 4.4). Recorded images were used for crack area calculation using an algo-
rithm programmed with MATLAB (The MathWorks, Inc.) originally developed for TLP image analy-
sis (see “Transmitted light photography”).”” The amount of black pixels related to the total amount
of pixels was used for crack area identification.

glass substrate

tape

sample

]:0.5 cm

Fig. 4.4 Tllustration of sample preparation.

Transmitted light photography. Transmitted light through the CL sample was captured
with the SLR camera Nikon D5500 (Nikon GmbH). The investigated samples were cut into 8 x 8 cm
pieces (64 cm?) and were covered with a dark plate. Camera settings were adjusted to 1/10 sec
exposure time, ISO image sensitivity of 10 000, and maximum aperture of 3.2 for cathodic catalyst
layers. The transmitted light desk was run with 1.8 A and 24 V. The distance between the sample
and the camera lens was 663 mm. The picture capturing was initiated by closing the dark room
and triggering the shutter. Further on, the recorded images were processed using an algorithm
programmed with MATLAB (The MathWorks, Inc.): The original image was converted into a binary
one using a fixed threshold which was identified by the Otsu method.” In order to find the best
fitting threshold, a range of thresholds were applied framing the Otsu threshold. Hence, the
amount of voids (white pixels) is used as parameter for CL characterization.”

Scanning electron microscopy. CL surfaces and cross sections were visualized with
TESCAN Mira 3 XM SEM, coupled with a high brightness field emission gun.
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Nitrogen physisorption. The characteristic specific surface area (BET SA), pore volume
and pore size distribution of catalyst layers were obtained by applying nitrogen physisorption
using an AUTOSORB-iQ MP (Quantachrome GmbH & Co. KG) in the partial pressure range of
0.025 - 0.998. Cathodic catalyst layers show both micro- and mesopores which render it neces-
sary to apply two methods. A classical macroscopic, thermo-dynamic concept in combination
with a statistical model reported a realistic pore description for each category. Thus, the BJH
method was applied for meso- and macropores ranging from 2 - 300 nm pore width while a
slit/cylindrical QSDFT model was used for micropores and narrow mesopores (0.4 - 35 nm pore
width).”” The total pore volume was found at 0.998 P/P_, by conversion to the liquid N, volume
using the conversion factor of 0.001 547, under the assumption that the density of condensed N,
in the pores is equal to the density of bulk liquid N,.**”” Further on, the sorption isotherm and its
hysteresis loop are categorized according to IUPAC classification (Fig. 4.5).*
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Fig. 4.5 IUPAC classification for sorption isotherms (A) and their hysteresis loops (B).” BET method is appli-
cable only to sorption isotherms presenting type II and IV (non-porous or macroporous solids or rather
mesoporous solids with pore diameter between 2 nm and 50 nm).™

Sample preparation was carried out as in Fig. 4.6 described: a cathodic coated decal (KCD) retainer
was cut in 10 x 15 cm sample size which further was cut in half. The sample pieces were shaped
into a roll with a maximum diameter of 10 mm guaranteeing the usage of 12 mm sample cells.
The KCD sample was degassed at 90° C for 5 h prior to the sorption experiment which was per-
formed immediately afterwards. Therefore, the sample weight before and after degassing must be
known. The sorption experiment itself was performed at 77K with Nitrogen as adsorbate gas. The
measurement protocol included 46 adsorption and 48 desorption data points. Recorded data was
reported in pore diameter (nm), pressure (torr) in its corresponding relative pressure (P/P ), ad-
sorbed volume in c¢m? plotted in linear diagrams (s. isotherm diagrams; Fig. 5.9, Fig. 5.20, Fig.
5.34). In order to determine the weight of the coated electrode without the decal substrate, the
electrode was washed of using ethanol. Then, the blank decal was weighted again which yielded
the indirect electrode weight. This process contained a weighting error of approximately 1%. The
deviation in between similar electrodes was recorded as 9% which mainly occurs from local struc-
ture differences of the electrode itself. The instruments deviation is stated as 1% and yielded a
repeatability of 6% for the investigated cathodic electrodes. The adsorption ability of the decal
substrate was identified as negligible with a measured pore volume of 0.0004 cm3/g. Hence, the
recorded isotherm data was corrected to the effective electrode weight under the assumption of
no significant influence of the substrate. The BET SA was calculated from the multi-point BET
slope using the adsorption data in between 0.05 - 0.30 P/P_ according to ISO 9277:2010 and addi-
tional correction performed by the Micropore BET Assistant within the ASiQwin Software.™
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Fig. 4.6 Sample preparation of cathodic coated decals (KCD retainer) for nitrogen physisorption.

Using the advanced pore network analysis proposed by Seaton et al., allows the determi-
nation of the mean coordination number of the pore network Z and the size of a typical micro-
particle which is expressed as a number of pore length L which are both deduced from the sorp-
tion hysteresis loop.””** Therefore, Eq. 4.4 is used which describes the relation between 7 and L
related to f and F which present the fraction of filled pores f and filled pores with access to the
gas phase F, respectively.” The modelling study of Kirkpatrick et al. resulted in a generalized scal-
ing function which is used for calculation: the measured sorption data is fitted to this scaling
function which uses the critical exponents g= 0.41 and y= 0.88. Further on, the least square
method was applied in order to find the best fit.*

B 3\ B
LYZF = h [(Zf - E) LV] Eq. 4.4

Mercury intrusion. Hg-intrusion measurements were carried out using a Poremaster-60-
GT instrument (Quantachrome GmbH & Co. KG). The measurement procedure followed DIN
66133.* The measurement range covered pore diameter of 3.6 nm to 150 pm (using a contact
angle of 140°) which needed to be divided into the low pressure range (200 pm - 4.3 ym) and the
high pressure range (10.7 ym - 3.6 nm). The applied Poremaster® software (version 8.01) achieved
transition between those sections within the overlapping range. Furthermore, few measurement
requirements needed to be fulfilled in order to obtain the pure measurement signal for the cata-
lyst layers: the decal substrate, a plastic film, produced additional signals due to its elastic defor-
mation at high pressures (here, maximal 4000 bar). Thus, a simultaneous measurement of a blank
decal substrate - equaling the CL sample decal in its mass and geometry - was performed. The
obtained data was used for subtraction from the CL measurement data so that the resulting dif-
ference equaled the pure measurement signal of the porous CL. For the sample preparation a CL
was cut into twenty slices of about 7.5 mm width which presented sufficient material for one
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measurement. Before starting the measurement, the CL on decal was weighted and subsequently
after measurement washed off with ethanol and dried at 60° C. The resulting weight was used for
effective CL weight calculation which was further used for data correction.

Sheet resistance. In-plane conductivity (or sheet resistance) measurements of CLs were
performed using the four-point probe measurement approach (Fig. 4.7).*** Here, the sample ge-
ometry is correlated to the measured resistances R and resulting material properties so that di-
verse correction factors needed to be respected. Acéording to Eq. 4.5, F,  takes the influence of the
sample’s film thickness into account and F,  its geometrical properties such as length and width,
while F, includes the offset of the four tips from the center point of the investigated sample.*
Further on, the current flowed in between the outer tips (15 mA) while the inner tips were includ-
ed into potential measurements. Samples were cut into 5 x 5 cm pieces before investigation. Their
thicknesses were extracted from SEM experiments.

1

35

Fig. 4.7 Four-point probe measurement technique for in-plane conduc-
tivity characterization.*#

U U
Rs = TVF = TVFszchs Eq. 4.5

Adhesion test (adhesion CL/decal substrate). The tensile and shear adhesion force be-
tween the catalyst layer and its decal substrate was investigated with a shear test proposed by
Frolich et al.* Therefore, an adhesive (19 mm wide, type H5413, 3M) was attached to the CL sur-
face and its interface loaded until failure (tensile tester Z2.5 zwickiLine, Zwick Roell; testing
speed: 2 mm/min). The maximal force meaning the shear strength was used as characteristic pa-
rameter. The test results were considered as valid when the catalyst layer was completely removed
from the decal substrate. For sample preparation CLs were cut into 5 x 1 cm? pieces and the ad-
hesive placed as Fig. 4.8. illustrates.

CL

adhesive

decal substrate

Fig. 4.8 Illustration of a prepared sample for adhesion test.

4.1.3 Catalyst coated membranes (CCMs)

CCMs were electrochemically investigated using two types of single-cell measurements: MEA at-
tribute testing (MAT) and core automotive testing (CAT) which differ predominantly in investiga-
tion area. MAT worked with circular 3 cm? and CAT with rectangular 40 cm? of active area where-
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as CAT is more realistic to stack testing due to its MEA geometry and flow field application.’ Both
testing methods recorded characteristic current-voltage curves (I-V curves) during constant tem-
perature, relative humidity (RH) or gaseous stoichiometry whereby MAT I-V curve recording was
applied with OCV cleaning.*” Thus, typical I-V curves® were recorded at normal conditions (68° C)
which was realized with tempered channels through anode and cathode using a Pt100 resistance
thermometer. The standard deviation of the temperature control was less than 0.2° C. Further on,
reaction gases were precisely tempered and humidified before entering the measuring cell. The
standardized volume flow is controlled by an EL-Flow-Mass flow controller (Bronkhorst Deutsch-
land Nord GmbH). Thereby, the gas inlet and outlet pressures were recorded while the output
pressure was controlled. The maximal pressure difference at the cathode was 0.05 bar. Current or
voltage regulation was performed by an electrical load. Atmosphere control (temperature and
humidity) was tracked by the installed regulation of the cleanroom where the test station was
installed.”* A similar and simplified schematic of the test station as well as typical polarization
(I-V) curves can be found respectively in Fig. 6 and Fig. 1 of the US patent 2006/0051628 A1.%

Sample preparation used a mounting bracket in order to manufacture comparable MEAs. There-
fore, the CCM and the corresponding GDLs were cut rectangular, overlaid, and laminated with a
plastic frame in order to hinder displacement. MEA performance evaluation started with a condi-
tioning phase, followed by current density recording at 100 mV and 650 mV. Furthermore, com-
parable cell voltages (MAT and CAT) were recorded at 1.7 A/cm? at normal conditions (68° C,
100 % RH) and hot conditions (80° C, 50 % RH), respectively.
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5.1 Descriptive analysis of cathodic electrode production

PEMEFC cathodes contain two solid components of which each has a specific function: the catalyst
itself driving the electrochemical reaction in order to convert chemical energy into electricity and
the ionomer coating the catalyst particles creating a proton conducting network within the elec-
trode. In order to understand the electrode formation process with respect to the individual com-
ponent relevance, the manufacturing process of cathodic PEMFC electrodes is investigated. The
subsequent analysis provides a detailed focus on the products ranging from the initial catalyst
dispersion over the electrode to the membrane electrode assembly (MEA). This work focuses on
cathodic electrodes and their specific requirements for the electrode’s microstructure.

5.1.1 Size reduction process of catalytic ink for cathodic catalyst layers

Catalyst dispersions (inks) contain catalyst
200 D powder and ionomer as main solids. For ideal
....... catalyst slurry catalyst utilization the overall catalyst surface
catalyst powder should be increased. Thus, particle size reduc-
ionomer tion and appropriate particle stabilization is
crucially required with respect to the fact that
small particles having high surface energies
are driven by surface energy minimization and
tending therefore to agglomeration. Fig. 5.1
illustrates particle size distributions of the
solid materials (catalyst powder and ionomer)
ranging from 1 pm to 300 pm sizes. The cata-
Iytic ink finally contains the solids including
an additional solvent system in order to merge
0.01 1 " ""'i‘“oo '1'6"000 the components which are fu_rt_her processed
size (um) so that after seven days of mixing the result-
ing particle size distribution obtained by static
light scattering technique is smaller than
Fig. 5.1 Particle size distribution of raw materials 2 pm. A deep dive into the particle size distri-
and catalyst ink after 7 days of mixing obtained bution evolution of the catalytic ink allows
from static light scattering (SLS) experiments. . . . .
assumptions regarding evolving processes (Fig.
5.2, A): during the first hour of mixing particle
sizes do not significantly change. Only after two process hours a detectable decrease in particle
size distribution width and the median distribution value, Dv(50), from initial 2.82 pm to 1.29 pm
is observed. After 24 hours mixing time the Dv(50) is further reduced by 87 % from 0.90 pm to
0.12 pm while its minimum is achieved after 48 hours of mixing (0.03 pm). The 10 %-decile (Dv10)
of the particle size distribution remains unchanged during the size reduction process with an
average size close to 0.01 pm. Thus, the highest variation within the particle size distribution is
depicted by consideration of the 90 %-decile (Dv90): the initial value of 10.54 ym decreases to
1.08 pym within 168 hours (7d) of mixing which equals a size reduction of 90 %. It should be noted
that even after 48 hours a size reduction of 90 % has taken place. Hence, the last 120 hours of
mixing may not be necessary due to an ideal equilibrium state determination between polymeric
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aggregation and breakage.* Concluding, the size reduction process has a main influence on parti-
cle size distribution width associated with the Dv50 and Dv90 values, which indicates a superior
agglomerate/aggregate crushing and an overall homogenization of catalyst dispersion.

Furthermore, the relative amount for small particles (< 0.3 pm) can be used as indication
for the effectiveness of the size reduction process. In contrast to the Dv50 and Dv90 values, the
relative amount show further increase of 4 % from 48 hours (2d) mixing onwards (Fig. 5.2, B).
Thus, the mixing process may not be terminated after 168 hours (7d) process time. It could be
expected that a process extension lead to slightly smaller particle size distributions which is not
feasible for manufacturing processes whereas efficiency is a key parameter with respect to time
and costs. Furthermore, the applied energy input as well as the amount of ionomer dispersion
could be adapted in order to generate smaller particles. As mentioned before, the main particle
size reduction takes places within the first two mixing days: the initial amount of 0.3 % small par-
ticles is increased to 6 % after the first process day, followed by a further increase to 14 % after 2
days of mixing. Concluding, the relative amount of small particles is more sensitive than the char-
acteristics from the boxplot diagram due to incorporation of the volume density for depicted par-
ticle sizes.
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Fig. 5.2 Evolution of particle size distributions (A) and the relative amount of particles smaller 0.3 pm (B)
during mixing time. Highlighted samples (*, 1h, 1d, and 7d) are used for electrode preparation and further
characterization.

Catalytic inks contain a polymeric component - the ionomer - which is responsible for
particle stabilization and network development. These microclusters can be analyzed by size and
internal structure using static light scattering (SLS) when ranging within the micrometer scale. It is
literature-known that colloidal aggregates are self-similar objects, obeying the fractal geome-
try.*** This means that their mass scales individually with their size following a certain power law,
with a scaling exponent referred to as fractal dimension, Df as an indication how compact the
internal structure is.”******® Thus, the fractal dimension can be obtained from the linear region of
the double logarithmic plot I(q) versus Q (chapter 4.1.1). Fig. 5.3 (B) illustrates the resulting Df
values: the ionomer dispersion with a fractal dimension larger than 2, the catalytic ink group 1
with a Df value greater than 1 (starting time point until 1h of mixing) and the catalytic ink group 2
presenting Df values below 1 (mixing times greater than 1d). Concluding, the targeted Df value
less than 1, resulting well dispersed catalyst inks, are derived after a process time greater than 1
day. The previous assumption of mixing time reduction due to constant particle size distributions
after 48 hours processing could be further substantiated with the internal structure analysis: after
two days of mixing the aggregate structure does not change significantly which indicates a com-
pleted catalyst coating or at least achievement of the equilibrium state between ionomer aggrega-
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tion and breakage. Thus, the detected increase in relative small particle amount does not play a
key role for the overall internal aggregate structure.
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Fig. 5.3 Microcluster analysis of the internal dispersion structure of three different catalyst inks and one
ionomer dispersion. (A) show the double logarithmic plot I(q) versus Q and (B) the corresponding Df values.

It should be noted that during the mixing process two actions proceed simultaneously:
the particle size reduction where energy input is the main driving force and particle stabilization
which is competing with the agglomeration process. An ideal manufactured catalytic ink has pre-
cisely adjusted particle sizes (for high catalyst utilization) including an appropriate stabilizer ratio
in order to prevent agglomeration and build an interconnected network, respectively. Regarding
the equal values for particle sizes and internal structure after 48 hours of mixing it could be as-
sumed that there is a lack of energy and/or stabilizer. Against the background of electrode micro-
structure and its specific requirements for fuel cell functionality the influence of the catalytic ink
properties, especially their particle size distribution and internal aggregate structure, should be
subsequently investigated by an extensive electrode characterization.

From the manufacturing perspective the intermediate product - the catalytic ink - must
meet the criteria to guarantee suitability to the subsequent coating process which includes dis-
persion stability and a fluid-like appearance. A specific process window must be overcome where
the dispersion state should not change. Every variation in particle size distribution or aggregate
state will influence the layer formation and therefore affect the electrode’s microstructure which
is directly connected to its functionality. Based on these manufacturing requirements, additional
analytical centrifugation experiments were carried out. Typical separation kinetic profiles are
illustrated in Fig. 5.4 (A): As expected the catalyst slurry immediately sediment due to the absence
of stabilizing ionomer. The catalyst inks could be categorized into the previous identified groups:
group 1 contains the dispersion with a mixing time less than 1 hour whereas group 2 includes
dispersions processed longer than 1 day. Consideration of the supplementing particle size distri-
bution diagram (Fig. 5.4, B) confirm the assumption of direct sedimentation of the catalyst slurry
due to the presence of large particles (~10 pm) and the absence of any stabilizer. The catalyst ink
processed for 1 hour equals the catalyst slurry with the deviation of smaller particles (<0.3 pm)
representing the supernatant. Larger particles (>1 pm) tend to sediment earlier, resulting in a first
separation boundary at 1.2 minutes, followed by a second boundary at 3.4 minutes. Thus, all cata-
lytic inks show two separation boundaries matching their particle size distributions which could
be divided into three main fractions: particles smaller than 0.03 pm (primary particles), aggregates
with averaged diameters in between 0.1 and 0.3 pm (here still denoted as small particles) and
agglomerates with diameters larger than 0.3 pm.

A B
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Fig. 5.4 Separation kinetics determined from analytical centrifugation at 2300 g (A) and particle size distribu-
tion diagram obtained from SLS (B) for catalyst slurry and catalyst dispersions with different mixing times.

Regarding the sedimentation velocities in Table 5.1 it is clear that the mixing process re-
duce the overall particle size distribution with superior agglomerate crushing. Thus, sedimenta-
tion velocities decrease with increased mixing time yielding a sedimentation velocity for a seven
day processed ink of ~10.59 ym/s at 2325 g which simulates 60 days at earth gravitation and a
real-time sedimentation velocity of ~0.005 pm/s. Concluding, catalytic dispersions with mixing

times greater than 1 day (group 2) could be indicated as stable and therefore used within the
manufacturing process.

Table 5.1 Separation boundary and sedimentation velocity obtained
from analytical centrifugation analysis of 0.01 % concentrated dis-
persion at 22° C for 20.8 minutes at 2300 g. Sedimentation velocities
were obtained at 15 % transmission. Linear dependency between
relative centrifugal force (RCF) and sedimentation velocity was ex-
amined before accelerated v, was transformed into v_ at gravity.

sample Separation Vo (nm/s) v, (um/s)
boundary (min) at 2325 g at gravity

slurry 0.1 129.30 + 0.05  0.055

1h 1.2 2821+ 062 0012
3.4

1d 14.8
17.9 14.95 = 0.55 0.006

7d 15.2

16.5 10.59 = 0.31 0.005
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5.1.1.1 Summary catalytic ink analysis

Catalytic inks were characterized in order to gain particle size distributions of used raw materials
such as catalyst powder and ionomer solution. A wet grinding process is the method of choice for
material merging and overall size reduction of the solid materials. Thus, static light scattering
(SLS) and analytical centrifugation (AC) were used for particle size, internal structure, and disper-
sion stability analysis. Particle size distribution and the internal structure are crucial dispersions
characteristics which predominantly influence the film formation and therefore determine the
electrode’s microstructure and functionality whereas the dispersion stability must overcome the
process window requirements regarding the manufacturing time. In general, the typical mixing
time of catalyst dispersions take seven process days (168 h). In order to evaluate the particle size
distribution evolution within this process three time points (1h, 1d, and 7d) were picked and ex-
tensively analyzed (Fig. 5.5). Considering the particle size distribution, the Dv(90) value shrinks
from 9.58 pym (1h mixing) to 1.08 um (7d mixing) which equals a size reduction of 90 %. Even after
1d of mixing the Dv(90) was reduced by 80 % to 2.21 pym indicating a rapid deagglomeration pro-
cess. It could be assumed that further particle size reduction is not supported due to a lack of
stabilizer. Thus, using the applied energy input and the specific ionomer to carbon ratio as carried
out here, an equilibrium state within the catalyst dispersion is already achieved after a mixing
time of 1d. The internal structure analysis underlines these findings: only the 1h sample shows an
aggregated structure with a fractal dimension of 1.04 whereas the 1d and 7d samples present
non-aggregated behavior indicated by Df values of 0.31 and 0.13, respectively. Furthermore, ana-
Iytical centrifugation results complete the picture so that the three analyzed samples could be
categorized into two groups: group 1 (coarse dispersion) containing the 1h mixed sample yielding
inhomogeneous and instable catalyst dispersion whereas group 2 (fine dispersion) represents
homogeneous and stable dispersions which meet the manufacturing requirements of fluid-like
appearance, high stability and structure resistance to shear force application. Fig. 5.5 illustrates
the experimental particle size data and their estimated impact on the catalyst layer structure
which is subsequently investigated.
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Fig. 5.5 Experimental particle size distribution data (A) and model description (B) of categorized groups.
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5.1.2 Determining the electrode "s microstructure by morphological analysis

The cathodic electrode microstructure should be investigated regarding surface appearance,
cross—-sectional observation, and specific surface area as well as pore size distribution. Prelimi-
nary sample categorization should be proven and the hypothesized correlation between catalytic
ink particle size distribution and microstructure determination should be further examined. Alt-
hough the 1h sample was identified as unsuitable for the coating process it is included within the
subsequent characterization in order to reveal the prior assumption.

5.1.2.1 Surface analysis of cathodic electrodes

Laser confocal microscopy allows 3D visualization of electrode’s surface. Fig. 5.6 (B) illustrates
surface appearances obtained from catalyst inks which were coated after mixing for 1h, 1d, and
7d. The group 2 samples show similar surface conditions of continuous layer with less or crack-
free area (blue spots) and an overall smoothness confirmed by low surface roughness of 0.42 nm
and 0.27 pym, respectively. In contrast, the 1h sample is characterized by a cracky appearance
(~5.4 % crack area) and high surface roughness of 1.55 pm. Additional nanoCT images (Fig. 5.6, C)
verify the laser confocal microscopy results: cracky appearance (~15 %) of the 1h sample and con-
tinuous layers for 1d and 7d samples with crack areas of 0.5 % and 0 %. The discrepancy between
the calculated crack area of the 1h sample using laser confocal microscopy and nanoCT imaging
are most probably due to image artefacts such as reflections initiated by specimen’s thermal sen-
sitivity and its associated curvature which could be clearly identified at the upper and lower pic-
ture edges. Moreover, the specimen movement during image capturing is also responsible for
resolution losses as achieved for the 7d sample. Thus, nanoCT imaging should not be applied as
default characterization method even though the investigation area of 2.0 x 10? cm? is much larg-
er than the typical laser confocal microscopy area of 5.6 x 10 cm2. Contrary, the calculated crack
area of the 1d probe shows very good agreement between the two methods and results ~0.5 % in
both cases. Further SEM examinations (Fig. 5.6, D) yielded an overall averaged particle diameter
for all three samples of ~80 nm. The primary catalyst particle shape is not altered during mixing
procedure so that their catalytic functionality should not be influenced. Thus, the applied energy
is suitable in order to grind the agglomerates and simultaneously keep the existing morphology.
In contrast to the SLS technique SEM analysis yields “primary” catalyst particles sizes whereas the
SLS technique display the overall particle size distribution focused on agglomerate sizes. The
combination of both methods allows assumption regarding the initial and coated solid component
structure. Furthermore, the SEM surface images validate the prior sample grouping with respect to
large cracks and inhomogeneous film for the 1h sample while the group 2 samples show similar
surface appearance.

As demonstrated the applied characterization techniques (Fig. 5.6, B-D) gained two elec-
trode types differentiating in surface appearance including surface roughness, crack area, and
film homogeneity. Those results follow the previous postulated correlation between catalyst ink
properties and their resulting electrode structure. The model description deduced from the ink
characterization reflects the surface analysis findings in good agreement (Fig. 5.6, A).

Transmitted light photography (TLP) is the single method which considerable shows dif-
ferences between all three samples. Fig. 5.6 (E) illustrates the detected transmission: the 1h sam-
ple is overexposed due to a high number of cracks, whereas the 1d sample presents more light
spots than sample 7d. Even though the group 2 electrodes (1d, 7d) show similar surface appear-
ance their internal microstructure are expected to differ. Their catalytic ink particle distribution
equally indicates small differences underlined by a 4 % increased relative amount of small parti-
cles. It is feasible, that the detected light spots depict void space between agglomerates. Thus, it
could be assumed that the main void size of 10 pixels equals approximately 200 nm with the no-
tice of inconsistencies due to light reflection errors. Nevertheless, there is an obvious gap between
sample 1d and 7d. The slight changes within the ink particle size distribution especially the in-
crease in small particles could be responsible for a void space filling which leads to a higher pack-
ing density and thus creating less detectable light spots. Hence, two feasible scenarios should be
proven: First, the progressive particle size reduction leading to void space filling or second
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a thicker ionomer coating of the catalyst particles resulting a better connected ionomer network
and less void space (Fig. 5.7). The prior investigations suggest considering scenario 1 as realistic
objective. Scenario 2 should still be further examined but facing simultaneously the difficulty of
ionomer imaging. Thus, additional cross-sectional SEM investigation including EDX elemental
mapping should give further insights.

. °® Catalyst
agglomerates

lonomer
coating

SCENARIO 1 SCENARIO 2

Fig. 5.7 Model description for feasible electrode scenarios resulting from ink mixing processes: void space
filling with occurring small particles (1) or ionomer coating thickening (2).

5.1.2.2 Cross-sectional cathode characterization

Cross-sectional electrode analysis completes the previous presented picture of sample grouping
into specimens terminating the mixing procedure before or after 1d duration. Electrode’s thick-
ness decrease with increasing mixing time which precisely equal a decrease of initial ~21 pm for
group 1 to final ~9 pm thickness for group 2 samples (Fig. 5.8, A). Prior surface analysis corre-
sponds with these findings with respect to smoother surface roughness for electrodes obtained
from longer proceeded catalytic inks. Furthermore, a slight thickness decrease (1 pm) within
group 2 samples confirm scenario 1 with respect to an increased volume density of small particles
leading to void space filling in between catalyst agglomerates. Considering the electrode porosity,
it is obvious that the group 1 sample demonstrate larger pores and material inhomogeneity due to
a short mixing time of 1h duration. In contrast, the group 2 samples show smaller pore widths
and similar pore distribution, as well as material homogeneity. The elemental mapping for plati-
num confirms large accumulation for the 1h sample electrode whereas homogeneous distribution
is found for the group 2 samples (Fig. 5.8, B). All samples are loaded with 0.25 mg/cm? platinum
each, verified by XRF measurements. Moreover, the elemental fluorine EDX analysis reveals sub-
strate-sided fluorine accumulation for all samples which also could possibly related to measure-
ment artefacts (Fig. 5.8, C). Thus, an ionomer concentration gradient is expected top-downwards
which would interfere with ideal cell behavior presuming homogeneous material distribution.
Feasible candidates causing this inhomogeneity can be identified as film drying process issues
meaning precisely the catalyst dispersion viscosity which influences the mass transport and dif-
fusion processes during electrode drying or the deployed solvent system leading also to complex
evaporation processes. Hence, further evidence for scenario 2 could not be found due to a lack in
resolution owed to the characterization technique.
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Fig. 5.8 Electrode lateral view images achieved from SEM cross-sectional imaging of coated electrodes from
different time points of the mixing procedure: 1h, 1d, and 7d (A). Elemental mapping illustrates platinum (B)
and fluorine (C) distribution. All electrodes are loaded with ~0.25 mg/cm? platinum.

5.1.2.3  Micropore analysis by gas sorption

The typical nitrogen adsorption-desorption cycles of a common fuel cell catalyst powder and the
manufactured catalyst layers are illustrated in Fig. 5.9 (A). According to the International Union of
Pure and Applied Chemistry (IUPAC) classification for sorption isotherms, the depicted sorption
shapes follow type IV isotherms which characterize mesoporous materials and allow application
of the BET method, diverse pore size distribution analysis methods, and pore volume determina-
tion.”® The beginning of the sorption curve within the low partial pressure range indicates a
monolayer-multilayer adsorption followed by the main characteristic of type IV isotherms, the
hysteresis loop which is associated with the occurrence of pore condensation. Limited adsorbate
uptake over the range of high partial pressures could be correlated to a complete pore filling.
Considering the hysteresis loops, further IUPAC classification yields two types: H3 type, repre-
senting the catalyst powder and possibly the 1h electrode and H2 type, illustrating electrodes
obtained from longer proceeded inks (Fig. 5.9, B+C). H3 type hysteresis loops are literature-
known for the absence of an upper adsorption limitation at high partial pressure and slit shaped
pores which are typical for carbon supported catalyst powders - here the investigated catalyst
powder isotherm is more similar to H3 than H2 hysteresis loop.”” Manufactured catalyst layers are
indicated by ionomer coated catalyst particles arranged within an interconnected ionomer net-
work which should result in mesoporous material characteristics (hysteresis loop type H2). Thus,
the 1h electrode is more catalyst-like corresponding to a previously identified unsuitable process
time. As prior mentioned the short mixed catalyst ink was depicted as incapable for the manufac-
turing process leading to an inhomogeneous distributed electrode. Hence, those large platinum
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accumulations could cause the catalyst-like sorption response of the 1h electrode sample. In con-
trast, the electrodes obtained from longer proceeded inks follow precisely H2 type hysteresis
loops. They indicate the presence of an interconnected porous network with a wide distribution of
pore sizes. Thus, network and pore blocking effects are responsible for the typical hysteresis
shape which can be found in Fig. 5.9 (C).” Using the advanced network model of Seaton et al.”"*
the values for the mean coordination number, Z, is determined as 2.6, 2.7, and 2.8 for increased
process time. Furthermore, the linear dimension, L, yields also an increase ranging from 6.3 to 8.6.
Both network characteristics demonstrate an increase in network connectivity (Z) and count of
micropores within a macropore (L) which meet the hypothesis of scenario 1 (Fig. 5.7). Higher pore
connectivity is gained by agglomerate or aggregate crushing resulting in non-coated porous cata-
lyst surfaces and an increased linear dimension equaling void space filling with smaller particles.
Scenario 2, ionomer coating thickening is expected to decrease the pore network connectivity
which support scenario 1 as realistic objective.

A
1200
---%--- catalyst powder
—8—1h
1000 { —©—1ud
—o—7d
o
o 800 i
® >
=y X
g I
< 600 A X
g &
5 X
2 #*
< 400 - X
by X g
£ u
E]
g
200
0 4
B C
1200
--%--- catalyst powder #
g &
5] £ % 2
® 800 A K
o ] ,)( X/’ %’
g o X g
Qo . =
5 1 X X 2
2 400 - xX X q
© p--"" X )
© X X £
1S =X =]
=2 o
o >
>
0,94 0,96 0,98 1,00 0,94 0,96 0,98 1,00
partial pressure P/Po partial pressure P/Po

Fig. 5.9 Nitrogen sorption isotherms of catalyst powder and electrodes on decal film coated after different

ink mixing times (A). (B) and (C) illustrate their typical hysteresis loops according to IUPAC classified as H3
like and H2 type, respectively.®
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The recorded Nitrogen sorption data in between 0.05- 0.3 P/P  was further analyzed using
the Micropore BET Assistant offered by the instrument’s software. Due to the presence of micro-,
meso- and macropores at least two different pore analysis models should be applied. The classi-
cal macroscopic, thermo-dynamic concept is linked to pore condensation phenomena which often
fail to describe pore filling of micropores and even narrow mesopores.” A more realistic picture
can be obtained by applying a Density Functional Theory (DFT) which is based on statistical calcu-
lations.” Especially the Quenched Solid State DFT (QSDFT) model is designed for carbon materials
with heterogeneous surfaces.” Thus, these two approaches are focused with the goal of deducing
a complete and precise description over the range of micro- to macropores.

In general, the catalyst carbon support defines the porosity of the solid components and therefore
the overall specific surface area of the cathodic electrodes. The initial Pt/C-catalyst BET surface
area of ~360 m2/g would theoretically lead to an electrode BET surface area of ~216 m2/g with
respect to a catalyst loading of 60 % per g electrode. This value could not be reproduced with the
as-synthesized electrodes due to the addition of ionomer which coats the catalyst particles and
leads to an overall pore decrease (Fig. 5.10). Comparing the MBET SA to the total QSDFT SA of the
catalyst powder, no significant differences can be found (Fig. 5.10, A). The coincidence is owed to
the catalyst microstructure containing mostly micro- and narrow mesopores which means that
both models are able to present precise results. Regarding the micropore SA, the QSDFT model is
slightly higher and theoretically more precise than the t-method postulated by de Boer.” Regard-
ing the manufactured electrodes, the differences between the classical (BET, de Boer) and the sta-
tistical (QSDFT) models are significant and about approximately 22% for each type of electrode
(Fig. 5.10, B). This gap can be explained with the diverse pore width covered by the models: the
QSDFT concept ignores macropores which are included within the classical approach. Thus, the
diverse results cannot be interpreted separated from each other but supplementary. As noted
above, micropore SAs should be used from QSDFT calculation due to its high accuracy. Addition-
ally, the QSDFT model covers pore widths of 0.4 - 35 nm, so that also mesopore SAs can be ob-
tained from QSDFT calculation. The gap between total QSDFT SA and MBET SA can be interpreted
as macropore SA.
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Fig. 5.10 BET surface area for a common fuel cell catalyst powder (A) and coated electrodes after different
ink mixing times (B).

Regarding the manufacturing time (1h, 1d, and 7d) for the three specific electrodes, following
results can be found: the micropore QSDFT SA stays constant over time with ~7.0 m2/g for all
three electrode types whereas the QSDFT and MBET total SA slightly decrease by approximately
14 % and 17 %, respectively (1h to 7d, s. Fig. 5.10, B). Due to the fact, that also the difference be-
tween the MBET and QSDFT total SA became smaller over time, a primary macropore loss can be
hypothesized. Taking additionally the pore volume results into account, the previously drawn
picture can be underlined: the micropore volume results stay constant for the three types of elec-
trode over time for both de Boer and QSDFT method with ~0.005 ¢cm3/g (Fig. 5.11, B). Here, even
the total QSDFT pore volume which can be interpreted as total micro- and mesopore volume stays
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constant for progressive manufacturing time. This leads to the assumption that the decrease in
the total pore volume over time can be linked to a primary loss of macropores (Fig. 5.11, B). How-
ever, these results fit into the previously drawn model for particle grinding process over time
which postulated a void space filling so that the particle packing density increase and the elec-
trode’s porosity decrease.
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Fig. 5.11 Illustration of the total pore volume for the catalyst powder (A) and the investigated catalyst layers
obtained from classical macroscopic and statistical models (B).

Applying the BJH model to the recorded desorption data, pore size distributions (PSD) for
cathodic electrodes can be illustrated (Fig. 5.12). It is obvious that the PSDs of all manufactured
electrodes follow the catalyst powder PSD since it presents the main component and therefore
determines the main characteristics. However, the manufacturing process has some impact on the
PSD shape: the overall PSD width is shrinking over time and shifts towards smaller pore diameters
which can be linked to the particle grinding process. In general, the longer proceeded cathodic
electrodes present two main peaks: one at 3.5 nm (mesopores) and a second at 75 nm or 63 nm
for the 1d and 7d sample, respectively. In contrast, electrodes from shorter processing times (1h)
mostly present narrow mesopores.
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Fig. 5.12 Pore size distributions for catalyst powder and manufactured electrodes calculated from the de-
sorption data using the BJH model.
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Fig. 5.13 Pore size distribution plots obtained from nitrogen physisorption data using a QSDFT model and

BJH method.

In order to evaluate the micropores, an additional PSD plot obtained from the QSDFT data set is
illustrated in Fig. 5.13. All three electrode types present similar PSD shapes corresponding again
to the initial catalyst powder PSD. Further on, the volume fraction for pore diameters in between
3-5 nm slightly decreases for the 7d sample in comparison to the 1h and 1d sample. This can be
an indicator that the catalyst dispersion grinding process is too long and important pores are lost.
Literature often postulates an agglomerate structure regarding the cathodic electrode microstruc-
ture. Hence, two types of pores are identified: primary pores inside the agglomerates containing
catalyst particles surrounded by an ionomer film and secondary pores between those agglomer-
ates.”'” With respect to the electrode functionality both types are crucial for high cell perfor-
mances. Especially the secondary pores play a key role for gas transport so that the pore width
should guarantee reactant transport. Summarizing the experimental data, the 7d sample is ex-
pected to yield higher cell performances compared to the 1h sample due to its optimized pore
size structure containing a high fraction of mesopores for gaseous transport while maintaining
micropores for high catalyst utilization. The 1d sample shows similar pore structure so that com-

parable performances should be obtained.



30 5 RESULTS AND DISCUSSION

5.1.3 Electrochemical component testing

Fig. 5.14 show polarization curves comparing the performance of three different electrode designs
obtained from diverse processed catalytic inks. The preliminary sample categorization with re-
spect to their microstructural differences could be further validated. Group 1 (1h) indicates lower
cell performances at high current densities whereas no significant differences between the
group 2 samples had been achieved. The two groups clearly differentiate within their microstruc-
ture regarding the pore size distribution: group 1 presents a low fraction of macropores and in-
homogeneous film formation while group 2 samples (1d, 7d) are indicated by main fractions of
micro- and macropores simultaneously. This type of cathodic electrode, containing both micro-
and macropores, is optimizes for fuel cell operation where micropores are necessary for catalyst
utilization and macropores crucially needed for mass transport (O,, H,0). Further on, the studies
of Akabori et al. and Secanell et al. estimated the overall surface area of catalyst particles as the
main effective influential parameter regarding cell performances. This means that a decrease in
agglomerate size would lead to diminished surface area per agglomerate but simultaneously in-
crease the amount of agglomerates so that the total surface area is increased.”®** Hence, Akabori’s
explanations can be partially confirmed with these experimental findings: longer proceeded cata-
Iytic inks yield smaller sized catalyst particles equaling an increase in the overall surface area but
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Fig. 5.14 MAT polarization curves obtained from applied voltages in the range of 0-1 V (top right). Current
densities were recorded at 68° C at 100 % RH (=NOC). Additional OCV cleaning was performed in between the
measurement points. Zoom 1 (top left) illustrate the kinetic area including the corresponding cell voltages at
0.05, 0.1, and 0.5 A/cm? whereas zoom 2 (bottom right) depict the mass transport area.

simultaneously smaller particles lead to a loss in secondary pores (macropores) creating higher

electrode packing densities. Thus, small sized pore widths present shorter diffusion pathways for
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reactants and ions with the concurring risk of mass transport issues. Furthermore, Khajeh-
Hosseini-Dalasm et al. propose several structural characteristics as influential parameter affecting
the cathode catalyst layer performance including the platinum loading, the total ionomer volume
fraction, and the catalyst layer thickness.”” While platinum (0.25 mg/cm?) and ionomer loadings
(~30 %) were fixed here, the electrode thickness was reduced by 50 % during ink mixing process.
Thus, it can be hypothesized that the main influential parameter for these catalyst layer perfor-
mances is the pore size distribution of the cathodic electrodes. The experimental findings under-
line that longer proceeded electrodes present an optimized microstructure for fuel cell applica-
tion.
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Fig. 5.15 (A) MAT polarization curve recorded with OCV cleaning at 68° C and 60 % RH. (B) steady state
points recorded at 1.7 A/cm? for 68° C, 100 % RH (normal condition) and 80° C, 50 % RH (hot and dry condi-
tion) for all three electrode designs (1h, 1d, and 7d). The difference between NOC and HOT measurement
points is designated as derate, A (mV).

When varying the relative humidity conditions during I-V curve recording, insights on the
proton conductivity ability and possibly mass transport issues can be achieved. Fig. 5.15 (A) show
polarization curves at dry conditions (60 % RH) which match the catalyst layer behavior during
wet conditions. The overall cell performances are slightly reduced due the membrane’s lower pro-
ton conductivity but especially the group differentiation already starts during low current densi-
ties resulting from diverse connected ionomer networks within the electrodes. However, dry con-
ditions demonstrate high fraction of gaseous oxygen which reduces the overall electrode proton
conductivity leading to decreased cell performances. The 1h sample’s low performance correlates
well with previous structural findings regarding electrode’s thickness and roughness. Especially
the nitrogen sorption response fitting more the catalyst powder hysteresis loop than those for
typical mesoporous electrodes including the aggregated state description for the catalytic ink are
strong indications for unsuitable material processing in order to meet fuel cell electrode require-
ments. It is obvious that the catalytically active and therefore crucial three-component-phases
have not yet been sufficiently developed. Concluding, a process ink mixing time duration of 1h is
not recommended.

An equal picture is drawn when the operation temperature was varied in order to demon-
strate driving conditions. A temperature decrease and maintained relative humidity (100 %) re-
duced the reaction kinetic whereas the proton conductivity ability remains unaffected. Thus,
product water participates longer within the electrode pore network which leads to mass
transport issues. Fig. 5.16 (A, B) illustrates current densities at 650 mV (ohmic resistance range)
and 100 mV (mass transport range) for normal (68° C) and cold (30° C) conditions. In both cases
preliminary sample categorization is valid: the 1h sample demonstrates significant performance
differences during both operating conditions. At both steady states (650 and 100 mV) the group 2
samples yield 10 % and 5 % higher current densities at 68° C compared to the group 1 sample,
respectively. In contrast, during cold conditions the group 2 samples indicate a current density
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loss of 38 % for both steady states. Thus, the 1h specimen’s microstructure is likely to avoid mass
transport issues corresponding to the presence of large pores and a high electrode thickness. In
contrast, the reduced cell performances for group 2 are correlated to smaller pore diameters
within the electrode resulting in a hindered water removal process. The results in Fig. 5.15 (B)
combine temperature and relative humidity adjustment. A raised reaction kinetic and decreased
proton conductivity ability (80° C, 50 % RH) lead to smaller performance losses within the group 2
samples corresponding to a well-connected ionomer network whereas the 1h sample is identified
by a poor ionomer network and faces higher resistances which have to be overcome by the ions in
order to drive the electrochemical reaction. The performance differences obtained from relative
humidity variation in Fig. 5.15 (A) are also valid for hot operation conditions. Concluding, all in-
vestigated testing points at diverse operating conditions yield overall high performances for the
group 2 samples. Thus, their microstructure indicates an ideal ionomer network distribution in-
cluding well adapted pore size distribution avoiding mass transport issues.
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Fig. 5.16 Current densities at 650 mV (A) and 100 mV (B) recorded at 68° C and 30° C at 100 % RH, respec-
tively, in order to obtain electrode structural insights.

Moreover, it should be noted that single cell testing should be used as a first estimation
for cell behavior on stack level. A realistic stack prediction takes into account mutual influence of
the single cells, gaseous flow steams, and leakage issues whereas the stack is incorporated into a
testing infrastructure simulating the automotive powertrain. Thus, further electrochemical testing
is strongly recommended.

5.1.4 Conclusion

PEMFC performances are mainly affected by the cathode catalyst layer performance. Thus, the
understanding of the electrode’s microstructure is crucially essential in order to optimize their
design. In the last decade several improvements regarding manufacturing techniques, platinum
utilization, and development of catalyst support materials have been developed but a complete
comprehension of the complex component interaction is still lacking. Today, various computa-
tional models investigate the catalyst layer structure and its optimum component composition.
They are often performed prior to time consuming and expensive experiments.*® Literature-known
concepts focus on pseudo-homogeneous film models**** agglomerate models**" and pore-
scale models.**** Concerning the catalyst agglomerate and aggregate diameter within the catalyst
ink only a few experimental data exist although Pt nanoparticles and primary particles of the sup-
port material are well-known. Thus, model descriptions estimate agglomerate sizes or pore size
distributions based on the catalyst mean diameter in dispersion. Hence, the present work fills the
gap not only by catalyst dispersion state and their corresponding particle size distributions analy-
sis but also directly correlates these characteristics to the electrode microstructure which finally
determines its performance.
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Static light scattering is sensitive to catalyst agglomerate and aggregate detection so that
the particle size distribution process investigated here is characterized in great detail. In order to
fabricate electrodes, differentiating in their microstructure, three different processed catalytic
inks were selected: 1h, 1d, and 7d. The samples were further categorized into 2 groups containing
large aggregates of about 10 pm diameter (1h; group 1) and smaller sized agglomerates of about
1 ym diameter (1d, 7d; group 2), respectively. Internal catalyst dispersion analysis also yielded
aggregation status for the group 1 whereas the group 2 samples were well-dispersed. However,
optical methods analyzing the electrode appearance followed the specimen categorization and
include laser confocal microscopy, nanoCT, scanning electron microscopy, and transmitted light
photography technique as well as pore size distributions obtained from BJH and QSDFT analysis
of nitrogen sorption experiments. Concluding, group 1 specimen show aggregated dispersion
state, leading to rough and cracky surface appearance further elaborated by inhomogeneous ma-
terial distribution (platinum agglomeration), catalyst-like sorption behavior (H3 type hysteresis
loop), and presence of large macropores. All these structural characteristics lead to lower cell
performance compared to group 2 samples. Their initial dispersed catalyst particle size distribu-
tion show smaller sized agglomerates leading to smooth and crack-free electrode surfaces. Fur-
thermore, the electrode material distribution is highly homogeneous yielding pore size widths
corresponding to mesoporous materials. Few methods were able to detect differences between the
group 2 samples: SLS particle size distribution as well as the internal catalyst dispersion analysis
stated a higher fraction of smaller sized catalyst particles within the 7d sample. Merely electrode
surface roughness and pore volume analysis but also void area measurements were sensitive to
the sample’s differences. These findings underline the importance of understanding the electrode
microstructure in order to optimize the cell performance.
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5.2 Does the ionomer loading influence the pore size distribution and the overall electrode
microstructure characteristics?

The literature depicts three structural parameter as main influential regarding the cathode cata-
lyst layer performance including the ionomer volume fraction, the electrode thickness, and plati-
num loading.”® Thus, these parameters should be consecutively varied whereas the platinum load-
ing remains constant due to production requirements and its costs. First, a targeted manipulation
of the ionomer volume fraction with maintaining catalyst particle size distribution width is per-
formed. Four ionomer to carbon ratios were chosen including 1.00, 1.10, 1.20, and 1.35.

5.2.1 Catalyst dispersion analysis
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Fig. 5.17 Particle size characteristics obtained from SLS measurements for synthesized catalyst dispersions
with diverse ionomer loadings: (A) particle size distribution, (B) relative amount of particles smaller 0.3 pm,
and (C) internal aggregation structure plot and its corresponding Df values (D).

Fig. 5.17 (A) illustrates particle size distributions obtained from the investigated catalyst disper-
sions with varied ionomer content. All samples show similar distributions widths including a
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maximum size of 10 pm whereas the main fraction is achieved in between 0.01 pm and 1 pm.
Moreover, increased ionomer volume fractions result in a slight decrease within the particle size
distribution due to the additional stabilizer. The volume-weighted particle diameter, D[4;3],
shrinks from ~328 nm (I/C 1.00) to ~219 nm for I/C 1.35. Thus, the relative amount for small
particles (<0.3 pym) in Fig. 5.17 (B) also yield the highest value for I/C 1.35. The catalytic ink inter-
nal structure analysis (Fig. 5.17, C) depicts similar results for fractal dimension values of averaged
0.17 with the exception of 0.28 for I/C 1.00 which correlates with the lower amount of small par-
ticles (Fig. 5.17, B) indicating a higher amount of agglomerates within the obtained particle size
distribution (Fig. 5.17, A).

5.2.2 Electrode analysis

The ionomer volume fraction is important for particle stabilization in catalytic inks whereas its
function within the catalyst layer is crucially essential for the fuel cell performance. The catalyst
particles have to be coated with ionomer in order to guarantee catalytic active area but also re-
maining ionomer is needed for network development. Thus, the ionomer distribution and its
structural influence on the pore network are subsequently investigated. Especially, the question is
if the ionomer loading influences the pore size distribution characteristic or if the particle size
distribution determines the pore network.

5.2.2.1 Surface analysis using imaging techniques

Optical surface analysis could not identify detailed differences between the four investigated elec-
trodes with varied ionomer loadings (Fig. 5.18). Surface roughness measurements yielded aver-
aged 0.257 pm corresponding to similar low crack areas of ~0.7 % for all investigated samples.
Furthermore, SEM analysis yields similar pore structure including non-altered catalyst morpho-
logical structure. Even transmitted light photography gives no further insights (Fig. 5.18, C). The
detected void areas range from 0.01 % to 0.05 % and bear no correlation to the electrode s iono-
mer loading.

5.2.2.2 Cross-sectional characterization

Catalyst layer thickness show similar appearance with averaged 8.5 nm for all four designs as
illustrated in Fig. 5.19 (A). Additional elemental EDX mapping of the cross-sectional area demon-
strate a decal sided fluorine accumulation almost independent of the electrode “s ionomer loading
(Fig. 5.19, B). It should be noted that this accumulation could also be possibly related to a meth-
od’s artefacts. Thus, it is hypothesized that the drying process is not optimized with respect to
homogeneous material distribution. It seems that diffusion or evaporation process causes a flow
of material resulting in detected material accumulation. Furthermore, a closer look allows the
postulation of a fluorine accumulation thinning with increasing ionomer loading possibly under-
lining a viscosity dependent on drying process or the ionomer dependent network creation ability
respecting its gel structure. In contrast, Fig. 5.19 (C) illustrates a highly homogeneous platinum
distribution.
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Fig. 5.18 Surface analysis results for four electrode designs obtained from diverse techniques: (A) laser con-
focal 3D and (B) SEM images. (C) show binary images of transmitted light photography.
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Fig. 5.19 Electrode lateral view images achieved from SEM cross-section images (A) for 4 designs.
Additional elemental EDX mapping for fluorine (B) and platinum (C) illustrate material distribution.
The platinum loading of the investigated catalyst layers is constant at 0.25 mg/cm?2.

5.2.2.3  Gas sorption analysis

Gas sorption experiments supplied more reliable data regarding morphological differences be-
tween the investigated catalyst layers. The obtained nitrogen adsorption-desorption cycles are
depicted in Fig. 5.20 (A). According to the IUPAC sorption isotherm classification, all samples fol-
low type IV isotherms corresponding to mesoporous material.”* The characteristic hysteresis loops
(zoom in Fig. 5.20, A) are indicated by H2 type according to IUPAC hysteresis loop classification
and demonstrate the presence of pore networks.””” The application of the advanced network
model proposed by Seaton et al. allows the determination of the network characteristics, namely
the mean coordination number, 7, and the linear dimension, L (Fig. 5.20, B).**" Z and L present
contrary trends: Z shrinks with increasing ionomer loadings while L. demonstrates a maximal val-
ue of 7.8 for I/C 1.20 which feasibly indicates highly active regions. Furthermore, Z results can be
categorized into two groups: low ionomer loadings (I/C 1.00, 1.10) with an averaged Z value of
3.35 and high ionomer loadings (I/C 1.20, 1.35) with 24 % reduced Z values of averaged 2.65
(Fig. 5.20, B). In order to achieve high pore connectivity, low ionomer loadings - resulting high
pore connectivity - are recommended. In contrast, a high amount of active areas is created with
high ionomer loadings. Hence, it is hypothesized that these two network characteristics could be
used for cathodic fuel cell performance prediction. Considering the necessary trade-off decision
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between sufficient ionomer network and pore network development these characteristics could
also be used. But referring to the derived data in Fig. 5.20 (B) it is not clear which parameter is
more important regarding fuel cell performance. Thus, medium ionomer loadings such as I/C 1.10
and 1.20 present promising candidates.
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Fig. 5.20 (A) Nitrogen sorption isotherms obtained from electrodes coated on decal film. Zoom illustrates
their hysteresis loops. (B) present the corresponding pore network characteristics using the advanced pore
network model proposed by Seaton et al.*

BET analysis is performed by using the adsorption data within the range of 0.05 - 0.3 P/P,
and applying Micropore BET Assistant offered by the instrument’s software. As illustrated in
Fig. 5.21 the catalyst powder surface area (SA) of 360 m2/g was not reproduced for the catalyst
layers due to the addition of ionomer which coats the catalyst powder particles. Thus, the lowest
ionomer loading (I/C 1.00) yielded the highest surface area of 113 m?2/g while the highest loading
(I/C 1.35) resulted only in 55 m2/g which equals a difference of 55 %. Considering the total SA
obtained from QSDFT calculation, a surface area drop in between I/C 1.00 and I/C 1.35 of 51 %
was achieved. This finding can be interpreted as overall loss in pore volume rather than ionomer
coating. Regarding the micropore region, an equal trend was discovered: both models - the classi-
cal (de Boer) and statistical (QSDFT) approach - present high micropore surface areas for low ion-
omer loading and 67 % or 50 % reduced surface area for the lowest ionomer loading of I/C 1.35
(Fig. 5.21).
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Fig. 5.21 BET surface area for a common fuel cell catalyst powder and manufactured catalyst layers contain-
ing approximately 60 % catalyst per g electrode.
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Fig. 5.22 Illustration of the total pore volume for the catalyst powder and the investigated catalyst layers ap-
plying a classical and statistical approach.
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Fig. 5.23 Pore size distributions (PSDs) for four I/C designs and the initial catalyst powder obtained from
desorption data using BJH method (A). The PSD plot obtained from a statistical QSDFT model (B, left) pre-
sents further details in between 1 - 30 nm pore diameter while meso- and macropores should be illustrated
by the BJH model (B, right).
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Additional pore volume analysis at 0.998 P/P  results also a difference of 40 % in between the
lowest and highest ionomer loading for both classical and statistical approach (Fig. 5.22). Even the
micropore volume decreases by 45 % for high ionomer loadings in comparison to low loadings
(QSDFT model, Fig. 5.22). Concluding, as more ionomer is added to the catalyst ink, the less pore
volume will be found in the resulting electrode microstructure regardless of the pore diameter.
These findings are in good agreement with the postulations by Soboleva’s group.* They reported
ionomer existence within secondary pores (macropores) presumably distributed on agglomerate’s
surface when low ionomer loadings are applied. The illustrated pore size distribution results (Fig.
5.23, A) underline the findings of Soboleva et al.*: the more ionomer is loaded to the electrode as
more the PSD width shrinks and shifts to smaller pore diameters. Further on, the second main
peak at 75 nm for the low I/C 1.00 shifts to 55 nm for the highest ionomer loading of I/C 1.35
while all other peaks remain on constant position. As identified before, the pore volumes decrease
also within the micropore and narrow mesopore region. This phenomenon can be linked to the
fact that only surface areas of pores >20 nm are available for ionomer distribution which means
in turn, the lower the SA available for ionomer distribution the thicker the created ionomer layer
is.* However, the experimental sorption findings are supporting Soboleva et al. postulations which
are noticed to be in contrast to the literature-known observations by Uchida et al. who reported
that primary pore volume within agglomerate (mesopores) remains unchanged with increasing
ionomer content whereas the volume of the secondary pores (macropores) decreas.**

Regarding the main influential parameter determining the cell performance, the total ion-
omer volume fraction was one of the identified characteristics.”® The other two, platinum loading
and catalyst layer thickness are known to remain unaffected during this study. Thus, as presented
in Fig. 5.22 the ionomer loading strongly influence the surface area and total pore volume of a
catalyst layer. The preliminary drawn picture for the need of a trade-off decision is further un-
derlined: a suitable porosity containing both primary and secondary pores is the key for running
the electrochemical reaction (Fig. 5.20 and Fig. 5.22). Simultaneously, the supplied ionomer net-
work and its coating layer thickness need to guarantee the proton conductivity which leads to the
recommendation of I/C design 1.10 or 1.20.

Concluding, the catalyst particle size distribution is the main cause for determining the internal
electrode pore structure. The total pore volume and surface area can be adjusted by the supplied
ionomer content: the higher the ionomer fraction the less the resulting total pore volume and
surface area are. Due to the fact that the ionomer cannot fill pores of small diameter (estimated as
smaller than 20 nm), increased ionomer loadings yield thicker ionomer layers coating the primary
catalyst particles (Fig. 5.24). Further validation is found by applying the advanced network model
characteristics which correlate the coordination of a network pore with the supplied ionomer con-
tent: the less ionomer is added the higher a network pore is coordinated with its surrounding
pores (Fig. 5.20, B).
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Fig. 5.24 Model description for low and high I/C ratios and their impact on the internal surface area and pore
volume.

5.2.3 Electrochemical component testing

The previous obtained morphological results give contrary suggestions regarding an ideal catalyst
layer ionomer loading. On the one hand, high surface area as well as a broad pore size distribution
was obtained for the lowest investigated I/C of 1.00 whereas on the other side (I/C 1.35) ionomer
accumulation was detected. Considering the advanced network model characteristic, Z, the ideal



5.2 DOES THE IONOMER LOADING INFLUENCE THE PORE SIZE DISTRIBUTION AND THE OVERALL 41
ELECTRODE MICROSTRUCTURE CHARACTERISTICS?

ionomer loading for the given platinum loading (0.25 mg/cm?) and catalyst particle distribution is
expected to be in the range of I/C 1.10 and 1.20. Hence, electrochemical testing should help in
finding the ideal ionomer volume fraction.

Since all specimens contain similar catalyst particle diameters no differences are expected
during normal condition operating state performance as illustrated in Fig. 5.25. Within the kinetic
region (low current densities) no significant differences are detected for the polarization curve
recording. Contrary, it seems that there is a slight trend for the high ionomer loading resulting in
higher active area utilization (fast transient polarization (FTP) recording, Fig. 5.25 down left). Cor-
responding to the PSD curve for I/C 1.35 most catalyst surface is covered by ionomer which leads
to increased catalytic active areas (Fig. 5.23). Moreover, the characteristic I-V curve obtained for
I/C 1.35 differentiate most from all other designs with an averaged gap of 50 mV (Fig. 5.25, down
right). At high current densities I/C 1.20 perform superior, followed by I/C 1.00 and 1.10. This
observation is in good agreement with the previous obtained structural information which sug-
gested I/C 1.10 or 1.20. It is crucial for ideal cell behavior to find a suitable design guaranteeing
both mass transport (high electrode porosity) and proton conductivity through the ionomer net-
work.
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Fig. 5.25 Polarization curves obtained from applied voltages in the range of 0-1 V. Current densities were
recorded at 68° C at 100 % RH. Additional OCV cleaning was performed in between the measurement points.
Zoom 1 (top left) illustrate the kinetic area including the corresponding cell voltages at 0.05, 0.1, and
0.5 A/cm? whereas zoom 2 (down right) depict the mass transport area. Down left illustrates fast transient
polarization (FTP) results for diverse current densities.
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Fig. 5.26 Polarization curves obtained from MAT (A) using circular 3 cm? active area and CAT (B) operating
with rectangular sampled active area of 40 cm2. Cell performances are recorded at 68° C at 100 % RH.
I/C 1.35 sample failed during CAT testing due to leakage issues caused by sample preparation. Steady state
point results for normal and hot conditions are illustrated in (C) and (D), respectively.

In order to validate the recorded polarization curve with the MAT testing station, the four
electrode designs were also tested using a CAT testing station (Fig. 5.26 A, B). The stations pre-
dominantly differ in investigation area: MAT testing works with circular 3 cm? active area whereas
CAT testing samples require rectangular shape and 40 cm? of active area. It should be noted that
CAT testing is more realistic and its results more reliable with respect to membrane electrode
assembly (MEA) geometry and flow field application. However, the polarization curves received
from CAT testing yield comparable results. Essentially here I/C 1.20 is identified as promising
candidate demonstrating suitable performances over the whole range of current densities
(Fig. 5.26, B). Diving into the steady state points achieved at 1.7 A/cm? for different operation
conditions, allows more precise assumptions. First, at normal conditions (68° C, 100% RH) contra-
ry results are obtained from MAT and CAT testing: cell performance at MAT decrease with in-
creased ionomer content whereas the cell performance on CAT testing increase with increased
ionomer loading (Fig. 5.26, C). It is expected that the cell performance at low relative humidity and
high temperatures is increased with higher ionomer loadings due to sufficient proton conductivi-
ty. Hence, a valuable recommendation is impossible with respect to the confusing data. Since the
specimens are obtained from one production charge, the testing protocol or station should be
reviewed. Furthermore, CAT testing yields lower performance values compared to MAT testing
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which could be correlated to the varying investigation areas. The second condition at 80° C and
50 % RH vyielded for both stations, MAT and CAT, corresponding trends by performance increase
with increased ionomer content as illustrated in Fig. 5.26 (D). Thus, the holy grail of fuel cell elec-
trode design lies in high cell performance during normal condition and low losses during hot op-
erating conditions. The electrode needs to adapt to the applied driving cycles including tempera-
ture variations owed to the surrounding climate conditions. Fig. 5.27 demonstrates a scatter dia-
gram for both operating conditions in which the measurement results could be classified. The
best case includes samples operating at high cell voltages for both applied conditions simultane-
ously meaning a low performance loss at hot conditions (green area). In turn, the worst case con-
tain samples generating low performances for both conditions, normal and hot (red area). Re-
specting the confusing MAT data only the CAT testing results are taken into account for capability
analysis. Thus, I/C 1.20 is identified as best scenario candidate which is in good agreement to the
previous findings regarding microstructural analysis.
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Fig. 5.27 The diagram illustrates suitable specimens ful-
filling both required criteria of high cell performance at
normal and low performance loss at hot condition.

5.2.4 Conclusion

Tuning the ionomer loading of catalyst layers faces two functional requirements: the ionomer
itself coating the catalyst particles and simultaneously creating an interconnected network for
proton transport and mechanical strength. Thereby, the ionomer fraction determines the void
space volume. In order to obtain high cell performances, high surface area including sufficient
pore volumes for mass transport, adequate catalyst particle coating, as well as high network con-
nectivity are necessary. SLS analysis verifies constant particle size distribution for all four elec-
trode designs containing diverse ionomer ratios ranging from I/C 1.00 to 1.35 (Fig. 5.17). Moreo-
ver, all catalytic inks show non-aggregated dispersion state resulting in smooth, crack-free, and
homogeneous catalyst layer surface appearance (Fig. 5.17 and Fig. 5.18). Cross-sectional analysis
yielded also similar CL thicknesses of averaged 8 pm. Homogeneous platinum distribution as well
as a possibly decal-sided fluorine accumulation were detected by using cross-sectional elemental
EDX mapping for all four designs (Fig. 5.19). Thus, the applied characterization techniques were
not able to differentiate between the investigated specimens. Similarly, nitrogen sorption tech-
nique identified the resulting CL isotherms as H4 type and their corresponding hysteresis loops as
H2 type, respectively (Fig. 5.20, A). In contrast, the application of the advanced network model
proposed by Seaton et al. resulted in a differentiation between the samples: the mean coordina-
tion number, Z, and the linear dimension, I, demonstrate concurring trends. High ionomer load-
ings lead to a decrease in pore connectivity whereas L is increased so that only I/C 1.10 and 1.20
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present possible candidates (Fig. 5.20, B). Respecting the BET SA and total pore volume results
(both reduced by increased ionomer loadings), no clear I/C can be chosen. Of course, the highest
BET SA and total pore volume were achieved with the lowest supplied ionomer loading I/C 1.00
which support mass transport mechanisms but disregard catalyst utilization. Referring to the
linear dimension L, I/C 1.20 should preferably recommended. It is assumed, that this characteris-
tic possibly provides insights about the amount of active areas within a pore. Considering the
electrochemical testing results, I/C 1.20 actually demonstrates the highest cell performance over a
broad range of current densities. Thus, it is obvious that the advanced pore network characteris-
tics could help in cell performance prediction.
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5.3 CL microstructure tuning by particle size distribution variation of catalytic inks

In order to follow the correlation of catalyst dispersion particle size distribution to the catalyst
layer pore structure diverse catalyst dispersion designs were synthesized and further processed.
All electrode types should be electrochemically tested focusing the validation of the cell perfor-
mance determination by catalytic ink properties especially their catalyst particle size distribution.
As shown in chapter 5.2 the catalyst particle diameter is claimed as main influential structure
determining the overall pore structure. In contrast, the ionomer volume fraction was correlated to
affect the created void space directly measurable as variance within the BET SA and total pore
volume. As a result, corresponding cell performances do not differentiate significantly in between
the investigated ionomer volume fractions. Thus, the particle size distribution variations are ex-
pected to yield measurable performance variations.

5.3.1 Catalyst dispersion analysis

Fig. 5.28 illustrates eight diverse cathodic catalytic ink designs created by solid content and batch
volume variation affecting the mixing effectiveness resulting in different catalyst agglomerates
and broader particle size distributions. Even though, a prolonged catalyst wetting time yielded
distributed particle sizes. In general, all investigated samples depicted here run a seven day mix-
ing process with equal energy input (except for sample #8 where a higher energy input was used
in order to create a monomodal particle size distribution). Moreover, all samples are based on I/C
ratio of 1.10 and were filtered through a 20 pm pore width membrane directly before coating. The
created particle size distributions are classified into three designs: design 1 contains agglomerates
lager than 10 pm diameters while design 2 is identified by particle size distributions ranging in
between 1 and 10 pm diameters. In contrast, design 3 includes only particles smaller 1 pm diame-
ter (Fig. 5.28, sample #8). Each design is represented by one specific sample: sample #1 for design
1, sample #3 for design 2, and sample #8 for design 3, respectively.
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Fig. 5.28 (A) Particle size distributions for diverse variations categorized into three designs. The highlight-
ed samples (¥) represent their corresponding designs. The particle size distributions plotted in B illustrate
the two extrema for the design range: sample #1 (bimodal) and #8 (monomodal).

The particle size characteristics obtained from SLS measurements are demonstrated in
Fig. 5.29: all three characteristics - relative amount of small particles, volume-weighted mean
diameter, and the fractal dimension of the catalyst dispersions - follow the design classification.
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Fig. 5.29 (B) illustrates the relative amount of small particles which is increased by particle size
distribution width shrinkage. Thus, small particles result from the loss of agglomerates. Design 3
contains a monomodal distribution including ~90 % of particles smaller than 0.3 pm diameter
whereas polymodal distributions are found in all other seven samples yielding 20 - 30 % small
particles for design 2 or only less than 4 % for design 1, respectively. Furthermore, the agglomer-
ate sensitively volume-weighted mean diameter shows a contrary trend: the mean diameter de-
creases for particle size distribution width shrinkage. Moreover, the presence of agglomerates and
in turn the amount of small particles, affects the development of microclusters measurable by
using the fractal dimension. Here, the depicted Df values in Fig. 5.29 (D) obtained from the log-log
plot in Fig. 5.29 (C) illustrates three cases according to the previous design classification: case 1
contain Df values greater than 1 referring to aggregated catalyst dispersions (design 1) while
case 2 demonstrates non-aggregated dispersions with Df values below 1 (design 2). In contrast,
design 3 presents a special condition where Mie scattering is observed (Fig. 5.29, D**). This phe-
nomenon is correlated to monodispersed suspensions matching the monomodal particle size
distribution. For this case, the mathematical Df value determination is invalid.*
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Fig. 5.29 Particle size characteristics obtained from SLS measurements for synthesized catalyst dispersions:
(A) relative amount of particles smaller 0.3 pum, (B) volume-weighted mean D[4;3], and (C) internal aggregate
structure plot and its corresponding Dfvalues (D). **invalid calculation due to Mie scattering
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5.3.2 Electrode analysis

The eight diverse catalyst dispersions were further processed in order to obtain coated catalyst
layers also designated as cathodic electrodes. The aim is to correlate the catalyst dispersion prop-
erties directly to the electrode "s performance. Therefore, a comprehensive electrode investigation
is crucial with respect to microstructural influences.

5.3.2.1 Surface analysis
(A) Laser confocal 3D (B) SEM
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Fig. 5.30 Surface analysis images obtained from (A) laser confocal microscopy and (B)
scanning electron microscopy. The illustrated samples represent their design.

Fig. 5.30 (A) illustrates electrode surface appearances obtained from laser confocal 3D imaging.
All designs demonstrate crack-free and homogeneous film appearance. Moreover, design 1 and 2
display similar surfaces whereas design 3 differentiates from these two designs with extremely
smooth surface appearance. According to Fig. 5.31 design 3 yields the smallest value for the aver-
aged surface roughness with ~0.10 pm. Design 2 roughness range in between 0.22 and 0.52 pm
whereas design 1 show averaged surface roughness of ~0.24 pym which is remarkable with respect
to its large catalyst agglomerates within the catalyst dispersion. It is expected that coarse disper-
sions, additionally demonstrating an aggregated dispersion state, result in high surface roughness
due to their low electrode packing density. Thus, it is assumed that the design 1 samples (#1, #2)
present some resolution error obtained for laser confocal imaging. In contrast, SEM imaging yields
equal surface appearance for design 1 and 2 and differentiation for design 3. Referring to the
visible pore sizes in Fig. 5.30 (B) it is clear that design 3 demonstrate tiny pore widths compared
to design 1 and 2.
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Fig. 5.31 Average surface roughness calculated from
laser confocal measurements.

Additional cross-sectional analysis allows the catalyst layer thickness determination. As
presented in Fig. 5.32 (A) the previously drawn picture of similarity for design 1 and 2 and differ-
entiation of design 3 are further documented. Design 1 and 2 present similar thickness of
~8.5 um and ~7.5 um, respectively, whereas design 3 demonstrates a thickness reduction of 50 %
resulting in ~3.5 pm.

(A) SEM cross-section (B) TLP

e : e
Design 1

Sample #3
Group 2

Fig. 5.32 Electrode lateral view images achieved from cross-sectional SEM inves-
tigation (A) and the corresponding surface view images obtained TLP analysis
which is dependent from CL thickness (B).
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This strong deviation is expected to yield a cell performance variation referring to Khajeh-
Hosseini-Dalasm’s group who identified the CL thickness as main influential parameter.?® Fur-
thermore, this work experimentally validate literature known particle packing density mechanisms
even though a complex drying process takes place which is considered as negligible here. Thus,
the CL thickness is directly tunable by catalyst agglomerate size adjustment within catalyst dis-
persion. According to the literature, the particle size distribution and the large to small particle
ratio play a key role for the resulting film porosity.”* The gained experimental findings underline
the literature and equally validate their applicability to fuel cell electrode manufacturing process-
es. Thus, a monomodal catalyst particle size distribution below 1 pm as maximal particle diameter
results in a thin catalyst layer containing a high particle packing density meaning in turn a less
porous layer. In contrast, bi- or polymodal catalyst particle size distributions that contain larger
agglomerates lead to thicker CLs with higher porosities and less particle packing densities. Con-
cluding, the solid catalyst particle diameter created during catalyst dispersion preparation is re-
sponsible for the CL thickness determined by the particle packing density which affects in turn
the CL porosity. Fig. 5.33 summarizes these experimental findings. Furthermore, it should be not-
ed that all investigated catalyst layers are loaded with 0.25 mg/cm? platinum and ~30 % ionomer
so that comparability is ensured.

POLYMODAL MONOMODAL
DISTRIBUTION DISTRIBUTION

Catalyst dispersion y y
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EE
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(electrode)
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Fig. 5.33 Model description for dependence between particle size distribution modality and their resulting
catalyst layer packing densities.

The transmitted light photography results in Fig. 5.32 (B) are not further considered due
to the technique’s CL thickness dependence: the design 3 sample presents more transmission
which is correlated to the CL thickness. Thus, comparability of TLP results is only valid in between
design 1 and 2 where no difference could be detected.

5.3.2.2  Pore size analysis using gas sorption technique

Fig. 5.34 illustrates typical adsorption-desorption cycles of nitrogen isotherms for a common fuel
cell catalyst powder (A) and manufactured cathodic catalyst layers (B). Both isotherm types could
be identified as type IV according to IUPAC classification. Their characteristic hysteresis loop
demonstrate different types, meaning in detail H3 type for the catalyst powder (Fig. 5.34, zoom in
A) and H2 type for the manufactured electrodes (Fig. 5.34, C) whereas electrode design 3 presents
H4 type (Fig. 5.34, D).
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Fig. 5.34 Nitrogen sorption isotherm for catalyst powder (A) and manufactured electrodes (B). Plot C and D
illustrate the corresponding hysteresis loops classified as H2 and H4 type, respectively.

H2 hysteresis loops are described by a linear range within high partial pressures indicating net-
work pores which are causing pore blocking effects. Furthermore, the pore size distribution and
pore shape are not clearly described. In contrast, H3 hysteresis loops demonstrate an absence of
an adsorption limit which is correlated to slit-shaped pores.”»”® Additionally, the H3 and H4 hys-
teresis loops present a steep region associated with a hysteresis loop closure resulting from the
tensile strength effect in the range of 0.4 - 0.45 P/P_ for nitrogen at 77 K whereas the H4 type also
includes micropores.””*'* Regarding the measured sorption isotherm in Fig. 5.34 (D) the hystere-
sis closure point is experimentally observed at 0.5 P/P  which is corresponding to the mentioned
pore condensation effect. Usually within bottleneck pores the liquid evaporation depends on the
pore neck diameter. In contrast, the tensile strength effect occurring within slit shaped pores de-
pends on the nature of the adsorptive, the temperature, and the tensile strength of the capillary
condensed liquid. When the mechanical stability is limited, below which the macroscopic menis-
cus cannot exist, a spontaneous evaporation of the liquid takes places - known as tensile strength
effect.”” Thus the steep region within the sorption isotherm does not represent a desorption phe-
nomenon. As a result, the calculated PSD using the desorption data contains a measurement arte-
fact. Hence, the adsorption data is recommended in order to calculate a PSD curve which is known
to be more realistic when spontaneous evaporation effects appear.”*'®

Moreover, the advanced pore network characteristics postulated by Seaton et al.*" are il-
lustrated in Fig. 5.35. Regarding the mean coordination number, Z, design 1 and 2 could not be



5.3 CL MICROSTRUCTURE TUNING BY PARTICLE SIZE DISTRIBUTION VARIATION OF CATALYTIC INKS 51

differentiated and the sample’s values ranging in between 3.0 and 3.4 matching the preliminary
result for a catalyst layer containing an I/C ratio of 1.10. Contrary, design 3 was insufficient for
network characteristics calculation due to its hysteresis loop shaping. A similar picture is ob-
tained from linear dimension analysis where a precise separation between design 1 and 2 is im-
possible. Hence, sample 4 shows the lowest linear dimension of 5.3 followed by sample 5 and 7
with 5.8 and 5.9, respectively. The samples 1-3 are ranging in between 6.5 until 6.9 while sample
6 presents the highest linear dimension of 7.9. A clear trend corresponding to their catalytic ink
particle size distribution could not be identified.

10
1 22, coordination number
{1 ®mL, linear dimension
] 7,9
81 65 5,9

pore network characteristic (a.u.)

1 2 3 4 5 6 7 8
sample #

Fig. 5.35 Pore network characteristics obtained from the advanced pore network model proposed by Seaton
et al.®

BET surface area analysis yielded averaged 76 m2/g for design 1 and 2 (Fig. 5.36). Sample
#1 and #5 show the highest values with 92.3 m2/g and 92.6 m2/g while sample #4 and #6 present
significantly lower surface areas of 63.9 m2/g and 61.7 m2/g, respectively. Contrary, design 3
shows the lowest obtained surface area of only 20.4 m?2/g. Corresponding trends were observed
also for QSDFT analysis (Fig. 5.36). The prior sample categorization based on the catalytic ink
particle size distributions could not be verified for the resulting electrodes. This can be an indica-
tor that some additional factors could influence the drying process and therefore the microstruc-
ture composition. Referring to the optical characterization results no significant differences could
be detected: even the catalytic ink particle size distributions did not provide any explanation (Fig.
5.37). It is hypothesized that the ionomer itself - meaning the catalyst coating thickness - or its
rheology are responsible for diverse film formation which could not be verified with the applied
characterization techniques here.
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Fig. 5.36 BET surface area for manufactured catalyst layers clustered by their corresponding catalytic ink
particle size distribution.
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Fig. 5.37 Particle size distribution diagrams for noticeable samples: #1 and #5 indicating higher BET SAs
(A, B) and lower BET SAs obtained for samples #4 and #6 (C, D).

A

high BET SA samples:

B

low BET SA samples:

Fig. 5.38 2D laser confocal images for electrode samples #1, #4, #5, and #6, categorized into their correspond-

ing BET surface areas high (A) and low (B).
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Regarding sample #4 and #6, which present a ~30 % reduced BET surface area compared
to sample #1 and #5, a particle size distribution based explanation is not feasible. The distribu-
tion shapes follow the prior sample categorization so that only sample #1 was expected to yield a
higher BET SA (Fig. 5.37). Regarding the optical characterization results, catalyst layer defects are
detected: Fig. 5.38 demonstrates cracks for the electrode samples #4 and #6. These results match
the prior mentioned high surface roughness for both samples of 0.52 pm and 0.36 pm for sample
#4 and #6, respectively (s. Fig. 5.31). However, the causes of crack evolution during catalytic ink
coating could not be fully understood by using the applied characterization techniques. Even
though, their particle size distributions yielded no indication for explanation. Thus, film for-
mation affects such as catalyst ink rheology or solvent system evaporation effects are feasibly
responsible for this phenomenon.
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Fig. 5.39 Total pore volumes for manufactured catalyst layers obtained at 0.998 P/P and using the QSDFT
model.

Total pore volume analysis at 0.998 partial pressure follow the previous drawn picture: design 1
and 2 present equal total pore volumes with averaged 0.51 cm3/g while design 3 is characterized
by the lowest obtained pore volume of 0.07 cm3/g. Here, sample #5 showed also the highest pore
volume which could be reproduced by applying a second analysis model (QSDFT; Fig. 5.39). Fur-
thermore, the statistical QSDFT approach allowed some more detailed analysis with respect to the
micropore volume (pores < 2nm) which is more accurate than the classical method postulated by
de Boer. However, design 1 presents the highest micropore volume with averaged 0.010 cm3/g for
sample #1 and #2 while design 2 samples (#3-#7) show an averaged pore volume of 0.006 cm3/g.
The micropore volume obtained from QSDFT analysis for design 3 (sample #8) is negligible and
even its total pore volume is significant smaller compared to all other designs. Concluding, the
micropore analysis allows the sample classification into the 3 designs extracted from their initial
particle size distribution shapes.

For pore size distribution (PSD) analysis, BJH method was applied and yielded a sensitive
differentiation between all three designs. Regarding the desorption data plot in Fig. 5.40 A, design
1 samples (#1, #2) present a more catalyst powder like PSD indicated by the development of peak
2 (~30 nm) which is also found within the catalyst powder distribution. Design 2 demonstrates
only two main peaks within micro/mesopore (peak 1: ~3 nm) and macropore region (peak 3:
~60 nm). An outlier within design 2 is observed for sample #5 whose peak 2 is shifted towards
greater pore diameters so that the peak’s maximum can be found at 75 nm pore diameter (Fig.
5.40, B right). This finding covers the highest BET SA and pore volume values for sample #5. How-
ever, the desorption data set of design 3 is not analyzable with the BJH method due to measure-
ment artefacts owed by the tensile strength effect.
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Fig. 5.40 Pore size distribution for manufactured catalyst layers obtained from BJH analysis using desorption
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PSD plot obtained from the adsorption data set provide pore size information for sample #8 which contains

mainly slit shaped pores.
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Additional QSDFT analysis allowed some deeper understanding of the micropore region: as men-
tioned before the manufactured electrode PSD shapes follow mostly that of the initial catalyst
powder (Fig. 5.40, B). Moreover, the design 1 samples (blue lines, #1 and #2) present higher ad-
sorption values for pores <2 nm and for the peaks in between 3-5nm and 7-9 nm. But these
differences are not strongly significant and more valid for the BJH desorption plot as illustrated in
Fig. 5.40, B right plot. Furthermore, the QSDFT analysis yielded a usable PSD shape for sample #8
which significantly differs from all other samples. Design 3 presents a very small pore size distri-
bution with a maximal pore diameter of ~30 nm. All other pore size distributions show at least
maximal pore diameters of ~85 nm (design 1 and 2). This finding is also in good agreement with
the optical analysis for design 3 which yielded a 50 % reduced electrode thickness in comparison
to design 1 and 2 electrodes. Thus, the design 3 electrode is less porous and presents a more
compact microstructure. The BJH adsorption plot in Fig. 5.40 C underlines these findings so that
both models - the classical and the statistical - report consistent results.

Considering optical surface appearance (Fig. 5.38, B), the presence of cracks within the catalyst
layers #4 and #6 are not directly seen in the PSD plots (Fig. 5.40). Thus, the BJH plots are recalcu-
lated for a PSD log-log plot. This kind of illustration brings the advantage of direct proportionali-
ty between the peak area and the pore volume so that the relative distribution of the pore volume
correlates with the single pore sizes.”'"* As demonstrated in Fig. 5.41 additional peak maxima are
obtained at ~300 nm for most samples. In contrast to a linear plot (Fig. 5.40), the logarithmic plot
produces peaks which are usually overlaid by the high amount of micropores. Thus, sample #4
presents a relative pore volume fraction within the pore size of approximately 300 nm. Referring
to the optical analysis, cracks were detected with average sizes of 100 pm up to 400 pm. In gen-
eral, the gas sorption analysis range detects pores within 0.35 - 300 nm.” Hence, the optical de-
tected cracks are not analyzable with gas sorption technique but at least the gas sorption results
indicate a presence of larger macropores (> 100 nm).
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Fig. 5.41 PSD chart plotted as log-log plot for the desorption data set analyzed with the BJH model (left). The
arrow within the zoom plot (right) indicates the striking peak for sample #4 which is correlated to optically
detected cracks on the electrode surface.
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5.3.3 Electrochemical component testing

The previously collected morphological results yielded a significant differentiation for design 3
compared to design 1 and 2. In contrast, in between design 1 and 2 a clear differentiation was not
possible with the applied characterization techniques. Only the nitrogen physisorption method
demonstrated different PSD shapes for all three designs. Thus, electrochemical component testing
should support the decision for identification of the most sufficient catalyst layer design for nor-
mal operation condition.
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Fig. 5.42 Polarization curves obtained from applied voltages in the range of 0-1 V. Current densities were
recorded at 68° C at 100 % RH. Additional OCV cleaning was performed in between the measurement points.
Zoom 1 (top left) illustrate the kinetic area including corresponding cell voltages at 0.05, 0.1, and 0.5 A/cm?
whereas zoom 2 (down right) depict the mass transport region.

Fig. 5.42 presents polarization curves obtained from MAT testing. It is clear, that design 1
shows higher cell performances at high current densities within the mass transport region. Refer-
ring to the morphological insights, design 1 is characterized by relative high catalyst layer porosi-
ty caused by low catalyst particle packing density which is a result from the polymodal catalyst
particle distribution for the catalytic ink. These assumptions are experimentally validated by sur-
face area and pore size distribution analysis using gas sorption technique. Thus, the catalyst layer
performance seems to be directly tunable by the catalytic ink particle size distribution modality
and its resulting particle packing density. Fig. 5.43 illustrates representative particle size distribu-
tions for all three prepared catalytic ink designs. Moreover, design 2 samples reflect slightly lower
cell performances within the range of 3.0 - 6.0 A/cm? (Fig. 5.42). In contrast, design 3 is electro-



5.3 CL MICROSTRUCTURE TUNING BY PARTICLE SIZE DISTRIBUTION VARIATION OF CATALYTIC INKS 57

chemically active but respecting the low cathodic catalyst layer porosity its performance demon-
strates a straight breakdown. Several characteristics are responsible for this cell behavior: first the
prior mentioned low catalyst layer porosity which causes dramatic mass transport issues. On the
other hand, the slit shaped pores produce spontaneous evaporation phenomena so that liquid
oxygen is inhibited and forced to stay within the pores so that in turn the mass transport issue is
enhanced. Finally, the cathodic catalyst layer is completely blocked and cell operating breaks
down. Thus, design 3 is not recommended as sufficient cathodic catalyst layer design for normal
cell operation. Design 2 and 1 present sufficient cell performances whereas design 1 catalyst lay-
ers should be superior used. But it should be further noted that higher porous CLs tend to react
sensitive to degradation mechanism.'” Degradation studies are not included here but it is recom-
mended to include them for final decision between design 1 or 2.
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Fig. 5.43 Representative particle size distributions for catalytic inks after terminating the mixing process.

Moreover, differences between design 1 and 2 within the kinetic region are not measure-
able here. Both, the polarization curve recording as well as the fast transient polarization (FTP)
data recorded at 0.05 A/cm? yielded no significant difference. Only design 3 differs significantly
from the other designs (Fig. 5.42, top left and down left).

Further validation for design 1 cell performance superiority was achieved by CAT testing
application. The selected representative samples follow the previously drawn picture as illustrated
in Fig. 5.44: within higher current densities (at 2.4 A/cm?) the difference becomes more significant
with approximately 21 mV in between design 1 and 2. Regarding the steady state point measure-
ments at 1.7 A/cm? the design differences become minimized for both MAT and CAT testing (Fig.
5.45). In general, the CAT testing results present 9 % lower cell voltages for normal conditions
(NOC) and 6 % lower cell performances for hot conditions compared to MAT results. Considering
stack estimation at least CAT testing results should be taken into account due to their more real-
istic geometry and flow field.
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Fig. 5.44 Polarization curves obtained from (A) MAT testing station using circular 3 cm? active area and (B)
CAT testing station operating with rectangular sampled active area of 40 cm?. Cell performances are recorded
at 68° C at 100 % RH.
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Fig. 5.45 Steady state results for normal (A) and hot (B) conditions recorded with MAT and CAT at 1.7 A/cm?2.

In order to differentiate more precisely an ANOVA analysis for the MAT mean values was
performed. The results are presented in Table 5.2. For both operation conditions, NOC and HOT,
design 3 is significantly different from the other designs presenting its own group number (D for
NOC and B for HOT). The grouping within NOC mean values is non consistent: on the one hand
both design 1 samples (#1, #2) present similar grouping (AB) but on the other hand sample #4 of
design 2 also belongs to group AB. Referring to the morphological analysis results, sample #4
contains cracks within its catalyst layer surface as well as presenting a relatively low surface are
of 64 m2/g. Thus, the cause for the relatively high cell performance of sample #4 could not be
identified but it could be assumed that the presence of cracks could rise the cell performance.* It
should be also noted that the cell performances generally not differ significantly. Contrary, the
ANOVA grouping for the hot operation condition for design 1 and 2 are consistent. Thus, MAT
and CAT testing are not able to demonstrate verified identification for the most sufficient cathod-
ic catalyst layer design for normal and hot operating conditions so that further electrochemical



5.3 CL MICROSTRUCTURE TUNING BY PARTICLE SIZE DISTRIBUTION VARIATION OF CATALYTIC INKS 59

testing is recommended. Due to constant raw materials and only process related variations slight
changes are expected and experimentally achieved. Small differences in between the catalytic ink
properties and their corresponding electrodes are challenging for detection. In contrast, a change
within the catalytic ink particle size distribution modality, for example from polymodal to mono-
modal, and its resulting morphological impact during the layer formation process is clearly
measureable by the applied characterization techniques. Thus, a lower limit for cathodic catalyst
layer functionality is found with design 3 which leads to rapid cell performance breakdown which
is not sufficient for automotive fuel cell application and therefore not recommended for usage
within the catalyst layer design process.

Table 5.2 Characteristics obtained from ANOVA analysis of the means for MAT.

Sample # design | mean ANOVA grouping | mean ANOVA grouping
(NOC) (NOC) (HOT) (HOT)
1 1 703 AB 637 A
2 1 703 AB 632 A
3 2 700 B 635 A
4 2 701 AB 640 A
5 2 649 C 618 A
6 2 697 BC 628 A
7 2 706 A 637 A
8 3 -2 D 312 B

5.3.4 Conclusion

In the literature the catalyst agglomerate diameter is identified as one of the main influential pa-
rameter for the cell performance.” During this work it is hypothesized that there is a direct corre-
lation in between the catalytic ink particle size distribution and the cell performance. In order to
validate this hypothesis, diverse catalytic inks were synthesized which contain different particle
size distribution shapes and a wide range of distribution widths. The complete cathodic CL pro-
duction process from catalytic ink over catalyst layer and finally the CCM was analyzed by appli-
cation of a range of characterization techniques. First, all catalytic inks were classified into the
intended designs of which each is presenting specific properties such as polymodal particle size
distribution equally illustrating aggregated dispersion state (design 1) or contrary completely
monodispersed particles demonstrating Mie scattering and monomodal size distribution (design
3). Second, the next processed product, the catalyst layer (CL), could not be categorized into the
three designs by application of optical surface analysis techniques and BET SA analysis including
total pore volume analysis except for the statistical QSDFT approach which is able to analysis the
micropore region. However, most characterization methods yielded similar results for design 1
and 2 while design 3 was clearly identified as significantly different. These findings could be cor-
related to its monomodal catalytic ink particle size distribution resulting in a high particle pack-
ing density which in turn presents low CL porosity directly measurable with nitrogen physisorp-
tion method. Furthermore, a 50 % CL thickness reduction was detected in comparison to design 1
and 2. Thus, it could be concluded that the catalytic ink particle size distribution modality deter-
mines the solid skeleton of the CL during catalytic ink drying process. It is not only the solid cata-
lyst agglomerate diameter but also the distribution of particles/agglomerates and the ratio of
small to large particles which determine the CL microstructure. The solid CL skeleton is directly
tunable by catalyst particle size distribution adjustment. The created void space is then further
penetrated by the ionomer itself or its catalyst coating thickness which also depends on the solid
catalyst agglomerate diameter and the created pore sizes. It is literature known that only pores
greater than 20 nm are available for ionomer distribution and the less surface area is available the
thicker the ionomer coating layer is created.'”*® Hence, design 3 presents a highly compact CL
structure which is favored for diffusion pathways but simultaneously bear the risk of mass
transport issues. Gas sorption experiments yielded a H4 type hysteresis loops which is character-
ized by a hysteresis closure caused by spontaneous evaporation - literature known as the tensile
strength effect of capillary condensed liquid.”'® Moreover, the presence of slit shaped pores is
responsible for a rapid cell performance breakdown so that this microstructure design 3 for ca-
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thodic catalyst layers is not recommended. In contrast, design 1 and 2 demonstrate similar cell
performances whereby design 1 presents slightly higher cell performances especially during high
current densities within the mass transport region. Considering the BJH analysis results obtained
from gas sorption experiments, a feasible explanation is found: only the design 1 samples show a
more catalyst like PSD curve by containing three main peaks which were also found within the
catalyst powder PSD curve. This difference could be correlated to an aggregated dispersion state
because both design 1 samples (#1, #2) are indicated by a Df value greater than 1 which was in-
duced by a prolonged catalyst wetting time so that the solvent system can penetrate the catalyst
powder more intense. But still, design 1 yielded H2 type hysteresis loops which are identified as
typical characteristic for manufactured catalyst layers presenting mesoporous material. Referring
to the reduced cell performance for design 3 - which mostly contains micropores and narrow
mesopores - it could be assumed that greater mesopores (> 30 nm) are crucially essential for
sufficient fuel cell performance. Comparing design 1 and 2, the pore structure of design 1 must be
more efficient for mass transport which is not fully validated with the applied characterization
techniques. The lacking detection range in between gas sorption and optical analysis (>300 nm up
to several microns) is recommended for investigation within future experiments. Concluding, the
main identified characteristics influencing the cell performance are the particle size distribution
modality, the Df value for the catalytic ink, and the hysteresis loop of the gas sorption isotherm
for catalyst layers. All other findings could be correlated to those characteristics. Thus, the main
differences are achieved between mono- and polymodal catalytic ink particle size distributions,
aggregated or non-aggregated dispersion states, and hysteresis loop classes such as H2 (mesopo-
rous, manufactured CL), H3 (microporous, catalyst powder), and H4 (microporous with capillary
evaporation effect). In order to design a sufficient cathodic catalyst layer, polymodal catalyst par-
ticle size distribution including a Df value slightly greater than 1 (aggregated) and a H2 type hys-
teresis loop for a type IV isotherm for the catalyst layer are recommended as typical morphologi-
cal properties.



5.4 DISCUSSION: DO THE INK PROPERTY SETTINGS DETERMINE THE ELECTRODE MICROSTRUCTURE 61
INDEPENDENT OF THE DEPLOYED MIXING TECHNOLOGY

5.4 Discussion: Do the ink property settings determine the electrode microstructure inde-
pendent of the deployed mixing technology?

The previously collected results draw a clear picture for the correlation between the catalytic ink
mixing properties and the resulting cell performances of the manufactured catalyst layers. There-
fore the process mixing time, the applied I/C ratio, as well as diverse CL designs were consecu-
tively varied and synthesized. Here, the catalytic ink particle size distribution modality as well as
the Df value and the catalyst layer hysteresis loop obtained from nitrogen sorption experiments
were identified as main influential parameter determining the CL microstructure. Thus, a diverse
mixing technology supplying higher energy inputs should be applied in order to produce a cata-
lytic ink with similar or at least comparable ink properties. The I/C ratio (1.10), mixing time
(7 days), and solid content (9.0 %) are kept identical. The goal is set to create a particle size distri-
bution below 2 pym as maximal diameter. As illustrated in Fig. 5.46 the goal is reached for both
applied technologies (Tech 1 versus Tech 2) for all SLS characteristics: the volume-weighted mean
is found to be equal with ~0.23 pm and the relative amount of small particles presented 22 % for
Tech 1 and 29 % for Tech 2, respectively. Even the internal structure analysis results match each
other and demonstrate non-aggregated dispersion states with Df values of 0.16 and 0.15.
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Fig. 5.46 Catalytic ink particle size distribution characteristics obtained from SLS analysis: (A) boxplot of the
particle size distribution, (B) relative amount of small particles, (C) log-log plot of the internal structure
analysis and its corresponding Df values indicating the dispersion state (D).
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Fig. 5.47 (A) Particle size distribution for catalytic inks prepared with Tech 1 and Tech 2. (B) illustrates the
rheological properties of the two catalytic inks.

Although the characteristics obtained from SLS analysis present comparable catalytic inks
a detailed look on the particle size distribution demonstrates some significant differences (Fig.
5.47). The Tech 1 particle size distribution curve contains two peaks and a shoulder whereas the
size distribution curve of Tech 2 contains only one distinct peak and another shoulder which
overlays the one of Tech 1. The first peaks (*) of both distributions are not matching so that
Tech 1’s first peak maximum is found at 0.05 pnm whereas the Tech 2 peak maximum resulted
0.07 pym. Furthermore, Tech 1’s second peak maximum (**) is found at 0.05 pm which is extended
by a peak shoulder. In contrast, Tech 2 does not develop a clear second peak maximum but in-
stead a peak shoulder which follows Tech 1’s course. Both distributions find their maximal ag-
glomerate size at ~4 pm. Thus, both particle size distributions seem to be similar but there are
some slight differences. An additional essential difference is detected by rheological catalytic ink
analysis: Tech 1 catalytic ink presents a viscosity of 700 mPas at shear rate 1 s whereas Tech 2
demonstrates a 76 % reduced viscosity of 170 mPas. For higher shear rates the difference decrease
but still leave a 20 % gap. It could be assumed that the slight difference within the particle size
distribution could cause the rheological property differences or if possibly the applied mixing
technology and its energy input influence the catalytic ink’s viscosity meaning precisely an iono-
mer network influence which is responded as viscosity variation.

Optical catalyst layer analysis (Fig. 5.48, A) resulted similar surface appearance for both
Tech 1 and Tech 2 CLs whereas Tech 2 CL presents a slightly higher surface roughness of
0.278 um compared to Tech 1 with 0.223 pm. Moreover, cross-sectional SEM investigations
(Fig. 5.48, B) demonstrated a CL thickness difference of 1 ym in between Tech 1 CL and Tech 2 CL.
Thus, Tech 1 CL is slightly thicker which is in good agreement with its particle size distribution
that included a higher amount of larger particles (peak 2;**). A less particle packing density and
therefore a higher CL porosity for Tech 1 CL could explain the overall higher CL thickness.
Fig. 5.49 is summarizing the hypothesis of catalyst layer formation depending on the particle size
distribution of the catalytic ink. The drawn scenarios resemble the previous scenario for design 1
and 2 catalyst layer formation whereas differences within the catalytic ink particle size distribu-
tion causes diverse film building. Here, it is expected that Tech 1 CL presents higher total pore
volumes due to low particle packing density which should result in meso- or even macropores. In
contrast, Tech 2 CL is expected to yield low electrode porosity which should be measurable by
applying gas sorption experiments.
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Fig. 5.48 Optical surface analysis using laser confocal microscopy and 3D imaging (A). SEM
cross-sectional analysis yielded CL thickness and general visualization of the lateral CL texture
(B).
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Fig. 5.49 Model description for catalyst layer formation based on the catalytic ink particle size distribution.
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As illustrated in Fig. 5.50 typical nitrogen sorption isotherms are achieved for Tech 1 and
Tech 2 catalyst layers. The isotherms follow IUPAC classification for isotherm shapes by demon-
strating type IV and hysteresis loop type H2 (zoom in Fig. 5.50). These characteristics are litera-
ture-known for mesoporous materials and bottleneck-network pores.” Thus, both catalyst layers
contain similar pore network structures. But as assumed by the model description for the catalyst
layer formation (Fig. 5.49), Tech 1 CL presents a 12 % higher total pore volume of 0.50 cm3/g
compared to Tech 2 CL with 0.44 cm3/g. Equally, the multipoint BET analysis resulted a 35 %
higher BET SA for the Tech 1 CL of 75.5 m?/g compared to Tech 2 CL with 48.7 m2/g (Fig. 5.51).
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Fig. 5.50 Nitrogen adsorption-desorption cycles for Tech 1
and Tech 2 CLs. The zoom presents their hysteresis loops
which follow IUPAC classification for type H2.
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Fig. 5.51 Total pore volumes recorded at 0.998 partial pressure (A) and corresponding surface areas
calculated from BET analysis (B) for Tech 1 and Tech 2 CLs.

Additional pore size distribution analysis yielded further differentiation between Tech 1
and Tech 2 CLs as illustrated in Fig. 5.52: both plots, the linear (A) and logarithmic (B) illustrate
differences within the meso- and macropore region. The pore number of the corresponding pore
sizes can be derived from the linear plot while the relative distribution of the pore volume to its
corresponding pore sizes can be deduced from the log-log PSD plot. Hence, Tech 2 catalyst layer
presents a larger number of mesopores with a peak maximum at 32 nm. Tech 1 CLs also demon-
strate a peak maximum at 32 nm but also a significant lower number of corresponding meso-
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pores. Recalculating the linear PSD plot into a log-log plot, produces a third peak at a pore diame-
ter of approximately 300 nm which represents a considerably pore volume fraction. This peak (*)
is only clearly developed for the Tech 1 catalyst layer (Fig. 5.52, B) which indicates the presence of
larger macropores (> 100 nm). Due to the gas sorption limited detection range a further quantifi-
cation is not feasible. Regarding the SEM surface images, Tech 1 CL seems to be more porous than
Tech 2 CL. Combining the gas sorption and optical analysis results the proposed model for cata-
lyst layer formation becomes more possible. As illustrated in the model description (Fig. 5.49) a
higher pore volume fraction is related to macropores within Tech 1 CL compared to Tech 2 CL.
Thus, the higher amount of larger agglomerates creates a porous catalyst particle skeleton which
generates measureable high total pore volumes. On the other hand, Tech 2 CL is more compact
yielding a lower total pore volume and an absence of (detectable) macropores which simultane-
ously result in a larger number of mesopores created between the solid catalyst particles. Thus,

experimental data verify the theoretical assumptions.
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Fig. 5.52 Linear PSD plot (A) and log-log plot (B) obtained from BJH analysis using desorption data. (C) pre-
sents the corresponding SEM surface images for Tech 1 and Tech 2 CLs.

But another scenario is also feasible when taking the catalytic ink rheology into account:
Tech 1 ink is much more viscose than the Tech 2 ink which could influence the drying process by
capturing air within the solvent system leading to pore creation within the catalyst layer. Hence, a
thicker catalyst layer is created. Furthermore, the network structure of the ionomer could be in-
fluenced by the applied mixing technology and its corresponding energy input so that the iono-
mer itself could influence the pore network development. However, the ionomer fraction consti-
tutes only ~34 % of the solid contents whereas the catalyst held the main shares of 67 %. Thus,
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the probability of solid skeleton formation determined by the catalyst particles/agglomerates is
much higher than a main influence by the ionomer characteristic.

Regarding the polarization curves obtained from MAT and CAT testing (Fig. 5.53) similar
results are obtained. It seems that Tech 2 CL slightly performs better than Tech 1 CL but the
curves present a crossing point within higher current densities which equals the cell performanc-
es. In contrast, the CAT polarization curves demonstrate a superior performing of the Tech 1 CL.
But, a clear trend is not deducible due to the small differences possibly owed to the manufactur-
ing process or materials such as the proton exchange membrane (PEM).
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Fig. 5.53 Polarization curves recorded at normal conditions (68° C, 100 % RH) obtained from MAT (A) and
CAT (B) testing.
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Fig. 5.54 Steady state measurement points for MAT and CAT testing recorded at 1.7 A/cm? for normal (A)
and hot (B) conditions.

Taking the steady state measurement results into account more valuable information is revealed.
Fig. 5.54 illustrates normal (A) and hot (B) conditions whereby in both conditions CAT testing
presents 11 % and 8.5 % lower results, respectively. But still, as well as for MAT and CAT testing
and normal and hot condition, Tech 2 CL yielded lower cell voltages: at normal conditions MAT
testing presents a cell performance reduction of 1 % (6 mV) in between Tech 1 and Tech 2 CL
while a 3 % reduction (20 mV) for CAT testing was achieved. The MAT gap matches the measure-
ment tool error of = 15 mV which indicates a non-significant difference. Furthermore, the MAT
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testing difference at hot condition is also negligible (1 %) but also the CAT testing differences for
Tech 1 and Tech 2 CL demonstrated a 26 mV difference (Fig. 5.54, B). Considering CAT testing as
more realistic testing method, it could be assumed that the Tech 1 CL performs slightly but sig-
nificantly better than the Tech 2 CL. Referring to the morphological analysis results, a higher CL
thickness, porosity as well as the indication for the presence of larger macropores could be iden-
tified as responsible characteristics. All these findings are hypothesized to be determined by the
catalyst particle skeleton which is build up from the catalytic ink during catalyst layer formation.
The detection of the small differences is challenging using the applied optical characterization
techniques so that more precise methods are recommended. Even the electrochemical testing
should be repeated and extended with measurements focusing the mass transport region cell
performance. Thus, the initial question of catalytic ink equality independent of the deployed mix-
ing technology could not be precisely answered due to the fact that the processed catalytic inks
do not presented absolute comparability: Tech 1 catalytic ink demonstrated a more polymodal
related particle size distribution whereas the Tech 2 ink presented a bimodal particle size distri-
bution (Fig. 5.47, A). The Tech 2 distribution is missing a clearly developed peak of approximately
0.5 uym possibly reduced in benefit for a higher amount of smaller particles (< 0.3 pm). Thus, the
applied energy input is higher which means in turn a more efficient particle size reduction. The
presented investigation validates the previously drawn model for catalyst layer microstructure
formation. Furthermore, the experimental results give some further insight into unknown charac-
teristics such as the catalytic ink rheology. Usually, at constant volume fractions a decrease in
particle size reduction leads to an increase in viscosity. But here, the particle size distribution
containing a higher fraction of small particles demonstrates a 76 % reduced viscosity in compari-
son to Tech 1 ink which was processed with a mild grinding technology. Furthermore, it is litera-
ture-known that the particle size distribution width plays a key role for the viscosity expression:
broad widths including high polydispersity result low viscosity whereas narrow particle size dis-
tributions with low polydispersity yield high viscosities respecting the particle mobility.'”*'** Here,
the typically known correlation between particle sizes, distribution widths, and viscosity could not
be clearly interpreted so that a unknown characteristic is identified as responsible parameter
which should be further investigated.
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Several studies present clear correlations between the CL microstructure and its corresponding
cell performance.'”**** Especially the correlation of the ionomer loading and the resulting pore
structure is well understood.'”***#1% It is also known that the CL thickness is determined by the
carbon content while its porosity is mainly affected by the supplied ionomer content.'” The open
question is still how these microstructural CL. parameters are influenced by the manufacturing
process of the catalytic ink and how the catalytic ink itself determines the resulting CL. Hence,
this study presents catalytic ink particle size distribution analysis in great detail. Furthermore,
characterization methods such as the dispersion state analysis and analytical centrifugation were
applied to fuel cell materials for the first time. Moreover, porosimetry analysis was applied and
complemented by the implementation of Seaton’s advanced pore network characteristics.”® Fi-
nally, specific parameters are identified which allow assumptions about the resulting cell perfor-
mance. These parameters include the aggregation state of the catalyst dispersion Df, the modality
of the particle size distribution of the ink, the maximal particle size of the distribution x_, the
hysteresis loop of the resulting CL, and the specific surface area of the CL. The depicted charac-
teristics for the components ink and CL could also be used for maturity level analysis which is
tremendously important for production process optimization which is directly linked to cost re-
duction. Due to one of the market entry hurdles of high production costs for PEM fuel cells as
alternative drive technology, the automotive industry is highly interested in cost reduction which
can be achieved by production process efficiency increase or platinum amount reduction (com-
bined with higher platinum utilization).

The prior formulated hypothesis that the fuel cell performance is tunable by the catalytic ink
properties, when raw materials and applied production process are fixed, could be confirmed. In
order to identify suitable characterization methods the manufacturing process of cathodic elec-
trodes was investigated. Here, static light scattering (SLS) technique was the method of choice for
particle size analysis and considered as sensitive to agglomerate/aggregate detection. In order to
create diverse catalyst layers, the catalyst ink was processed after 1h, 1d, and 7d of mixing. Fur-
ther on, the samples were categorized into two groups (Fig. 5.5). Group 1 contains the 1h sample
which presented large aggregates of about 10 pm diameter, leading to an aggregated dispersion
state and low dispersion stability. Moreover, its resulting catalyst layer was characterized by
rough and cracky surface appearance and inhomogeneous material distribution (platinum accu-
mulation; Fig. 5.6 and Fig. 5.8). Additionally, the nitrogen sorption experiments yielded catalyst
powder-like sorption behavior indicated by a hysteresis loop type H3 and the presence of
macropores (greater 50 nm; Fig. 5.9). This cathodic CL demonstrated low cell performance during
electrochemical single cell measurements at 68° C and 100 % RH in comparison to the group 2
samples (1d, 7d electrode; Fig. 5.14). It is assumed that although large macropores are present,
which support gas transport, an insufficient primary pore ionomer filling results in low platinum
utilization. Thus, the ionomer penetration on the catalyst surface is incomplete so that the acces-
sible catalytic areas are insufficient for adequate cell performance. In contrast, the longer pro-
cessed catalyst inks yielded catalyst layers whose cell performance is acceptable (Fig. 5.14). Con-
cluding, the mixing time of the catalyst ink is a control lever to influence the resulting CL. micro-
structure. Additionally, the sorption hysteresis of the manufactured catalyst layer can be used as
maturity assessment parameter: Catalyst powder-like behavior (H3 type) will yield insufficient cell
performance due to lacking catalytic active areas which were only achieved when the ionomer is
completely penetrated into the primary pores of the carbon support.
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An ionomer study was performed in order to understand the development of primary and sec-
ondary pores during manufacturing process. Micropores (< 2 nm) are existent within the primary
carbon, while mesopores (2> x< 20 nm, primary pores) exists inside carbon agglomerates and
macropores (>20 nm, secondary pores) in between carbon agglomerates.'*** Primary and second-
ary pores play a key role during electrochemical reaction: primary pores are usually filled with
ionomer and allow dissolved oxygen diffusion and proton migration while secondary pores sup-
port gas diffusion and reaction water transport.*® Thus, a precise ionomer loading adjustment is
crucial for ideal cell performance. Hence, the present ionomer study depicted an overall pore vol-
ume and specific surface area decrease when ionomer loading is increased (Fig. 5.22). Further-
more, the pore volume fractions for the different types of pores (micro-, meso-, macropore) re—
mains unchanged by ionomer loading variation of 20 % (Fig. 5.23). This means that mainly the
catalyst particles and their size distribution are responsible for the CL microstructure. All manu-
factured catalyst dispersions contributed of similar particles size distributions with a maximal
aggregate size less than 10 pm (Fig. 5.17). Only their ionomer loading was varied so that ionomer
to carbon ratios of 1.00, 1.10, 1.20, and 1.35 were obtained. The application of Seaton’s advanced
pore network model contributed to suitable ionomer loading selection.*** Especially the mean
coordination number Z results provided additional microstructural insights and are in good
agreement with electrochemical single cell testing (Fig. 5.25 and Fig. 5.26).
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Fig. 6.1 Sketch illustrating the identified component characteristics within the cathodic electrode production
and its resulting cell performance. PGV means particle size distribution for the catalyst dispersion. CL hyste-
resis loops are obtained by nitrogen sorption experiments at 77 K and CL porosity includes both BET surface
area and total pore volumes.
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All previous experimental findings gave confidence that mainly the catalyst dispersion particle
size distribution (PGV) determines the CL microstructure. Fig. 6.1 illustrates the identified charac-
teristics which can be used to predict the resulting cell performance. Five main characteristics are
titled but naturally they are influencing related characteristics such as the CL porosity correlates
with the CL thickness. Thus, within the catalytic ink, this study depicts the maximum particle size
of a particle distribution x__, the fractal dimension Df (aggregation state of the dispersion), and
the particle size distribution modahty as influential parameter. Hence, three distribution designs
were created whose characterization reveals the following correlations:

e If the particle size distribution contains aggregates larger or equal 10 pm diameter the cata-
lyst dispersion shows an aggregated dispersion state (Df >1). The resulting catalyst layer
need to present H2 nitrogen sorption hysteresis loop, equaling mesoporous material, in order
to yield acceptable cell performance at normal conditions (68° C, 100 % RH). This parameter
is in good agreement with maturity level analysis for the development of catalytic active
sites: if the microporous catalyst powder primary pores are sufficiently penetrated with ion-
omer, the material is transformed into a mesoporous material (H2 type loop). Moreover, cata—
lyst dispersions containing large aggregates usually demonstrate polymodal size distribu-
tions: the platinum nanoparticles ranging from 2-5 nm which are attached to primary parti-
cles of the catalyst support (carbon), Pt/C particles continue to form agglomerates of ap-
proximately 100 nm diameter and form further aggregates of several microns.'’** The ratio in
between these distribution peaks plays a key role for the particle packing density during dry-
ing process. Equal or low volume fractions of the corresponding particle diameter lead to low
particle packing density which means in turn a high CL porosity. Thus, this creation of sec-
ondary pores determined by the Pt/C skeleton enables suitable diffusion pathways for the
reactant gases which directly lead to good cell performance. All this correlated parameters
connected by dotted lines demonstrate a best case.

e The same conditions as in the best case scenario are valid but instead of H2 type hysteresis
loop a H3 type is present within the investigated electrode. As mentioned before, H3 type
demonstrates uncoated catalyst particles which mean in turn less catalytic active sites. Here,
the process time of the catalyst dispersion mixing step was too short. Naturally, this type of
catalyst layer is coupled with poor CL appearance - cracks, high roughness, and inhomoge-
neities - and is categorized as worst case.

e Another worse case is a monomodal dispersion whose size distribution is completely below
1 pym. The dispersion state is not analyzable due to occurring Mie scattering which is an indi-
cation for monodispersed small particles.” Thus, this monomodal distribution leads to ex-
treme high particle packing density and marginally CL porosity, measurable with 50 % re-
duced CL thickness in comparison to the reference CL. Additional H4 type sorption hystere-
sis loop underlines the low CL porosity with the presence of the tensile strength effect and
slit shaped pores instead of bottleneck pore networks.* It is expected that those tiny pores
rigorously prevent gaseous transport through the CL.

e Another best case is drawn when the catalyst dispersion particle size distribution is below
10 pm diameter. Here, the dispersion state is depicted as non-aggregated and measurable
with Df below 1. All other parameters follow the first best case (constant lines in Fig. 6.1).
The Df characteristic is a great parameter for the overall dispersion state and usually applied
to polymeric microcluster analysis.®****” Within this study it is firstly transferred to fuel cell
materials and usable as maturity level for the catalyst dispersion: if Dfis greater 1, the parti-
cle size distribution is larger than 10 pm which also could bear the risk of high dispersion
viscosity. Considering a low-risk approach, catalyst dispersions with non-aggregated states
(Df below 1) should be preferentially be used due to their low viscosity and therefore simple
handling during the subsequent coating process. Some observations give an indication that
the Df value could also bear insight into the ionomer state (relaxed, gelled, etc.) but these as-
sumptions need further examination.
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This chapter includes additional collected results from newly integrated characterization meth-
ods. Their interpretation for the production process optimization is not yet completely under-
stood. Thus, the following discussion should be tempting to initiate further research on these

topics.

7.1 Hg-intrusion

The standard nitrogen sorption detection range includes 0.35 - 300 nm whereas also macropores
of 300 or 400 nm size are detectable (Fig. 7.1, 11).”' But confidence about the existence of
macropores could only be gained by applying a method including a larger detection range of sev-
eral microns. Therefore, mercury intrusion is the method of choice. The mercury intrusion results
in Fig. 7.1 (A) cover a measurement range of 3.6 nm to 150 pym whereby the range in between 3 to
20 nm constitutes to primary pores and the range greater than 20 nm includes secondary
pores.'”* All three electrode designs (1, 2, and 3) clearly differentiate from each other: design 1 CL
demonstrate mainly primary pores and a tendency for the presence of micropores (< 2 nm) while
design 2 CLs (#3, #4) equally present primary pores and additional secondary pores with a maxi-
mum diameter of approximately 100 nm. Their pore size distribution maximal height is found at a
diameter of ~55 nm (¥). Design 3 CL (#8) is characterized by low pore volumes and demonstrates
also a maximal pore diameter of 100 nm. In general, all three designs show related size distribu-
tion shaping within the primary pore range. Furthermore, all pores of the three CL designs are
located in the nitrogen sorption measurement range except one peak of CL #4 (design 2) which
was previously identified as outlier due to the existence of cracks within its CL surface. Hence,
this peak at 0.89 um (Fig. 7.1,**) correlates well with the laser confocal images in Fig. 5.38 (A) alt-
hough some of the depicted cracks achieve lengths of several microns.
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Fig. 7.1 Pore size distribution measured with Hg-intrusion (A) and nitrogen sorption (B) for diverse CL de-
signs. Peak maxima are highlighted as (*) for Hg-intrusion and (1) nitrogen sorption, respectively.
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Fig. 7.1 (B) illustrates the corresponding nitrogen sorption results. Design 1 and 2 are not that
clearly differentiated as in the Hg-intrusion results. The peak maximum for design 1 and 2 at
~31 nm (1) is close to that of design 2 for the Hg-intrusion at ~55 nm (*). Moreover, nitrogen
sorption results also points an additional peak for sample #4 at 395 nm (1) which is clearly de-
veloped at 890 nm (**) for Hg-intrusion method. Design 3 (Sample #8) should not be evaluated
further due to measurement artefacts owed by the tensile strength effect for slit shaped pores. In
order to interpret the detected PSD shaping differences between Hg-intrusion and nitrogen sorp-
tion techniques, Hg-intrusion measurements should be repeated. Furthermore, the mercury intru-
sion detection range covers 3.6 nm to 150 um (Fig. 7.1, A) while the standard nitrogen sorption
measurements include 0.35 nm to 300 nm (Fig. 7.1, B).” The combination of both allows pore size
distribution analysis covering a broad range of pore diameters. But still, larger pores of several
microns are usually characterized by the application of optical characterization methods such as
laser confocal microscopy. Furthermore, mercury intrusion and nitrogen sorption experiments
physically base upon diverse mechanisms so that a direct comparison is not suggested. Mercury
intrusion follows a penetration process whereas nitrogen sorption is a phase equilibrium pro-
cess.®” Some methods exists that transform mercury intrusion data into “mercury desorption iso-
therm” which finally allows comparison.®> Hence, it is recommended to transform the obtained
data from diverse characterization techniques into comparable parameter so that more infor-
mation or correlation could be revealed. Further on, a precise failure analysis depending on meas-
urement and preparation errors should be investigated and evaluated in order to validate the ex-
perimental findings with respect to the application of a large number of characterization tech-
niques.

Regarding the specific pore volumes obtained from mercury intrusion and nitrogen sorption, re-
markable consistencies are detected: design 1 CL presents 0.58 cm3/g for mercury intrusion and
0.51 cm3/g for nitrogen sorption, respectively, while design 3 demonstrates corresponding
0.10 cm3/g for both techniques (Fig. 7.2). In contrast, the design 2 CLs attract attention with large
differences of 37 % and 54 % for CL #3 and #4, respectively. Mainly these differences could be
related to the presence of pores with diameter larger than 300 nm which are not included within
the sorption pore volumes. Moreover, preparation errors such as CL weight determination and the
resulting calculation correction could contribute to the differences. Here, sorption experiments
performed on a CCM are suggested in order to validate the results collected for the CL on a decal
substrate. Furthermore additional porosity determination based on image analysis of CL surfaces
and cross-sections are strongly recommended.
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Fig. 7.2 Pore volumes achieved from Hg-intrusion and N, sorption po-
rosimetry for diverse catalyst layer designs.
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7.2  Functional properties of cathodic catalyst layers

This study includes variation of three parameters mainly influencing the resulting catalyst ink
properties - its particle size distribution - and therefore the CL microstructure: (i) the mixing time
of the catalyst ink (MT variation), (ii) the ionomer loading variation (I/C variation), and (iii) the
particle size distribution variation (PGV variation). The following sequence discusses further func-
tional properties of the cathodic catalyst layers obtained from sheet resistance and adhesion force
measurements.

7.2.1 Sheet resistance

The work of Frolich et al. identified the in-plane conductivity of catalyst layers as sensitive char-
acterization method for microstructure variations. It is also assumed that the CLs homogeneity
could be deduced from this method. Further on, detected changes in the in-plane conductivity
were correlated with variations in the pore network development.* Hence, the goal is to design a
catalyst layer that is demonstrating high electrical conductivity which means in turn a low sheet
resistance so that a high resulting cell performance could be expected.
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Fig. 7.3 Sheet resistance results archived for diverse catalyst layers whose processing time (A), I/C
ratio (B), and particle size distribution (C) was varied within the catalyst ink preparation.
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i) MT variation. Frolich™s work included a process time analysis where resulting catalyst
layers obtained from 1d or 8d processed inks are compared. It was found that a shorter process
time yielded CLs with higher in-plane conductivity.* A similar study was performed within this
work. Instead of two time points framing the catalytic ink processing time, three time points
were investigated which included 1h, 1d, and 7d. As discussed in chapter 5.1 the samples are
categorized into two groups due to their characteristic catalyst layer appearance. The presented
sheet resistance results in Fig. 7.3 (A) follow the sample categorization: the CL obtained from a
1h processed ink demonstrated a high sheet resistance of 256 Q(sq) while longer processed inks
resulted in CLs with sheet resistances of averaged 188 Q(sq). All CLs contain primary and sec-
ondary pores but the 1h sample presents a higher fraction of secondary pores and a higher BET
surface area (chapter 5.1.2.3). Thus, the high sheet resistance could be related to the large por-
tion of pores which constitute insulating material for electrons so that they need to follow long-
er conductive pathways. Moreover, large platinum accumulation could also lead to a decrease in
sheet resistance as a result of an insufficiently developed carbon network. In contrast, a pro-
longed processing time minimize these effects so that the sheet resistance decreases. These
findings are in good agreement with the electrochemical analysis which presented higher cell
performances for the 1d and 7d sample. Thus, a direct correlation between the catalyst layer
sheet resistance and its cell performance could be assumed. The difference between the 1d and
7d sample is not considered as significant here but still a slight sheet resistance increase is de-
tectable. Regarding the results of Frolich’s work this increase could be remarked feasible but a
structural explanation is lacking.

(ii) I/C variation. The ionomer loading influence on the catalyst layer microstructure which is
also expected to demonstrate a significant change within the resulting sheet resistance. The re-
sults in Fig. 7.3 (B) present only a slight decrease of approximately 5 % for the gradually ionomer
loading increase. The sheet resistances for I/C 1.20 and 1.35 are almost identical with 215 Q(sq)
and 212 Q(sq), respectively. Hence, the obtained results are too close together so that significant
structural differences are worthy of discussion. Considering the prior maintained structural in-
sights (chapter 5.2.2) these findings are in good agreement: all CLs contain primary and second-
ary pores while I/C 1.00 presents the largest pore diameter and CL porosity. Related to the ob-
tained results, it could be assumed that a CL. demonstrating large portions of pores and high in-
ternal surface area could cause increased sheet resistance which means in turn low electron
conductivity. Moreover, these findings are consistent with the prior MT variation results whereby
also insulating pores hinder the electric conductivity and therefore increase the sheet resistance.

(iii) PGV variation. Diverse particle size distributions within the catalytic ink lead to different
catalyst layer designs. The significant characteristic is the maximum particle size of the size dis-
tribution x _ which is defined as 20< x_ >10 pm for design 1, x below 10 nm for design 2,
and x_ below 1 pm for design 3, respectlvely Regarding the sheet resistance results in
Fig. 7. 3 (C) a significant difference (20 %) is only detectable for the design 3 sample (#8) which
presents 203 Q(sq) in contrast to the averaged 254 Q(sq) for design 2 and 1 samples (#1-#7).
Further on, electrochemical analysis validates this finding by major differentiation between de-
sign 3 cell performance in comparison to design 2 and 1 CLs (chapter 5.3.3). Thereby, a rapid
cell performance breakdown is observed which is related to extremely low CL porosity and ab-
sent secondary pores (chapter 5.3.2.2). Thus, the low sheet resistance is overlaid by the tremen-
dously mass transport issues which lead to the insight that the catalyst layer sheet resistance is
only one important parameter among many others.

Concluding, the catalyst layer sheet resistance measurement can be used as promising method in
order to gain information about the expected cell performance. Further on, microstructural in-
sights can be obtained which could help in catalyst layer design improvement. But the sheet re-
sistance is not independently valid for cell performance prediction. Moreover, since the mass
transport is a predominant parameter controlling the electrochemical reaction, the pore network
is much more important to the cell performance than the sheet resistance is. Thus, the pore net-
work needs to be adjusted first before electron resistance could be minimized. Furthermore, it is
recommended to collect more relevant data so that the sheet resistance share on resulting cell
performance can be experimentally quantified.
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7.2.2 Adhesion force between catalyst layer and a substrate

The adhesion forces between catalyst layers and a substrate (decal or membrane) are essential
parameters for the decal-transfer method. Together with the cohesion between the CL and the
membrane these characteristics could be used to identify the process window for the CCM manu-
facturing.* Further on, the adhesion force between the CL and a decal is believed to include struc-
tural insight related to the ionomer network development. Therefore, the manufactured catalyst
layers obtained from (i) mixing time variation, (ii) ionomer loading variation, and (iii) particle size
distribution variation are investigated.
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Fig. 7.4 Tensile and shear strength results archived for diverse catalyst layers whose processing

time (A), I/C ratio (B), and particle size distribution (C) was varied within the catalyst ink prepara-
tion.

(i) MT variation. The results in Fig. 7.4 (A) present a tensile and shear strength increase for
increased processing time. The CL obtained from a 7d processed ink demonstrate the highest
shear and tensile strength of 28.6 N which equals an increase of 40 % from initial 17.2 N for the
1h CL. It is assumed that the ionomer network is growing throughout a prolonged mixing time
which leads to a higher adhesion force between the catalyst layer and the decal substrate.

(ii) I/C variation. Considering the mixing time variation results, the ionomer network influ-
ence the adhesion force between the CL and its substrate. Thus, it is assumed that the ionomer
loading also produces significant adhesion force variations. Contrary results are obtained as
Fig. 7.4 (B) presents: I/C 1.00 to 1.20 demonstrate similar adhesion forces of averaged 16.5 N
and a significant increase of 21 % is measured for I/C 1.35 resulting in 20.8 N. It is feasible that
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the high ionomer fraction leads to secondary pore filling which is measurable by an increased
adhesion force between CL and decal substrate. Considering the porosity analysis results which
also yielded the lowest internal surface area and pore volume for I/C 1.35 in comparison to the
other ionomer loadings this assumption can be validated (chapter 5.2.2.3). A direct correlation to
cell performance behavior was not identified here but it is important to keep these results in
mind when ionomer loadings are varied so that a proper CCM manufacturing process is guaran-
teed.

(iii) PGV variation. Even the particle size distribution variation within catalytic inks did not
reveal a significant change within the ionomer network creation since all electrodes contain
equal ionomer loading of I/C 1.10. Only design 3 sample #8 presented a significant decrease of
46 % in comparison to the averaged 14.4 N for sample #1- #7 (Fig. 7.4, C). The understanding of
ionomer network development is rarely investigated but possibly future work brings further in-
sights. Therefore, it is recommended to correlate the adhesion force measurement results with
proton conductivity measurements.
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8.1 Samples for chapter 5.1 “Descriptive analysis of cathodic electrode production”.

MT  project name DMC KCD DMC Ink

1h  MT VAR égﬁx%ﬁh_ CCF-141106-1LH-006 INK-140729-TH-001
1d  MT VAR 8&§E¥I& CCF-141106-LH-010 INK-140729-1H-001
74 MT VAR éé?g%;d CCF-141106-1H-013 INK-140729-TH-001

8.2  Samples for chapter 5.2 “Does the ionomer loading influence the pore size distribution
and the overall electrode microstructure characteristics?”.

I/C project name DMC KCD DMC Ink

1.00 ID08-25 B LHO1-04 14279000010000007108532 INK-140930-AH-002
1.10 ID08-24 B LHO1-03 14275000010000007108532 INK-140925-LH-001
1.20 ID08-23 B LHO1-02 14273000010000007108532 INK-140923-LH-001
1.35 ID08-22 B LHO1-01 1417600001000000ID08-22 INK-140618-AM-001

8.3  Samples for chapter 5.3 “CL microstructure tuning by particle size distribution variation
of catalytic inks”.

# project name DMC KCD DMC Ink
14316
1 200m Cathode v2 KCD-141112-FW-001 INK-141105-AH-001
14332
2 200m Cathode v4.2 KCD-141128-FW-001 INK-141121-AH-001
14330
3 200m Cathode v4.1 KCD-141126-FW-001 INK-141119-AH-001
4 B1100m 15034 15034000010000007108588  15027000020000007108588
production
15044
5 200m Cathode v6 KCD-150213-FW-001 INK-150206-KA-001
15040
6 200m Cathode Vs KCD-150209-FW-001 INK-150202-KA-001
B1 100m
7 : DBC 14314000020000007108588  14314000010000007108588
production
8 NMT (Tech 2) D10-03  CCF_ID10-03 t-Ende2 INK-150401-RP-001
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8.4  Samples for 5.4 “Discussion: Do the ink property settings determine the electrode mi-
crostructure independent of the deployed mixing technology?”.

# project name DMC KCD DMC Ink
B1 100m

Tech 1 : DBC 14314000020000007108588 14314000010000007108588
production
NMT

Tech 2 development ID10-07 1516100001000000KID#4 INK-150603-RP-001

(ID10)
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