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Synthese en francais

La transition énergétique, indispensable a la diminution des émissions de gaz a effet de serre par nos
sociétés, demande d'importants changements technologiques pour décarboner les secteurs les plus polluants.
Dans le secteur des transports, les véhicules électriques a pile a combustible font partie des solutions
envisagées pour remplacer les véhicules thermiques actuels. En effet, méme si cette technologie est moins
mature que les véhicules électriques a batterie, la grande autonomie des véhicules a pile a combustible, leur
poids moins important et la rapidité du remplissage des réservoirs a hydrogene sont des atouts qui rendent
cette technologie attractive pour certaines applications comme le transport de fret ou pour des véhicules
utilisés de maniére intensive (transports en commun, livraison, etc.). Cependant, le colt des piles a combustible
reste un frein majeur a leur développement. Ce co(t est principalement di au platine utilisé comme catalyseur
des réactions électrochimiques. De nouveaux matériaux catalytiques sont donc développés pour remplacer le
platine et réduire les colts des piles a combustible a membrane échangeuse de protons (PEMFC). Ces
matériaux, plus abordables mais moins actifs que le platine, sont intégrés en grande quantité dans les couches
catalytiques des piles afin d'atteindre les performances requises pour une application automobile. De nouvelles
problématiques font alors leur apparition, concernant notamment le transport des espéeces électroactives au
sein des couches catalytiques. En effet, la mise en forme de ces couches est essentielle pour garantir I'acces
des réactifs aux sites catalytiques et assurer I'évacuation de I'eau produite par la réaction. L'agglomérat est la
structure clé de ces problématiques de transport. Sa taille et sa composition vont influer grandement sur les

performances globales de la pile.

Dans cette these, nous proposons d'étudier des catalyseurs sans platine pour la réduction de I'oxygéne
(ORR) a I'échelle de I'agglomérat, en apportant des outils permettant de caractériser finement ces structures

et leur impact sur I'activité catalytique du matériau.

Dans un premier temps, un protocole expérimental a été développé pour étudier un dépot
d'agglomérats a I'aide de deux techniques de caractérisation a sonde locale : la microscopie électrochimique
a balayage (SECM) qui donne accés a I'activité catalytique du dépot, et la microscopie a force atomique (AFM)
qui mesure son état d'agglomération. Nous avons pu, grace a ce protocole, expliquer des différences d'activité
catalytique par un état d'agglomération différent des dépots. Le protocole a été appliqué a plusieurs
catalyseurs sans platine développés dans le cadre du projet européen PEGASUS, et nous avons pu identifier,
pour chaque catalyseur, la contribution de I'activité intrinséque du matériau et celle de I'état d'agglomération

du dépdt. Nous avons montré que l'effet de I'agglomération est prédominant sur l'activité intrinseque du
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catalyseur, méme a trés bas chargement (quelques dizaines de microgrammes par centimeétre carré). Cette
étude a également permis de mettre en évidence les comportements trés variables des différents matériaux
face a une formulation d'encre et un protocole de dépét identiques. Ceci souligne I'importance du travail de
mise en forme des couches catalytique qui doit étre optimisé pour chaque matériau afin d'en tirer les meilleures

performances en pile.

Le protocole expérimental développé dans cette thése donnant accés a l'activité intrinséque des
catalyseurs, une méthode pour extraire des parameétres cinétiques a partir des mesures SECM et a l'aide d'un
modeéle numérique a été mise en place. La densité de courant d'échange et la sélectivité d’'un catalyseur ont
été déterminées et comparées a la littérature. Une résistance ohmique entrainant d'importantes pertes de
performance a été mise en évidence et interprétée comme un phénomeéne local de chute ohmique a l'intérieur

des agglomérats, pouvant provenir de résistances de contact entre les agglomérats et le substrat.

Finalement, un modéle numérique de pile a combustible a été développé afin d'étudier les paramétres
d'agglomérat et de couche active influengant les performances globales en pile. Les parametres cinétiques
déterminés a partir des mesures SECM ont été inclus dans le modéle. Ce modéle a été utilisé pour simuler
différentes structures de couche catalytique et d'agglomérat et confirme limportance de contrdler

I'agglomération du catalyseur pour optimiser les performances d'une pile a combustible.

Cette thése a donc permis d'étudier, expérimentalement et a I'aide de modéles numériques, l'influence
de l'état d'agglomération de catalyseurs sans platine pour I'ORR sur leur activité électrochimique. Les
différentes études réalisées soulignent I'importance du travail de mise en forme des catalyseurs pour obtenir
des performances optimales. Le protocole de caractérisation mis en place ouvre le champ a de nombreuses
études pour approfondir la compréhension des agglomérats et leur impact sur les performances d'un matériau

électrocatalytique.
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Introduction

The fuel cell is a technology that converts hydrogen and oxygen into electricity without any greenhouse
gas emission. Its development in the sector of transportation is foreseen to be a part of the solution for the
replacement of the current 800 million of thermal vehicles with non emitting ones. Policy makers all around
the world are trying to accelerate the market introduction of the fuel cell electric vehicles, notably by involving
the scientific community in order to overcome the last techno-economic barriers. In Europe, the Fuel Cells and
Hydrogen Joint Undertaking (FCH JU) [1] gathers the European Commission, fuel cells and hydrogen industries
and the research community. Several projects are financed by the FCH JU in order to develop efficient solutions

for the development of fuel cells and hydrogen-based technologies.

In this context, the PEGASUS project (PEMFC based on platinum Group metAl free StrUctured cathodeS)
[2] involves several academic and industrial partners across Europa and aims at developing a new generation
of proton exchange membrane fuel cells (PEMFC) based on platinum group metal (PGM) free catalysts. Indeed,
50 % of the cost of current fuel cells comes from the catalyst material [3]. This catalyst is based on platinum
metal, which is an expensive and scarce resource. The PEGASUS project aims at combining the skills of research
institutes and fuel cells companies for developing high performance, durable and low-cost fuel cells based on
PGM-free catalysts. While some of the partners focus on synthesis strategies of catalytic materials and their
integration in single cell PEMFC, other partners aim at developing characterization techniques and test

protocols adapted to this new type of materials.

This thesis fits into this last objective and aims at investigating the link between the structural properties
and the electrocatalytic activity of materials developed within the PEGASUS project. An experimental
methodology based on local probe techniques (SECM and AFM) has been developed and coupled with
numerical modeling in order to study catalysts at agglomerate scale and extract intrinsic kinetic parameters.
Then, the relationship between the structure and the activity of the materials is investigated through a
modeling approach at single PEMFC cell scale including the kinetic parameters determined with the SECM and
AFM based technique.

The first chapter discusses the main challenges concerning the development of fuel cells based on
PGM-free catalysts. The various morphologies of the materials developed nowadays lead to issues for their

formulation into catalytic layers, as well as for the characterization of their intrinsic properties.
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The second chapter presents the experimental methodology developed in this thesis in order to
characterize PGM-free catalysts at agglomerate scale. Two local probe techniques, scanning electrochemical
microscopy (SECM) and atomic force microscopy (AFM) are combined in order to link the activity of the
catalysts to their agglomeration state. Several catalysts developed by partners of the PEGASUS project are

investigated with this technique.

The third chapter develops a numerical modeling approach of the SECM set-up in order to extract
kinetic parameters from the SECM and AFM measurements. The exchange current density and the selectivity
of a PGM-free catalyst developed in the LICSEN are determined. Local ohmic drop at the catalyst agglomerates

is observed and quantified.

The fourth chapter aims at studying the relationship between the structure and the activity of PGM-
free materials at the single cell scale, by performing numerical simulations of a membrane electrode assembly
(MEA). An agglomerate model including the kinetic parameters determined with SECM and AFM is developed.

The effects of the structure and composition of the catalyst layer are investigated with the model.

This thesis was conducted in the Laboratory of Innovation in Surface Chemistry and Nanosciences
(LICSEN) in the CEA-Saclay. This laboratory combines an expertise in the chemistry of nanomaterials for various
applications, from health technologies to renewable energies. Synthesis of PGM-free catalysts for fuel cells [4]
and SECM characterizations of materials [5], [6] are performed for years at the LICSEN by the teams of Bruno
Jousselme and Renaud Cornut. Joél Pauchet and Pascal Schott from the LITEN in CEA-Grenoble participated

also to the supervision of this work, especially on the MEA simulation part.
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Chapter |

Challenges on the
development of fuel cells

based on PGM-free
catalysts

This chapter aims at giving an overview on the current research trends on PGM-free fuel cells. After a
brief discussion about the place of the fuel cell technology in the energetic transition, the PEMFC will be
presented. The main issues associated to the development of PGM-free catalysts and their integration in
efficient membrane electrode assemblies will be reviewed. The importance of the characterization techniques

will be highlighted and the main techniques used to study PEMFC will be presented.
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1.1. The role of hydrogen and fuel cells in the energetic
transition

Limiting the global warming to 1.5 °C demands that the greenhouse gases emissions drop by 45 % by
2030 compared to 2010 levels [7]. To meet such a challenge, the way our society generates, transports, stores
and consumes energy needs to face radical changes. New energy carriers need to be deployed in replacement
to the usual fuels like petrol, coal or gas, which are the major contributors to the CO, emissions. Electricity is
easily produced by various clean energy sources (solar energy, wind energy, nuclear energy or hydraulic
energy...) and is already used to energize the majority of our equipment. Its transportation requires however
complex infrastructures and the storage capacities are far below the requirements of a society based only on
this energy carrier. Thus, hydrogen could represent an interesting solution for overcoming the limitations of
electricity in some sectors. This fuel can be stored and transported in tanks, almost similarly to the usual fuels.
Its combustion generates only water, which does not take part in the global warming. Moreover, hydrogen can
be easily combined with electricity, since electrolyzers and fuel cells enable to convert these two energy carriers

into another.

Figure 1 shows the breadth of the decarbonization challenge and the contribution hydrogen can bring
to this decarbonization [8]. The main domain in which hydrogen can have a significant contribution to the
reduction of carbon emissions is the transportation sector. 99 % of the vehicles in 2019 were based on
combustion engines [9]. The wide development of electric vehicles is thus needed in order to decrease the
carbon emissions as fast as possible. The battery electric vehicle (BEV) is currently the more mature technology
but the long time of recharging and the limited travel range are restraining the attractiveness of these vehicles
to the general population. Fuel cell electric vehicles (FCEV) are based on the utilization of gaseous hydrogen,
which is converted to electricity along the car journey. The main advantages of FCEV over BEV are the longer
travel range, the rapidity of refueling and the lighter weight of the vehicle. These vehicles are yet more
expensive than BEV. This high cost limits for now the development of FCEV in the market of personal vehicles.
However, their development is foreseen to have an interesting growth in the sector of utility vehicles, especially
heavy ones like trains, trucks or buses, or vehicles that are used over long periods of time (delivery, transport,

etc.).
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EXHIBIT 1: HYDROGEN COULD CLOSE UP TO ~50% OF THE GAP BETWEEN RTS AND 2DS
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Figure 1: Hydrogen contribution in the decarbonization challenge. The first column
depicts the carbon emissions in 2015, while the third column represents the objective
of emissions in 2050 according to the commitments taken by countries during the
Paris Agreement (Reference Technology Scenario). The fourth column shows the
contribution of including hydrogen in the decarbonization process, and the sixth
column represents the objectives of emissions for a 2 °C scenario and a 1.5 °C

scenario. Figure taken from [8].
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Fuel cells have also applications in other sectors such as stationary power sources for energy, or

cogeneration in residential buildings for example. The cogeneration consists in using a fuel cell for producing

both electricity and heat for a given application. The use of fuel cells in military and space domains is also very

important since this was the first application of this technology in history. The NASA shuttles and the ISS are

notably powered by alkaline fuel cells (AFC). In order to fulfill the requirements of the various applications of

fuel cells, several systems are coexisting, with different power, operating temperature and start-up time. These

systems are characterized by their fuel and their electrolyte. Table 1 presents the main existing systems. Among

them, the proton exchange membrane fuel cell (PEMFC) is the best candidate for automotive application. This

technology has been extensively studied by the scientific community over the last 30 years and will be

presented in details in the following part.

System

Operating

IZIFI)E of fuel Fuel Electrolyte output temperature fitr:ret-up Applications
(kW) (W9)
Alkaline fuel Aqueous Few .
cell (AFC) H. solution of KOH 10-100 60-90 seconds Military, space
Proton
exchange Solid polymeric .
membrane H: proton <1-250 60-100 Few Transportation,
seconds back-up power
fuel cell conductor
(PEMFQC)
Direct Solid polymeric
methanol Methanol | proton <1-100 60-200 Few Transportation,
fuel cell conductor seconds back-up power
(DMFQC)
Phosphoric S’Z}Vl(j:ary
acid fuel cell H. Phosphoric acid | 50-1000 60-200 2-4 hours power
application,
(PAFQC) .
cogeneration
. . Stationary
Solid oxide . -
fuel cell Mo, CO, | Yttria-stabilized | 4 3500 | 600-1000 | > 10 hours | PO"e"
CH4 zirconia application,
(SOFC) )
cogeneration
Molten Stationary
carbonate H,, CO, Molten Li,COs, power
fuel cell CH, Na:COs, KaCO <1-1000 600-700 > 10 hours application,
(MCFC) cogeneration

Table 1: Characteristics of different fuel cell systems. Data taken from [10], [11].
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1.2. The PEMFC technology and the challenges associated
to its development

1.2.1. Presentation of the proton exchange membrane fuel cell

The operation of a PEMFC is based on two electrochemical reactions that occur in different places,
leading to the generation of an electrical current. At the anode, hydrogen is decomposed into protons and
electrons. The electrons pass to the electrical circuit while the protons are transported through the membrane
into the cathode. At the cathode, oxygen reacts with the protons and electrons from the electrical circuit to

form water. These reactions are formalized in the Eq. (1) and ( 2).
2H>4H " +4¢e (1)
O, +4H"+4e>2H0 (2)
The global reaction over the full cell is thus :

2H2+0292H20 (3)

Manufacturing a PEMFC consists in assembling different layers that aim at optimizing the encounter
of the reactants. The bipolar plates (BP) collect the current and distribute the gases through their channels. The
gas diffusion layers (GDL) serve to homogenize the repartition of the gases and evacuate the water produced
by the reactions. They are composed of carbon fibers treated with a hydrophobic material in order to avoid
the accumulation of water. The catalyst layers (CL) are the places where the electrochemical reactions occur. In
addition to the reaction themselves, the layers have to ensure the transport of the reactants and products.
Thus, the CL need to have good electronic and ionic conductivities, and a sufficient porosity to bring the gases
and evacuate the water. The CL are generally composed of porous carbon particles supporting the catalyst and
embedded in an ionomer, i.e. an ionic conductive polymer. This ionomer is often the same material than the
membrane, which separates electrically the two electrodes while allowing the transport of protons. Nafion is
the state-of-the-art material and is used in the majority of fuel cells nowadays. Figure 2 (a) presents the
different layers of a PEMFC and Figure 2 (b) focuses on the complex architecture that need to be achieved in

the catalyst layer.
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Figure 2: (a) Schematization of a PEMFC fuel cell. (b) Focus on the catalyst layer
structure.

1.2.2. Towards the replacement of platinum in PEMFC

The electrocatalytic reactions in a PEMFC occur at the surface of a catalytic material added to the
carbon phase. Platinum particles dispersed on a porous carbon material are the state-of-the-art catalysts for
both the hydrogen oxidation reaction (HOR) presented in Eq. ( 1), and the oxygen reduction reaction (ORR)
presented in Eq. ( 2 ). The HOR has rapid kinetics, hence a very low amount of platinum is needed at the anode
(around 0.05 mgp/cm? [12]). At the cathode however, the sluggish kinetics of ORR make the utilization of a
larger amount of catalyst necessary (around 0.2 mgp/cm?). The high cost of this metal is the main reason why
the PEMFC are so expensive, about 50 % of the costs in a PEMFC stack is due to the worth of platinum [3].
Moreover, this metal is rather scarce in the earth’s crust and 71 % of the global production comes from South
Africa. This can lead to strategical issues for the other countries. For all these reasons, the European commission
is reporting since 2011 platinum group metals in the list of critical raw materials for strategic technologies [13].
Figure 3 shows the price and relative abundance of several metals used in catalysis, some of which are used in
the strategies investigated to reduce the amount of platinum needed at the cathode, or even to replace it with

other materials.
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Figure 3: Relationship between the price and relative abundance in earth’s crust of
several metals used notably in catalysis. Figure taken from [14].

A first strategy consists in allowing platinum with other metals [15]. Noble metals like Ru, Au or Pd
create a synergistic effect enhancing the catalytic activity and improving the tolerance of the catalyst to CO
impurities [16]. Non-noble metals like Ni, Cu, Co or Fe enable to tune the structure of the material in order to
improve the accessibility of the platinum sites. Core-shell structures [17], nanopolyhedra [18], nanodendrites
[19], or hollow structures [20] have a high surface to volume ratio and expose a maximum of active sites to the
ORR. Improving the support material can also lead to greater performance. For example, incorporating nitrogen
into the carbon material modifies the catalyst electronic structure and enhances the performance [21].
However, at ultra-low loading of platinum, large performance losses are observed at high current density,

preventing the further reduction of the amount of platinum [12].

The second strategy to get rid of the dependence on platinum and noble metals consists in developing
platinum-group metal (PGM) free catalysts. The first materials were inspired by the natural enzymes able to
perform the ORR, notably the cytochrome C oxidase whose active site is an iron porphyrine [22]. Jasisnki
reported in 1964 the ORR activity in alkaline electrolyte of cobalt phtalocyanine [23]. In 1989, Gupta highlighted
the importance of applying a heat-treatment to improve the activity of polyacrilonitrile-based catalysts
containing Co and Fe [24]. Proietti from Dodelet's group developed in 2011 the first PGM-free catalyst nearing
the performance of the Pt-based catalysts [25]. They notably highlighted the importance of the catalyst
structure for the optimal accessibility of the active sites. Nowadays, the majority of the PGM-free catalysts for

the ORR are based on transition metals (mainly Fe) coordinated with N atoms and mixed with a carbon matrix
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before a heat-treatment under inert (N or Ar) or active (H, or NH3) atmosphere. The precursors are chosen in
order to create a final material with an important microporosity. The active sites are indeed located in the
micropores (1-2 nm) and their utilization depends on the accessibility of these pores. Several approaches are
currently developed. Metal organic frameworks (MOF) such as ZIF-8 have an extremely high surface area and
an important microporosity coupled with a substantial mesoporosity (2-50 nm), they constitute an ideal
support for the active sites [26], [27]. The sacrificial support method consists in mixing the precursors with a
sacrificial support material. This material is then removed by acid leaching and an open-pore structure is
created. This method has been extensively used by Atanassov's group [28], [29], [30]. An additional method
developed by Zelenay's group consists in using dual nitrogen precursors such as polyaniline (PANI) and

cyanamide (CM). The latter undergoes a thermal decomposition which creates pores of various sizes [31], [32].

The European project PEGASUS aims at developing new high-performance PGM-free catalysts for the
ORR in acidic media. Several synthesis strategies have been investigated by the different partners of the project.
Three of the catalysts developed within the project will be investigated in this work. In Armines, Youling Wang
and Sandrine Berthon-Fabry developed a one-pot synthesis of a Fe-N catalyst based on a carbon aerogel, a
structure with a high surface area and pore volume and a tunable pore size distribution [33]. The group of
Sergio Rojas in Spanish research institution CSIC synthesized a Fe/N/C catalyst using a triazine based porous
organic polymer as precursor in order to improve the reaction yield and the durability of the material
synthesized [34]. In CEA, Fatima El Orf and Bruno Jousselme mixed iron and nitrogen precursors with carbon
nanotubes in order to use the high surface area and the good conductivity of this support to enhance the
activity of the catalyst [35]. The commercial catalyst developed by Pajarito Powder with the sacrificial support
method will be also investigated in this work [28]. Moreover, a member of the advisory board of the project,
Pr. Zelenay, kindly provided two catalysts developed in his laboratory, so that they can be evaluated with our
method. The first is a CM-PANI-Fe-C(Zn) catalyst based on the dual nitrogen precursors synthesis [32], the
second one is an atomically dispersed MOF-derived catalyst [36]. The morphology of all these catalysts is
presented in Figure 4. This figure highlights the fact that the different synthesis give materials with very
different morphologies. It seems thus very interesting to evaluate to what extend the morphology of a material
impacts its electrochemical activity. Notably, the fabrication process of the CL will be of primary importance

for ensuring that the catalytic sites remain accessible once the material is embedded in a layer.
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Figure 4: SEM, STEM and TEM images of the different PGM-free materials that will
be studied in this work. Images taken from the publications cited in the text.
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Beyond the electrocatalytic activity and accessibility of the active sites, the materials developed for
ORR catalysis in PEMFC need to have a very good selectivity towards the production of water. Indeed, two
pathways are coexisting for the ORR, the direct 4 e transfer that forms H,O (4 ) and the indirect 2 e transfer
that forms H.O, (5):

O +4H*"+4e > 2H0 (4)
O +2H*+2e 2> HO; (5)

The indirect pathway is unwanted since the production of H>O, lowers the overall efficiency in a fuel cell and
degrades the membrane [37]. Quantifying the amount of H,O; produced by the catalyst is thus very important.
Practically, this quantification is not easy because some of the H,O, produced within a layer of catalyst can

react before being released in the solution and will not be detected.

1.2.3. Towards the optimization of PGM-free catalyst layer structure

With the recent progresses done over the last decade on the catalytic activity of PGM-free materials,
more and more of them are now integrated in membrane electrode assemblies (MEA) and tested in full cell
conditions. However, PGM-free catalysts still have a lower mass activity than the common Pt/C catalysts,
principally because of their lower active site density and turnover frequency [38]. For comparable performance,
a higher loading of catalytic material is used, leading to thicker layers than the one obtained with Pt/C catalysts.
The thickness of the layer can lead to important transport losses. Indeed, an optimal architecture of the CL is
very complex to obtain, each reactant needing to be brought to the catalytic site through different phases. The
gases (O at the cathode) arrive through the porosity of the material before dissolving in the ionomer, which
transports the protons. The electrons are brought by the carbon structure. The water produced by the reaction
at the cathode needs also to be evacuated efficiently through the pores. It is released under the form of vapor,

but it can also condense into liquid water and fill the pores, making the active sites inaccessible to the reactants.

The structure of the CL depends on its fabrication process. A CL is fabricated by dispersing the different
components (carbon supported catalyst and ionomer) in a solvent. The ink formed is then deposited on either
the GDL or the membrane, creating a porous layer with the carbon phase and the ionomer phase embedded

in each other. This process is illustrated on Figure 5:
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Figure 5: Illustration of the fabrication process of catalyst layer. Figure taken from
[39].

The first step of the CL fabrication is the formulation of the ink. The catalytic material is mixed with the
ionomer in a solvent and then dispersed in order to merge the two phases. The ionomer is a polymer composed
of a polytetrafluoroethylene backbone and perfluorinated vinyl ether side chains whose length can vary.
Depending on the length of these side chains, the ionomer can penetrate more or less the micropores. The
diversity of the synthesis methods for PGM-free catalysts leads to various microporosities of the materials (see
Figure 4). Moreover, the interactions between the active sites and the ionomer can vary depending on the
catalyst [40]. It would thus be interesting to investigate the most adapted ionomer to each material. For now,
Nafion is extensively used in the fabrication of PGM-free MEA. The ionomer content in the ink needs also to
be optimized: a high amount of ionomer will increase the ionic conductivity but risks to block the gas pores
and thus, the O; transport. This optimization has been done by Wang et al. [41] on the catalyst from Pajarito

Powder: they found that a ionomer content of 35 %wt to 45 %wt leads to the better performance.

The dispersion step aims at producing particles of carbon bound with ionomer with the smallest size in
order to optimize the accessibility of the active sites. The affinity of the catalyst and the solvent will strongly
influence the quality of the dispersion, and thus the cell performance [42]. In general, PGM-free materials are
highly hydrophobic and the solvents used are mixtures of water and alcohol (isopropanol, n-propanol,
ethanol...). The dispersion techniques are also diverse: they can combine ultrasonication, ball milling and

stirring.

Once the ink is sufficiently dispersed to be processed, it is deposited on a substrate (the membrane or the
GDL) in order to form the catalyst layer. Several methods of deposition are coexisting: painting, drop casting,
bar coating, spray coating, electrospinning, etc. When the catalyst is deposited on the membrane, the structure

obtained is called a catalyst coated membrane (CCM). When it is deposited on the GDL, a gas diffusion
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electrode (GDE) is formed. Afterwards, the MEA can be hot pressed in order to increase the connectivity

between the different layers.

There is no consensus in the community about the best fabrication process, each group has a different
expertise on the available techniques and work with different catalyst materials. For example, several fabrication
methods have been used in the context of the PEGASUS project. The partners from CEA-Grenoble investigated
different methods on the catalyst from Pajarito Powder [43]. In this study, CCM prepared with the decal transfer
technique showed the best performance. Another partner of the project, Heraeus Precious Metals — Hydrogen
Systems, used ball milling dispersion bar coating to fabricate CCM based on several catalysts from the project.

Table 2 sums up the fabrication processes used in the literature over the past two years for PGM-free MEA:

Reference Catalyst lonomer Solvent Dispersion Deposition
method method
Heraeus Diverse Nafion 1-propanol and Ball milling Bar coating
(PEGASUS) 40 %wt water (CCM)
Toudret et al., PMF-011904 Nafion Ethanol Sonication 12 h | Spray coating,
2021 [43] from Pajarito 47 %wt + stirring (1 h) bar coating
(PEGASUS) Powder (CCM and GDE)
Guo et al., 2021 | Mn-N-C-S (ZIF- Nafion 1-propanol and 3 h stirring Painting
[44] 8 precursor) (content not water
provided) (proportions not
provided)
Osmieri et al., PMF-011904 Nafion isopropanol and | 3 h sonication | Painting (CCM)
2021 [45] from Pajarito 35 %wt water (1:1)
Powder
Park et al., 2020 | (CM+PANI)- Nafion isopropanol and | 2 h sonication Spray coating
[46] Fe-C(Zn)) 35 %wt water (1:1) (GDE)
Yang et al., Fe-N-C (ZIF-8 Nafion ethanol and Sonication + Drop casting
2020 [47] precursor) 40 %wt water (1:1) stirring (1 h) (GDE)
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Osmieri et al., PMF-011904 Nafion n-propanol and 3 h sonication | Painting (CCM)
2020 [42] from Pajarito 35 %wt water (0 %, 50 %
Powder and 82 % H,0)
Wang et al, | PMF-011904 Nafion  15- | n-propanol and | 1 h sonication | Spray coating
2020 [41] from  Pajarito | 45 %wt water (2:1) (CCM)
Powder

Osmieri et al, | (AD)Fe-N-C Nafion isopropanol and | 4 h sonication Painting (CCM)
2019 [48] (ZIF precursor) | 45 %wt water (1:1)

Table 2: Fabrication process of several PGM-free MEAs from the literature of the past
two years.

The architecture of the CL obtained by the processes described before is a porous structure containing

voids and agglomerates. Agglomerates are clusters of carbon particles embedded in the ionomer (see Figure

6). They contain the active sites, so their structure is very important for the accessibility of the reaction spots.

If the agglomerates are too big, the reactants will have difficulties to reach the active sites located inside their

core. If the ionomer phase and the carbon phase are not incorporated homogeneously, the protons will not be

able to reach all the active sites. In both cases, the performance of the cell will be lower because of the poor

utilization of the catalytic sites. Therefore, being able to control the size and the composition of the

agglomerates is of key importance in the development of efficient PGM-free fuel cells. The various

morphologies of the PGM-free materials and the various fabrication processes make the control of the

agglomerates size and composition difficult. Thus, it is crucial to be able to characterize efficiently the material

at different steps of the fabrication process and at different length scales. The main characterization techniques

used nowadays by the scientific community will be presented in the following section.

bulky ionomer
(proton conductor)

ionomer molecules
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Figure 6: lllustration of the structure of an agglomerate.
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1.3. Overview of the state-of-the-art PEMFC
characterization methods

The performance of a fuel cell depends on both the intrinsic activity and the selectivity of the catalyst,
and on its formulation within the catalytic layer. Being able to characterize these different aspects is the basis
of improving PEMFC. This part aims at giving an overview of the main state-of-the-art techniques used to

investigate the principal characteristics affecting the PEMFC performance.

1.3.1. Global cell performance

The most common way to evaluate the global performance of a PEMFC consists in acquiring a
polarization curve on a single cell. While the fuel cell used in the automotive and stationary applications
consists in a stack of several membrane electrode assemblies (MEA) connected through their bipolar plates, a
single cell comprises a unique MEA pressed between two monopolar plates. The single cell can either have
similar dimensions than the cells used in applicative stacks, or their dimensions can be reduced in order to limit
current, compression or temperature inhomogeneities in the MEA plane [49]. In this case, they are called
differential cells. The polarization curve consists in measuring the cell voltage in function of an imposed
variation of the current. Different physical phenomena affecting the cell performance can be observed on the

curve (see Figure 7).

The Nernst potential is the theoretical voltage of the cell depending on the Gibbs free energy of the

reaction AG°, the temperature T and the activities a; of the reactants. It is calculated with the Nernst equation:

= —_ UL
nF  nF °q %
vj
with n the number of electrons exchanged during the reaction, F the Faraday constant, R the molar gas
constant and v; the stoichiometry coefficients. The open circuit voltage V, ¢y is the voltage measured when no
current is applied to the cell, it differs from the Nernst potential because of the crossover of hydrogen through
the membrane [51]. When the current applied to the cell is very low, the additional voltage losses are only due
the kinetic limits of the electrochemical reactions, it is the activation losses. The ohmic losses are due to the

transport of protons and electrons through the cell and increase linearly with the current following the Ohm'’s

law. At high current, the supply of the reactants by the gas transfer through the electrodes is no longer sufficient
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to maintain a constant concentration at the catalyst. The voltage decreases until it reaches zero when no more
specie is available to the catalyst. A similar decrease of the current can be observed when the evacuation of
the water produced at the cathode becomes ineffective. Liquid water accumulates in the pores and prevent

the gases to access the active sites. This is called water flooding.

14 Typical polarization curve of a PEM fuel cell
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Figure 7: Visualization of the different physical phenomena visible on a polarization
curve. Figure taken from [50].

Practically, the information contained in the polarization curve are difficult to deconvoluate without
any supplementary information. This is why other characterization methods are used in order to investigate

more precisely the phenomena governing the PEMFC.

1.3.2. Catalyst activity and selectivity

Rotating disk electrode (RDE) is a technique widely used for studying the ORR mechanism on a given
catalyst. It consists in depositing a thin layer of catalytic material on a glassy-carbon electrode subjected to a
rotation on its own axis. The rotation creates a laminar flow of solution towards and across the electrode,
leading to a controlled supply of electroactive species to the active surface. The mass transport of the reactive
species is thus controlled and depends on the rotation speed of the electrode. The Koutecky-Levich equation

gives the expression of the electrode current:
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J Jk Ju Jk  0.62nFACID;*Pv-1/6w1/2
with j, the diffusion limited current density, n the number of transferred electrons, A the electrode area, C; the

1 1 1 1 1
N (7)

bulk concentration of the electroactive specie, D; its diffusion coefficient, v the kinematic viscosity of the
solution and w the rotation speed of the electrode. The kinetic current density j, can be easily quantified by

measuring the electrode current at several rotation rates.

The rotating ring disk electrode (RRDE) consists in adding a ring electrode around the RDE set-up. This
ring serves for the detection of the intermediates generated by the reaction at the disk electrode. For ORR
investigation, the H,O, produced by the 2 e pathway (see Eq. ( 5)) is quantified with RRDE measurements. This
enables to study the selectivity of the ORR, on condition that all the H,O; produced by the material is effectively
released in the solution. The percentage of H,O, produced by the reaction % H,0, and the global number of
electrons transferred per O, molecule at the catalyst n. are expressed in function of the currents measured at

the disk iy and at the ring i,

i/N (8)
% H,0, = 2 X ———— x 100
% >0, ig +iy/N
pe = dx 4 (9)
¢ ig +iy/N

with N the collection efficiency of the ring. The RDE and RRDE set-up are illustrated on Figure 8:

RRDE RDE
7
4 4
5 5
12 12

Figure 8: lllustration of the RDE and the RRDE.

The utilization of RDE and RRDE to extract the intrinsic activity and selectivity of a material requires
that the flow at the electrode surface is perfectly laminar. Otherwise, the Koutecky-Levich approach is not valid.

A laminar flow occurs when the deposit of catalyst is flat and homogeneous, which is not always the case
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during experiments. This issue has been addressed by the scientific community in the field on Pt/C materials
and the importance of employing standardized testing protocols has been highlighted [52]. With PGM-free
materials, higher loadings are used in order to be able to reach the diffusion limited current. Typically, the
loadings used for Pt/C materials characterizations are between 5 and 100 pget.cm™ [53] while loadings of 600 to
800 pg.cm™ are used to characterize PGM-free materials [54], [55]. These higher loadings lead to a higher
roughness of the deposits and the risk to disrupt the laminar flow is enhanced. Moreover, the transportation
of species within a thick layer is not considered by the Koutecky-Levich approach, which becomes inaccurate
at too high loading. Although some groups are considering the pitfalls engendered by the thick layers [56],

[57], most of the new developed PGM-free materials are nowadays characterized with only RDE [54], [55], [58].

Finally, if the layer of catalyst deposited on the electrode is thick, the H.O, produced at the active sites

can be further reduced in H>O through a new 2 e reaction in the layer:
H.0; + 2H*+2e > 2 H,0 (10)

Hence, the amount of H,O; released in the solution and measured at the ring will lead to an underestimation
of the real quantity of H,O, that was produced within the layer. This underestimation can have severe
consequences since H>O; is a specie that degrades the fuel cell. Its precise quantification is thus challenging

but very important for the development of efficient and durable fuel cells.

1.3.3. Proton and electron conductivity

The ohmic phenomena occurring in a PEMFC are usually studied with electrochemical impedance
spectroscopy (EIS). This technique consists in applying a low intensity sinusoidal variation to the cell potential
and record the current response at several frequencies. By scanning the system over a wide range of
frequencies (typically between 1 Hz and 200 kHz), phenomena with different time constants can be separated.
The electrons transport is observed at high frequencies (100 kHz — 10 MHz), while the protons transport is
visible between 1 kHz and 10 kHz. Electrochemical reactions and mass transfer are detected at the lowest
frequencies. Equivalent circuit modeling of EIS data are used to extract quantitative information from the
measurements. The main advantages of EIS technique is its ability to probe operando many different

phenomena without being destructive.
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1.3.4. CL structure analysis

Imaging techniques aim at investigating the internal structure of the CL. Radiations are diffused over
the structure and their interactions with the materials enable to reconstruct the architecture and/or the
composition of the layer. Several techniques are coexisting, based on different radiations (X-rays, electrons,
neutrons) and their different interactions captured by the detectors (reflected, transmitted). The techniques are

characterized by their different resolutions and fields of view (FOV).

The most used technique is scanning electron microscopy (SEM). It consists in scanning a surface with
a focused beam of electrons which excite the atoms on the surface. The secondary electrons emitted after the
desexcitation are detected and provide information about the topography of the sample. The images obtained
are two-dimensional and provide information only about the external exposed surface of the material. SEM
can acquire images with various resolutions and FOV, enabling images from millimeter scale to nanometer
scale. SEM is widely used to image the materials before their integration in an MEA [59], [60]. Images are also
performed on slices of used MEA in order to determine after the electrochemical characterizations the
morphological characteristics of the CL (porosity, agglomerates size) [61]. Coupled with energy dispersive X-
ray spectroscopy (EDX), this technique can also provide information about the chemical structure of the
material. Transmission electron microscopy (TEM) provides similar information than SEM with a higher
resolution [59]. It applies however on ultra-thin slices (~100 nm) which can be more difficult to obtain. Focused
ion beam scanning electron microscopy (FIB-SEM) consists in acquiring several SEM images on the sample,
which is cut layer by layer by an ion beam between each image. It is a destructive technique that can provide

a reconstruction of the 3D structure of the material [62].

X-ray computed tomography (CT) consists in performing a radiography of the sample and provides 3D
images of its structure. The resolution and the FOV of this technique can be adapted depending on the scale
investigated. Komini Babu et al. resolved the morphology of PGM-free cathodes by performing nano CT images
at two resolution levels (150 nm resolution / 65 ym FOV and 50 nm resolution / 16 ym FOV). In a first study,
they extracted the distribution of agglomerate sizes and the local O; diffusion coefficient from these images
and integrated them in a numerical model. This model highlighted the impact of liquid water formation within
the CL, leading to significant transport losses [63]. The method was reused in a second work where more
structural characteristics (porosity, agglomerate size distribution, pore size distribution) and effective transport
properties (oxygen diffusivity, ionomer conductivity, tortuosity) were extracted from MEAs with three different
Nafion contents [61]. These characterizations served to elucidate the microstructural origins of the performance

changes due to the variations of ionomer loading. This study was the basement of a modeling work
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highlighting the need for an increase of the cathode hydrophobicity and ionomer conductivity [64]. Serov et
al. combined micro CT (3.3 mm FOV) and nano CT (80 um FOV) to capture the full through-thickness
morphology of a PGM-free cathode and extract structural and transport properties [59]. They observed an
important inhomogeneity of the layer through its thickness thanks to the large FOV of the micro CT technique.
X-ray CT can be used during the cell operation. Liu et al. used operando micro CT and modeling to study the
formation of liquid water in three electrodes fabricated with different methods [65]. They concluded that the

trough-thickness inhomogeneities play the most important role in the water withdrawal.

Imaging techniques are a very interesting tool for the investigation of the link between the structural
properties and the electrocatalytic activity of a material. They are mainly used to characterize a CL after the
electrochemical measurements in single cell. However, the resolution and the FOV of these techniques do not
enable to image an entire electrode at nanometer scale. Thus, the information linking the electrocatalytic
activity to the structure is only partial. Modeling is often used to deepen the investigation with these

techniques, the different approaches will be presented in the Chapter IV.

1.4. Conclusion and objectives of the thesis work

The decarbonization of the transportation sector implies a wide development of electric vehicles. Fuel
cell electric vehicles based on the PEMFC technology are of great interest because of their long travel range
and their rapidity of refueling. However, PEMFC still face several challenges to reduce their cost and accelerate
their expansion. The replacement of the Pt catalyst by PGM-free materials can reduce a lot the costs of a PEMFC
stack. The integration of these materials in the thicker catalyst layer without creating supplementary transport
losses is a challenge to which the scientific community devotes many efforts. The formulation processes are
numerous and complex and the optimization of the CL structure makes the use of various characterization
techniques necessary. These techniques are mostly applied to thick catalyst layers, in which a lot of different
phenomena can affect the cell performance. With these techniques, it is difficult to deconvoluate the
contribution of specific features of the CL such as the agglomerates. The agglomerate is indeed a key feature
in the CL, its size and composition will affect the accessibility of the active sites and thus, the overall

performance of the cell.

In this thesis work, we propose an approach based on the use of local probe techniques in order to

study the catalyst material at agglomerate scale. Being able to perform direct experimental characterizations
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on the agglomerates will provide new insights on the behavior of these features. Scanning electrochemical
microscopy (SECM) and atomic force microscopy (AFM) will be used to link the electrocatalytic activity of a
material to its agglomeration state, these techniques will be presented in the next chapter. The establishment

of a characterization protocol will be detailed and applied to PGM-free catalysts from the PEGASUS project.
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Chapter I

Development of a
characterization method
based on SECM and AFM for
the study of catalysts at
agglomerate scale

The aim of this chapter is to present the development of a method based on scanning electrochemical
microscopy (SECM) and atomic force microscopy (AFM) for the characterization of PGM-free ORR catalysts at
agglomerate scale. SECM and AFM are two local probe techniques which enable to study a very few amount
of material deposited on a substrate (4-90 pg.cm= as we will see in the chapter). They will serve here to link
the electrochemical activity of a catalyst to its agglomeration state. After presenting the two techniques and
their present utilization in the field of electrocatalysis and energy storage, the implementation of the
characterization method will be detailed. This method will be first applied for the study of several PGM-free
materials developed within the PEGASUS project. Then, different ink formulations will be compared on one of

the materials studied before.
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Il.L1. Local probe techniques for electrocatalysis and
energy storage

Local probe techniques are a family of instruments that consist in studying the interactions between a
probe and a substrate. They enable to probe interfaces, thin-films or very few amounts of material deposited
on the substrate. They provide information at a scale corresponding to the size of the probe (atomic to
micrometric scale). The variety of the techniques (STM, AFM, SECM...) developed over the last decades enables
to probe numerous physico-chemical phenomena such as the topography, the conductivity, the chemical or

mechanical properties of a surface [66], [67].

11.1.1. Scanning electrochemical microscopy

Scanning electrochemical microscopy (SECM) consists in recording the current response of an
ultramicroelectrode (UME) moved in the vicinity of a substrate. When the UME (called the probe) is positioned
far from the substrate surface, its steady-state current depends on the geometry of the electrode and on the

concentration of the redox mediator in solution. For a microdisk electrode [68]:
i1 = 4nprobeFDC*rT:B(RG) (11)

with n,,,p. the number of electrons exchanged at the probe, F the Faraday constant, D and C* the diffusion
coefficient and the bulk concentration of the redox mediator, r; the radius of the microdisk and B(RG) a

correction factor considering the finite dimensions of the electrode. Indeed, the active microdisk of the probe

Tglass

is embedded in a glass capillary whose dimensions have an influence on the current measured. RG = is

rT

the dimensionless parameter representing the ratio between the glass part and the active part (see Figure 9).

0,1380 (12)
(RG —0,6723)08686

B(RG) =1+
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2ry

Figure 9: Schematic representation of an ultramicroelectrode.

When the UME is approached to a substrate, its current reflects the local topography and
electrochemical activity on this substrate. Several modes of SECM are possible, enabling the characterization

of different phenomena. They are described on Figure 10:

A. In bulk solution, the probe current depends on the concentration in redox mediator (noted R here).

B. In negative feedback mode, the probe is approached to an inert substrate whose presence hinders the
diffusion of the specie R. The decrease of the probe current is directly linked to its dimensions. Cornut

and Lefrou [69] established an analytical expression linking the probe current to the dimensions r; and

RG:
208 (L- 0'145) +1,585
NIT(L,RG) = RG> RG
’ 2,08 In(RG) 2 7RG (13)
=osss (L + 0,0023RG) + 1,57 + === + —==1In (1 + T)

with NIT = - the dimensionless probe currentand L = ri the dimensionless tip to substrate distance
T

ITo

(d being the distance between the probe and the substrate). Hence, approach curves in negative

feedback mode are used to determine with precision the dimensions of the SECM probe.

C. In positive feedback mode, the probe is approached to a conductive substrate. In this case, the O
specie generated at the probe is reduced back to R by the substrate, leading to a local increase of the
concentration in R, and thus to an increase of the probe current. This mode is principally used to
determine kinetic rates of heterogeneous electron transfer at the substrate material [70], [71]. It can

also be used to map the electronic conductivity of a 2D material, such as MoS; monolayered flakes [5].
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D.

In substrate generation/tip collection (SG-TC) mode, a redox specie (O here) is generated at the
substrate and detected at the probe. This mode can provide a mapping of the chemical fluxes occurring
at the substrate. It is principally used in the corrosion field, where it serves to characterize the localized

corrosion processes on a metal surface [72], [73].

In tip generation/substrate collection (TG-SC) mode, the redox specie O is generated at the probe and
detected at the substrate. The collection efficiency is thus higher than in SG-TC mode. This mode is
principally used for the measurement of reaction kinetics [74] or to perform localized modifications on

a substrate [75].

In redox competition (RC) mode, the probe and the substrate are polarized so that they both consume
the specie R. The probe will measure the local depletion in R caused by the consumption at the
substrate. In this way, the activity of the substrate can be probed by the RC-mode. The RC-mode was
introduced by Schuhmann’s group in 2006 for the investigation of ORR [76]. It is more and more used

in the field of electrocatalysis for the study of various reactions [77], [78].

Figure 10: lllustration of the different modes of SECM. (A) UME in bulk solution. (B)
Negative feedback. (C) Positive feedback. (D) Substrate generation/tip collection. (E)
Tip generation/substrate collection. (F) Redox competition. Figure taken from [79].
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SECM is a very versatile tool that is used in various research fields. The ability of the technique to map
heterogeneous electron transfer over a surface makes it very interesting for corrosion studies [72], [73]. Its high
spatial resolution leads to applications in localized surface modification like etching [80] or deposition [75]. In
biology, SECM is used to investigate proteins [81], DNA [82], enzymes [83] or even living cells [84], [85]. In
material science for energy, SECM is used to investigate materials or interfacial processes in the field of
batteries [86], [87], [67], solar cells [88], supercapacitors [89], [90] or fuel cells [91], [92]. In the specific field of
fuel cells and electrolysers, SECM is extensively used to probe the electrocatalytic activity of materials for the
ORR, the HOR, the HER or the OER. A review of the recent works that investigated these reactions with SECM

has been published by our group in 2020 [93].

The development of the SECM instrumentation is still very active. Many variants of the classical SECM
set-up are being developed in order to investigate specific issues. Scanning ion conductance microscopy
(SICM) consists in measuring the changes of ion conductance between an electrode placed in a nanopipette
and an electrode in solution [94]. When the nanopipette is approached to the substrate, its current is strongly
affected by the changes of substrate to nanopipette distance. Thus, this technique enables to measure the
topography of the substrate with a resolution of approximately 200 nm. SICM is mainly used for investigating
living cells [95], [96], or performing conductance measurements on porous materials [97]. Scanning
electrochemical cell microscopy (SECCM) consists in approaching a nanopipette filled with electrolyte and
containing an electrode to a substrate placed in ambient air. A droplet is formed at the end of the pipette and
enters in contact to the substrate, enabling the measure a conductance current [98]. The main advantage of
this technique is the fact that only a small part of the sample is in contact with the solution. This enables to
investigate substrates sensitive to corrosion, passivation or surface fouling [99], [100]. Shear-force SECM
consists in using a flexible probe oscillating laterally in order to position it via the dampening of the oscillation
when the probe is approached to the substrate [101]. Similarly, the intermittent contact mode of SECM (IC-
SECM) is based on the dampening of oscillations in the vertical direction [102]. In the last five years, shear-
force SECM was used to probe the local reaction environment during CO2RR [103], the morphology of MEA
[91] or dye-sensitized solar cells [104]. IC-SECM was used to investigate defects in single crystal boron doped

diamond electrodes [105] and map conductivity in solid Li-ion conducting electrolyte [106].
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11.1.2. Atomic force microscopy

Atomic force microscopy (AFM) measures the interaction force between a tip fixed on a cantilever and
a surface. The deflection of the tip caused by the variations of the surface’s topography is detected by a
quadrant photodetector monitoring a laser beam reflected on the cantilever (see Figure 11). Several operation
modes are existing [107]. The contact mode consists in dragging the tip across the surface, this mode is
destructive for both the tip and the substrate. Hence, tapping modes are more frequently used. In these modes,
the cantilever oscillates near to its resonance frequency and the information about the topography is given by
variations of amplitude of the oscillation. AFM is principally used for measuring the topography of surfaces
[108], [109] and nanoparticles [110], [111], monitoring the growth of thin-films [112], investigating interfaces
[113], [114] or defects [115].

Photodiode
Laser
Cantilever
o - andtip
Catalyst particles
e ..o. ystp

Substrate

Figure 11: Principle of atomic force microscopy (AFM).

Beyond topography measurements, the tip can also be used to probe other phenomena. Conductive
AFM (C-AFM) consists in applying a bias to the tip and recording the current flowing between the tip and the
substrate during contact mode measurements. This technique was applied for example for measuring the
conductivity of a MOF-graphene nanocomposite [116]. The conductivity measured with C-AFM was four order
of magnitude higher than the one measured with the 4-point method. The dramatic enhancement of the
conductivity was ascribed to the delocalization of interfacial states between MOF and graphene. AFM can also
be used to investigate the mechanical properties of a material, notably under the form of discrete particles.
Sun et al. [117] studied the elastic modulus of single MOF nanoparticles and showed that the mechanical
properties of these materials can be tuned by adjusting the chemical functionalities of the ligands. In the field
of PEMFC, the distribution and size of the ionomer phase at the surface of the CL was retrieved from AFM

adhesion images [118]. Kelvin probe force microscopy (KPFM) consists in measuring the contact potential
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difference of materials and is used to characterize the surface potential and work functions of electrical devices,
semi-conductors or metallic materials [119]. In the field of solid state Li-ion batteries, KPFM has been used to
map the internal potential of a composite cathode before and after charging [120]. Electrochemical strain
microscopy (ESM) enables to detect local strains in mixed ionic-electronic conductors due to electrochemically
induced compositional changes. It has been used to link the changes of ionic mobility with the number of

charge/discharge cycles in Li-ion batteries [121].

AFM is often performed in ambient air environment. However, it is possible to use this technique in a
liquid media, enabling to combine it with electrochemical measurements. Electrochemical AFM (EC-AFM) can
be used for simultaneous topography measurement and electrochemical analysis of the substrate, which is
used as working electrode in a three electrodes set-up. EC-AFM is used for the visualization of structure
changes during an electrochemical process. For example, it has been used for observing the formation of the
SEl during charging and discharging cycles in Li-ion batteries [122]. It is also possible to use the AFM tip as a
fourth electrode and perform AFM-SECM. This technique enables to measure simultaneously the topography
and the electrochemical activity of single nanoparticles [123], [124] or electrodes interfaces [125]. AFM-SECM
is also used in the field of biology [126], [127], [128]. However, this technique remains limited to a few number
of studies because of the high cost of the probes and their low durability and reliability, which limits the

sensitivity of the electrochemical signal [129].

11.1.3. Approach of this work

The aim of this work is to develop a methodology using SECM and AFM to investigate an ensemble of
catalyst particles at agglomerate scale. To the best of our knowledge, AFM and SECM are currently used
(separately or as an AFM-SECM set-up) for the characterization of interfaces [130], [125], [131], thin films [132],
[133] or individual nanoparticles [134], [124]. Performing a statistical analysis on a large ensemble of diverse
particles will enable to link the electrocatalytic activity of the material to its agglomeration state. Practically, the
catalyst particles are deposited on a substrate using a spray-coater. SECM is then performed in redox
competition (RC) mode in order to measure the global ORR activity of the particles ensemble. Finally, the
deposit is imaged with AFM in order to measure the size of the particles and a computational image treatment
is used to determine the exact volume of material deposited, as well as its agglomeration state. This method
is illustrated in Figure 12. It enables to study deposits with a very low loading (4-90 pg.cm) compared to the
loadings used with RDE (600-800 pg.cm for PGM-free materials [54], [55]).
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Figure 12: lllustration of the method consisting in combining SECM and AFM
characterizations for the study of a catalyst electrochemical activity linked with its
agglomeration state.

The development of the protocol is based on the work of Olivier Henrotte, who pursued his PhD in the
LICSEN from 2015 to 2018 [135]. Olivier developed a protocol of RC-SECM characterizations aiming at
performing steady-state, reproducible and comfortable measurements. He investigated the probe material and
showed that using a gold probe instead of the widely used platinum probe increases the reliability and the
reproducibility of the RC-SECM technique in acidic conditions. He also investigated different types of substrate:
the commonly used glassy carbon substrate, or silicon wafers covered with gold or boron doped diamond
(BDD). The activity towards ORR, the planarity and the roughness of these substrates have been investigated.
The BDD substrate showed the lowest ORR activity, a high stability and a very good reusability. These two

aspects were the subject of an article published in 2020 [6].

My contribution consists in developing further the characterization protocol developed by Olivier
Henrotte, notably by including AFM measurements. After presenting the improvements brought to the
characterization protocol, several PGM-free catalysts developed within the European project PEGASUS will be
investigated with this method. The aim is to benchmark their intrinsic activity in order to compare their
performances. The materials behavior towards the ink formulation and deposition will be investigated by
comparing the agglomeration state of the deposits. Finally, the effect of the ink formulation on the

agglomeration state will be investigated on one of the PEGASUS materials.
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11.2. Method development

11.2.1. Catalyst deposition

Both SECM and AFM characterizations require that the catalyst material is deposited on a substrate.
SECM requires a micrometric planarity, a sufficient conductivity and a low electrochemical activity while AFM
requires a roughness smaller than the size of the particles to image. The silicon wafers covered by BDD or gold
studied by Olivier Henrotte [6] have an excellent planarity. Although the BDD substrate was found to have the
lowest activity towards ORR (inactive until -0.3 V/SCE), it had a roughness average of 39.9 nm which is the
order of magnitude of the smallest catalyst particles we want to image with AFM. Thus, the Si-wafer covered
with gold substrate was chosen for its lower roughness average (< 1 nm), despite a smaller inactive window

(until 0 V/SCE).

A spray-coater (ExactaCoat apparatus from Sonotek) is used for the deposition of the catalyst on the
substrate. It is combined with a mask with micropatterns (from Micron Laser Technology) in order to control
the size and the shape of the deposits (squares of side 200 um). On top of that, a home-made device that
enables to spray onto one micropattern at a time has been developed. It makes easy the creation of different
samples, for a benchmarking purpose for example. It is composed of two sliding plates with a slit that are
moved over the micropattern on which we want to deposit (see Figure 13 (a)). The spray-coater parameters
are adjusted in order to create deposits as homogeneous as possible. The flow rate has to be high enough for
the catalyst to reach the substrate through the two sliding plates and the mask, but not too high to avoid
flooding the substrate. A value of 0.3 mL.s™ has been fixed. The atomization of the solution is controlled by the
Shaping Air parameter which is fixed to 0.3 kPa. The distance between the nozzle and the deposition device is
reduced at its minimum (5 mm) in order to get the littlest spray area, while keeping the flow consistent. A path
of spraying is created in the Sonotek software. It consists in covering the area with four successive serpentine
passages, each passage starting in a different direction and overlapping the others (see Figure 13 (b)). This way
of spraying creates homogeneous deposits, with no edge effect, as illustrated on Figure 13 (d). Each path (the
four steps) sprays 0.15 mL of ink on the substrate, and deposits of different loadings can be created by

repeating the path as many times as necessary.
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Figure 13: (a) Mask and sliding plates enabling to spray one deposit at a time. (b)
lllustration of the path of spraying which consists in the four represented passages
sprayed on the same area successively. (c) Sonotek nozzle spraying on the deposition
device. (d) Optical image of a deposit obtained with the method developed.

A very diluted ink (0.2 g.L") is used in order to facilitate the flow in the Sonotek hose and to be able to
spray very low loadings. Thus, the solvent evaporation needs to be managed carefully, otherwise the ink will
spread under the mask and flood the other deposits. The deposition device is placed on the heating plate of
the Sonotek, which is heated at 80°C. A heating lamp is also placed above the set-up. This enables to keep the
substrate at 80°C and the sliding plates at 60°C during the deposition. Moreover, pauses of few seconds are
programmed between the spraying cycles in order to let the solvent fully evaporate. The ink is prepared by
dispersing 6 mg of catalyst powder in a mix of ethanol and water (3:1) under sonication. Only 5 % wt of Nafion
(D-520) is added for the purpose of studying the intrinsic activity of the catalyst. The catalyst powder and the
Nafion are first dispersed in 1 mL of solvent and sonicated for 5 minutes in a Vibra-Cell VCX 130 PB from Sonics
Material. Afterwards, the total volume of solvent is increased to 2 mL and the sonication process is repeated.
The same process is continued by increasing the total volume to 5 mL, 10 mL and 30 mL to obtain a catalyst
ink of 0.2 g.L". After the deposition, the deposits are rinsed with pure ethanol and dried under a flux of
compressed air in order to remove the particles with a poor adhesion on the substrate. Then, they are imaged
with an Olympus BX61 optical microscope in order to check their homogeneity and to measure their precise

dimensions.

46



Chapter Il: Development of a characterization method based on SECM and AFM for the study of catalysts at
agglomerate scale

11.2.2. SECM characterizations

SECM is used in redox competition (RC) mode in order to evaluate the activity of the catalysts towards
ORR in an acidic solution. It is performed prior to AFM to prevent any fading of the electrochemical activity
with time. The substrate is placed in a 0.1 M H,SO4 solution saturated with oxygen by bubbling gaseous O; in
the solution. It is connected to the electrical circuit with a gold piece touching the golden surface of the wafer.
A platinum wire is used as counter electrode and a saturated calomel electrode (SCE) serves as reference
electrode. Both counter electrode and reference electrode are placed in sintered guards to avoid direct contact
with the solution. The gold ultramicroelectrodes are either home-made or come from Sensolytics. The M470
Workstation from Bio-Logic Science Instruments is used for the SECM measurements. A camera overlooks the

set-up in order to locate easily the deposits. A photography of the set-up is shown on Figure 14.

Camera

Counter electrode
Arrival of oxygen
Ultramicroelectrode
Substrate

Reference electrode

Figure 14: Photography of the SECM set-up.

The aim of the protocol is to perform quantitative measurements. Notably, a diffusion limited current

is required at the probe in order to apply the analytical expression of the current at a microdisk electrode:

10 = Mprope FDC 1 B(RG) (14)

Thus, the potential applied at the probe has been carefully chosen. With the gold probe, there is no well-

defined diffusion plateau for the ORR measurement, as showed on the cyclic voltammetry (CV) on Figure 15
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(@). The ORR happens approximately between -0.2 V/SCE and -0.7 V/SCE and the proton reduction starts
around -0.7 V/SCE, in the continuity of the ORR wave.

(a) Cyclic voltammetry (b) Approach curves
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Figure 15: (a) CV from 0.2 V/SCE to -0.8 V/SCE with a scan rate of 10 mV/s, crosses
represent the stabilized currents of the approach curves. (b) Approach curves at
different probe potentials with a probe-substrate distance from 0 ym to 300 pm and

a moving speed of 2 ym/s. (5 um gold probe in a 0.1 M H,SO4 solution saturated in
02)

In order to be able to use properly the previously presented analytical expression (see Eq. ( 14)), we
try to approach to a maximum the diffusion plateau without reaching the proton reduction potential range.
The aim is to find the best compromise between the sensitivity and the selectivity of the measurement.
Negative feedback approach curves have been recorded with the probe polarized at different potentials
between -0.55 V/SCE and -0.7 V/SCE. The electrode is first brought carefully into contact with the substrate,
then it is retracted at 2 um/s until the current reaches a stable value. This stable value occurs at approximately
100 um from the substrate (L~20) and is used to normalize the data. These data (noted NIT,,,) are compared
to the analytical expression of NIT(L, RG) established by Cornut et al. [69]. The values of rr and RG are fitted,

using the least squares method and the Solver module of Excel to minimize the sum of the squared residuals.

2,08 (L- 0,145) 41585
NIT(L,RG) = RG22 RG
’ 2,08 In (RG) 2 7RG (15)
=rosss (L + 0,0023RG) + 1,57 + =2 + —=In (1 + T)

The number of electrons exchanged at the probe is then calculated using the expression of the diffusion-
limited current at a microdisk electrode (Eq. ( 14 )). Figure 16 shows the calculated values of n,,,p., rr and RG

for the different potentials applied to the probe.
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Figure 16: Calculated values of rr, RG and ny,qn. from approach curves recorded at
different probe potentials

The value of rr remains constant regardless the probe potential. The value of RG is increasing from
-0.55 V/SCE to -0.65 V/SCE and remains constant at the potentials below -0.65 V/SCE. This indicates that the
estimation of RG is not valid above -0.65 V/SCE, probably because the hypothesis of a diffusion-limited current
at the microelectrode is not verified at these potentials. The number of electrons exchanged at the probe
increases with the potential, this is consistent with the fact that the diffusion plateau is not reached at the
lowest potentials. Below -0.67 V/SCE, n,.,,. becomes even bigger than 4, which indicates that ORR is no more
the only reaction happening at the tip and that proton reduction has started too. Combining these results,
-0.65 V/SCE seems to be the best potential to choose for a utilization of the SECM analytical expressions as

accurate as possible.

The SECM measurement protocol has been developed with the aim of being able to perform rapid
measurements on several deposits. To this end, we are not intending to individualize the contribution of each
catalyst particle, but we want to evaluate the global activity of the deposit. This is done by measuring the probe
current above the center of the spot, while a linear sweep voltammetry (LSV) is performed at the substrate.
Finally, the SECM measurements protocol can be described as follows: an approach curve is first performed in
order to find the surface of the substrate, then the probe is placed at 30 um from this surface. Few linescans
are performed with the substrate polarized at 0 V/SCE in order to find the center of the deposit. Finally, the
probe is placed above the center of the deposit and a linear sweep voltammetry (LSV) is performed at the

substrate between 0.5 V/SCE and 0 V/SCE, while the probe is kept at its measurement potential (-0.65 V/SCE).
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11.2.3. AFM characterizations

The AFM characterizations aim at measuring the size of the particles on the deposits in order to
evaluate the exact volume of catalyst, as well as its agglomeration state. This information will be linked
afterwards to the catalytic activity measured with SECM. After the SECM measurements, the substrate is rinsed
with water and ethanol and microscope images are taken to compare the aspect of the deposits before and
after SECM. Usually, the images are similar, indicating that no material detached during the SECM
measurements, and that the deposit's morphology did not change by the contact with the electrolyte. AFM
images are performed on a PicoLE microscope from Molecular Imaging. The key parameters are the resolution
and the maximum size of the images. One image has to be small enough to capture all the particles of catalyst,
and large enough to get a representative estimation of the agglomerates distribution. The scan speed and the
number of images captured are also essential, with a compromise between the quality of imaging and the
duration of the measurement. All these parameters depend on the microscope available to the experimenter
and will strongly influence the time necessary to characterize a whole deposit. The PicoLE microscope on which
this work was done is around 15 years old and its performances are rather limited compared to what a more
recent AFM can achieve. Thus, the following paragraphs will present how the parameters of our AFM were

adjusted to reliably image our deposits.

The resolution of the PicoLE microscope can be set to 512 pixels per line or 1024 pixels per line.
Considering that doubling the resolution doubles the acquisition time for one given scan rate, the 512 x 512
resolution has been chosen. This means for example that if images of 50 ym side are performed, particles
smaller than 98 nm (size of one pixel) will not be captured correctly. In our deposits, the particles have heights
comprised between few hundreds of nanometers and few micrometers. SEM on CEA-BRFO2 catalyst has been
performed in order to determine the size of the smallest particles that can be encountered (see Figure 17 (a)).
The size of these particles does not fall below 100 nm, thus it has been decided to perform mostly images of
50 um side, and occasionally images of 100 um side when very big particles have to be investigated. Some
AFM images were compared with SEM images in order to check if the AFM captures correctly the particles.
Figure 17 (b) and (c) show a SEM image and an AFM image captured in the same deposit. Even if it was not
possible to find the exact same location for the two images, the distribution and the size of the particles look

similar, indicating that the AFM imaging does not create any prejudicial artefact.
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Figure 17: (a) SEM image of some of the smallest particles that can be found in the
sample. (b) SEM image taken within a deposit of CEA-BRF02 catalyst. (c) AFM image
taken within the same deposit. (b) and (c) show a similar distribution of particles,
which confirms that AFM captures correctly the different sizes of particles.

Only few images are acquired on each deposit for the evaluation of the volume deposited and the
agglomeration state. Indeed, with a size of AFM-images limited to 50 x 50 um, it would demand too much time
to capture the totality of a deposit, whose dimensions are comprised between 200 x 200 pm and 250 x 250 pm.
Moreover, in order to capture properly all the particles with their very different sizes, a low scan speed is
necessary. This scan speed has been chosen at 0.5 line per second for the 50 um images (17 min for one image)
and at 0.2 line per second for the 100 ym images (43 min for one image). On each AFM-image, the volumes of
the particles are summed to give the volume of catalyst in the image. When several images are performed, the
volumes are averaged and multiplied by the ratio between the surface of the deposit and the surface imaged
by AFM to give the estimated total volume of material in the whole deposit. This estimated volume of the
deposit is then plotted towards the number of AFM images captured and its variations are observed (see Figure
18). When adding an image changes the estimation of the extrapolated volume by less than 10 %, it is
considered that the number of images is sufficient to get a good estimation of the volume of material in the

whole deposit. With this method 4 to 6 images are necessary to characterize each deposit.

51



Chapter Il: Development of a characterization method based on SECM and AFM for the study of catalysts at
agglomerate scale

10000
(a) (b) _
m, 0
€ 8000 - +17 % .~
=& 2 +1%
— / \' PO £ i BN
v @
£
S 6000 A
o
>
; 3 -
% 2 4000 -
ad
]
Q.
©
5 2000 -
x
w
0 T T . T
0 1 2 3 4 5
Number of AFM images used for the extrapolation
(c)
0pm10 20 30 40 0pm10 20 30 40 opm10 20 30 40 0pm10 20 30 40
3 | L » L I -' L
0|~ an v _|[J2oowm o '. F ] 200pm 0 . L= oo o 0.. A - 2.00 pm
K -
. 23 J X » -
10 i 1.50 0 gL, 1.50 i 1.50 100 %% 1.50
» 0 2%y | QRS K B S M ‘: 3
20 v | 200 T XR" 5 20 b T - 20 3
. S A | | 1.00 R 3 ® | 100 o 1.00 A L 1.00
30 8 ¢ o 30 7 A 30 B ‘ 30 ', -~
w0y al o [ 0.50 wlin X y 0.50 0 Z i Moso a0 7 ey . 050
Rl T S| [T 0.00 2t Tpat "R e% v | [Wo.oo Mok ,S‘ e [T 0.00 LT N4 gt | [10.00

Figure 18: Illustration of how the sufficient number of AFM images is estimated. (a)
Optical image of a deposit of catalyst. (b) Evolution of the extrapolated volume
towards the number of AFM images acquired. (c) AFM images used for the estimation
of the volume of catalyst in the deposit.

After the acquisition, the images are processed with the software Gwyddion. The catalyst particles are
detected thanks to a watershed algorithm [136] implemented in the software, that consists in determining the
local extremes and separate the grains. Then the height, the volume, the projected area and the external surface
of each particle are exported. The distribution of particles sizes is built by defining 50 ranges of particle volume,
logarithmically distributed between the smallest and the biggest volume of particle that were encountered
during the experiments. A home-made Python routine is used to count the particles in each range and sum
their volumes. The results for all the images are summed and multiplied by the ratio between the surface of
the deposit and the surface imaged by AFM. This gives an estimation of the distribution of particles sizes for
the whole deposit. Finally, the volume of catalyst in each range is compared to the total volume of catalyst,
which enables to highlight the contribution of the different particles sizes towards the total volume of material.
An illustration of this procedure is shown on Figure 19 and the Python routine is detailed in the Annex 1. The
smallest particles are distributed with a gaussian shape and constitute slightly more than half of the total
volume. The other half of the volume is formed with bigger particles discretely distributed in size. In this work,
only the total volume of catalyst and the distribution of particles sizes of each deposit is discussed. But a lot of

other features could be investigated using AFM data, which comprise the height, the volume, the projected
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area and the external surface of each particle. For example, we could link the volume of the particles to their
external surface and investigate the relationship between the morphology of the agglomerates and their size.

Anyhow, the versatility of the AFM technique gives opportunities to various studies, especially for the purpose

of linking the characterizations at agglomerate scale with SECM measurements.
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Figure 19: lllustration of how the distributions of particles sizes are obtained. (a)
Pristine AFM image. (b) Detection of the particles with a watershed algorithm of the
software Gwyddion. (c) Distribution of particles highlighting the contribution of the
different particles sizes towards the total volume of material.

I.4. Application to ORR PGM-free

benchmarking

catalysts

The protocol presented above is used in the context of benchmarking catalysts from the European
project PEGASUS. Three catalysts from partners of the project (Armines-CA52b, CEA-BFR02 and CSIC-Imine Fe
G40), two catalysts from the member of the advisory board Pr. Zelenay (Zelenay-MOF and Zelenay-PANI), and
one commercially available catalyst from Pajarito Powder are investigated (see part 1.2.2). The ink formulation
and the deposition protocol presented previously were optimized on the CEA-BRF02 catalyst. This protocol is
applied to all the materials and the agglomeration state evaluation of the deposits enables to study how the

different catalysts behave towards a same formulation and deposition protocol.

1.4.1. Morphological comparison of the catalysts

For each catalyst, deposits with different loadings are created. These deposits are identified on Figure

20 by the number of paths applied during the spraying.
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Figure 20: Microscope images of deposits of different catalysts. The loadings are
identified by the number of spraying paths applied during the deposition. The
crossed out deposits did not show any SECM activity and were not studied with AFM.

The deposits look very different from one catalyst to another, both in term of loading and agglomeration state.
This indicates that even if the same ink formulation and the same deposition protocol were used for all the
catalysts, their physico-chemical properties lead to different behaviors in term of dispersion, stability of the
inks and adherence on the substrate. Notably, some sedimentation was observed in the syringe and in the tube
of the ExactaCoat apparatus for the majority of the catalysts. For Zelenay-MOF however, no sedimentation was
observed and this catalyst may have been better dispersed than the others, which may explain the higher
apparent loadings of the deposits. The inks that mostly subject to sedimentation are the ones that lead to
deposits with the biggest particles (Zelenay-PANI, Armines-CA52b and Pajarito). Indeed, big aggregates are
consistent with a poor dispersion of the ink. Finally, the dimensions of the deposits are slightly bigger than the
mask dimensions (200 um side) and vary depending on the material sprayed (see Figure 21 (a)), although the
same mask was used for all the catalysts. This indicates that the inks tend to spread under the mask, but
differently for each catalyst because of their unique adherence properties on the substrate. All these

observations lead to the conclusion that measuring the exact amount and agglomeration state of the material
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actually deposited is essential for the development of quantitative measurement and standardized

benchmarking of catalysts.
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Figure 21: (a) Surface of the deposits, the dashed line represents the surface of the
mask. (b) Fraction of the theoretical sprayed volume that was effectively deposited
on the substrate.

After the SECM measurements, AFM is performed on the deposits that show sufficient catalytic activity.
The volume of material deposited on the substrate is extracted from the AFM images. In order to compare this
value with the theoretical volume given by the amount of ink sprayed, an assumption needs to be done
regarding the density of the deposited material. Indeed, the concentration in the ink is measured in g.L". As
the different PGM-free materials studied here have very different morphologies (see Figure 4 in part 1.2.2.), the
porosity of the particles deposited on the substrate may differ depending on the catalyst. For simplicity, this
theoretical volume is calculated from the theoretical loading in pg.cm= with the hypothesis of a particles
density of 2 g.cm3, which is the density of carbon with no porosity [137]. In reality, the density can be lower
and the assumption leads to a small underestimation of the theoretical volume of material deposited. The
volume of material measured by AFM on each deposit is compared to the theoretical volume on Figure 21 (b).
The fraction of catalyst effectively deposited is rather low and depends on the material and on the loading.
Expressed in pg.cm, the loadings of the deposits are comprised between 4 pug.cm and 90 pg.cm2. This
confirms that there is some decantation in the Sonotek syringe and hose and that this decantation is different
for each catalyst. The effect of the ink decantation is more important for the high loadings, probably because
they take a longer time to be produced. The low fraction of ink effectively deposited can also be caused by the
spread of the ink in the home-made device enabling the deposition on one micropattern at a time, or by the
rinse of the substrate after the deposition which aims to remove the particles with a poor adherence. The very
low amount of Nafion in the ink (5 % wt) is certainly responsible for the decantation phenomenon. In a context

of a comparison of the intrinsic activities of the catalysts, this is not problematic as long as AFM is performed
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to measure the exact volumes deposited. However, if the aim of the study was to optimize an ink formulation,

it would be interesting to compare the AFM-measured distribution of particles sizes with the distribution in

the ink, measured with dynamic light scattering (DLS) for example. Indeed, it must be kept in mind that the

distribution of particles sizes in the sprayed fraction of the ink may differ from the distribution of the original

ink.

Using the method detailed above, the AFM images of all the deposits are processed in order to obtain

their distributions of particles sizes (see Figure 22). For one given catalyst, the distributions are averaged in

order to get a mean distribution, which will serve as reference for the comparisons.

Zelenay-MOF

k=]
[
w

e
-
.

0,05 A

Fraction of the total volume

o
L

0,0001 0,01 1 100 10000
Volume of the particles (um?)
2062 um3 (1p1) — 6078 um3 (2p1)
7273 um3 (2p2) -10 066 pm3 (5p2)
——15076 um3 (10p1) — 27 653 um3 (10p2)

— Average curve

Pajarito
0,7

0,6
0,5
0,4
0.3
0.2
0,1

Fraction of the total volume

0 ]
0,0001 0,01 1 100 10000
Volume of the particles (um?)

—1663 pm3 (5p1) ——5151 pum3 (15p2)
7707 pm3 (7p2) ——8809 um3 (5p2)
——10581 pm3 (15p1) —— 10887 um3 (10p2)
——11750 um3 (10p1) — 23061 pum3 (7pl)
——25481 um3 (20pl) —Average curve

Zelenay-PANI
o 03
£
2
S
>
473 0,2 1
o
8
1]
=
%5 0,1 o
c
o
g
[ral | g . :
0,0001 0,01 1 100

Volume of the particles (um?3)
—3652 um3 (10p1)

——16 858 um3 (20p2) —Average curve

CEA-BRF02

0,4 4 l
0,3 1 |

0,2 1

0,1

0
0,0001 0,01 1 100 10000
Volume of the particles (um3)

——3187 um3 (10p2)
——4056 um3 (5p1)

Fraction of the total volume

1102 um3 (2p1)
—3628 um3 (10p1)
—6527 um3 (7pl) 7201 um3 (7p2)

9837 um3 (5p2) 10526 pm3 (15p2)
——11700 um3 (15p1) —Average curve

10000

——18 943 pum3 (20p1)

ARMINES-CA 52b

0,7
0,6 A
0,5 A
04 A
0,3 -
0,2 -
] ,J_V‘JXN/\
0 T T T

0,0001 0,01 1 100 10000
Volume of the particles (um?3)

Fraction of the total volume

—42360pm3 (10p1) — 6472 um3 (10p2)

CSIC-Imine Fe G40

o
0

o
]
L

Fraction of the total volume
(=]
B

0 4
0,0001 0,01 1 100 10000
Volume of the particles (pm?)
——2344 pm3 (10p2)

3581 um3 (7p1)

——1946 pm3 (5p1)
3219 um3 (5p2)
——9580 um3 (20p2) —11 388 pm3 (15p2)

——25976 um3 (20p1) ——Average curve

Figure 22: Distributions of particles sizes of the deposits from the different catalysts.
An average distribution is shown for each catalyst.
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11.4.2. Link between electrochemical performance and agglomeration

state

The results of the SECM measurements for the different catalysts are presented on Figure 23 where

the normalized probe current is plotted towards the substrate potential. In redox competition mode, the probe

measures the depletion of oxygen caused by the ORR at the catalyst. Hence, by normalizing the recorded

current by its value when no polarization is applied to the substrate, the curves give a representation of the

catalytic activity towards the applied potential. This activity increases when the substrate potential decreases,

and it increases also with the loading.
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Figure 23: SECM characterization of the deposits from the different catalysts. SECM
experiments were performed with a gold probe (rT=12,5 pum, RG=10, Eprobe=-0.45
V/SCE) in a H.SO4 50 mM solution saturated with oxygen and a distance probe-
substrate of 30 pm. A LSV was applied at the substrate from 0.6 V/SCE to 0 V/SCE
with vscan=2 mV/s. The probe current is normalized by its value at Esubsrate=0.6 V/SCE.

In order to link the catalyst electrochemical performances to the AFM characterizations, the onset

potential of ORR is extracted from each curve. This onset potential is defined as the potential at which the

probe normalized current falls below 90 % of its initial value. It is considered as an indicator of the

electrochemical performance of each deposit, the higher it is, the more active is the catalyst. A more

quantitative analysis of the results (with the support of numerical simulation) will be presented in the next
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chapter. Some deposits with a very low activity did not reach 90 % of the initial probe current in the potential
range investigated. No onset potential could be defined for these deposits, which are not further studied
(Zelenay-MOF 1p1 and 2p1, Zelenay-PANI 10p1). Thus, at this stage, the Zelenay-PANI and ARMINES-CA 52b
catalysts do not contain enough exploitable deposits to link their agglomeration state to their catalytic activity.
For the Zelenay-MOF, Pajarito, CEA-BRFO2 and CSIC-Imine Fe G40 catalysts, the onset potential is plotted
towards the AFM-measured volume of catalyst (see Figures 24(a), 25(a), 26(a) and 27(a)). An increase of this
potential with the volume is observed. Indeed, the AFM-measured volumes are directly related to the loadings
of the deposits. For each catalyst, most of the points follows a linear trend, with few points deviating from this
global tendency. To explain these deviations, the distributions of particles sizes of the deposits leading to
departure from linearity are compared to the averaged distribution of sizes of all the catalyst deposits. After a
careful analysis, we conclude that most of the cases belong to one of the two following situation: if a very big
particle is present on the deposit, its inner volume is certainly not active towards ORR, thus the AFM-measured
volume overestimates the catalytically active volume in the deposit, leading to a lower activity than the global
tendency (see Figures 24(e), 25(c) and (d), 26(d) and 27(b), (c) and (d)). On the contrary, if the deposit shows a
bigger proportion of small particles in its distribution, one can suppose a better accessibility of the active sites,
which explains the higher activity of the deposit compared to the ones in the global tendency (see Figures

25(b), 26(b) and (c)).

58



Chapter Il: Development of a characterization method based on SECM and AFM for the study of catalysts at
agglomerate scale

(a)
0.5
—_ (b)
w »
o 04 / @ 0,16
o / g 014 1 7273 pm3 (2p2)
= 03 - [ — _g 012 4 —Average curve
— 0. . 20
c 4 =
o 02 4 / @ 0,08 -
— e 5
o / < 0,06
=% ¢ o
c 8
o o T T &0 "
0,0001 0,01 1 100 10000
0 10000 20000 30000 . 3
AFM-measured volume (um3) Volume of the particles (um?3)
(c) (d) (e)
o 0,12 v 0,12 v 0,12
E ' 10 0664m3 (5p2) £ ——15076 um3 (10p1) £ ——27 653 um3 (10p2)
T:; 0,1 4 ! —g 0,1 { —Averagg gurve % 0,1 4 —Averag¢ gurve
4 —Averagelcurve g g
T 0,08 4 © 0,08 | = 0,08 -
=} 7] <]
2 = =
E 0,06 A E 0,06 A E 0,06
= = =
‘s 0,04 4 ‘5 0,04 4 ‘G 0,04
5 5 E
3 0,02 4 3 002 | E 0,02
8 - & g
e 0 . T T " w 0 T T T w 0 T T T
0,0001 0,01 1 100 10000 0,0001 0,01 1 100 10000 0,0001 0,01 1 100 10000
Volume of the particles (pm?) Volume of the particles (um?) Volume of the particles (um?)

Figure 24: Electrochemical performance of Zelenay-MOF catalyst linked with the
agglomeration state of the deposits. (a) Onset potential towards the volume of
catalyst. (b), (c) and (d) Distributions of particles sizes of the three points deviating
from the trend in (a) and comparison to the average distribution of all the deposits.
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Figure 25: Electrochemical performance of Pajarito catalyst linked with the
agglomeration state of the deposits. (a) Onset potential towards the volume of
catalyst. (b), (c) and (d) Distributions of particles sizes of the three points deviating
from the trend in (a) and comparison to the average distribution of all the deposits.
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Figure 26: Electrochemical performance of CEA-BRF02 catalyst linked with the
agglomeration state of the deposits. (a) Onset potential towards the volume of
catalyst. (b), (c) and (d) Distributions of particles sizes of the three points deviating
from the trend in (a) and comparison to the average distribution of all the deposits.
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Figure 27: Electrochemical performance of CSIC-Imine Fe G40 catalyst linked with the
agglomeration state of the deposits. (a) Onset potential towards the volume of
catalyst. (b), (c) and (d) Distributions of particles sizes of the three points deviating
from the trend in (a) and comparison to the average distribution of all the deposits.
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11.4.3. Comparison of the catalysts performances

At this stage, four catalysts have enough exploitable deposits to highlight the tendency linking the
catalytic activity to the volume of material deposited (Zelenay-MOF, Pajarito, CEA-BRF02 and CSIC-Imine Fe
G40). These tendencies are now plotted on the same graph in order to compare the performances of the
catalysts (see Figure 28 (a)). The deviating points that were analyzed in the last paragraph have been removed
here. The major difference between the catalysts is the slope of the curves, and this amplifies the performance
differences observed at low loading. The different slopes of the curves can be explained by the different
agglomeration states of the catalysts. When the catalyst is more dispersed, a larger fraction of the catalytic
sites present in the volume deposited is accessible to the ORR reactants, leading to a rapid growth of the
activity with the volume. On the contrary, if the particles are bigger, a significant part of their core will be
inactive towards ORR, and increasing the volume of material on the deposit will have a lower impact on the
activity, and consequently on the slope of the curve. This is confirmed by the distributions of particles sizes
showed on Figure 28 (b). CSIC-Imine Fe G40 has the second biggest proportion of small particles and the
steeper slope on Figure 28 (a). Then, CEA-BRF02 has slightly less little particles and a less steep slope, and
Pajarito has the biggest particles and the flattest slope. With only two data points, the Zelenay-MOF catalyst is
difficult to analyze properly, but its distribution of particles sizes and the steep slope formed by the two

exploitable deposits indicate that this catalyst is very well dispersed.
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Figure 28: Comparison of (a) the electrochemical performances and (b) the
distributions of particles sizes of the four exploitable catalysts.
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The other parameter that can be extracted from the Figure 28 is the intrinsic activity of the catalysts.
This value can be defined by the activity at very low loading, when the material is so dispersed that all the
catalytic sites can be considered as accessible to ORR. Here, the material with the highest intrinsic activity is

the CEA-BRFO2, followed by CSIC- Imine Fe G40 and Pajarito, then by Zelenay-MOF.

This study shows that the formulation and deposition process of a material has a strong influence on
its performance, even at agglomerate scale. Here, the important differences of agglomeration of the materials
make the comparison of their performances very delicate. Even if the intrinsic activity can be observed at very
low loadings (around 1500 pym? or 5 ug/cm?), the different agglomeration states of the materials start to have
a non negligible effect on the performances above 1 x 10* pm? or 35 ug/cm? It would be interesting to work
on the formulation of the inks in order to obtain a similar agglomeration state for each material before

comparing their performances. The first steps in this direction are presented in the following section.

IL.5. Influence of Nafion content and dispersion method

The study of the different catalysts presented in the last part highlighted the ability of the method to
investigate experimentally the link between the catalytic activity and the dispersion of a material at
agglomerate scale. However, a strong effect of the agglomeration state on the performance was observed even
at the low loadings investigated with the method. Hence, it is interesting to identify the parameters that
influence the agglomeration state of the deposits. In this regard, some supplementary experiments have been
performed on the CEA-BRFO02 catalyst, investigating the proportion of Nafion in the ink and the dispersion
method. Inks with 5 % wt, 25 % wt and 45 % wt of Nafion were prepared by dispersing the catalyst powder
and the Nafion in an isopropanol/water (1:1) solvent. Two methods of dispersion were compared: a dispersion
under sonication and a ball milling dispersion. The dispersion under sonication consists in dispersing the
catalyst powder and the Nafion in 1 mL of solvent and let it under sonication during 5 min. Afterwards, the
total volume of solvent is increased to 2 mL and the sonication process is repeated. The process is repeated by
increasing progressively the total volume of solvent to obtain a catalyst ink concentration of 0.2 g.L™". The
second method of dispersion consists in adding Zirconium balls with a diameter of 1 mm to the ink. The ink is
then placed for 1 hin a IKA ULTRA-TURRAX® Tube Drive for a first grinding, before being let for one week on

a IKA ROLLER 6 shaker. During this time, the balls disperse the suspension.
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Finally, six different inks have been prepared, and four deposits of each ink were sprayed and
characterized with SECM and AFM. Figure 29 shows the microscope images of these deposits. The deposits
obtained with the ink dispersed by ball milling and with 5 % wt of Nafion are very inhomogeneous and look
different from all the other deposits. This indicates that something misfired during the preparation or the

deposition of the ink. For this reason, these deposits were not further studied.
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Ball milling dispersion

2p 5p 10p 15p 2p 5p 10p 15p
5 % 5 % "N 5 . .
Nafion 4 '_, g Nafion @a ﬁ "! "
", ” . "9:( o : Nt 1 -
25% Z 25% ) 5
sl A e N
45 % . 45 % vl < ;
Nafion ‘2‘% . . Nafion Q . - ‘
o ol : '

Figure 29: Microscope images of deposits obtained with inks prepared by two
different dispersion methods and with three different Nafion contents.

Thanks to the AFM measurements and similarly as before, the volume of material effectively deposited
is compared to the theoretical volume and the distributions of particles sizes are plotted (see Figure 30). The
proportion of Nafion in the inks seems to not have a lot of influence on the distributions of particles sizes. This
little influence of the Nafion content on the agglomeration could seem unexpected since Nafion aims at
improving the dispersion of the powder in the ink and reducing the number of big particles. However, Figure
30 (d) shows also that the fraction of catalyst effectively deposited increases with the proportion of Nafion.
Thus, we can imagine the following scenario: when the ink contains a few amount of Nafion, big particles are
present initially but decant in the Sonotek hose. These particles are not sprayed on the substrate and they are
not taken into account in the distribution of particles sizes determined with the AFM measurements. When a
higher proportion of Nafion is incorporated in the ink, the catalyst is better dispersed and less big particles are
present. Thus, a larger fraction of the material initially present in the ink is sprayed on the substrate. Moreover,
increasing the fraction of Nafion may improve the adherence of the material on the substrate. The AFM
measurements will show a higher volume of material on the deposit but the distribution of particles sizes may
not differ from the first case, since the particles above a certain size are not sprayed on the substrate in both

cases. This scenario corresponds to the observation done on Figure 30, where the fraction of catalyst effectively
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deposited increases with the amount of Nafion, but with no clear modification of the distributions of particles

sizes.

As concerns the dispersion method, an influence on the volume effectively sprayed and on the
agglomeration state of the deposits is noticed on Figure 30 (c) and (d). As more material is deposited on the
substrate with the inks prepared by ball milling than with the inks prepared by sonication, we can conclude
that the grinding by ball milling is the more efficient method. This method leads also to deposits with a slightly
different distribution of particles sizes compared to the deposits prepared by sonication: the proportion of

smaller and medium-sized particles is predominant and the amount of bigger particles is lower.
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Figure 30: (a) and (b) Distributions of particles sizes for deposits obtained with inks
prepared with different dispersion methods and different proportions of Nafion. (c)
Distributions obtained by averaging the curves at different Nafion content for each
dispersion method. (d) Fraction of the theoretical sprayed volume that was effectively
deposited on the substrate.
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The electrochemical performances of the different deposits are then compared. The onset potentials
of the SECM measurements are plotted towards the AFM-measured volumes of material in Figure 31. The inks
studied in this part are compared to the deposits of the CEA-BRF02 catalyst presented in the last part. All the
inks are following the same trend than the CEA-BRFO2 catalyst (whose ink was prepared under sonication and
with 5 % wt of Nafion). Only one point deviates from the trend because of its slightly different agglomeration
state (see Figure 31 (b)). The effects of the Nafion content and the dispersion method are visible on the volume
deposited but do not seem to influence the activity trend of the deposits. For the more loaded deposits, this
trend stabilizes at a plateau. Indeed, the onset potential of the catalyst cannot become higher than the open

circuit potential, which is measured around 0.52 V/SCE.
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Figure 31: (a) Onset potential of the deposits towards the volume of catalyst. The
previously studied series of CEA-BRF02 catalyst is added to the data. Distribution of
particles sizes of the point deviating from the tendency, compared to the averaged
distributions of the deposits made with the same ink.

Finally, the amount of Nafion in the ink and its dispersion method affect mostly the fraction of catalytic
material that is effectively sprayed on the substrate. The effect of the ink fabrication on the agglomeration
state of the deposits is less relevant since a non negligible fraction of the particles remains in the Sonotek
apparatus during the spraying process. Because of this specificity of our protocol, no difference due to the ink
fabrication could be observed on the electrochemical activity, once this activity is related to the volume of
material present on the deposit. In this study, only one over the twelve deposits showed a different activity
caused by a different agglomeration state. This indicates that the deposition method was better controlled

during these experiments.
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11.6. Conclusion

In this chapter, we have developed and employed a new methodology for the characterization of
catalysts at agglomerate scale. SECM was used to characterize the global electrocatalytic activity and AFM to
determine the exact volume of material on the deposits, as well as their agglomeration state. Several PGM-free
catalysts from the European project PEGASUS were compared through the same protocol of ink formulation
and deposition. However, the different physico-chemical properties of the catalysts led to different
agglomeration states of the deposits, and to a different collection efficiency of the sprayed material. It was
highlighted that, when the loading is increased, the agglomeration state is predominant on the differences of
activities. The influence of the intrinsic activity is visible only at very low loading. The effect of the dispersion
method and of the Nafion content were investigated on the material developed in the LICSEN. The decantation
in the Sonotek affects the amount of material deposited on the substrate. As long as the catalytic activity was
expressed towards the exact volume of material measured with AFM, this phenomenon did not affect the

investigation of the activity of the catalysts.

This methodology offers a new playground for the characterization of catalysts at agglomerate scale
with various possible applications. Some efforts remain to be done to fully control the formulation and
deposition protocol. For the purpose of investigating the intrinsic activity of a pristine material, only 5 % wt of
Nafion can be added in the ink and the AFM measurement of the volume deposited will compensate the fact
that a large part of the material remains in the Sonotek apparatus. If the aim is to study a given ink formulation
and its effect on the agglomeration state of the material, the deposition process needs to be carefully

considered in order to limit the fraction of the material that is not sprayed on the substrate.
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Chapter lli

Determination of kinetic
parameters from SECM
measurements

The chapter Il showed the development and the utilization of a methodology based on SECM and AFM
for characterizing PGM-free ORR catalysts at agglomerate scale. This methodology enables to study the
material at very low loading and is thus adapted for investigating the intrinsic activity of a catalyst. The intrinsic
activity is measured when all the catalytic sites are accessible to the reaction, it depends only on the ORR kinetic
limitations and on the selectivity of the material. With our set-up where the agglomerates are dispersed on a
substrate, the only losses that can result from other phenomena than kinetic limitations on the catalyst, are
transport losses within the agglomerates or connection resistances between the particles and the substrate.
Hence, with agglomerates having a limited volume, the activity measured with SECM should be close to the
intrinsic activity of the catalyst. Two parameters characterizing the intrinsic activity will be investigated in this
chapter. First, the exchange current density iy, which reflects the intrinsic rate of electron transfer by the reaction
will be determined. Then, the selectivity of the ORR (whose importance was mentioned in part 1.2.2.) will be
investigated by considering the global number of electrons transferred per O, molecule at the catalyst n.. To
this end, the protocol of SECM characterization will be completed by measurements in SG-TC mode in order
to probe the amount of H,O, produced by the deposits. Then, a numerical model of the SECM set-up will be
developed in order to extract the above-mentioned parameters. Finally, the parameters obtained with this

procedure will be analyzed in a last part.
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111.1. SECM protocol in SG-TC mode

In order to be able to characterize the selectivity of the ORR, it is important to measure with SECM the
amount of H,O, generated by the ORR. A protocol of SECM characterization in substrate generation-tip
collection (SG-TC) mode probing the concentration of H,O, above the deposit has been developed in
collaboration with another PhD student in the LICSEN, Ndrina Limani. Briefly, a platinum probe is polarized at
0.9 V/SCE while a LSV from 0.5 V/SCE to 0 V/SCE is applied to the substrate. In this way, the deposit undertakes
the ORR while the probe measures the production of H>O. In order to be able to use the SG-TC measurements
in the models, it has been verified that the chosen probe potential for H,O, oxidation corresponds to a diffusion
limited plateau. Practically, the measurements in RC mode are first performed on all the deposits, then the gold
probe is replaced by the platinum probe and the measurements in SG-TC mode are recorded. This protocol
has been used during the experiments presented in part I1.5. In the last chapter, only the measurements in RC
mode were investigated. Here, the measurements in both RC and SG-TC mode will be considered in order to
extract values for iy, and n.. Figure 32 shows the curves obtained for one of the ink formulations investigated

during the experiments.
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Figure 32: Example of SECM measurements in RC and SG-TC modes (ink dispersed
by ultrasonication with 25 % wt of Nafion).
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111.2. Numerical modeling of the SECM experiment

In order to extract kinetic parameters with the greater accuracy, a 2D numerical model of the SECM
set-up has been developed on Comsol Multiphysics®. Before presenting the model developed in this work, a
brief review of the literature about SECM modeling will be conducted. Then, the validity of the 2D approach

will be discussed by comparing it with a 3D model.

111.2.1. SECM modeling in the literature

In order to extract quantitative information from SECM measurements, modeling approaches of the
transport and kinetic phenomena occurring during the experiment have been developed by the scientific
community. After the pioneer works by Bard, Mirkin and Unwin [138], [139], [140], several theoretical works
established analytical expressions describing the general operation of SECM. For example, the correction factor
B(RG) applied to the diffusion limited current at a microdisk microelectrode with finite dimensions (see Eq.
( 12)) has been expressed in different ways [68], [141], [142]. Analytical expressions for approach curves in
negative and positive feedback mode have been developed by Renaud Cornut and Christine Lefrou [69], [141]
and are henceforth widely used by the community. Other expressions have been established to express the
probe feedback current with an homogeneous reaction is solution [143] or heterogeneous kinetics at the
substrate. They served notably to study semiconductors [144], catalytic materials [145] or the enzymatic
behavior of glucose oxidase [146], [147]. Considering the study of ORR kinetics, the rate constants of the two
pathways of ORR (see Eq. (4 ) and ( 5)) were fitted thanks to an analytical expression of the transient probe
current when potential pulses were applied to the substrate in SG-TC mode [148]. The group of Schuhmann
developed a methodology derived from the Koutecky-Levich approach used for RRDE measurements to
calculate the heterogeneous electron transfer rate and the amount of H,O, generated during the ORR at PGM-

free catalysts from RC-SECM measurements [149], [150].

Nowadays, the majority of the quantitative studies on SECM are using numerical models based on
finite element analysis. These numerical models enable to consider complex geometries for the probe [151],
[152] and the substrate [153], or different operation modes and instrumentation [154], [155], [156]. The positive
feedback mode is the most investigated and the simulations serve principally to determine electron or mass

transfer kinetics. For example, Li and Unwin calculated the rate constant of photoinduced electron transfer at
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liquid/liquid interfaces [157]. Yao et al. unraveled the mass and electron transfer at silica nanomembrane
modified electrodes [158], while Hossain et al. resolved the mass transport properties in lithium battery
electrodes [159]. The mechanisms of HER [160] and HOR [161] were also investigated with positive feedback
SECM coupled with numerical models. Fewer models are existing on the generation/collection modes but they
serve also to study kinetic mechanisms, for instance of HER [162], [163]. Although very few simulations are
reported in RC mode in the field of material science [164], this mode is more widely investigated through
modeling in the biological field. Indeed, the RC mode is adequate for resolving the oxygen consumption by
living organisms such as living cells [165], worms [166] or even tumors [167]. The kinetics of the ORR catalyzed
by the glucose oxidase enzyme have been investigated by several groups thanks to simulation assisted RC-

SECM measurements [168], [169].

111.2.2. Numerical model developed in this work

In this chapter, we propose a numerical model of our SECM set-up in order to simulate experiments in
negative feedback, RC and SG-TC modes. It will be used to fit experimental data such as approach curves or
substrate LSV measurements. During SECM measurements, three steps can be considered: the
consumption/production of reactive species at the substrate, the diffusion of these species in solution, and
their detection at the probe. The space between the probe and the substrate is modeled in order to be able to

link the current measured at the probe to the consumption/production at the substrate. The square shaped

deposits of catalyst are approximated by disks of radius 1, = /@, which allows to build a 2D axisymmetric

model. The validity of this hypothesis will be discussed in the part 111.2.3. The transport of an active specie X in
solution is due to diffusion (X can be Oz or H,0,):
dCx

DXVCX =W— 0

(16)

as the simulation is performed at a steady state. Since the probe is polarized in the diffusion limited plateau,
the boundary condition at the active part of the probe is:

Cx=0 (17)

There is a zero flux boundary on the probe glass walls and on the parts of the substrate not covered with

catalyst. A concentration boundary equal to the initial bulk concentration C, is set in the limits of the simulation
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area. At the active part of the substrate (which represents the deposit of catalyst), the boundary condition
depends on the mode of SECM that is simulated. In negative feedback, a zero flux boundary is set on the
totality of the substrate. In redox competition, a flux of O, consumption is defined at the part of the substrate
covered with catalyst and the probe consumes O; too. In SG-TC, a flux of H>O, production is defined at the
part of the substrate covered with catalyst and the probe consumes H,O,. The simulation parameters and the
boundary conditions corresponding to the different modes of SECM are summarized in Annex 2. In all cases,
the consumption and transport of protons are not modeled since the concentration in H.SO4 is much higher
than the concentrations in O, or H,O,. The currents at the probe (i;) and at the catalyst deposit (ic) are

evaluated by integrating the flux of X at the considered boundaries:

T adC

iT = 27'mTFf DXa—ZX |Z:d7'd7" ( 18)
0
re ac

iC = ZﬂncFJ DX—X |Z=0Td7' ( 19 )
0 0z

with 7 the radius of the probe’s active part, n; the number of electrons exchanged at the probe, 1 the radius
of the catalyst deposit, n; the number of electrons exchanged at the catalyst, and with d the distance between

the probe and the substrate. Figure 33 shows an illustration of the model.

Simulation area

i_. rglass

Axial DV Cy = 0 (steady state diffusion)
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Figure 33: lllustration of the model developed to simulate SECM measurements.
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The model is implemented in Comsol Multiphysics® v.5.4 for solving the different equations with the
finite elements method. In the cylindrical coordinates, the substrate surface is set at z = 0 and the center of
the microelectrode is set at r = 0. The size of the simulation area is set to 1000 * r in order to let the diffusion
profiles fully establish. In order to mesh the simulation area correctly, it is divided in subdomains with different
sizes of meshing (see Figure 34). The bulk domain is meshed with the coarser triangles while the zone around
the probe and the catalyst deposit is refined with thinner triangles. A further refinement is built on the
boundaries representing the catalyst deposit and the bottom wall of the probe. Finally, a last refinement is
performed around the boundary between the active part and the inactive part of the probe. This area is indeed
crucial for an accurate evaluation of the O, flux consumed by the probe. The mesh is considered as sufficient

when increasing the number of triangles does not significantly change the results of the simulation.
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Figure 34: Meshing of the simulation area for rr =5 um, RG=10, L=3, rc =113 ym. a)
Coarse triangles in the bulk domain. b) Refinement around the probe and the catalyst
deposit. ¢) Refinement on the boundaries representing the catalyst deposit and the
bottom wall of the probe. d) Refinement on the boundary between the active part
and the inactive part of the probe.

The model validation has been performed in negative feedback mode, by comparing simulated

approach curves with the analytical expression established by Cornut et al. [69]:

208 (,_05) oo
NIT(L, RG) = RG> RG
' 2,08 In (RG) . 2 7RG (20)
770555 (L + 0,0023RG) + 1,57 + =2 + —=In (1 +5r )
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. d r . . . .
with L = — and RG = % the usual dimensionless parameters. This expression has an accuracy of 1 % for
T T

L>0.1 and RG<200. Figure 35 represents the approach curves calculated with the analytical expression and the
Comsol model, as well as the difference between these two models for a case with rr=5 ym, RG=10 and nr=4.
Avalue of rc=113 um is set, corresponding to a square deposit of 200 um side, but a zero flux is defined at this
boundary. The difference between the two models does not exceed 0.01, which validates the accuracy of the
numerical model in negative feedback mode. No changes are added to the geometry in RC or SG-TC mode,

so the model can be validated in these two modes too.
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Figure 35: Left axis (points and solid line): negative feedback approach curves
calculated with the Comsol model and with the analytical expression from [69]. Right
axis (dashed line): difference between the two curves. rr=5 um, RG=10, rc=113 um
and nt=4.

111.2.3. Influence of the deposit geometry

In the 2D axisymmetric model the catalyst deposit is represented by a disk, while the experimental
deposits are square shaped. Hence, working with a 2D axisymmetric model requires an approximation on the
geometry of the deposit. The validity of this approximation has been investigated by building a 3D model,
which allows to have square shaped deposits. This model and its meshing have been set up identically to the

2D model. Figure 36 shows the meshing of the 3D model with a square shaped deposit.
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(a)

¢ o

Figure 36 : Meshing of the simulation area for rr =5 pym, RG=10, L=3, n1=4, Sdeposit =
200 x 200 pym. a) Coarse triangles in the bulk domain. b) Refinement around the
probe and the catalyst deposit. ¢) Refinement on the boundaries representing the
catalyst deposit and the bottom wall of the probe. d) Refinement on the boundary
between the active part and the inactive part of the probe.

Similarly to the previous part, the model accuracy is verified by comparing an approach curve in
negative feedback mode simulated by the 3D model (with a disk shaped deposit) to the analytical expression
(20 ). Figure 37 shows that the 3D model is less accurate than the 2D model. The difference between the two
models reaches 0.065 for L=0.5, while it stabilizes around 0.02 at higher L values. This bigger error is probably
due to a less refined mesh in the 3D simulation. Indeed, simulating the SECM set-up in 3D requires more nodes
and refining the mesh demands more computing capacity. For instance, the 3D model requires about 40 min

to simulate the presented approach curve, while it takes 15 min with the 2D model.
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Figure 37: Left axis (points and solid line): negative feedback approach curves
calculated with the 3D Comsol model with a disk shaped deposit. Right axis (dashed
lines): error to the analytical expression of the two models. rr=5 uym, RG=10, rc=113
pm and nr=4.

Then the 3D model is used to calculate approach curves in RC mode and in SG-TC mode with deposits
with a same surface (40 000 um?) but of different shapes (square shape or disk shape). At this stage of the
study, simplified boundary conditions are set at the catalyst deposit. In RC mode, the active specie is O. It is
consumed by both the probe and the catalyst, so Cy, = 0 is set at these two boundaries. The number of
electrons exchanged at the probe and at the catalyst are fixed to 4 for the two boundaries. In SG-TC mode, the
active specie is HO,. It is not present initially in the solution so C, = 0. At the probe active part Cy,0, = 0, and
at the catalyst deposit Cy0, = Cpe/ with €)%/ the concentration of oxygen in the bulk solution. The number of
electrons exchanged at the probe and at the catalyst are set to 2 for the two boundaries. Figure 38 shows the
evolution of the probe and deposit currents during the approach curves in RC and SG-TC modes with two
different deposit shapes. The current at the deposit of catalyst is slightly different (by 2.5 %) whether the
deposit is disk shaped or square shaped. This may come from a different meshing of the two shapes, leading
to a different evaluation of the current. The calculation of the current density at the corner of a square may be
more delicate than the calculation at a disk border. On the other hand, the difference of the probe current for

the two shapes is very low (around 0.5 % in RC mode and 2.5 % in SG-TC mode). We can thus conclude that

approximating the shape of the deposit by a disk of radius . =

S ; . .
2deposit has a negligible influence on the
s

calculated currents. We will thus use the 2D axisymmetric model for the rest of the study.
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Figure 38: Comparison of the currents calculated at the probe (a and b) and at the
catalyst deposit (c and d) in RC mode (a and c) and in SG-TC mode (b and d) for a
disk shaped deposit and a square shaped deposit.

111.3. Estimation of kinetic parameters

In order to estimate the kinetic parameters of ORR on our catalyst, the flux of oxygen consumed by

the deposit W, (mol/m?/s) is detailed as follows, using the Butler-Volmer equation:

ip Coy [ex (a’ncF T]) —exp (_(1 —ancF 7])] Veatalyst (21)

2T neF T RT RT

Sdeposit

with i, (A/m?3) the exchange current density, n. the number of electrons exchanged at the catalyst, Cy, (mol/m?3)

the concentration of O; at the catalyst boundary, ngf (mol/m3) the concentration of O; in the bulk of the
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solution, V garyse (M) the volume of material determined with AFM, and Szeposic (M?) the surface of the deposit
measured with an optical microscope. The overpotential n (V) is defined as Eg,, — 0CVy,,, With Eg,;, the
potential applied at the substrate and 0CVy,;, the substrate open circuit potential. The symmetry factor of the
reaction « is fixed at 0.5. The two parameters that we want to determine from SECM experiments are i, and
n¢. They will be extracted from RC and SG-TC measurements that were performed above the deposits while a
LSV between 0.5 V/SCE and 0 V/SCE was applied to the substrate. First, the results of a SECM experiment are
strongly dependent on the geometry of the set-up and particularly the probe dimensions. These dimensions
will be determined precisely by fitting approach curves in negative feedback mode. Then, an approach
combining the measurements in RC and SG-TC modes will be used to determine the value of n.. Finally, the

measurements in RC mode will be fitted by the model using Eq. (21 ) in order to extract the value of i,.

111.3.1 Determination of the probes parameters

In order to use the SECM numerical model for the extraction of kinetic parameters of ORR catalysts,
the probes parameters (ry, RG and n;) need to be determined with precision. Indeed, the values of r; and RG
can vary slightly because of the successive polishings of the microelectrode. Besides, the mechanism of the
reaction at the probe can also vary a little because of fluctuations of the electrode surface state or the presence
of impurities in the solution. Fitting approach curves with the analytical expression in negative feedback mode
(Eg. (20)) is a precise method to determine r;, RG and n;. The method was presented in the part 11.2.2 for the
gold probe, and several approach curves were analyzed. For the platinum probe, 5 mM of H,O; is added to the
solution before performing the approach curves with the probe polarized at 0.9 V/SCE. Several approach curves
have been recorded with the two electrodes used for the SECM experiments, enabling to get an average value
of the probe parameters. Figure 39 shows an example of one approach curve for each electrode, with the

associated analytical curve and the numerical values of the probe fitted parameters.
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Figure 39: Determination of the parameters of the gold and platinum probe used for
the SECM measurements. The values of rt, RG and ny are fitted on approach curves
in negative feedback mode. The table gives the values averaged on several
measurements for each electrode.

111.3.2. Determination of n,

The number of electrons exchanged at the catalyst n. is calculated by combining the experiments done
in RC mode (measurement of O, consumption) and in SG-TC mode (measurement of H,O, production).
Similarly to the works initiated by Sanchez-Sanchez [170], [171] and Schuhmann [172], [149], n. is expressed

through a derivation inspired by the RRDE methodology:

lsuboz _ tsubH20 | Lsub H202 (22)
= +
ne 4 2
Lsub 02 _ Lsub 02 — Lsub H202 n Lsub H202 (23)
ne 4 2
Aisip 02 _ Aitip 02 Altip H202 (24)
Nc¢ Mre 4 Npc 4 Nse/rc
I 4 Alyip 02 (25)
c =
Aiyyy 0 + —BE—Aiy,
tip 02 nSG/TC tip H202

78



Chapter lll: Determination of kinetic parameters from SECM measurements

sup 02 IS the substrate current linked to the total consumption of O, by the deposit of catalyst, iz, y20 and
Lsub H202 are the substrate currents linked to the production of H,O and H,O; with respectively the 4 e pathway
and the 2 e pathway. Ai;, o, is the variation of current at the SECM probe during a measurement in RC mode,
and Al 202 1S the variation of current at the SECM probe during a measurement in SG-TC mode. 1z and
nserc are the collection efficiency factors of the considered SECM modes, defined by:

_ Aigip 02 and Alsip H202 (26)

- Nsc/rc = —
Lsub 02 lsub H202

In the approach developed by Schuhmann, a collection efficiency ratio N = T’"L/C is defined. This value is
SG/TC

assumed to be 100 % as the the probe current does not change when the distance between the probe and the
substrate is varied [172]. Here, since two distinct electrodes with slightly different dimensions are used for the
measurements in RC and SG-TC mode, the collection efficiencies ngzc and nss,rc Will be calculated with the

numerical model.

In order to calculate these collection efficiencies, the currents at the probe and at the substrate are
simulated for a probe-substrate distance of 30 um (which is the value used experimentally), with the probe
dimensions determined previously (see on Figure 39) and with a substrate radius corresponding to a 200 um
side deposit. The simplified kinetics presented in part 111.2.3. are reused here (substrate concentration equal to
Co2 = 0 in RC mode and to Cyy0, = Cg;f in SG-TC mode). In SG-TC mode, only the current of the 2 e reaction
is needed to calculate ngs,r¢c. The number of electrons exchanged at the catalyst n. is thus set at 2 in this
particular case. Then the currents at the probe and at the substrate are simulated and 7ng;,rc = 3.74 % is
calculated. It is verified that changing the concentration condition at the catalyst deposit does not change the
estimation of ngs/rc. In RC mode, the total current at the catalyst including the 4 e” pathway and the 2 e’
pathway is needed. So the value of n. is needed to calculate ngc. An iterative process is completed thanks to
an experimental measurement (see Figure 40 (a)). Firstly, the values of ngc with n, = 2 and n, = 4 are simulated.
It is found that 3.73 % < ngc £ 7.47 %. Then Eq. ( 25 ) is used with these two threshold values and the
experimental probe currents to calculate n;: 3.36 < n¢ < 3.65. These values are again implemented in the
Comsol model to calculate a more precise range for ngc. After two iterations, a value of ngc = 4.3 % is

determined, leading to n, = 3.61 for the experiment used. The collection efficiency ratio N = n"ﬁ =1.15is
SG/TC

close to the value of 100 % assumed in the other studies.
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Figure 40: (a) Example of SECM measurements for the determination of the number
of electrons exchanged at the probes (gold and platinum). Gold probe: rT=6.2 um,
RG=11, Eprobe=-0.65 V/SCE. Platinum probe: rT=3.5 pm, RG=10.4, Eprobe=0.9 V/SCE.
Experiments done in a H,SO4 0.1 M solution saturated with oxygen and a distance
probe-substrate of 30 um. A LSV was applied at the substrate from 0.5 V/SCE to
0 V/SCE with vscan=2 mV/s. (b) Evaluation of n. for the experiment presented in (a)
according to Eq. (25).

The calculation of n. is performed for all the experiments considered in this chapter (deposits from
inks prepared with different formulations). Figure 40 (b) shows on one example that the value of n; remains
independent from the potential applied to the substrate (above 0.4 V/SCE, the ORR activity is not significant).
This is the case for all the deposits studied. Hence, the values of n. calculated from the experiments in RC
mode and in SG-TC mode are plotted on Figure 41 (a). All the series except one (sonication with 5 % of Nafion)
are overlapping with no visible effect of the loading, the method of dispersion, or the amount of Nafion on the
number of electrons exchanged at the catalyst. The curve corresponding to the ink prepared by sonication with
5 % of Nafion shows however a slightly smaller value for n.. The distribution of particles sizes of this series of
experiments is plotted on Figure 41 (b), and a slightly bigger proportion of smaller particles is noticed for the
deposits made with the ink dispersed by sonication with 5 % of Nafion. Considering that the H,O, produced
by the ORR within an agglomerate can be further reduced to H,O before it reaches the bulk solution (see Eq.
(10)), having smaller particles on the deposits can lead to a bigger amount of H,O, released in the solution.
This hypothesis should be examined through more experiments but these results indicate that H>O>
decomposition occurs even within the agglomerates, and not only when the material is processed into a thick
layer. Anyhow, the average value of n. for the overlapping series is 3.88 + 0.04, indicating that the CEA-BRF02
catalyst synthesized in the LICSEN has a very good selectivity towards the 4 e pathway of ORR.
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Figure 41: (a) Calculated values of n; towards the volume of material for several
proportions of Nafion and dispersion methods. (b) Distributions of particles sizes of
the deposits prepared by sonication.

111.3.3. Determination of i;, and introduction of a local ohmic drop

The exchange current density i, is determined by fitting experimental curves in RC mode with the
numerical model. As it was mentioned in the introduction of this part (see Eq. (21)), a flux of O, consumption

based on the Butler-Volmer equation is defined at the deposit boundary:

o Coz anckF —(1—a)ncF Veatatyst (27)
02 = nC—FW exp RT n)—exp RT n
02

At this stage of the study, the only unknown parameter is i,. The other parameters of the simulation are either

Sdeposit

taken from the literature, measured during the experiments (SECM, AFM and optical microscope) or
determined by the method presented in the previous paragraphs. These parameters, their values and their
sources are exhaustively detailed in the Annex 2. The only parameter that remains unknown at this stage of the
study is the exchange current density i,. The model is thus used to fit this parameter by varying its value until

the modeled curve becomes identical to the experimental curve.
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Figure 42: Comparison the model ability to fit an experimental curve with and without
the addition of an ohmic resistance.

Nevertheless, it was not possible to fit the experimental curve with the flux defined by Eq. (27 ). Indeed,
the slope of the polarization curve is much softer in the experimental data than for the modeled curve (see
Figure 42). The shape of the curve indicates that an ohmic phenomenon can be considered in order to improve
the fit between the experiment and the model. This phenomenon may represent the screening of the applied
potential due to local ohmic drop. Local ohmic drop can occur from resistive paths inside the agglomerates or
contact resistances between the agglomerates and the substrate. It is injected into in the model by modifying

the Butler-Volmer expression:

iO COZ (chF . _(1 - a)nCF . Vcatalyst ( 28 )
02 = nC—F@ [e p (W(U - R:ﬂc)) — exp <T M — Roie) )|

with R, (Q.m3) the ohmic resistance and i, (A/m3) the current density at the catalyst deposit, expressed per

Sdeposit

volume of catalytic material. With this correction, the model is able to fit the experimental curves (see Figure
42). The ohmic term correcting the potential perceived by the catalyst particles is thus kept in the model and
values of iy, and R,, are fitted from experiments. R, governs the slope of the curve while iy, controls the onset
potential of the ORR. Hence, no risk of overfitting is introduced by the addition of this supplementary

parameter.

The values of R, and i, have been evaluated thanks to a fitting procedure using the model described
previously. The experiments comparing different methods of dispersion and different proportions of Nafion
were considered (see part I.5. and I1l.1.). The values are plotted towards the volume of material measured
with AFM on Figure 43. R, is independent from the volume of material, the dispersion method or the amount

of Nafion. A mean value considering all the deposits is calculated: R,= 1.94 x 108 + 0.82 x 10 Q.m3.
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Figure 43: Fitted values of (a) Rq and (b) i, towards the volume of material for several
proportions of Nafion and dispersion methods. The mean value for Ry, is represented

by the dashed line.

As concerns the determination of the exchange current density, the fitted values of i, look very

dispersed and seem to vary with the loading. However, i, is supposed to reflect the intrinsic activity of the

catalyst and should be independent of the loading, as soon as the material is sufficiently dispersed. The

accuracy of our fits has thus been investigated by studying the sensitivity of the model to the parameter. The

variations of i, affect essentially the onset potential, which is defined as the potential at which the probe current

falls below 90 % of its initial value. Thus, the variations of i, required to modify the onset potential by + 0.01 V

are calculated for each data point (see an example on Figure 44 (a)) and these variations serve to define error

bars to the values fitted by the model.
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Figure 44: Sensitivity analysis on the parameter i,. (a) Determination of the sensitivity
for one experiment. (b) Fitted values of i, towards the volume of material with error
bar corresponding to the parameter sensitivity (logarithmic scale).
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The effect of i, on the onset potential is logarithmic. The higher is the value of iy, the larger is the
range in which the variation of i, does not affect the onset potential. This range has been determined for each
data point. On average, the onset potential is modified by more than + 0.01 V when i, is varied beyond 33 %
or 376 % of the fitted value. These limit values have been plotted as error bars in Figure 44 (b), which is
represented with a logarithmic scale. On this figure, taking into account the logarithmic scale and the error
bars, the values of i, look less erratic. An average value independent of the loading seems to emerge: i, =

670 A/m>.

In the literature, similar exchange current densities have been estimated for PGM-free catalysts by
fitting polarization curves in a single cell with a numerical model. Leonard et al. determined a value of
1300 A/m? for the Pajarito catalyst, while Baricci et al. [173] evaluated i, to 2000 A/m3 for a similar Fe-N-C
catalyst synthesized with the sacrificial support method. Komini Babu et al. [64] found a mean value of 160 A/m?
for a CM-PANI-Fe catalyst investigated with several Nafion loadings. Thus, the value estimated in this work
with the SECM-based method is in the order of magnitude of the exchange current densities estimated in the

literature.

111.4. Conclusion

In this chapter, a new methodology for the determination of kinetic parameters of ORR catalysts has
been presented. This methodology is based on a numerical model of the SECM set-up in order to investigate
the exchange current density and the selectivity of ORR for the PGM-free catalyst synthesized in the LICSEN
(CEA-BRFO02). The model enables to simulate SECM experiments in negative feedback, redox competition and
substrate generation-tip collection modes. Thereby, experiments measuring the consumption of O, (RC mode)
and the production of H,O; (SG-TC mode) by the catalyst have been investigated with the model. An ohmic
resistance leading to important performance losses was brought to light. The two kinetic parameters
determined with this methodology were an exchange current density of 670 A/m? and a number of electrons
exchanged per O, molecule of 3.88. The estimation of the ohmic resistance added to the model gave an
average value of 1.94 x 10® Q.m3. Investigating further this ohmic resistance could be very interesting for the
development of efficient PGM-free catalysts. Indeed, the loss of performance caused by this resistance can be
very important (see the difference between the two modeled curves on Figure 42) and should be perceptible

in single cell measurements. This aspect will be notably investigated in the Chapter IV that concerns single cell

84



Chapter lll: Determination of kinetic parameters from SECM measurements

modeling. At agglomerate scale, the use of a conductive AFM during our measurement protocol could enable

to access the conductivity of each particle and identify the type of particle responsible for the ohmic loss.
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Chapter IV Investigation of
PGM-free fuel cell
performance through a
single cell numerical model

Computational modeling plays a key role in the comprehension of PEMFC operation. The performance
measured experimentally involves numerous and coupled phenomena, that modeling allows to investigate
altogether. Several approaches are coexisting, with different levels of complexity in the modeling of the physics,
and different required computational capacities. These approaches will be detailed in a first part, with a focus
put on the models including PGM-free materials. Then, the relationship between the structure and the activity
of PGM-free materials will be investigated at the single cell scale by performing numerical simulations of a
membrane electrode assembly (MEA). The model developed in this chapter is based on a 1D macro-
homogeneous model developed in the CEA-Grenoble for the study of Pt/C-based PEMFC. This model will be
modified in order to integrate the kinetic parameters determined in the Chapter lll on SECM and AFM
measurements. An agglomerate model will also be included in the cathodic CL in order to describe more finely
the crucial phenomena occurring in this layer. The model will be then compared with experimental results
performed by a partner of the PEGASUS project. Finally, several CL and agglomerate parameters will be
numerically investigated in order to identify the main contributions to the performance losses and propose

some improvements of the CL formulation.
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IV.1. Numerical modeling of membrane electrode
assemblies

IV.1.1. Presentation of the different types of numerical models

PEMFC modeling at the MEA scale aims at understanding the phenomena occurring during the
operation of a fuel cell and providing formulation recommendations in order to increase the performance. The
transport and reaction of the species involved in the electrochemical reactions are modeled through the
different layers composing the MEA. The catalyst layer (CL) is the more difficult element to simulate. Indeed,
the transport of species in different phases and their reaction at the catalytic sites need to be resolved in this
complex structure. Notably, the morphology of the CL and the repartition of its components (carbon material,
ionomer, gas phase) will have a significant impact on the performance of the cell. Because of the complexity

of the CL architecture, several modeling approaches are coexisting. They are classified on Figure 45:

CL Model
|
Continuum Particle
v | ! v | +
Volume- Geometry Non-First First
averaged resolved principles principles
¢ ¥ ¢ k. ; 1 ; l
Macro- Pore-scale Microstructure Kinetic Monte- Lattice Molecular
Interface homogeneous Agglomerate model formation Carlo BDPL:E?;”” Dynamics
Mesoscopic
Macroscopic - P Atomistic

Figure 45: Classification of the different models for describing the CL structure. Figure
taken from [174].

The continuum models consider the layers as a continuous media where conservation equations are
resolved over an averaged representative element of volume. The particle-based models describe the
phenomena happening to a single particle or a cluster of particles and use advanced numerical methods like

Kinetic Monte-Carlo [175], [176] or Lattice Boltzmann [177], [178]. These particles-based models will not be
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further reviewed here. Over the continuum models, several approaches are existing to describe the structure

of the CL:

- The interface models [179], [180] treat the CL as an interface between the GDL and the membrane,
considering that this layer is thin enough to neglect the transport in its structure. These models can only

give an approximate performance of the MEA and are not adapted to study the architecture of the CL.

- The macro-homogeneous models [181], [182], [183], [184] consider the CL as a continuous medium where
the different phases are uniformly distributed. These models enable to solve the transport of the species
within the CL structure and give accurate predictions of the cell performance under specific conditions.
However, these model cannot predict the significant mass transport limitations occurring at high current

densities.

- The agglomerate models consider more explicitly the structure of the CL by describing the transport within
clusters of carbon particles embedded in ionomer, the agglomerates. The characteristics of the
agglomerates (shape, composition, size) can be varied in order to investigate with more precision the effect
of the CL structure on the cell performance. The majority of the studies consider spherical agglomerates
with an identical size, but some articles deal with cylindrical or slab agglomerates [185]. The carbon cluster
is often considered as completely filled with ionomer, but some models assume that the porosity within
the agglomerate is filled with liquid water [186]. A thin film of ionomer surrounding the agglomerate is
often included in the models, as well as, in some cases, a film of liquid water. The size of the agglomerates
is often assumed or determined on SEM images of CL and differs a lot according to the studies (from
20 nm to 5 um). Some models are also taking into account different sizes of agglomerates within the CL
[64]. Two ways for describing the agglomerate behavior are coexisting. A numerical model of the
agglomerate can be integrated in a MEA model [187], [185], or an analytical expression of the agglomerate
current can be used directly in the source term of the macro-homogeneous model [188], [189]. This
analytical expression will be presented in the part IV.3.2. Agglomerate models have a great accuracy in the
prediction of the MEA performance. They are principally used to study the CL structure, especially the
agglomerates characteristics [190], [191], and the thickness [192] or composition [193] of the electrode.

The operating conditions are also often investigated with such models [194], [191].

- The more complex models attempt to resolve the heterogeneous geometry of the CL with the help of
imaging techniques (see part 1.3.4.). First, the CL microstructure is computationally reconstructed from
images with respect to the determined physical properties (porosity, pore size distribution, volume

fractions). Then, the transport and reaction of the species are resolved in the structure with the appropriate
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governing equations. Because of the limited resolution and FOV of the imaging techniques, these models
are generally coupled with an agglomerate model and a macroscale model. These models are useful to
study the water management in the CL [195] or the GDL [196], as well as the effect of the CL composition

and morphology on the performance [197], [198], [199].

MEA modeling can be performed in 1D, 2D or 3D, depending on the issue investigated. 1D models are
simple to set-up and rapid to compute. They describe the physical phenomena occurring across the MEA
without considering the inhomogeneities in the plan of the layers [200], [201]. 2D models consider a cross
section of the MEA, often containing under-rib and under-channel areas. They aim notably at modeling the
impact of the bipolar plate (BP) geometry on the performance [202], [203]. Other 2D models can be built along
a channel in order to study the effect of reactants depletion and water accumulation in the channel [204].
Thanks to the progresses made on computing efficiency, 3D models are now accessible with reasonable power
and time. They can question specific issues such as the shape of the BP [205], channel blockages [206], the

effect of gas purging [207] or temperature and humidity issues [208].

IV.1.2. PGM-free PEMFC modeling in the literature

For years, PGM-free catalysts showed a too weak activity towards ORR to be considered as a reasonable
alternative to Pt-based materials. It is only in 2011 that Proietti et al. conceived the first catalyst that reached
competitive performance compared to Pt/C catalysts [25]. Since then, the materials developed are more and
more active and their integration in PEMFC is now thoroughly considered. Modeling works are thus emerging
in order to provide insights into the main phenomena affecting the performance of PGM-free PEMFC. These

works are still few in numbers and are reviewed exhaustively in this part.

In 2014, Komini Babu et al. [63] combined an analytical agglomerate model with nano-scale resolution
X-ray computed tomography (nano CT) extraction of the morphology and transport parameters. They
investigated the limiting transport processes and especially the losses caused by the water flooding. Similar
works were released by the same team in 2016 [61] and 2017 [64], both investigating different Nafion loadings
leading to different ionomer distributions in the CL and thus different performances. The need to increase the
hydrophobicity and the ionomer conductivity of the cathodic CL was highlighted in the second article. In 2015,
Leonard et al. [209] used a 1D macro-homogeneous model to compare the performances in oxygen and air
conditions of MEA prepared with the catalyst from Pajarito Powders. They studied notably the effect of water

flooding and the optimization of the catalyst utilization. Pavlicek et al. [210] resolved in 2018 the gas-phase
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and non-gas-phase resistances of two different PGM-free catalysts: the Pajarito catalyst and a MOF-based
catalyst. They combined experiments involving different carrier gases with a pseudo 2D model. The same year,
Xing [211] built a water-filled agglomerate model to study the effects of the CL and agglomerate composition
in an MEA prepared with a nitrogen-doped carbon xerogel. He investigated the thickness, the porosity and the
ionomer to carbon ratio of the CL. The internal structure of the agglomerate was also investigated, notably the
ratio between the liquid water and the ionomer filling the primary pores of the agglomerate. It was found that
liquid water offers a lower transport resistance compared to ionomer and leads to better performance. Overall,
an ideal formulation of 6 mg.cm™ of catalyst with a 40 % porosity was highlighted. In 2019, Baricci et al. [173]
developed a 1D macro-homogeneous model to interpret polarization curves and electrochemical impedance
spectroscopy (EIS) measurements. They studied the effect of catalyst loading and ionomer content on the
performance and the durability of PGM-free fuel cells. Liu et al. [65] compared in 2019 the impact of different
electrode fabrication methods on the water management, by combining operando X-ray CT characterizations
with an analytical agglomerate model. In 2020, they proposed an innovative algorithm coupling a microscale
model and a nanoscale model for resolving multiscale transport processes incorporating the variations of
effective properties [212]. According to them, the model accuracy was improved compared to the traditional

macro-homogeneous models.

IV.2. Presentation of the EUROPIUM model

The model used in this work has been developed at CEA-Grenoble and is called EuROPIUM
(ElectRochemistry OPtImization Understanding Modeling). It is a multi-scale modeling framework developed

for solving numerous PEMFC processes at the cell level. The model includes:
- Gas transport in the porous media (GDL, CL)
- Dissolved water transport (diffusion and electro-osmosis) in the ionomer (CL, membrane)
- Electronic (BP, GDL, CL) and proton conductivity (CL, membrane)
- Heat transfer by conduction (GDL, CL, membrane)

- Electrochemical kinetics (CL)
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The model is solved with Comsol Multiphysics® but Matlab® is also used as a piloting tool for helping the
building of the model and running the simulations. Three versions have been developed by the CEA Grenoble:
a 1D model, a 2D model and a 3D model. The 1D model will be the one used for this work. This is a degenerated
version of the standard 2D rib-channel code where the equations are discretized along the through cell
direction. The full description of the 2D model can be found in Randrianarizafy et al. work [181]. The model will

be resolved in stationary conditions.

Figure 46 shows the geometry of the 1D model. It is composed of several domains representing the
different layers in a MEA (see part .2.1). Each domain can be composed of several phases (solid phase, gaseous
phase or electrolyte phase) in which the transport of the different chemical species (O, Hz, No, H20, H*, ) is

resolved.

GDL CL CL GDL

N N J
e NG
Cathode Anode

Figure 46: Geometry of the 1D EUROPIUM model. The GDL dimensions are not to
scale.

IV.2.1. Transport in the gas phase

The gases are brought in the cell by the channels and penetrate first the porous media (GDL and CL).
In the 1D model, no differentiation is done between the channel and the rib, thus the gas transport within the
bipolar plates (BP) is not modeled. A concentration condition ¢; (mol/m?3) is applied at the boundary between

the BP and the GDL:

Pehannet (29)

& =X pr

With P.panner (Pa) the inlet pressure and X; the molar fraction of specie i (O, Hz, N2 or H0).

The mass balance in the gas phase is written as follows:
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7(N,) =S¢ (30)

with N, (mol/m?/s) the molar flux of the specie and S (mol/m3/s) a source term. The source term depicts the

dissolution of the active species (O, H> and H;O) in the ionomer phase.

The molar fluxes are resolved with the Young and Todd approach [213] which includes convection and

diffusion. The diffusion component is given by:

Ch€ _—s
LrE) =),
J

Xi-ﬁ;_Xj-N{ (31)
(Da)ji  (Da)ij

with ¢, (mol/m3) the total concentration of gases, ¢ the porosity of the layer and 7 its tortuosity. A mean
diffusion coefficient (D,);; (m?/s) taking into account the diffusion in gas phase and the Knudsen diffusion is

defined:

t 1.1 (32)
(Da)ij  Dij  Dff

1

The Knudsen diffusion coefficient being:

(33)

with R,, (m) the radius of the pores and M; (kg/mol) the molar mass of the specie.

The convection component of the Young and Todd approach is given by:
£ —
2V (B) =4 ) W, (34)
i

where P, (Pa) is the total pressure of gases. The convection coefficient A, takes into account the convection in

gas phase and the convection due to Knudsen diffusion:

1 1+1 (35)
(36)

A = H
f=———
cgT°k X Xi|M;

with u (Pa.s) the dynamic viscosity of the gases and k (m?) the permeability of the porous media.
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L3 (nRT) (37)
K7 ar, J\ 2

IV.2.2. Transport in the electrolyte phase

The EUROPIUM model takes into account the dissolution of O, and H, from the gas phase into a thin
layer of ionomer surrounding the carbon surface of the catalyst layer (CL). Then the species reach the carbon
surface and react on the catalytic sites (Pt in the original model). The mass balance in the electrolyte phase is

expressed as follows:
V(NE) =S¢ +S; (38)

with W (mol/m?/s) the diffusion flux in the ionomer along the cell direction, S& (mol/m3/s) the source term
corresponding to the dissolution of the species in the ionomer, and S; (mol/m3/s) the source term
corresponding to their consumption by the electrochemical reactions. This mass balance can be illustrated by

the following scheme:

I
) S
i ) S
Stefan-Maxwell
(modified) - Graphite
Cog Aeqy b
€naf Ci, A |:| Pores
CI Nafion
MB CL MPL or GDL

Figure 47: lllustration of the mass balance in the electrolyte phase of the CL. Figure
taken from [181].

The diffusion flux along the through cell direction is written:

—

Ng = -Dfv(C,) (39)
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with Df the diffusion coefficient of the gas in the ionomer phase. The dissolution of the species from the gas
phase to the ionomer phase is expressed by the source term S{*:
Dfa
S¢=———(C"-C)

€ionomer

(40)

with a, (m?/m?3) the specific surface and e;pnomer = Q=Ocionomer tha thickness of the ionomer layer surrounding

ay
the carbon surface (g;onomer being the fraction of Nafion in the solid phase). €/? (mol/m?3) is the concentration
at the interface between the gas phase and the electrolyte phase: C/? = P; - H;, where H; (mol/Pa/m3) is the

Henry constant for the specie and P; (Pa) its partial pressure.

S; in Eq. ( 38 ) represents the source term corresponding to the consumption of the species through the

electrochemical reactions: Sy, = —Zi—; for the anode CL and S, = i—rp for the cathode CL, i, (A/m?) being the

current density of the reaction.
As concerns H,0, it is considered at equilibrium in the CL electrolyte phase:
Crizo = A~ Csp3- (41)

with Cgo3_ (mol/m?3) the concentration of sulphonated sites in the Nafion and 4 the water content in this phase.
A is calculated from the RH (relative humidity) in the gas phase with an interpolated table of values. Thus, in
this case, the additional mass balance introduced for H, and O, does not apply and the source term in Eq. (30)
depicts directly the production of H,O by the electrochemical reactions: Sy, = 0 for the anode CL and S, =

— I for the cathode CL.
2F

In the membrane, the transportation of H,O takes into account an electro-osmotic flux and a diffusion

flux:

7 (Nio) =0 (42)

— T, . 43
Nifpo =g fl = Dy20V(Chzo) ( )

with n, the electro-osmotic drag coefficient and i; (A/m?) the ionic current.
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IV.2.3. lonic and electronic transport

The transport of protons is computed in the membrane and in the CL. The ionic potential ® (V) is

calculated as follows:

V(-x Vo) =5 (44)
with k; (S/m) the ionic conductivity of the layer (membrane or CL) and S the source term corresponding to the
production/consumption of protons by the electrochemical reaction: § = 0 in the membrane and S = i,. in the
CL. The ionic conductivity of the Nafion in the membrane is calculated with a formula taking into account the

water content and the temperature [214]:

_ A . 1 1 (45)
Kypg = (0.5139-4 — 0.326) - exp 30315 T

The ionic conductivity in the CL is derived from this expression, taking into account the amount of ionomer in

the layer:
ko = - g)gzionomer g (46)
T
The ionic current is defined as:

The electronic transport is computed in the BP, the GDL and the CL with the following equation:

V(—aV¥) =5 (48)
with ¥ (V) the electronic potential and ¢ (S/m) the electronic conductivity. The source term corresponding to
the electrochemical reaction is calculated: S = 0 in the BP and GDL and S = —i,. in the CL. The electronic current

is expressed:

I, =—0oV¥ (49)

A contact resistance between the BP and the GDL is included in the model by modifying the electronic

conductivity in the part of the GDL in contact with the BP and over a length of % This modified conductivity

is noted agp 61
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IV.2.4. Heat transfer

The heat transfer by thermal conduction is computed in the GDL, the CL and the membrane. At the

boundary between the BP and the GDL, a temperature condition is fixed: T = T,. The Fourier law is written:

V(-AVT) = Z Q (50)
with 1 (W/m/K) the thermal conductivity and Q (W/m?3) the source terms. These source terms depends on the

domain. In the domains where a current (electronic or ionic) is circulating, a Joule heat source term is defined:

0, = ﬁ in the membrane and CL (51)
s

0, = i.>  inthe GDLand CL (52)
==
(o2

In the CL, another source term depicts the heat produced by the electrochemical reaction:

0 (53)

a/c ci
nF T

Qreac = (l[l - d)) +

with AHg/C (J/mol) the enthalpy of the reaction (hydrogen oxidation at the anode and oxygen reduction at the

cathode).

IV.2.5. Electrochemistry

The current density of the reactions happening at the two electrodes i, (A/m?3) is calculated with the
Butler-Volmer expression:
o [ <anF ) <—(1 —a)nF )] (54)
ir = Joy |exXp | 1) — exp w1
with j, (A/m?) the exchange current density, n the number of electrons exchanged, a the symmetry factor of

the reaction and n (V) the overpotential, defined as n = (¥ — @) — E. The standard potential E (V) is calculated

according to the Nernst law:

(55)

E_AG°+RTI 1—[ v
" nF  nF g %

Vj

with AG® = AH° — TAS°. The values of AH® (J/mol) and AS° (J/mol/K) are taken from [215]. The activities of the

species a; are calculated as follows:
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S Ci for H, and O; (56)
' Prein
_ Pvap for H,O (57)
20 Poge(T)
_A%(1) for H* (58)
H+ — A

In the EUROPIUM model, the exchange current density j, is expressed in function of the reaction rate

and the species activities:

1-a a (59)
jo=neFe 90 () [ J@™ | (e

vi>0 v;i<0

The reaction rate coefficients k9, (mol/m?/s) and k2,; (mol/m?/s) are calculated with the activation enthalpies

and the activation entropies:

AHY, —TASH 60
kgx — k°exp < ox RT ox) ( )
. AHE, — TASE, + AG® (61)
kred = exp RT

with k° = SRN% (mol/m?/s). k,,(J/K) is the Boltzmann constant, N, (mol™") the Avogadro number, h (J.s) the Planck
0

constant and sy(m?) the size of the catalytic site.

IV.3. Moadifications brought to the EUROPIUM model

Herein we will present the modifications done on the cathodic catalyst layer (CL) modeling in order to
introduce an agglomerate model and include the kinetic parameters determined with SECM. The model
described in the previous part remains unchanged at the anodic side because this electrode is not limiting the
overall performance. At the cathodic side, an analytical agglomerate model is introduced. The cathodic CL is
modeled as a porous medium comprising gaseous pores and solid agglomerates. The agglomerates are
spherical clusters of carbon particles embedded in the ionomer. They are characterized by their radius 7,4, (M)
and their composition L; 4, (the volume fraction of ionomer phase in the agglomerate core). They can be

surrounded by a thin ionomer layer with a thickness §,,4, (m). The agglomerate current iy g4 ¢, (A/m3) will enable
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to calculate the consumption/production of O, and H»O by the CL. Thus the mass balance in the gaseous phase

of the cathodic CL (see Eqg.( 30)) can be directly expressed as follows:

v(N,) =5 (62)
with 5499 = 98 and 596 = — “edact

The modeling of the cathodic CL can thus be illustrated by a new scheme:

Si
Graphite

Pores

Nafion

JEnm!

MPL or GDL

Moreover, the parameters ij, n and R, determined on the SECM measurements (see chapter ) will
be included in the single cell model. Usually, kinetic parameters are fitted on MEA polarization curves, together
with other quantities. For example, the EUROPIUM model fits four different parameters (AH:,, ag, ac, kug), the
first three of them being kinetic parameters. When too many parameters are fitted, this leads to a risk of
overfitting and decreases the accuracy of the parameters estimation [216], [217], [218]. Thus, being able to
determine experimentally the kinetic parameters on the simplified environment studied by SECM (with a direct

access to the agglomerates) limits the risk of overfitting.
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IV.3.1. Determination of CL composition and agglomerate parameters

The catalyst layers (CL) are prepared by mixing the solid phase and the ionomer phase before coating
the mixture on the membrane. The loading in catalyst, the thickness of the electrode obtained and the mass
ratios of the different materials enable to calculate the volume fractions of the different phases. At the cathode,
the catalytic sites are comprised in the carbon material, leading to:

mS ms ' I/CC

Lg. = and Lijg=—""—""—" 63
Sie Ps " €cLc b PNafion " €cLc ( )

with Lg . the volume fraction of solid phase, ms (kg/m?) the loading in carbon material, ps (kg/m3)the density
of the solid phase and e, . (m) the thickness of the cathodic CL. L; . is the volume fraction in ionomer phase,
1/C.the mass ratio of ionomer phase to carbon phase and pygsion (kg/m?) the density of the Nafion. At the
anode, the solid phase is composed of platinum and carbon with a mass ratio noted f. Thus, Lg, and L;, are

calculated as follows:

(64)

_ 1 mp  mp and L. = mp; " 1/Cq
LS,a + La f . . e_
ecLa \Pre [ Pc PNafion * €cLa

with mp, (kg/m?) the loading in platinum, pp, (kg/m3) the density of platinum and p. (kg/m3) the density of

carbon.
Knowing Lg and L;, the porosity of the cathodic and anodic CL can be expressed as follows:

e=1-Ls— 1L (65)

The composition of the agglomerates is deduced from the composition of the cathodic CL. First, the

volume fraction of Nafion in the solid phase €;ypomer is calculated from the value of 1/C.:

__ Pnarion " €ionomer (66)

1/C. =
¢ Ps (1 - Sionomer)

Then, the volume fraction of Nafion in the agglomerate core is defined as follows:

— mi max
Li,agg - mln(sionomer ’ Li,agg ( 67 )
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L4794 = 0.5 being the maximal fraction of ionomer in the core of the agglomerate. If ionomer > Liqg4, @ layer
of ionomer with a thickness §,,, is introduced around the agglomerate. By expressing Ls and L; in function of

the agglomerate parameters, 6,4, can be calculated :

4 68
Ly = Nagg §7rragg3(1 - Li,agg) ( )

4 69
Ly =nggg §n[ragg3Li,agg + (Tagg + 8agg)® — ragg3] (69)
with ng,z, (M=) the number of agglomerates per unit of CL volume. The radius of the agglomerate 7,4, is

estimated from SEM imaging of the CL.

The radius of the CL pores R,, (used to calculate the Knudsen diffusion coefficient) is now determined
from the agglomerates parameters. The external surface area of the pores being equal to the external surface

area of the agglomerates:

1= eV Ve 70
410(Tagy + agg)? - = 4nR,? -k (70)
4 3 3
§”(ragg + 8agg) 3Ry

W

€
Ry = -9 (Tagg * Sagg) (71)

IV.3.2. Derivation of the agglomerate current

Diffusion and chemical reaction within a porous material have been extensively studied in the field of
heterogeneous catalysis [219], notably through the definition of adimensional factors. The effectiveness factor
E, represents the ratio between the real consumption rate by the agglomerate R,, (mol/m3/s) and the
consumption rate if the entire catalytically active surface was exposed to the concentration measured at the

agglomerate core surface Ry, (core|film) (mol/m?3/s).

Ros 1( 1 1) (72)

E. = - _
T tanh(3®) 39

Roz,(core|film) @

@ being the Thiele’s modulus which characterizes the relative contributions of chemical reaction and diffusion

for a given geometry. For spherical agglomerates with radius 7,4,:
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o _Tun [ e (73)
-3 eff
D02

3/2

with k. (s") the reaction rate and Df,’zrf = Doyn X Liggy”’? (M?/s) the effective oxygen diffusion coefficient in

the agglomerate. Dy, y (m?/s) is the diffusion coefficient of oxygen in Nafion.
By assuming a first order reaction, the consumption rate by the agglomerate is defined as follows:

Roz = ErkcCop (core|film) (74)

The flux of oxygen in the thin film of ionomer surrounding the agglomerate is:

dCo, Fo, 75
Noz = Doz Tdr  4mr? L)

with F,, (mol/s) the total oxygen consumption within the agglomerate. Integrating this expression and

rearranging:

S8agg ~_ Fop (76)
Tagg (Tagg + Sagg) 4™Dozn

Coz,(core|film) = Coz,(film|gas) -

F,, can also be expressed as follows:

4mr,44° 4TTg4° (77)
Fop = 3 Roz = 3 Erkccoz,(core|film)
Substituting Eq. (77 ) in Eq. (76):
5aggragg2 . E k. - (78)

Coz,(core|film) = Coz,(film|gas) 3(7‘agg n 5agg) Doan +1
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In order to express the volumetric current density i,,, (A/m?) produced over the full agglomerate (core

and ionomer shell), a scaling factor V,,, is applied to the consumption rate R,:

Alagy” ; (79)
Vo = 3 _ Tagg
agg 3 3
4”(7?199 + ‘Sagg) (ragg + 5agg)
3
Thus, iy = 4FVaggErchoz,(core|film) (80)

Substituting the oxygen concentration by Eq. ( 78 ) and rearranging:

1 SaggTesa - (81)

lagg = 4FV,54,C ; +
lagg agg“oz,(film|gas) E k, 3(Tagg+5agg)Doz,N

Coa(film|gas) = Poz "Hoz being the concentration of O at equilibrium between the gas phase and the
electrolyte phase. This expression describes the current density per volume of agglomerate. For the whole

catalyst layer, the current density i, 4, ¢ (A/m3) is expressed:

iagg,CL = iagg(l —¢€) (82)

In Eq. ( 81), the contribution of the electrochemical reaction to the agglomerate current is contained
in the reaction rate k.. In order to express this parameter, the current density given by the agglomerate model

is expressed under the limiting condition of an homogeneous CL (1,55 = 0, gy = 0, E, = 1,):

tagger = (1= S)4F%—wcoz,(film|gas)kc - i (83)

K, = i (84)
a- 5)4FVaggP02 Hop,
with i, the current density expressed with the Butler-Volmer expression:
POZ HOZ

. ancF( _R_ﬂi) e —(1—a)nCF< _R_ﬂi> (85)
Pros Hop | P\ RT \" L' P RT T

This expression takes into account the assumption of a first order reaction towards O, (see Eq. ( 74 )). The

i =1lg"Lg-

parameters iy, n; and R, determined on SECM measurements (see Chapter lll) are included in the equation.
As iy and R, were measured per unit of catalyst volume (the volume fraction of Nafion used during the SECM
measurements is neglected), a scaling factor Lg is applied in order to express them per unit of catalyst layer

volume (solid phase + ionomer phase + gaseous phase).
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IV.4. Analysis of the cell performance with the
agglomerate model

IV.4.1. Model validation

The model is implemented with the parameters values corresponding to an experiment performed by
a partner of the PEGASUS project: Heraeus Precious Metals — Hydrogen Systems. A catalyst coated membrane
(CCM) of 50 cm? was realized with the bar coating technique on a Gore 820.15 membrane. The loading in CEA-
BRFO2 catalyst at the cathode was 2.2 mggrroo.cm™, with an I/C ratio of 0.67. At the anode, a 20 %wt Pt/C
catalyst was used with a loading of 0.22 mgp.cm™ and an I/C ratio of 1. Two H23C7 GDL from Freudenberg
and two multichannel serpentine bipolar plates were added to the MEA to form a single cell PEMFC. The
physico-chemical properties of the different components are well known in CEA-Grenoble, thanks to their long
experience of fuel cell characterization and modeling. They are detailed in the Table 7 of Annex 3. A polarization
curve was performed following the protocol established within the PEGASUS project (see Table 8 in Annex 3).
After the electrochemical characterization, the MEA was sent to the CEA-Grenoble and imaged with SEM. The
images are presented on Figure 49 and enable to evaluate the thickness of the electrodes (30 um at the cathode
and 20 pym at the anode), the agglomerate size in the cathode (1 um) and the pore radius in the anode
(100 nm). Then the other CL and agglomerate parameters are determined with the method presented in part

V.3.1.
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= } Cathode

- } Anode

(c) Anode

Figure 49: SEM imaging of the MEA used to validate the numerical model. (a) Zoom
on the CL and the membrane. (b) Zoom on the cathode CL. (c) Zoom on the anode
CL.

In order to be able to fit the experimental data with the numerical model, two parameters need to be
adjusted. First, the symmetry factor of the ORR «, is modified to 0.55 in order to fit the kinetic part of the curve.
Then, the ohmic resistance R, is set to 1.1 x 10 Q.m3instead of the SECM-determined value of 1.94 x 10 Q.m?3
in order to fit the ohmic region of the polarization curve. The dissimilarities between the measurement
conditions of the two techniques could explain the difference in the estimation of R,. Indeed, SECM is
performed on very dispersed material, whereas in single cell conditions, the catalyst is embedded in a layer
that is compressed within the cell. The connection between the particles is probably better in single cell
measurements than in SECM conditions. This may explain the lower value of R, estimated on the single cell
polarization curve. As concerns the exchange current density i, and the number of electrons exchanged n¢,
the values determined with SECM do not need to be adjusted by the numerical model. This is a good indicator
of the quality of the estimations done with SECM. Figure 50 shows the experimental and the modeled

polarization curves.
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Figure 50: Experimental and modeled polarization curve of the MEA characterization
of BRF02 catalyst performed by Heraeus Precious Metals — Hydrogen Systems.

IV.4.2. Investigation of the CL and agglomerate properties on the MEA

performance

The influence of the cathodic CL composition and of the agglomerates dimensions on the cell

performance are investigated in this part. Different parameters are varied and the polarization curves obtained

are compared to the one fitted on the Herae

us Precious Metals — Hydrogen Systems experiment. The values

of the parameters for this "base case” are summarized in Table 3.

Parameters that will be varied Deduced CL and agglomerate composition
mg 0.022 kg.m? Lg 0.325
ecLe 30 um L; 0.22
1/C, 0.67 € 0.455
Tagg Tum Liagg 0.4
Liagg 0.5 Sagg 0 nm

Table 3: Main agglomerate and CL parameters at the cathode.
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Figure 51 (a) shows the effect of varying the loading in catalyst ms. Adding more carbon material in
the layer for a constant thickness increases the amount of catalyst available for the electrochemical reaction
but decreases the porosity. Here, the performance is increasing with the loading, indicating that the transport
in gas phase is not limiting in this case. The porosity can thus be reduced without losing performance. This is
also observed when the thickness of the cathode e, . is decreased without varying the loading of catalyst: the
transport losses along the electrode are reduced and the performance is increasing despite the diminution of

porosity (see Figure 51 (b)).

(a) Effect of catalyst loading
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Figure 51: Influence of (a) the catalyst loading and (b) the cathodic CL thickness on
the cell performance. The CL composition for each case is presented in the insets.

The effect of the ionomer to carbon ratio I/C,. is now studied (see Figure 52 (a)). Adding more ionomer
decreases the porosity and increases the ionomer conductivity of the cathodic CL. As the transport in gas phase

is not limiting, the performance is increasing. The ionomer can be embedded in the agglomerate core or it can
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also form a thin layer surrounding the agglomerate. Different repartitions of the ionomer are studied in Figure
52 (b) by varying the maximal fraction of ionomer in the agglomerate core L7;7, for a value of I/C. = 2. The
less ionomer in the agglomerate core, the thicker is the ionomer layer surrounding the agglomerate and the
worse is the performance. This means that the transport of oxygen is optimized when the ionomer phase is
situated within the agglomerate core, instead of around it. Practically, the ability of the ionomer to penetrate

the pores of the carbon structure depends on its equivalent weight, a smaller EW will allow the ionomer the

penetrate more easily the micropores [220].
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Figure 52: Influence on the cell performance of the amount of ionomer (a) and of its
repartition within the agglomerate (b). Insets are showing the composition of the CL
in (a) and the thickness of the ionomer layer surrounding the agglomerate in (b).

Finally, the radius of the agglomerates 7,4, is investigated for the base case where all the ionomer is

embedded in the agglomerate core. Figure 53 shows that decreasing the size of the agglomerate increases the
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cell performance. Indeed, the catalytic sites are more accessible when the agglomerates are smaller, the core

of the agglomerate being more easily reachable by the dissolved O..

1
——Base case
......... r_agg = 100 nm
----- r_agg =500 nm

---r_agg=1500nm

Cell voltage (V)

— —r_agg=2000 nm

0 1000 2000 3000 4000 5000
Current density (A/m?)

Figure 53: Influence of the agglomerate radius on the cell performance.

In conclusion, the variation of different CL and agglomerate parameters enabled to highlight that in
the case studied here, the porosity of the layer is not limiting. Thus, more catalytic material could be embedded
in the layer in order to increase the performance. However, the increase of the thickness has to be treated
carefully as it will create supplementary transport losses along the cathode. The addition of more ionomer to
the solid phase will increase the ionic conductivity of the layer and thus the performance. The optimal
integration of the ionomer phase is to integrate it within the agglomerate core without forming a layer
surrounding the agglomerate. A better dispersion of the catalyst is also wanted in order to decrease the size

of the agglomerates and improve the diffusion of O; to the catalytic sites.

IV.5. Conclusion

This chapter aimed at building a PGM-free agglomerate model including the kinetic parameters
determined with the SECM measurements. A 1D MEA model developed by the CEA-Grenoble was modified in
order to simulate the diffusion of O, in the agglomerates at the cathode. The parameters iy, n, and R,
determined in the Chapter Il were integrated in the model. A polarization curve performed by Heraeus Precious

Metals — Hydrogen Systems served for the model validation. While the SECM-determined values of iy, and n.
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did not need to be adjusted with the MEA model, the ohmic resistance R, was lower in single cell condition
compared to the value obtain with the SECM measurements. The reason for this lower value could be the
higher compression of the material within the CL of the cell, which increase the connectivity between the
catalyst particles. Finally, the model was used to investigate the effect of the CL and agglomerate parameters.
Different compositions and different agglomerate sizes were compared and the best performance was
achieved when the porosity and the agglomerate size were decreased. The importance to embed the ionomer
within the agglomerate core instead of around it was also noticed. Similar conclusions were drawn in the
literature: the PGM-free models presented in part IV.1.2. highlighted the important losses caused by large
agglomerates [64] or by a thick Nafion film around them [61], [64]. A limitation of the model developed in this
chapter would be the fact that the liquid water management was not resolved. This choice was made to limit
the complexity of the numerical model. According to the literature, water flooding plays however a key role on
the performance of PGM-free fuel cells [63], [65], [209], [211]. It would be thus interesting resolve the two

phases water flow in future modeling works.
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Conclusion and perspectives

Fuel cells and especially PEMFC are envisioned to take part in the replacement of thermal vehicles in
the coming years. Even if this technology is already commercially available, the research is still very active in
order to reduce the costs and improve the efficiency of the PEMFC. Notably, the replacement of the Pt/C
catalyst by non-PGM materials creates new challenges towards the materials synthesis, characterization and
integration into the catalyst layers. The complex architecture of the CL makes it difficult to process and to

characterize, especially with PGM-free catalysts.

In this context, this thesis aimed at investigating the link between the structural properties and the
electrocatalytic activity of PGM-free ORR catalysts for PEMFC fuel cells. In the framework of the European
project PEGASUS, two approaches were explored. First, an experimental methodology based on local probe
techniques (SECM and AFM) enabled the investigation of different materials at agglomerate scale, as well as
the extraction of kinetic parameters. Then, the link between the structural properties and the electrocatalytic
activity of the materials was explored at the single cell scale through numerical simulations involving the

experimental parameters determined with the SECM and AFM protocol.

The first chapter gave an overview on the main issues regarding the development of PEMFC with PGM-
free materials. The place of hydrogen and fuel cells in the energetic transition was briefly discussed and the
importance of reducing the costs of the PEMFC was highlighted. Different research strategies for reducing the
amount of platinum or replacing it with cheaper and more abundant materials were presented. The focus was
put on the PGM-free catalysts, since these materials were investigated within the PEGASUS project. The various
morphologies obtained with the different synthesis methods raised the issue of their integration into catalyst
layers. Different fabrication processes and characterization methods were rewieved and the importance of

being able to characterize the materials and the structures at several scales was brought to light.

The second chapter presented the development of an experimental methodology based on local probe
techniques in order to characterize ORR PGM-free catalysts at agglomerate scale. Scanning electrochemical
microscopy and atomic force microscopy were introduced and their interest for the characterization of an
ensemble of catalyst particles was discussed. The implementation of the measurement protocol was detailed.
The methodology was demonstrated with a benchmarking study of several catalysts provided by partners of
the PEGASUS project. A different agglomeration of the materials towards the same ink formulation was

highlighted. Despite the non-optimal ink formulation of some of the materials, the SECM and AFM
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measurements enabled to link the agglomeration state to the electrochemical activity of the deposits, and to
explain the measurements on specific deposits. The effects of the intrinsic activity and of the agglomeration
state on the performance of the deposits were identified. Notably, the amplification of the performance
differences towards an increase of the loading was attributed to the different agglomeration states of the
materials. The effect of the dispersion method and of the Nafion content were investigated on the material
developed in the LICSEN (CEA-BRF02). The decantation in the Sonotek affects the amount of material deposited
on the substrate. As long as the catalytic activity was expressed towards the exact volume of material measured
with AFM, this phenomenon did not affect the investigation of the activity of the catalysts. This study showed
that the formulation and deposition process of a material has a strong influence on its performance, even at

agglomerate scale.

The third chapter broadened the methodology presented in the second chapter with the development
of a numerical modeling approach of the SECM set-up in order to extract kinetic parameters from SECM and
AFM characterizations on the CEA-BRF02 catalyst. The experimental protocol was completed with SECM
measurements of the H,O, produced by the ORR in order to investigate the selectivity of the catalyst. After a
review of the modeling approachs existing in the literature, the model developed in this work was described.
The determination procedure of the exchange current density and the ORR selectivity was detailed. An ohmic
phenomenon was observed and quantified. It was interpreted as local ohmic drop at the catalyst agglomerates

due to resistive paths inside the particles or contact resistances between the particles and the substrate.

The fourth chapter aimed at studying the relationship between the structure and the activity of PGM-
free materials at the single cell scale, by performing numerical simulations of a membrane electrode assembly.
A model developed in the CEA-Grenoble was modified in order to include the kinetic parameters determined
in the third chapter. Moreover, an agglomerate model was integrated to describe more finely the crucial
phenomena occurring in the cathodic CL. The ability to fit an experimental polarization curve with the SECM-
derived parameters implemented in the MEA model gave an additional confirmation of the accuracy of the
method developed in the third chapter. Important ohmic losses were observed on the experimental
polarization curve and a similar resistance than in chapter Il was included in the model. Simulations were
performed in order to investigate the effect of the CL composition and the agglomerates parameters. The
reduction of the porosity through the addition of catalytic material or ionomer led to higher performance. The

importance of decreasing the size of the agglomerates and embed the ionomer in their core was highlighted.

By studying the link between the structural properties and the electrocatalytic activity of PGM-free
materials with different approaches, this thesis highlighted the importance of controlling the fabrication

process of the materials from agglomerate scale to MEA scale. Transport losses caused by the agglomeration
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of the particles is one of the major reasons for the decrease in performance of a material. While the SECM and
AFM based characterization method is interesting to investigate the effect of agglomeration on the intrinsic
parameters at a micrometric scale, MEA modeling gives a larger overview on the global phenomena affecting
the performance in a constituted CL. Combining the two approaches enables to get a deeper understanding

on this subject.

The methodology developed during the PhD can be adapted to various applications, from the
investigation of the intrinsic activity of materials to the optimization of a formulation process. The link between
the agglomerates morphology and their activity could be further studied by analyzing for example the ratio
between the surface and the volume of the agglomerates. The stability of PGM-free catalysts could also be
studied with this method at agglomerate scale. Indeed, stability is one important bottleneck of the
development of these materials [221]. Finally, many other electrocatalytic reactions can be studied with this
technique, such as the hydrogen oxidation reaction (HOR), the hydrogen evolution reaction (HER) or oxygen

evolution reaction (OER).
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Annex 1: AFM data treatment

The treatment of the AFM data consists in two steps. First, the image processing software Gwyddion is
used on each image to detect the particles and extract their height (m), volume (m3), projected area (number
of pixels) and external surface (m?). These data are exported in a .txt file where each line represents a particle.
Then, a Python routine is used to calculate the volume of material in the deposit and build the distribution of
particles sizes. The code creates an Excel file on which the information whether a sufficient number of AFM
images were acquired is easily identifiable. This file can be easily saved and modified in a later time. The code

is detailed as follows:

import os

import xlswwriter
import numpy
import matplotlib
from pylab import *

os.chdir{r"C: \Users\ab252676" Document s\ Thése\Manips\Manips septembre 2820)\28@E831-Dépdt billes'zee929-aFM depdt billes du 3188)25% 2p”)

classeur_spot = xlsxwriter.Workbook( 261862-8illes 25% 2p.wxlsx’
feuillel = classeur_spot.add_worksheet( infos_géné =
feuille2 = classeur_spot.add_worksheet( distribution_volumss')

longueur_spot=185
largeur_spot=266
surface_spot=longueur spot*largsur_spot

surface_image=[18€*186]*e+[58*58]*5
poids=[4]*e+[1]*5

liste images=["281861-Billes du 3188-25% 2p-068"
» " ze1eE 1
2z 5
¥ 2818 5% Ip-883
2" Ze1ea1 31@3-25% 2p-9e4
1
noms_images=["oo0’
» 881
» 882
» 883
» B84
1

nbel=len{liste_images)
volumes_images=[8]*nbel
données=| ]

for k in range{nbsl} :
if poids[k]==1:
x=9,542-15
else:
x¥=3.Ble-14
nomtxt=liste_images[k] + ".fui’
with open(nomtxt,”r”) as fichier:
contenu=loadtxt(fichier)

for i in rangs{shape(contenu)[e]) :
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haut=contenu[i,a]

pix=comtenuli, 11

surf=comtenu[i,2]

wol=contenu[i,3]

surf_proj=pix*x

données=données+[ (haut,pix, surf_proj,surf,vol)]
wolumes_images|[k]=volumes_images[k]+vol

nbpart=1len{données)

volume_extrapole l1=[@]*nbel
volume_extrapole_err=[a8]*nbel
moyenne_volume=[&]*nbel
pre_std_vol=[8]*nbel
std_volume=[a]*nbel
ecsurmoy_vol=[8]*nbal

for k in range {nbel):
wolume_extrapole 1[k]=volumes_images[k]*surface_spot/surface_image[k]
moyenne_volume[k]=dot{volume_extrapole_1[@:k+1],poids[@:k+1])/sum(poids[@:k+1])
pre_std_vol[k]=(volume_extrapole_1[k]-moyenne_volume[k])**2

for k in range {1,nbel):
std_volume[k]=sqrt{dot(pre_std vol[@:k+1],poids[@:k+1])/ {k/{k+1)*sun(poids[&:k+1]}))
ecsurmoy_vol[k]=std_volume[k]/moyenne_wolume[k]*10e

for k in range {nbel-1):
wvolume_sxtrapole_srr[k+1]=(moyenne_volume[k+1]-moyenne_volume[k] ) /moyenns_volume[k+1]*188

wvolume_total=sum(volumes_images)*surface_spot/sum({surface_image)
wvoltotum=volums total*lels

headingsi=[ "Nombre d images prises en compte’,"Image’, Vol extr 1 image (m3)°', Poids", 'Moyenne wol extr k images®, variation des moyennes (X}, Ecart type (X)°]
feuillel.write_row{@,®,headingsl)
feuillel.write_column(l,&,arange(1,nbel+1,1))
feuillel.write_column(i,1,noms_images)
feuillel.write_column(l,2,volume_sxtrapole 1)
feuillel.write_columnii,3,poids)

feuillel.write columnii,d,moyenne_volume)
feuillel.write column(l,5,volums_extrapole_err)
feuillel.write_column(l,&,ecsurmoy_vol)
feuillel.write_columnii,12,[1]*nbel)
feuillel.write columnii,13,[nbel-17*nbel}
feuillel.write_row{8,15,[ volume total (m3)'])
feuillel.write row{1,15,[volume_total])
feuillel.write row{2,15,[voltotum])

charti=classeur_spot.add_chart({ type": "scatter’'})
chartl.add series({ categories’:[ infos_généralesz”,1,8,nbel,a], values :[ infos_générales",1,4,nbel,a], name : Extrapolated volume of catalyst (m3)°})
chartl.set_x axis({'name’': 'Humber of images’, name font":{ size”:12}, num_font" :{ size”:12}, 'line :{ color’: black }})
chartl.set_y_axis({"name': 'Extrapolated wvolume (pm3)", name_fomt':{ si 2}, 'mum_font":{"size”:12}, ‘major_gridlines":{ visible":False}, 'line":{ color':"black }})
chart1.set_legend({ font':{ size’:12}, position’: overlay_right", 'layout’:{ "x :8.2, 'y 8.5, width :8.7, height':e.25}})
chartl.set_title({ none’:Trus})
charti.set plotarea({ border’:{ color’: black’ }1)
chartl.set_chartarea({ border”:{ none’:True}, layout :{ «x":8.2, vy 8.5, width :8.7, height’:8.25}})
charti.set_size({'y_scale":1.35, «_scale’:1.35})
feuillel.insert_chart( 812" ,chartl)

plages_volumes=logspace(-23,-14,58)
volumes nombre=[@1*len{plages volumes)
pourcentage_vol=[&]*len(plages_wvolumes)

for i in range (len(plages_wvolumes)-1}):
compteur=e
voltot=8
for k in range{nbpart):
if données[k][4] »= plages_volumes[i] and données[k][4] < plages_wolumes[i+1]:
compteur+=1
voltot+=données[k][4]
wolumes_nombre[i]=compteur®surface_spot/sum(surface_image)
pourcentage_vol[i]=voltot*zurface_spot/sum{surface_image)/volume_total

plages_volumes_um=plages_volumes*1e1E
feuille2.write_row{e,®,[ 'Plage des wolumes (pm3)', 'Mombre de particules dans la plage’, "Pourcentage du wolume total dans la plage'])
feuillel.write_column(l,,plages_volumes_um)

feuille?.write column(l,1,volumes_nombre)
feuille2.write column(l,?,pourcentaze_wol)

classeur_spot.close()
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Annex 2: SECM model parameters

Negative feedback

Active specie: O;
Boundary condition at the probe active part: Cy, =0

Boundary condition at the deposit of catalyst: no flux

Parameter Value Source
. 6.2 um Fitted on approach curves in negative
r <H feedback mode
RG 11 Fitted on approach curves in negative
feedback mode
n 57 Fitted on approach curves in negative
! ' feedback mode
d 30 um SECM device
Calculated from the surface of the
e = 110 ym .
deposit
Co 1.27 mol.m-3 [222]
Do, 1.9x109m?3s™ [223]
T 293 K Temperature d.urmg the SECM
experiments

Table 4: SECM model parameters in negative feedback mode.

Substrate generation-tip collection (SG-TC)

Active specie: H>0,
Boundary condition at the probe active part: Cy,0, =0

Simplified boundary condition at the deposit of catalyst: Cy50, = Cof
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Parameter Value Source
. 35 um Fitted on approach curves in negative
r > H feedback mode
Fitted on approach curves in negative
RG 104 feedback mode
o 247 Fitted on approach curves in negative
feedback mode
d 30 um SECM device
Calculated from the surface of the
Tc = 110 pm i
deposit
Co 0 mol.m3 No H,0: in solution initially
Du302 1.5x10°m?s™ [224]
T 293 K Temperature d.urlng the SECM
experiments
ne 2 Fixed when the 2e” pathway is studied

Table 5: SECM model parameters in SG-TC mode.

Redox competition

Active specie: O;
Boundary condition at the probe active part: Cy, = 0
Simplified boundary condition at the deposit of catalyst: Cy, = 0

Full boundary condition at the deposit of catalyst:

iO COZ (anCF . ) _(1 - a)nCF . Vcatalyst
02 =3 | Co;f [exp RT (M = Rplic) ) —exp RT (1 — Rolc) Saeposit

Parameter Value Source
" 6.2 um Fitted on approach curves in negative
’ < H feedback mode
RG 11 Fitted on approach curves in negative
feedback mode
fig 27 Fitted on approach curves in negative

feedback mode
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d 30 ym Fixed by SECM protocol
Calculated from the surface of the
Tc = 110 pm i
deposit
Co 1.27 mol.m-3 [222]
Do, 1.9x109m?s™ [223]
T 293 K Temperature d.urlng the SECM
experiments
F 96 485 C.mol” Faraday constant
R 8.314 J.mol "K' Universal gas constant
Saeposic ~ 40 000 pm? Measured by optl'cal microscope
imaging
Veatatyst 1750 um?3 - 35 400 pm? Determined from the AFM images
Calculated from the RC and SG-TC
ne 3.88
measurements
i 670 A.m3 Fitted with the model
R, 1.94 x 108 Q.m3 Fitted with the model
a 0.5 Assumed
crer 1.27 mol.m-3 [222]

Table 6: SECM model parameters in RC mode.
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Annex 3: MEA model parameters

and operating conditions

Domains

parameters

Cathode

Membrane

Anode

BP

GDL

CL

MB

CL

GDL

BP

Thickness e

(m)

14 %1073

23x10%

30x 10°®

1.5x 107

20 x 10°®

23 x10%

1.4 x 103

lonomer to

carbon ratio

1/C

0.67

Porosity €

0.74

0.455

0.505

0.74

Tortuosity t

1.7

1.5

1.5

1.7

Pores radius

R, (m)

1x 107

8.34x 107

1x 107

1x10°

Permeability
k (m?)

1.2x 107

1x 10712

1x 10712

1.2x 10

Electronic
conductivity

o (S.m™

1x10°

206.8

20

20

206.8

1x10°

lonic
conductivity

K (S.m™

=~ 048

2.2

Q

=~ 0.33
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Thermal

conductivity - 0475 3 0.186 3 0.475
A (W.m KT

Table 7: MEA properties.

Parameter Value

Anode inlet pressure (Pa) 3x10°

Cathode inlet pressure (Pa) 3x10°
Anode inlet relative humidity (%) 50
Cathode inlet relative humidity (%) 30

Anode inlet H, molar fraction 1

Cathode inlet O, molar fraction 0.21
Cell temperature (K) 353

Table 8: Operating conditions used during the characterizations done by Heraeus
Precious Metals — Hydrogen Systems.
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Résumé : Les véhicules électriques a pile a combustible font
partie des solutions envisagées pour remplacer les actuels et
polluants véhicules thermiques. Cependant, la réduction de
leur cot nécessite de développer des catalyseurs sans platine
qui entrainent des problématiques liées a leur intégration au
sein des piles a combustible de type PEMFC. Ces nouveaux
matériaux forment des couches catalytiques épaisses au sein
desquelles le transport des espéces électroactives est délicat.
L'agglomérat notamment, est une structure clé dont la maitrise
pourrait mener a une meilleure utilisation des sites catalytiques
et donc a de meilleures performances en pile. Un besoin de
nouvelles techniques de caractérisation se fait ressentir, afin de
pouvoir étudier directement les catalyseurs a I'échelle de
I'agglomérat.

Nous proposons dans cette thése d'étudier des matériaux sans
platine pour 'ORR a |'échelle de I'agglomérat a I'aide de deux
techniques de caractérisation a sonde locale : la microscopie
électrochimique a balayage (SECM) et la microscopie a force
atomique (AFM). Ces deux techniques permettent de relier
expérimentalement I'activité catalytique d’'un matériau a son

état d'agglomération. Un protocole de caractérisation est
développé et plusieurs catalyseurs fournis par les partenaires
du projet européen PEGASUS sont étudiés afin de comparer
leurs performances.

De plus, caractériser le matériau a I'échelle de I'agglomérat
permet d'accéder a ses propriétés catalytiques intrinseques.
Une méthode pour extraire des paramétres cinétiques a partir
des mesures SECM et a I'aide d'un modéle numérique est donc
mise en place. La densité de courant d'échange et la sélectivité
d'un catalyseur sont déterminées et comparées a la littérature.
Une résistance ohmique entrainant d'importantes pertes de
performance est mise en évidence et interprétée comme un
phénomene local de chute ohmique a lintérieur des
agglomérats.

Enfin, un modele numérique de pile a combustible incluant les
paramétres déterminés par SECM est développé afin d'étudier
les parametres d'agglomérat et de couche active influengant
les performances globales en pile. Ce modeéle confirme
I'importance de contréler la structure des agglomérats pour
optimiser les performances.

Title : Investigation of platinum-free ORR catalysts at agglomerate scale: from local probe characterizations to modeling studies
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Abstract : Fuel cell electric vehicles are envisioned to take part
in the replacement of the current carbon-emitting thermal
vehicles. However, the reduction of their cost implies the
development of platinum-free catalysts, which involve specific
issues concerning their integration into the PEMFC fuel cells.
Notably, these new materials form thick catalyst layers in which
the transportation of the electroactive species needs to be
carefully managed. The agglomerate is a key feature affecting
the accessibility of the active sites and there is a need to
develop characterization techniques enabling to study
catalytic materials directly at the scale of the agglomerate.

In this thesis, we propose to study platinum-free materials for
ORR at agglomerate scale with two local probe
characterization  techniques:  scanning electrochemical
microscopy (SECM) and atomic force microscopy (AFM). These
two techniques enable to link experimentally the
electrocatalytic activity of a material to its agglomeration state.
A protocol of characterization is developed and several

platinum-free catalysts provided by partners of the European
project PEGASUS are studied in order to compare their
performances.

Moreover, characterizing a material at agglomerate scale gives
access to its intrinsic catalytic properties. Thus, a method for
extracting kinetic parameters from the SECM measurements
with the help of numerical modeling is developed. The
exchange current density and the selectivity of the catalyst are
determined and compared to the literature. An ohmic
resistance leading to important performance losses is brought
to light and interpreted as local ohmic drop at the catalyst
agglomerates.

Finally, a numerical model at single cell scale including the
parameters determined with SECM is built in order to study
the catalyst layer and agglomerate parameters affecting the
global cell performance. This model confirms the importance
of controlling the agglomerate structure in order to optimize
the global performance in a fuel cell.
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