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Abstract

This thesis aimed at developing an optimized carbon material to serve as a durable catalyst
support in Proton Exchange Membrane Fuel Cell (PEMFC) electrodes. This optimization is
crucial to mitigate the degradation phenomena encountered in these electrodes (such as
migration, agglomeration or detachment of the active catalytic phase). To achieve this, a carbon
xerogel (CX) was synthesized and subsequently modified through three post-treatments
strategies. CXs were specifically selected as base materials in this thesis because their pore
texture can be tailored to minimize mass transport limitations within the electrodes. The first
post-treatment strategy consisted in the deposition of a secondary graphitizable carbon layer by
Chemical Vapor Deposition (CVD). In a second step, CVD was followed by exposure at high
temperature (1,500 °C) under inert atmosphere to further graphitize the deposited carbon layer.
A third post-treatment strategy consisted in the incorporation of nitrogen-containing groups at
the surface of the CX with a Nz-based plasma treatment. This treatment was performed to
increase the interaction between the carbon support and the Pt nanoparticles, so as to improve

the durability of the catalytic layer.

Pt/CX catalysts (20 wt.% Pt) were obtained by depositing Pt nanoparticles onto the surface of
the pristine and post-treated CXs via a formic acid reduction method. The complete
electrochemical characterization of all Pt/CX catalysts was performed. To do so, the
ElectroChemically Active Surface Area of Pt (ECS4, i.e. its exposed surface) and the catalytic
activity towards oxygen reduction reaction were measured, both in Rotating Disk Electrode
(RDE) and in Membrane-Electrodes Assembly (MEA) configurations. The electrochemical
performances were benchmarked against those of a commercial carbon black-supported
catalyst. Finally, the ECS4 and catalytic activity towards ORR were evaluated upon accelerated
aging. This evaluation was first conducted in RDE configuration in 0.5 M H2SO4 electrolyte,
after 5,000 and 20,000 cycles of potential between 0.6 and 1.0 V vs. RHE at 80 °C. The
evaluation was then also carried out in MEA configuration, after 10,000 and 30,000 cycles of

potentials holds at 0.6 and 1.0 V vs. RHE at 70 °C.

It was observed that the secondary carbon layer deposited by CVD treatment covers the
micropores but does not modify the meso/macroporosity of the CX, which is essential for

ensuring proper gas transport and metal nanoparticle deposition. This secondary layer was
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found to exhibit a graphitizable nature with an increase in crystallinity after the high
temperature treatment. Regarding the catalytic performances of the different catalysts, the
values of catalytic activities were found higher with post-treated CXs. Upon accelerated aging
of the corresponding catalysts, the catalytic behavior observed for both the pristine and post-
treated CXs was relatively similar, with an increase in specific activity (i.e. the current
normalized by the accessible Pt surface area), while the mass activity (i.e. the current
normalized by the total Pt mass) remained rather constant. Indeed, there is an optimal Pt
nanoparticle diameter (~3 nm) at which the available ECSA4 is maximized and the surface atoms
of Pt exhibit a balanced reactivity towards ORR. The approach or deviation from this optimal
size was used to explain this electrocatalytic behavior. However, the presence of the CVD layer
does not appear to significantly reduce nor aggravate Pt nanoparticles agglomeration upon
aging. In MEA configuration, the catalyst based on the CX treated by CVD followed by
graphitization at high-temperature exhibited the highest catalytic performances retention after

aging. This approach thus appears promising to obtain more durable catalytic layers.

Regarding N-doping, nitrogen was introduced onto the carbon surface without altering the pore
structure of the CX. However, in terms of catalytic performances observed upon aging, N-doped
CXs behaved very similarly to their undoped counterpart, both in RDE and MEA configuration.
These results are less optimistic than those generally reported in the literature. However, the
interplay of modifications possibly induced by the nitrogen doping treatment, such as changes
in Pt nanoparticles size in the fresh catalyst, can make it difficult to properly compare materials,
and may lead to biased conclusions. Overall, these results highlight that, while tailoring the
carbon support surface to improve the catalytic layer durability is achievable, improving

significantly the catalyst durability remains challenging.



Résumé

L’objectif de cette thése consiste a développer et optimiser un matériau carboné pour une
utilisation en tant que support de catalyseur durable dans les couches catalytiques de piles a
combustible & membranes échangeuses de protons (Proton Exchange Membrane Fuel Cell —
PEMEFC). L’optimisation de ce matériau est cruciale pour atténuer les phénomeénes de
dégradation rencontrés dans ces couches catalytiques, comme la migration, 1’agglomération ou
le détachement de la phase active catalytique (nanoparticules de Pt). Dans cette optique, un
xérogel de carbone a été synthétisé, puis sa surface a ét¢ modifiée en utilisant trois post-
traitements distincts. Les xérogels de carbone ont été utilisés comme matériau de base dans
cette thése en raison de leur texture poreuse qui peut étre aisément optimisée afin de minimiser
les limitations dues au transport de mati¢re rencontré dans les électrodes de PEMFC. Le premier
post-traitement correspond au dépot d’une couche de carbone secondaire a la surface du xérogel
via un dép6t chimique en phase vapeur (Chemical Vapor Deposition — CVD). Ce traitement a
été suivi par D’exposition du matériau carboné a une haute température (1.500 °C) sous
atmosphere inerte. Ce second traitement a été réalisé pour graphitiser davantage la couche de
carbone déposée. Enfin, le xérogel de carbone a été soumis a un troisiéme post-traitement,
consistant en un traitement au plasma en utilisant N2 en tant que précurseur azoté. Ce traitement
vise a incorporer des groupements azotés a la surface du carbone, afin d’améliorer 1’interaction

entre le support carboné et le platine, en vue d’accroitre la durabilité de la couche catalytique.

Des catalyseurs ont ensuite été élaborés par dépot de nanoparticules de Pt (20% en masse) a la
surface des xérogels de carbone traités et non traité ; les nanoparticules ont été obtenues via une
réduction a I’acide formique de HoPtCls. Une caractérisation €lectrochimique compléte de tous
ces catalyseurs a été réalisée. Pour ce faire, la surface de Pt électrochimiquement active (ECSA4,
correspondant a la surface de Pt exposée), ainsi que I’activité catalytique pour la réaction de
réduction de I’oxygene ont été évaluées, a la fois sur Electrode a Disque Tournant (EDT) ainsi
qu’en Assemblage Membrane-Electrodes (AME). Ces performances électrochimiques ont
¢galement été comparées a celles d’un catalyseur commercial supportés sur noir de carbone.
L’ECSA ainsi que I’activité catalytique ont aussi été évaluées apres dégradation accélérée. Cette
¢valuation a d’abord été réalisée en configuration EDT, en milieu électrolytique H2SO4 0,5 M,

apres 5.000 et 20.000 cycles de potentiel ¢lectrique variant entre 0,6 et 1,0 V vs. RHE a 80 °C.
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Cette ¢évaluation des performances catalytiques a ensuite été réalisée en configuration AME,

aprés 10.000 et 30.000 marches de potentiel électrique fixées a 0,6 et 1,0 V vs. RHE a 70 °C.

I1 est observé que la couche de carbone secondaire déposée par CVD couvre les micropores du
xérogel de carbone mais n’impacte pas la méso/macroporosité du matériau. Cette dernicre est
essentielle pour assurer un transport de matiere efficace et un dépdt optimal des particules de
métal. Les résultats indiquent que la cristallinité de la couche augmente apres exposition a haute
température (1.500 °C), indiquant que la couche peut étre graphitisée. Au niveau des
performances catalytiques des différents catalyseurs, 1’activité catalytique est plus importante
pour les xérogels de carbone ayant été exposés aux post-traitements. Cependant, apres
vieillissement des catalyseurs, le comportement des catalyseurs supportés sur xérogels,
modifiés ou non, reste similaire. En effet, une augmentation de I’activité spécifique (i.e. courant
rapporté a la surface de Pt accessible) est observée, tandis que 1’activité massique (i.e. courant
rapporté a la masse de Pt total) reste plutot constante. Or, il existe un diamétre de nanoparticule
de Pt idéal (~3 nm), pour lequel I’ECSA est maximisée et ou les atomes de Pt en surface
possédent une réactivité appropriée pour la réduction de 1’oxygeéne. L’écart par rapport a ce
diametre idéal a été utilisé pour interpréter le comportement catalytique observé. Néanmoins,
la présence de la couche secondaire ne réduit ni n’aggrave I’agglomération des nanoparticules
de Pt apres vieillissement. En configuration AME, le catalyseur utilisant le xérogel de carbone
trait¢ a la fois par CVD puis a haute température présente la meilleure rétention des
performances catalytiques apres vieillissement. Cette approche semble donc prometteuse pour

obtenir une couche catalytique plus durable.

Concernant le dopage a 1’azote, il a été constaté que 1’azote est bien incorporé a la surface du
xérogel de carbone sans altérer la structure poreuse de ce dernier. Cependant, en termes de
performances catalytiques au cours du vieillissement, 1’ utilisation de xérogels de carbone dopés
conduit a des performances catalytiques trés similaires a leurs équivalents non dopés, a la fois
en configuration EDT et AME. Ces résultats sont moins optimistes que ceux généralement
rapportés dans la littérature. Néanmoins, les modifications qui peuvent étre induites par le
dopage, notamment les modifications dans la nucléation et croissance des nanoparticules de Pt,
peut rendre complexe les comparaisons entre matériaux dopés et non dopés, et conduire a des
conclusions biaisées. De maniére globale, les résultats obtenus dans cette these démontrent
qu’une amélioration de la durabilit¢ des couches catalytiques peut Etre obtenue apres
optimisation de la surface du support carboné. Néanmoins, obtenir une amélioration

significative de cette durabilit¢ demeure un défi majeur.
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Introduction

Context

Electrification, consisting in replacing fossil-fuel based technologies by other technologies
powered by electricity produced from renewable sources, is essential for decarbonizing sectors
such as industry or transport. To date, around 80% of the global energy production still relies
heavily on fossil fuels [1], which is associated with severe environmental impacts on climate
but also with finite resources depletion. Indeed, GreenHouse Gases (GHG) emissions
associated with fossil fuels use are a major issue as they are a substantial contributor to global
warming. In this context, the transition towards more sustainable sources of energy with low-

carbon emissions has accelerated over the past decades.

Renewable electricity sources are diverse, including solar, wind, hydropower or thermal sources
[2]. They are also intermittent, meaning that their production depends on the time of
year/month/day, which calls for possibilities to store and release it in a timely and efficient way.
Among the various options being explored, electrochemical energy conversion systems, such
as batteries or fuel cells, have attracted considerable attention due to their high efficiencies and
clean operation. These systems are well suited to support electricity produced from localized or
intermittent renewable energy sources, such as solar or wind power [3]. In this context, Hz has
emerged as a clean energy carrier that can be efficiently converted into electricity without direct
GHG emission, provided the hydrogen itself is produced from renewable sources [4].
Nonetheless, the utilization of hydrogen as energy carrier requires technologies capable of
efficiently converting back its chemical energy into electrical power. For instance, fuel cells
enable direct electrochemical conversion of a fuel such as H: into electricity, without emission
of harmful by-products. Fuel cells are devices that can achieve high energy density, although
their power density remains relatively low [5]. Nonetheless, fuel cells can operate with
relatively high electrical conversion efficiencies, commonly ranging from 50 to 70% [6].
However, the round-trip efficiency of H> (i.e. the production of renewable H> via water
electrolysis inside an electrolyzer followed by its conversion into electricity inside a fuel cell)
generally falls between 30 to 50%, depending of the electrolyzer and fuel cell technology
employed and their efficiencies (typically 60 to 80% for alkaline or PEM electrolyzers [7]).
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Therefore, among the various electrochemical conversion technologies available, fuel cells
represent, alongside batteries, efficient power sources that can be implemented in portable
devices, or be used for automotive or stationary applications. Nevertheless, their respective
characteristics can make them more suitable for different uses. For instance, battery systems
are usually preferred to fuel cell systems for lightweight vehicles and portable device
applications, owing to their high electrical conversion efficiency and technological maturity.
Meanwhile, fuel cell systems find their most significant development in stationary power
generation applications [8] and in heavy-duty automotive applications [9]. Indeed, in this case,
owing to the large gravimetric density of Hx (ca. 33 kWh.kg™ [10]), the use of fuel cells for

heavyweight vehicles can become advantageous compared to batteries.

Fuel cells overview

Fuel Cells. Fuel cells are electrochemical systems capable of converting the chemical energy
of a fuel and an oxidant into electrical energy through a pair of redox reactions. All fuel cells
consist of an anode and a cathode, where the redox reactions take place from the fuel and the
oxidant which are continuously fed to the system. The electrons produced at the anode travel to
the cathode via an external electrical circuit, thus producing an electric current. Moreover, to
ensure electroneutrality, ions have to travel from one electrode to the other via a medium
enabling ion transport, i.e. an electrolyte, which separates the electrodes from each other. To
ensure proper operation, the anode and cathode must indeed remain electrically separated to

prevent short-circuits but also to prevent fuel or oxidant cross-over, detrimental to the cell yield.

Several fuel cell technologies exist, operating with different fuels and ion-conducting media,
and in various temperature ranges. These fuel cell technologies can be broadly classified into
different categories, based on the nature of the charge carrier, anion or cation, for example [11].
In the first category of fuel cells, the charge carrier is a cation, typically H*. Proton Exchange
Membrane Fuel Cells (PEMFCs) and Phosphoric Acid Fuel Cells (PAFCs) belong to this
category. In this type of fuel cell, the fuel (H») is oxidized at the anode to provide protons. These
protons travel to the cathode through a proton-exchange electrolyte, where they react with the
oxidant. These fuel cells typically operate between ambient temperature and 200 °C,

respectively.
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In the second category of fuel cells, the charge carrier is an anion. Alkaline Fuel Cells (AFC),
Solid Oxide Fuel Cells (SOFC) and Molten Carbonate Fuel Cell (MCFC) belong to this
category. The oxidant, O, reacts at the cathode with an intermediate molecule (often H>O or
CO»), to provide anions, which travel from the cathode to the anode through an anion-exchange
electrolyte, where they react with the fuel. These fuel cells can operate over a wide temperature
range, from ambient temperature (AFC) up to 1,000 °C (SOFC). A list of different fuel cell
technology is provided in Table 1.

Table 1. Characteristics of common fuel cell types.

Usual operating

Charge
Fuel cell type Fuel . Typical electrolyte temperature range
carrier
°O
Proton Exchange Perfluorosulfonic
H> H" 60-110
Membrane membrane
Phosphoric acid H» H* Liquid H3PO4 150 — 200
Alkaline H> OH" Aqueous KOH 25-90
Molten carbonate
Molten Carbonate H»/CO COs* 600 — 700

salt

Ceramic (yttria-
Solid Oxide H,/CO/CH4 o* v 700 — 1000
stabilized zirconium)

Among the various fuel cell technologies presented, PEMFCs have achieved the highest level
of commercial development to date [12]. The description of PEMFC components, operating

principles and associated limitations are described in the following sections.

PEMFC. PEMFCs belong to the class of fuel cells based on cation transport. A schematic of
PEMFC technology is provided in Figure 1. They operate through the coupled oxidation of
hydrogen and reduction of oxygen. In a PEMFC, hydrogen is injected at the anode and is
oxidized into protons H" via the Hydrogen Oxidation Reaction (HOR):

H, » 2H* + 2e~ €))
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The protons are then transported to the cathode through a Proton Exchange Membrane (PEM).
In practice, such membrane conduct protons inside the cell under their hydrated form, i.e. H3O"
[13]. As a result, proton conduction is strongly related to the membrane hydration, requiring a
well-controlled humidification of both the fuel and oxidant streams. At the cathode, O; is

injected and reacts with the protons via the Oxygen Reduction Reaction (ORR):
1
502 + 2H* + 2¢e”~ - H, )
Thus, the overall reaction is:
1
HZ +502 _)H20 (3)

The only by-products of PEMFCs are water and heat. The production of heat arises from the
exothermic nature of the overall reaction ((3) and from the various overpotentials associated

with energy losses encountered during operation.

Electric current

e S 0, /air feed

0,
H,
' H,0

Excess H, —
—

Gas Diffusion LayA

Proton Exchange Membrane (Nafion®)

N——  H,00ut
I

Heat

Figure 1. Schematic representation of a PEMFC.

Both HOR and ORR require a catalyst to proceed at practical kinetic rates. Platinum or Pt-based
nanoparticles are the most commonly used catalysts for this purpose. On the one side, the HOR
can be efficiently catalyzed using relatively small amounts of Pt catalyst. However, on the other

side, the ORR is considerably more sluggish due to the strong resilience of the O=0 bond (498
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kJ.mol ") [14], resulting in a high activation energy for ORR [15]. As a result, a larger amount
of Pt catalyst is required to ensure sufficient reaction rate, significantly increasing the overall
cost of PEMFCs [16]. Commercial light-duty vehicles powered by PEMFC stacks (e.g. the
Toyota Mirai) typically operate with a total Pt loading superior to 0.3 mgp.cm eectrode in the
catalytic layer. This loading is distributed between the anode side, with a loading around 0.05
mgp.cm?, and the cathode side, with a loading superior to 0.25 mgp.cm™ [17]. To reduce
PEMFC systems costs, the U.S. Department of Energy (DoE) has set a target total Pt loading
of 0.125 mgpi.cmZeiectrode, for a produced power density of 8 kW.gpe! [18]. This target
corresponds approximately to a Pt loading distribution of 0.025 mgpi.cm™ for the anode side

and 0.1 mgpi.cm™ for the cathode side.

PEMFC stacks typically exhibit an electrical efficiency in the order of 50-60% [19]. The
remaining energy (40-50%) is dissipated as heat as a result of irreversible electrochemical
losses observed upon operation (ohmic resistance, activation overpotential and diffusion
overpotential) [20]. Because the quantity of heat generated is substantial, efficient heat recovery
can enable better utilization of the PEMFC total delivered energy (i.e. both electrical and
thermal energy). Such combined power and heat co-generation is well-documented [21,22]. A
portion of the generated heat is also used for vaporizing the water produced within the CL.
Nevertheless, the quantity of heat required for this process only requires about 5% of the total

heat generated [23].

Among the various types of fuel cells developed, PEMFC technology is one of the most mature
and has already reached commercial deployment, such as for automotive applications and
stationary applications, particularly in China, Japan and South Korea [1]. PEMFCs operate at
temperatures ca. 80 °C and take advantage of the high gravimetric density of hydrogen (ca. 33
kWh.kg™! [10]). Nonetheless, on a volume basis the volumetric density of hydrogen is low under
STP conditions, 3 x 10 kWh.L'!, although it can be increased up 1.7 kWh.L"' when Ha is
compressed at 700 bar. Even under liquid form, H> possess a volumetric density (2.3 kWh.L™")
lower than that of other fossil fuels such as diesel or gasoline (8-10 kWh.L™). Nevertheless, in
the scope of GHG abatement, PEMFCs have potential in specific sectors requiring substantial
payloads, where battery-powered systems may not suffice. For instance, PEMFC can be used
in the heavy-duty transport sector [24] where power demand can typically exceed 200 kW [25].
PEMFCs can also be considered for stationary applications, either as the primary power source
or as a supplemental power provider [26,27]. However, their large-scale deployment is more

limited compared to battery systems due to hydrogen production costs, expenses related to
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PEMEFC assembly and materials (including precious metal catalysts and membrane) and to the

general lack of infrastructure, such as refueling networks.

PEMFCs assembling

Each type of fuel cell relies on a specific set of fuel, catalysts, electrolyte and auxiliary
components. In the context of this thesis, only the elements used in PEMFC are described.
Comprehensive reviews on alternative fuel cell technologies are available in the literature
[26,28]. A schematic illustration of the different component and assembling of a PEMFC stack

can be found in Figure 2).

End plate

Current collector
Insulating plate
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(b) Flange and screws

Bipolar plate

Current

Silicon collector

gasket

Gas diffusion layer

PEM deposited with
catalytic layer

Figure 2. Schematic representation of (a) a PEMFC stack (adapted from [29]) and (b) the main
components of a PEMFC single cell, as used on the laboratory test bench (adapted from

[30]).

Proton Exchange Membrane (PEM). The primary function of the PEM is to transport the
protons generated at the anode towards the cathode. The PEM also acts as an electrically
insulating and impermeable barrier to prevent other species, i.e. electrons and gases, from
travelling between the two electrodes. By far, the most common materials used are Nafion®
membranes, combining low resistance to proton conduction, high electronic insulation and high
chemical and mechanical stability. Nafion® is a co-polymer constituted of a hydrophobic
polytetrafluoroethylene (PTFE) backbone providing both mechanical and chemical stability,
and perfluorinated side chains terminated by hydrophilic sulfonate (SO3”) groups that enable
the transport of protons in their hydrated form, H3;O" (Figure 3) [31].
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— e 1
Afcpz CF> I @F CF> J
m

~
CF
HOsS. G & 2
3 \.C/ \O/F\CFs

Fo

Figure 3. Chemical structure of Nafion®.

Electrodes/Catalytic layers. The anode and cathode constitute the core of a fuel cell. They are
the locations where the redox reactions occur and where the electrons are exchanged. Because
a catalyst is required for these redox reactions to proceed at practical rates, electrodes are
referred to as catalytic layers (CL). As shown in Figure 4a, PEMFC CLs are composed of three

elements:

(1) a catalyst, capable of promoting the targeted electrode reaction, i.e. either the HOR
or the ORR, and be readily accessible to the gaseous reactants;

(i1) a proton-conducting medium, the ionomer, which enables the transport of protons
inside the CL;

(ii1))  a solid substrate, i.e. a material capable of acting both as a physical support for the
ionomer and the catalyst, but also capable of conducting electrons. The geometry of
this material must allow for gas transport inside the CL but also for the removal of
water produced at the cathode side, usually in vapor form although water

condensation may also occur.

All these elements must be uniformly distributed within the CL to maximize the number of
triple phase boundaries. Triple phase boundaries are the regions of contact between the support,
the ionomer and the catalyst (Figure 4b). They constitute the actual electrochemically active
sites within the CL, given that they are accessible to all reactants (gas, electrons and protons)
on both sides of the fuel cell. The electrode must be sufficiently porous for the gaseous reactants
to efficiently access these triple phase boundaries. Moreover, the CL structure must allow for
the efficient evacuation of produced water at the cathode side, without blocking the arrival of

oxygen. Each of the elements constituting the CL are described in details below.
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Figure 4. (a) Schematic representation of a CL and (b) enlargement on a triple phase boundary.

Gas diffusion layer (GDL). The GDL is placed on each side of the cell and serves three main
functions: (1) ensuring a homogeneous distribution of the reactant gases (O and H» at the
cathode and anode, respectively) to the CL, (2) providing an electrically conductive pathway
between the CL and the next component, the bipolar plates, and (3) managing water and
facilitating its removal from the CL through capillary eftects [32]. GDLs generally consist in a
dual-layer carbon structure: a macroporous layer coated with a microporous layer. The
macroporous layer faces the bipolar plates and acts as a porous current collector. It is usually
made of carbon fibers or carbon felt [33]. The microporous layer faces the CL and plays a role
in assisting water removal management. To this end, the microlayer is made of an electronically
conductive carbon, such as carbon black or carbon nanotubes, mixed with a hydrophobic agent,
typically PTFE [34]. The latter acts both as a binder and as a hydrophobic component that

increases the contact angle with water, helping to remove evaporated water [35,36].

Bipolar plates. Bipolar plates, or flow-field plates, are responsible for transporting hydrogen
and oxygen inside the cell. They incorporate flow channels, that allow for the gas transport to
the GDL. The characteristics of these flow channels, such as their size, shape and pattern greatly
influence both the gas distribution to the electrodes and other transport properties [37]. Poorly
designed bipolar plates lead to large thermal gradients and zones of slow water evacuation.
Thus, the optimization of the geometry of the flow channels is a very active and relevant area
of research [38]. The choice of bipolar plate material is also crucial. Their thermal, mechanical,
electrical properties and corrosion resistance greatly influence the overall operation of a
PEMEFC stack. For instance, flow-field plates must be highly electrically conductive and be

impermeable to gases. As they are needed at both sides of the cell, bipolar plates must also be
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resistant to both oxidant and reductant environments. Graphite can be used thanks to its
favorable properties [39]. However, its brittleness and high machining costs, especially at large
scale, are notable drawbacks. Plus, graphite bipolar plates are typically thick (and thus both
bulky and heavy) because of the difficulty to machine thin graphite components. Metallic plates,
typically made of thin stainless steel sheets (~0.1 mm), are more commonly used for
commercial applications than graphite; those are manufactured by embossing of steel coils. This
steel is generally stripped to remove its native oxide layer and is subsequently coated with an
electrically conductive layer to prevent corrosion. Bipolar plates manufactured from composite
materials, such as polymer-graphite composites, or from titanium are also actively investigated

[40].

Assembling. Proper assembling of all these components is essential to ensure a maximal and
durable power output from the fuel cell. In the assembling process, the membrane, CLs and
GDLs are first assembled together into a Membrane Electrode Assembly (MEA). The catalyst,
generally processed under the form of an ink containing also some ionomer, can be deposited
on a substrate to finally form a CL. The CL can either be deposited on the PEM and then
assembled with the GDL, or on the GDL and then assembled with the membrane. Many
deposition methods exist for both approaches, including, but not limited to, spreading, spraying
or impregnation methods [41]. After its deposition, the CL is assembled into an MEA by
sandwiching it with the remaining components. Typically, silicon gaskets are also placed around
the GDL to prevent gases from leaking out of the cell. The sandwiching of the above-mentioned
components is commonly achieved via hot-pressing [42]. The resulting MEA is then positioned
between the bipolar plates and current collectors on each side. All components are then secured

together using flanges and screws (see Figure 2b).

Catalytic layer composition

As previously mentioned, the CL is the central component of the fuel cell. The selection of the
materials constituting the CL, as well as the optimization of its design, are critical as they
strongly govern the fuel cell performances and power output. Properly designed and optimized

CLs maintain better performances upon prolonged fuel cell operation.

Catalysts for ORR and HOR. A major limitation of PEMFC technology lies in the sluggish
kinetics of the redox reactions, particularly the ORR. Therefore, the use of a catalyst is required

to accelerate the reactions rates. Experimentally, Pt nanoparticles have long been identified as
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efficient catalysts towards both HOR and ORR [43]. From a theoretical perspective, density
functional theory studies can also predict the catalytic activity of different transition metals
towards ORR and HOR as a function of the binding energy of oxygen intermediates [44], or
hydrogen intermediates [45]. The relationships between binding energies and catalyst activities
(or current exchange densities), represented as Volcano plots, show that, for pure transition
metals, the highest catalytic activity towards both HOR and ORR is indeed reached with Pt
(Figure 5). As can be observed in this figure, Pd also demonstrates a catalytic activity that,

although lower than that of Pt, remains of significant interest [46,47].

0.0

Estimated ORR activity (eV)

3 -2 -1 0 1 2 3 4
Oxygen adsorption energy (eV)

Figure 5. Representation of Sabatier’s principle, showing the deviation from the theoretical
maximum activity towards ORR of different metals, plotted as a function of oxygen
adsorption energy (adapted from [44]). The ORR activity is defined here as A =

ksTmini(log(ki’ko)), where ki is the rate constant of each elementary step.

Nevertheless, the scarcity and cost of Pd is equivalent to that of Pt, limiting its potential as a
substitute to Pt. It should also be noted that the alloying of Pt or Pd with transition metals can

lead to enhanced catalytic activities towards ORR [48]. In particular, alloying Pt with transition
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metals such as Co or Ni has also emerged as an effective strategy to increase the catalytic
activity of Pt-based catalysts while simultaneously reducing the Pt loading [49]. Notably, Pt-
alloy catalysts have already been successfully implemented into commercialized PEMFC

systems [50].

Hydrogen Oxidation Reaction. The HOR occurs at the anode through a two-step mechanism
[51,52]. In the first step, hydrogen adsorbs on the catalyst surface (Equation 4), following either
a Tafel pathway (Equation 4) or a Heyrovsky pathway (Equation 5):

H2 \_—\ ZHads (4)

Hy = Hygs + HY + e~ (5)
In a second step, the adsorbed hydrogen species are transformed into protons:
Hupgs = HY 4+ e” (6)

The interaction between the electrocatalyst surface and the adsorbed species must be balanced:
the interaction should be sufficiently strong to enable adsorption, yet no so strong as to hinder
the reaction shown in Equation 6. As previously mentioned, Pt is by far the most commonly
used catalyst for HOR. However, identifying the dominant reaction pathway and the rate-
determining step is challenging, as both are structure-sensitive and thus strongly dependent on
the configuration of the Pt atoms [53]. Each of these atom configurations (see Figure 6), and
the different Pt crystallographic planes have a different reactivity. Nonetheless, overall, the
kinetics of HOR in the presence of Pt is fast compared to the ORR [54]. Therefore, the Pt
loading required for the CL at the anode side is low, in the range of 0.05 mgpt.cmeicctrode [55],
and the anode accounts for only a minor fraction, roughly 20%, of the total cost associated with

the PEMFC electrodes [56].
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Step edge Ad-atom

Figure 6. Model of a Pt(111) surface, with the representation of different atomic sites (adapted
from [57]).

Oxygen Reduction Reaction. The ORR occurs at the cathode side and proceeds through a
considerably more complex route than the HOR. The ORR is therefore much slower than the
HOR by approximately six orders of magnitude [58], which can be attributed to the high bond
dissociation energy of O [59]. In addition, oxygen reduction into H>O involves multiple
adsorbed oxygen intermediates and determining the exact magnitude of each reaction
mechanisms is often difficult, as they can occur simultaneously. Possible O reduction
mechanisms are shown in Figure 7. ORR is believed to proceed through three main routes: (1)
a 4-electron dissociation pathway, considered as direct, (2) a 4-electron association pathway,
and (3) a (2+2)-electron association pathway, both considered as indirect [60]. For PEMFC
applications, the (2+2)-electron association pathway is the most undesirable as it can lead to the
formation of hydrogen peroxide. H2O> chemically attacks the PEM and the ionomer sulfonate
groups [61]; its formation must therefore be avoided. Each catalyst has its own selectivity
towards ORR but some trends can be observed in the literature. The use of noble metal
electrocatalysts, such as Pt, is usually correlated to the 4-electron association pathway while Au
is commonly reported to lead to a (2+2)-electron association pathway [62]. Single-atom
transition metals catalysts (M-N-C, where M can be Fe, Co or Ni, for example [63]) usually
lead to the 4-electron dissociation pathway [64]. Nevertheless, several parameters, such as the
crystallographic orientation of the catalyst can drastically influence the relative contribution of

each observed mechanism [65].
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Figure 7. Proposed oxygen reduction reaction routes. (1) 4-e” dissociation mechanism, (2) 4-¢”
association mechanism, (3) (2+2)-e” association mechanism and (4) 2-e” reduction of O

to H,0». *: adsorbed species.

Just as for HOR, the bonding between the catalyst and the oxygen-derived intermediates should
be neither too strong nor too weak. If the interaction is too strong, the energy required for
desorption becomes limiting. This causes the reaction intermediates to linger on the Pt catalytic
sites, further preventing new Oz molecules from reacting. Conversely, if the interaction is too
weak, the O» molecule, or its intermediate species, such as H>O> (see Route 4 in Figure 7),

might desorb before the full reduction to H>O is completed.

Ionomer. A proton-conducting medium, known as the ionomer, is also required in the CL. The
ionomer shares many similarities and prerequisites with the PEM. For instance, the ionomer
must also exhibit low resistance to proton conduction, as well as good thermal and chemical
stability, and should not exhibit excessive swelling upon water intake. Thus, the same material,
Nafion®, is used for both the ionomer and the PEM. Nevertheless, a key distinction should be
noted. The PEM should have a low gas permeability, to avoid the crossover of H» into the
cathode and the crossover of O; into the anode. The former, H> crossover, is commonly
observed in PEMFC and can lead to fast and severe performance degradation due to the
formation of radicals and to parasitic H> reaction at the cathode [66]. Meanwhile, the ionomer

present in the CL, should have a higher gas permeability, to allow for the gas dissolution and
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diffusion into the ionomer film so that it can reach the Pt nanoparticles (Figure 4b) [67]. Thus,
research is also directed towards the synthesis of ionomers with high permeability towards O»
[68]. Additionally, the fraction of ionomer in the CL must be carefully controlled as excessive

amounts can clog the pore network, especially upon water uptake, and impair gas transport [69].

Carbon supports overview. In the CL, a support material is also required. This material plays
different roles such as providing mechanical support for the catalyst and for the ionomer, but
also acting as a medium for electron transport within the CL. Carbon materials are by far the
most widely used type of catalyst supports thanks to their abundance, conductivity, relative
inertness and versatility [70]. The selected carbon material must exhibit an accurate
combination of many properties to be suitable for being used in a CL. First, it must provide
sufficient accessible surface area to enable the deposition of metal nanoparticles a few
nanometers in diameter. This is essential to ensure good dispersion and uniform distribution of
the catalyst at the surface of the support [71,72]. Besides, the carbon material must have a large,
open pore network. This is also of absolute necessity to facilitate transport of reactant gases, H
at the anode and O at the cathode, and to efficiently remove the water produced at the cathode
side. The carbon support must also exhibit good electrical conductivity to promote electron
transfer between the carbon and the catalyst [73], and a suitable level of hydrophobicity is
necessary to prevent flooding within the cathodic catalytic layer upon water production,
especially at high current density [74]. Moreover, the material must be as stable as possible,
with limited carbon oxidation rates (i.e. carbon corrosion) despite the oxidative environment
present at the cathode side of PEMFCs [75], where the catalyst itself can accelerate carbon
oxidation [76]. The carbon material must also be in powder form to process it into a active layer.
To minimize mass transport limitations and prevent water flooding, this active layer should
exhibit an appropriate thickness, between 10 — 30 um [77]. Finally, cost considerations are

important, particularly for large-scale production and commercialization.

Common carbon supports. Selecting a carbon material that meets all the above-mentioned
requirements is more challenging than it seems. Among the different carbon materials available,
carbon blacks have long been known to possess sufficient porosity to combine proper
deposition of the catalytic phase and satisfactory mass transport of species within the electrodes
[78]. Moreover, carbon blacks are relatively inexpensive and produced at large scale, primarily
via incomplete combustion of hydrocarbons. Carbon blacks consist in covalently-bonded
primary carbon particles fused together, forming aggregates. These aggregates are in turn linked

in a random branching structure, forming agglomerates. Their high electrical conductivity and
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porosity make them good candidates as electrocatalyst carbon supports in CL. Nevertheless,
the use of carbon blacks also presents some drawbacks. For instance, their pore texture is not
easily adjustable. Indeed, the spatial arrangement of agglomerates can be altered during the
electrode processing, thereby modifying the final electrode porosity, which often leads to mass
transport limitations at high current densities inside PEMFC stacks [79,80]. Moreover,
impurities, such as sulfur, can be present in the carbon black due the precursors employed
during production. Thus, a post-treatment or a careful selection of precursors [81] is needed to
prevent these contaminants from poisoning Pt catalytic sites when the carbon black is

assembled into an MEA.

Besides carbon blacks, other carbons can be used as catalyst support [70]. Carbon materials
with a sp’bonded network, such as graphene, nanotubes or nanofibers have attracted
considerable interest (see Figure 8). These materials show higher corrosion resistance because
they contain fewer structural defects, which are the primary sites for electrochemical oxidation
[82,83]. Nevertheless, due to the inherent stability of their sp? oriented structure, their surface
is chemically inert, leading to weak interactions between the support and the catalyst [84]. Thus,
depositing metal nanoparticles is challenging without prior surface functionalization treatment.
These surface functionalities are required to increase the number of anchoring sites and the
bonding energy between the nanoparticles and the support [85]. Surface functionalization of
carbon nanomaterials can take various forms, including the insertion functional groups
containing p-block elements, grafting of polymers, as well as the formation of surface defects
[86,87]. Moreover, the final pore texture of these materials cannot be easily controlled during

their processing and manufacturing into an MEA configuration.

Figure 8. Schematic representation of some carbon nanomaterials. (a) Graphene, (b) carbon

nanotube and (c¢) carbon nanofiber (fishbone-type illustrated here).

Carbon xerogels. Numerous novel carbon materials are also investigated in the literature,

among which are carbon gels. Their synthesis was first described by Pekala ef al. [88] in 1989,
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and this class of materials has since been reported to be a fitting material for fuel cell
applications [79,89]. Carbon gels are obtained by drying and pyrolysis of an organic gel,
prepared via the sol-gel polycondensation of two organic monomers in aqueous medium. The
first monomer is a hydroxylated benzene, typically resorcinol, but the use of various phenols
and polyphenols compounds is common [90]. The second monomer is an aldehyde, usually
formaldehyde, although the use of furfural was also reported [91]. Resorcinol-formaldehyde
organic and carbon gels are the most widely studied type of carbon gels [92]. A base is often
added to the mix to adjust the pH of the mixture. Indeed, the pH of the precursor solution is a
key variable that strongly affects the final structure of the gel (Figure 9) [93]. The selected pH
modifier must not react with either of the monomer. To this end, NaCO3; or NaOH are

commonly used.
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Figure 9. Schematic representation (adapted from [94]) of a carbon xerogel with (a) small
nodule size prepared at pH ~ 5, (b) large nodule size prepared at pH ~2, and (c,d) SEM

images of the corresponding carbon xerogels (also from reference [94]).

17



INTRODUCTION

Carbon gels are made of primary carbon particles, that can be referred to as carbon nodules.
These spherical nodules are microporous (i.e. comprising pores with a diameter < 2 nm
according to [UPAC'’s classification) and are bonded covalently to one another. A key advantage
of carbon gels is that the size of the nodules is controllable by selecting appropriate values of
the reaction variables [93]. As previously mentioned, the pH is a key variable in determining
the nodules size and thus the final pore texture. The nodules can range from nano- to microscale
and the corresponding pore size of carbon gels typically ranges from ~5 nm to ~5 um. Thus, a
wide spectrum of mesoporous (i.e. with a mean pore size between 2 and 50 nm) or macroporous
materials (i.e. with a mean pore size > 50 nm), usable for different applications, can be obtained
[95]; applications of course include catalyst support materials for PEMFC electrodes [79].
Carbon gels can be classified on the basis on many different parameters, such as their
preparation method, their appearance, their microstructure or their skeletal framework [96]. For
instance, based on the drying method performed during synthesis, carbon gels can be classified
in three categories: supercritically dried gels are usually referred to as “aerogels”, gels dried via
simple evaporation of the solvent are often called “xerogels” and, finally, freeze-dried gels are
called “cryogels”. Note however that no official labelling is defined: in some cases, the criterion
used is the porosity, and materials with large void fraction are called “aerogel”, whatever the

drying method used.

PEMFC performances

Several sources of voltage loss are present in a PEMFC, thereby decreasing the cell electrical
output, as evidenced by the voltage — current polarization curves (Figure 10). These losses, also
referred to as overpotentials, actually reflect the chemical energy that is dissipated under the
form of heat rather than converted into electrical work. These overpotentials arise from three

main phenomena [6]:

(1) activation overpotential, where voltage losses occur due to the sluggish kinetics of
the ORR, i.e. by the energy barrier to overcome for the ORR to occur. The activation
overpotential associated with the HOR is typically low enough in presence of Pt-
based catalysts to be considered negligible;

(11) ohmic overpotential, where voltage losses occur due the ionic and electronic
resistances generated by the different cell elements, which causes a part of the

chemical energy to be converted to heat via the Joule effect;
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(ii1)  mass-transport overpotential, where voltage losses occur caused by the limited

diffusion of O, molecules inside the CL.
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Figure 10. Polarization curve of a PEMFC (adapted from [97]).

At high voltages, activation overpotentials are dominant and cause a rapid initial voltage drop.
At intermediates voltages, ohmic losses increase and start significantly contributing to the
overall overpotential. Finally, at low voltages, mass-transport resistance further adds up to the
activation overpotential and ohmic losses. Overall, the power output is constrained by these
three types of overpotentials. In spite of these losses, the U.S. DoE has estimated that
commercial PEMFC systems should achieve a current density of 0.3 A.cmeiectrode While

keeping a voltage as high as 0.8 V [12].
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Catalytic layers degradation

Commercial fuel cells are expected to undergo roughly 30,000 start-up/shut-down cycles during
their whole lives [98]. The unavoidable potential ramps and exposure to prolonged temperature
and oxidant conditions encountered during operation inevitably damage the cell components.
For instance, the main degradation modes concerning catalytic layers are related to the
dissolution, migration and poisoning of the catalytic phase, and to the carbon support oxidation

(Figure 11). All these phenomena contribute in decreasing the power output of the cell.

Dissolution. Platinum nanoparticles used as catalysts for the ORR and HOR are typically
nanometer-sized, with an ideal size ranging from 3 to 4 nm [99]. Owing to their small
dimensions, such nanoparticles exhibit significant specific surface energy. This makes them

highly susceptible to dissolution into cationic species [100]:
Pt - Pt?* + 2e~ (7)

Pt dissolution can occur either via this direct electrochemical oxidation, but also via the

chemical dissolution of the oxide film that can form on the nanoparticle surface:
PtO + 2H* - Pt?** + H,0 (8)

The rate of dissolution depends on many variables, such as the temperature, the relative
humidity inside the cell [101], as well as the cell potential [102]. The Pt dissolution rate
increases with potential and become significant around 0.8 V vs. RHE upon reaching a
maximum around 1.2 V vs. RHE [103]. Such potentials can be observed at the cathode side
during the start-up/shut-down of the cell [104]. Moreover, smaller nanoparticles dissolve at a
higher rate than larger ones due to their higher surface energy. The dissolved Pt cations coming
from these smaller nanoparticles subsequently re-precipitate on bigger ones, thereby decreasing
the nanoparticle dispersion, a phenomenon known as Ostwald ripening. Here, “dispersion”
refers to the fraction of atoms (in %) located at the surface of nanoparticles and thus accessible
to the gaseous reactants. In addition, cationic species can even diffuse through the ionomer or
through the liquid water and redeposit within the PEM [105]. There, they may react with cross-

over hydrogen according to:
Pt>* + H, » Pt + 2H" )

This process results in the formation of a Pt-band inside the PEM. The precise impact of the Pt-
band on the PEM, whether beneficial or detrimental, is not fully understood [106].
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Nevertheless, this Pt-band has been reported to contribute to PEM degradation by promoting
the formation of radicals inside the PEM, around the Pt sites. Furthermore, the Pt located within
the PEM becomes inactive and lost for catalyzing the redox reactions occurring at the anode or

cathode.

Coalescence. Over time, metal nanoparticles migrate across the surface of the carbon supports
[107]. The extent of their mobility is tied to the strength of the catalyst — support interactions.
Poor interactions lead to nanoparticles that move easily on the surface of the carbon support,
collide with each other and grow together, a phenomenon known as coalescence. The
nanoparticle mobility is highly dependent on the type of carbon used and on the nanoparticle
size [108], and is linked to the bonding energy between the Pt and the C atoms of the support
[109].

Poisoning. The catalytic sites of Pt can be blocked by adsorbed contaminants, thereby
decreasing the number of catalytic sites active towards ORR and HOR. Contaminants can also
interact with the PEM and ionomer present in the CL and increase the resistance to proton
conduction [110]. The source of contaminants in a PEMFC stack are multiple and they typically
originate from the hydrogen and oxygen injected at the anode and cathode, respectively.
Regarding hydrogen, around 60% of the H> produced worldwide comes from Steam Methane
Reforming (SMR) from natural gas, while around 40% of the H> is coal-based or recovered
from gaseous streams in refineries and petrochemical facilities [1]. To date, less than 1% of the
H> produced comes from low-emission sources. Indeed, SMR and coal-based processes are
among the most cost-effective methods for H> production. Nevertheless, they are associated
with the production of H» of relatively low purity, for instance because of unreacted methane,
sulfur and nitrogen compounds from the feedstock, or CO and CO; generation as by-products
of the SMR [111], thus requiring an additional purification step to provide a suitable H purity.
Regarding oxygen, actual PEMFC stacks typically operate with air-fed cathodes, rather than
using pure O2. However, the presence of air-borne particles (dust, salts) or air pollutants (NOx,
SO,, CO) necessitate the presence of a cathode air filter upstream of the PEMFC [112].
Nonetheless, even with preliminary purification, the presence of CO, CO2, NOx and SOx
contaminants in the H> and/or air PEMFC feed can still be observed [113]. CO is a common
poison for Pt catalysts given that it adsorbs readily and quite strongly onto Pt catalytic sites
[114]. Trace levels of CO can significantly decrease the cell performances [115], although
mitigation strategies exist, such as pulsation techniques to periodically oxidize the CO adsorbed

on Pt catalytic sites [116]. Finally, regarding contaminants, the release of cations as a
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consequence of metallic bipolar plates corrosion can be observed [117]. These cations can
migrate and diffuse throughout the cell, and compete with the protons for the —SOs" sites in the

ionomer and PEM.

Platinum nanoparticle P&+

Carbon support \ v A [ ) > -

Crystallites migration Carbon corrosion Ostwald ripening
Nanoparticle agglomeration Nanoparticle detachment Nanoparticle growth and platinum
dissolution

Figure 11. Schematic representation of different CL degradation mechanisms.

Carbon support oxidation and catalyst detachment. Carbon supports are not

thermodynamically stable in oxidative environments, as the oxidation of carbon occurs above

0.207 V vs. RHE at 25 °C [75]:
C+2H,0 - CO, + 4H* + 4e~ (10)

In an operating PEMFC, the anode operates at potentials close to 0 V vs. RHE and the reference
potential can be defined by the HOR at the anode. Indeed, the anode potential can reasonably
be considered equal to 0 V vs. RHE as the overpotentials encountered for the HOR in presence
of Pt catalyst are very low. The anode can thus constitute an internal hydrogen reference.
Moreover, given this potential and absence of oxidant species, the carbon support in the anode
is not exposed to an oxidant environment under normal operating conditions. Meanwhile, the
cathode of PEMFCs typically operates at potentials around 0.6 to 0.8 V vs. RHE. While the
carbon corrosion remains kinetically slow at potential around 0.207 V vs. RHE, these higher
potentials encountered at the cathode, coupled with the presence of Pt, water, oxygen and
relatively high temperature, accelerate the corrosion kinetics of carbon supports, and leads to
efficiency decrease upon prolonged fuel cell operation [118—120]. Moreover, severe conditions
such as start-stop cycles and fuel starvation can expose the cathode side to high potentials that
can exceed 1.1 V vs. RHE, and reach values ~1.5 V vs. RHE [121]. Under these conditions, the
corrosion rate drastically accelerates and the carbon support at the cathode side degrades faster

than under usual operating conditions [122,123]. In the most severe cases, corrosion may even
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lead to the collapse of carbon support if more than ~10% is turned into CO> [124,125].
Moreover, carbon oxidation is a complex process that also involves the formation of various
oxygen functional groups at the carbon surface, such as quinones/hydroquinones, phenols or
carbonyls [126]. Oxygen groups are known to increase the hydrophilicity of the carbon support,
which in turn can impede water management [127]. Finally, carbon oxidation is also detrimental
to the catalytic performances as the Pt nanoparticles can detach from their support upon carbon

oxidation to CO, [128].

Mitigation strategies

Mitigating the degradation mechanisms outlined above is essential to improve the durability of
PEMFCs and several strategies can be implemented [129]. For instance, catalyst and PEM
poisoning can be limited by using high-purity reactant gases. H> generated from water
electrolysis (green hydrogen) is known to be of higher purity than H> produced by SMR. Indeed,
H; produced from hydrocarbons or coal-based processes usually exhibits a purity of 40 to 70%,
requiring a purification step before use, adding to the overall cost. In contrast, electrolysis
typically yields H> with a purity > 99%, although trace impurities of water vapor or oxygen
may still be present [130]. Although the production of green hydrogen is, to date, very limited
(<1%), this hydrogen could be used in priority for applications that requires high-purity Ho,
such as PEMFCs [1]. The choice of catalyst is also of importance. For instance, alloyed Pt can
exhibit better stability compared to pure Pt catalysts [131], although the alloying element may
be prone to faster dissolution than Pt [132]. Regarding the carbon support, other approaches
include strengthening the interaction between the support and the catalyst to reduce the rate of
migration and coalescence of particles. Increasing the resistance of the carbon support to
oxidation should also be a priority to avoid structural collapse and prevent nanoparticle
detachment. Finally, optimizing the operational conditions inside the cell, such as the
temperature, gas humidification or backpressure to ensure that no major deviation from the
operating conditions (voltage, temperature, gas flow rates, etc.) occurs could help mitigating
the different degradation phenomena as well [133]. Regarding the carbon support, two common

strategies can be applied, as detailed below.

Surface graphitization. One direct strategy to limit the kinetics of carbon corrosion consists
in using inherently graphitic carbons, such as graphene or carbon nanotubes [134]. These

materials show better corrosion resistance because they contain fewer structural defects, which
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are the primary sites for electrochemical oxidation [82,83]. While these materials are widely
investigated, it is important to note that their final pore texture cannot be easily controlled
during their processing and manufacturing into a Membrane-Electrodes Assembly
configuration. Another approach consists in using a carbon material with a pore texture of
interest, and to subsequently increase the degree of graphitization of its surface [135,136]. For
instance, carbon gels derived from well-ordered carbon nanomaterials, typically graphene or
carbon nanotubes, exhibit a high crystallinity. In contrast, carbon gels derived from phenolic
resins, such as resorcinol-formaldehyde carbon gels, display a lower carbon surface ordering

than graphene or carbon nanotubes-derived carbon gels [137].

Graphitization of carbon materials is typically achieved through high-temperature treatments
[138]. Alternative methods such as microwave heating can also be performed [139].
Nevertheless, these methods are difficult to perform on carbon gels: these materials only
possess short-ranged graphitic domains [140] and are classified as hard carbons, i.e. non-
graphitizable carbons [141]. Their graphitization upon thermal treatment is thus very limited
without the use of graphitization catalytic agents [142]. Another possible strategy consists in
depositing a layer of graphitizable carbon onto the carbon xerogel surface [94]. Such a
continuous coating should ideally conform to the surface while preserving the overall
meso/macroporosity of the material and further controlled graphitization of the coated layer

could be subsequently performed.

Heteroatom incorporation. The incorporation of earth-abundant p-block elements inside a
carbon matrix has been widely reported to increase the interaction between the carbon support
and the Pt nanoparticles [143], and numerous studies have highlighted the beneficial role of
heteroatom doping on the durability of PEMFC catalytic layers [144]. The incorporation of
heteroatoms can enhance the dispersion of Pt nanoparticles and increase their stabilization on
the carbon support, and can also help mitigate issues related to carbon corrosion [145]. Among
the various dopant elements, nitrogen stands out as one of the most extensively studied. Indeed,
the incorporation of nitrogen atoms within a carbon surface can be conveniently performed
since the atomic radius of N (65 pm) is close to that of C (70 pm) [146]. This enables to induce
changes in the electronic environment of the carbon support while minimizing the carbon lattice
mismatch [147]. Moreover, several nitrogen precursors can be safely used, even at large scale,
facilitating the implementation of the nitrogen doping process. As a result, N-doping has been
successfully applied to most carbon support materials: carbon black [148], graphene [149],

carbon nanotubes [150], ordered mesoporous carbon [151], as well as carbon gels [152]. Other

24



INTRODUCTION

dopants, such as B [153], S [154], and P [155], have been reported both theoretically and
experimentally to have a positive effect towards the activity and stability of Pt catalysts [109].
Note that synergistic effects of dual-doping are also frequently reported [156], although at the

cost of increased synthesis complexity.

Two main approaches can be considered to introduce dopants into a carbon structure [157]. The
first approach can be seen as in situ doping, in which both the carbon material synthesis and the
incorporation of the doping agent occur at once. In this approach, a precursor, rich in the doping
element, is directly added to the synthesis mixture. The second approach usually consists in a
post-treatment method (or ex sifu doping), where an already-synthesized carbon material is
treated with a source containing the doping element. In contrast to in situ approaches, post-
treatments tend to modify only the surface chemistry of the carbon while the bulk remains
untouched. For catalytic applications, where only surface-level dopant atoms are required, both
approaches can be suitable. A wide variety of post-treatment methods exist, including thermal
annealing, ion implantation or plasma treatment [158], each with advantages and drawbacks
[159]. Similarly, a wide range of doping precursors can be used. For instance, in the case of
carbon materials, many nitrogen-rich sources including gaseous precursors, such as NH3 or N»,
or solid precursors, such as melamine or urea, are reported, although many other available

precursors can be found [160].

Objectives of the thesis

PEMFCs are promising electrochemical systems for efficient energy conversion of hydrogen,
particularly in some heavy-duty transport and stationary applications. However, their
widespread deployment is limited by the cost of Pt-based CLs and deep performance
degradation upon prolonged operation. Addressing these durability challenges, particularly
concerning the catalyst and carbon support is critical to improve the activity, stability and cost-
effectiveness of PEMFCs, but solving performance, durability, and cost issues simultaneously
is challenging. Nonetheless, the objective of this thesis is to achieve a compromise by
developing an optimized carbon material, so as to obtain a robust and durable catalyst support
for PEMFC electrodes. This optimization is essential to obtain carbon supports more resilient
towards the operating conditions encountered in PEMFCs. Carbon xerogels were selected as
base material for this thesis; these specific carbons are promising model materials for PEMFC

applications thanks to their tunable pore texture properties, which enable obtaining optimal
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mass transport properties within the final electrode. Therefore, a carbon xerogel with an
appropriate pore texture was synthesized, and the above-mentioned mitigation strategies
towards carbon corrosion were applied to this material. Three different post-treatment
approaches were explored in this thesis: (i) the deposition of a partially crystallized carbon
coating onto the carbon xerogel surface via Chemical Vapor Deposition (CVD), (ii) a high-
temperature thermal treatment of this secondary carbon layer and (iii) the incorporation of
nitrogen heteroatoms on the carbon xerogel surface. Some of these approaches were also
combined with each other. The aim of these treatments is to increase the resistance of the carbon
support to oxidation and increase the interaction between the carbon support and the Pt
nanoparticles used as catalyst without compromising the mass transport within the CL. The
deposition of Pt nanoparticles was then performed on both pristine and post-treated carbon
xerogels, under identical conditions, targeting 20 wt.% of Pt, to enable meaningful comparison.
All the catalysts were subjected to accelerated aging tests in a three-electrode setup
configuration in liquid electrolyte, and the corresponding catalytic activity were evaluated. The
most promising catalysts were also aged, and their performance assessed in more realistic

operating conditions, i.e. as MEA assembly in a PEMFC test bench.

This thesis was conducted as part of the BE-HyFE project, which aimed at fostering
collaborations among Belgian institutions, in order to establish a hydrogen research network at
the scale of Belgium. The project was supported by the federal Energy Transition Fund which
provided funding for 16 early-stage researchers to carry out their doctoral research on a
hydrogen-related topic, with the aim of addressing key challenges related to their respective
fields. The present work is positioned within the scope of Hz utilization and particularly on the
use of Hz as a fuel in PEMFC:s to efficiently convert its chemical energy into electrical power.

Further information can be found in the project’s official website: www.behyfe.be.

Thesis Outline

This thesis is divided into four chapters. The first chapter examines the physico-chemical
modifications of the carbon xerogel induced by different CVD treatment variables and by the
high-temperature treatment performed after CVD coating. Then, both Chapters 2 and 3 focus
on the electrochemical characterization of the catalysts supported on the carbon xerogel that
was submitted to different post-treatments. In the last chapter, the most promising materials

were selected and both their initial performance and their resistance to aging were characterized
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in MEA configuration, on a PEMFC test bench representing the most realistic operating

conditions.

Chapter 1. The first chapter describes the synthesis of a carbon xerogel with a tailored and
appropriate pore texture for PEMFC catalytic layers. This material was then subjected to
Chemical Vapor Deposition (CVD) of a secondary carbon layer, by ethylene cracking. The
treatment duration was varied to obtain materials with deposited layers of increasing thickness,
meant to cover the whole surface of the pristine carbon xerogel. One selected CVD-treated
carbon xerogel was also subsequently subjected to a thermal treatment at 1,500 °C under inert
atmosphere to graphitize the secondary carbon layer. Physico-chemical properties of the
resulting materials were determined to identify the most suitable materials for subsequent

deposition of the active catalytic phase (Pt nanoparticles).

Chapter 2. This chapter focuses on the electrochemical assessment of the catalysts using the
most suitable the carbon xerogels, identified in Chapter 1, as supports for Pt nanoparticles. Pt
was deposited on the support using a direct reduction method in liquid phase previously
developed at the laboratory. After thorough physico-chemical characterization, the
electrochemical properties of the catalysts were assessed before and after aging, in a three-
electrode configuration (rotating disk electrode), in an acidic liquid electrolyte mimicking the
PEM fuel cell conditions. The electrochemical properties of the synthesized carbon xerogel-
supported catalysts were also compared to those of a commercial catalyst (Pt/carbon black)

with the same Pt loading.

Chapter 3. This chapter examines the incorporation of nitrogen atoms into the carbon matrix
of both the pristine and one of the CVD-treated carbon xerogel obtained in Chapter 1. The
presence of nitrogen was investigated, as well as the effect of the N-doping treatment on the
physico-chemical properties. Additionally, following the deposition of Pt nanoparticles on these
N-doped carbon xerogels under the same conditions as in Chapter 2, the electrochemical
properties of catalysts were again evaluated in a three-electrode setup configuration, before and

after aging, in an acidic liquid electrolyte.

Chapter 4. In the final chapter, the most promising carbon xerogel-supported catalysts for
ORR, identified in Chapters 2 and 3, were incorporated into Membrane-Electrodes Assemblies
at the cathode side of a PEM fuel cell. The electrochemical properties of the catalysts were then

assessed in situ in a PEMFC characterization test bench. Electrochemical properties were also
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evaluated upon accelerated aging, and again compared to that of the same commercial catalyst,

characterized in Chapter 2.

Publications

All the results coming from the physico-chemical and electrochemical evaluation of the

catalysts tested in Chapter 2, as well as the corresponding results in MEA from Chapter 4 were

compiled for publication:

Bryan Carré, Berke Karaman, Zoé¢ Deckers, Tom Servais, Alexandre F. Léonard,
Nathalie Job, “Carbon-coated carbon xerogels as catalyst supports for Proton Exchange

Membrane Fuel Cell electrodes” to be submitted in ACS Applied Energy Materials.

The physico-chemical and electrochemical characterization of catalysts supported on N-doped

carbon xerogels presented in Chapter 3, and corresponding results from Chapter 4, will be

compiled into a second publication:

Bryan Carré, Berke Karaman, Zoé Deckers, Tom Servais, Driélle Miiller, Cédric
Vandenabeele, Jimena Castro-Gutiérrez, Vanessa Fierro, Alexandre F. Léonard, Nathalie
Job, “Does N-doping improve the stability of PEM fuel cell Pt catalysts supported on

carbon xerogels?”, in preparation.
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CHAPTER 1

Abstract

This first chapter describes the synthesis of a carbon xerogel with controlled porosity, followed
by surface modifications through Chemical Vapor Deposition (CVD) of a secondary carbon
layer and high-temperature treatment. A selected carbon xerogel was subjected to CVD of
various durations, using ethylene as precursor, which led to the deposition of a carbon layer of
increasing thickness on the surface of the carbon xerogel nodules. One of the CVD-treated
sample was submitted to a high-temperature post-treatment at 1,500 °C in order to graphitize
the secondary layer. All samples were fully characterized in terms of surface composition,
crystallinity, and pore texture. The results showed that, while microporosity was progressively
reduced, the overall meso/macropore texture was maintained. The degree of surface
graphitization tends to slightly increase with the duration of the CVD processing and increases
markedly after high-temperature treatment. Based on the properties obtained, four of these
samples were selected for further evaluation as catalyst supports in proton exchange membrane

fuel cell catalytic layers.

Contributions

The carbon xerogel synthesis and the CVD treatment of varying durations were carried out by
the PhD candidate. The SEM photographs, N> adsorption-desorption measurements, He
pycnometry and XRD diffractograms were also performed by the PhD candidate. The high-
temperature post-treatment and the elemental analysis were performed by Dr. Jimena Castro-
Guttiérez from the team Matériaux Bio-Sourcés in Institut Jean Lamour, located in Epinal,
France. The HR-TEM photographs were collected by Dr. Carine Davoisne from Laboratoire de
Réactivité et de Chimie des Solides (LRCS) located in Amiens, France. The XPS analysis and
data treatment were performed in Université¢ de Namur, by Driélle Miiller da Silva. Finally, the
mercury porosimetry measurements were performed by Dr. Alexandre F. Léonard from the

CARPOR platform in Université de Liege.
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1.1. Introduction

The performances of Proton Exchange Membrane Fuel Cells (PEMFCs) are limited by the
inherently slow kinetics of the oxygen reduction reaction (ORR) at the cathode, and hydrogen
oxidation reaction (HOR) at the anode, thereby requiring Pt-based catalysts supported on
conductive, porous and corrosion-resistant carbon materials [1]. For commercial applications,
carbon blacks are widely used as carbon support for electrocatalysts, due to their large-scale
production and established properties. However, as detailed in the general introduction, the
carbon blacks used as supports for Pt/C catalysts of PEMFCs are not optimal because their pore
texture is not easily adjustable, which often leads to mass transport limitations at high current
densities [2,3], and because they are subjected to oxidation due to the high potentials
encountered during PEMFC operation and start-stop events [4]. The oxidation of the carbon
support remains kinetically slow at low potential values, such as those encountered at the anode.
Nevertheless, the higher potentials encountered at the cathode side of operating PEMFCs (>0.6
V vs. RHE), coupled with the presence of Pt, water, oxygen and relatively high temperature,
accelerate the corrosion kinetics [5,6]. This carbon oxidation leads to structural degradation and
Pt nanoparticle detachment, particularly inside the cathode catalytic layer [7], thereby limiting

the long-term fuel cell performances.

One direct strategy to limit the carbon corrosion kinetics consists in using inherently graphitic
carbons, such as graphene or carbon nanotubes [8]. These materials show higher corrosion
resistance because they contain fewer structural defects, which are the primary sites for
electrochemical oxidation [9,10]. However, their final pore structure cannot be easily controlled
during their processing and manufacturing into a Membrane Electrode Assembly configuration.
Another approach consists in using a carbon material with an adequate porosity, and then to
increase the degree of graphitization of the surface to enhance the support resistance towards
degradation and corrosion [11]. This transformation is typically achieved through high-
temperature treatments, either in the presence [12] or absence [13] of catalytic agents.

Alternative methods such as microwave heating can also be performed [14].

In this context, carbon xerogels (CXs) are materials of interest. Their structure consists of
interconnected carbon nodules, the size of which can be tuned by adjusting the synthesis
variables, enabling control of the final pore texture. Their pore texture can therefore be tailored
to minimize gas diffusion limitations, facilitate water management, while also providing

enough surface for homogeneous deposition of an active catalytic phase. Nevertheless, the
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above-mentioned graphitization treatments are difficult to perform on carbon xerogels: indeed,
those only possess short-ranged graphitic domains [15] and are classified as hard carbons [16],
meaning that they cannot be graphitized upon thermal treatment. Therefore, increasing the
surface crystallinity is inherently difficult. Consequently, another possible strategy would be to
deposit a layer of graphitizable carbon onto the xerogel surface. Such a continuous coating
should ideally conform to the surface of the xerogel nodules while preserving the overall

meso/macroporosity of the material.

In this chapter, a CX with a chosen meso/macropore texture, appropriate for fuel cell
applications, was first synthesized. Then, a secondary carbon layer was deposited onto the
carbon xerogel surface, via CVD using ethylene as carbon precursor. Different CVD treatment
durations were chosen to investigate the deposition process and its impact on the carbon xerogel
textural properties. From previous measurements, it was observed that the deposited layer
exhibits a more ordered structure than the pristine support [17]. Based on this observation, a
graphitization treatment at high temperature (1,500 °C) was then applied, with the aim of
increasing the structural order of the surface. The physico-chemical properties of this carbon
xerogel were determined before and after these post-treatments, to identify which modified
materials are the most suitable for use as a catalyst supports in the subsequent chapters of this

thesis.

1.2. Experimental
1.2.1. Carbon xerogel synthesis

The pristine carbon xerogel was obtained via polycondensation of resorcinol with formaldehyde
in water, followed by drying under vacuum and subsequent pyrolysis under inert atmosphere.
In the present study, the pore size was targeted between 50 and 100 nm. Empirically, small
macropores have shown to be a good balance to minimize mass transport limitations within fuel
cell catalytic layers while simultaneously promoting efficient catalyst utilization and deposition
of nanoparticles of adequate size [2,18]. The carbon xerogel was synthesized following a
previously established protocol [19]. Briefly, resorcinol (CsHsO2 — Merck, for synthesis) was
dissolved in ultrapure Milli-Q® water (18.2 MQ.cm) with sodium carbonate (Na,CO3, Merck,
for analysis EMSURE® ISO) acting as a pH regulator. After full dissolution of resorcinol in
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water, formaldehyde (Sigma-Aldrich, 37 wt.% in water, stabilized with 10-15 wt.% of

methanol) was added to the mixture.

The pore size of CXs can be adjusted by varying the amounts of reactants introduced in the
precursors solution [15]. For this reason, the molar resorcinol/formaldehyde ratio, R/F, and the
molar dilution ratio, D (water/(resorcinol + formaldehyde)) were respectively set at 0.5 and 5.7.
Note that the numerator of D accounts for the amount of water contained in the formaldehyde
solution. Meanwhile, the resorcinol/Na,CO3; molar ratio, R/C, was fixed at 450. A pH of 5.0
was obtained for this solution. Following previous results, such a pH value should yield a pore
size close in the desired range (50-100 nm) [19]. Note that, given the instability of the
formaldehyde in water, which impacts the pH of the pristine solution [20], the measurement of
the pH is a much better variable to control the final carbon properties than R/C. Indeed, upon
similar R/C values, very different pore textures are obtained with distinct formaldehyde aqueous
solutions. It is thus recommended to adjust the pH, and not R/C. The mixture was transferred
to a sealed flask and then placed in an oven at 85 °C for 72 h to ensure gelling and aging of the
xerogel [21]. The drying of the material was performed under vacuum: the flask was opened
and the pressure was decreased to 920 mPa at 60 °C for 32 h. The pressure was then gradually
decreased by 100 mPa every 2 h, until a pressure of 20 mPa was reached. The sample was then
left at 20 mPa for 46 h at 60 °C. Note that the drying step can be significantly shortened below
24 h [22].

After drying, the organic xerogel obtained was crushed in a Fritsch planetary mill (Mono Mill
P6) with 20 agate balls of 1 cm in diameter, in order to obtain a fine powder. The milling was
performed for 30 min at 400 rpm. The powder obtained was then sieved on a 710 pm mesh to
remove the largest lumps. Grinding of carbon xerogels does not affect their meso/macropore
texture. Nevertheless, crushing the material prior to pyrolysis also is essential to obtain a narrow
grain size distribution. The grinding of carbon xerogels in these conditions yields carbon grains
typically 5 to 20 um in size [23]. The organic xerogel powder was subsequently pyrolyzed via
a thermal treatment at 800 °C under continuous N> flow (Air Liquide ALPHAGAZ™ 1,>99.999
%) following ramps of temperature as follows: (i) heating at 1.7 °C.min"! up to 150 °C and hold
for 15 min, (ii) heating at 5 °C.min"! up to 400 °C and hold for 60 min, (iii) heating at 5 °C.min
"up to 800 °C and hold for 60 min. The carbon xerogel retrieved from this pyrolysis step is
denoted as CXO0.
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Chemical Vapor Deposition (CVD) of carbon using ethylene as precursor was performed at 670
°C in a stainless-steel tubular oven (Thermolyne 79400 Tube furnace). After increasing the oven
temperature to 670 °C, 0.5 g of CX0 were introduced in the oven using a reverse flow, which
allowed for the inert atmosphere of N> to be retained inside the oven. A gaseous mix of 80 vol.%
ethylene (AirLiquide, > 99.5 %, 1.32 NL.min!) and 20 vol.% nitrogen (Air Liquide
ALPHAGAZ™ 1, >99.999 %, 0.35 NL.min!) was introduced inside the oven. As previously
mentioned, the CVD treatment is expected to cover the carbon xerogel surface with a more
crystalline layer [17]. The contact time between CXO0 and the gaseous ethylene/nitrogen mixture
was varied to investigate the evolution of the carbon xerogel surface. Five CVD treatment
durations were selected: 5, 10, 20, 30, and 60 min. After purging ethylene from the oven by
flushing with N, the temperature was subsequently increased at 900 °C and held for 120 min,
still under N> flow. The sample was then removed from the oven while maintaining the reverse
flow and was left to cool to room temperature. The carbon xerogels obtained from these
treatments are denoted as CXO0-C5, CXO0-C10, CX0-C20, CXO0-C30, and CXO0-C60,
corresponding to CVD treatment durations of 5, 10, 20, 30, and 60 min, respectively.

In addition to CVD carbon deposition, a high-temperature post-treatment at 1,500 °C was
applied to CX0-C20. Since the deposited layer is expected to be partially organized already
[24], a high temperature treatment could further increase its degree of graphitization. The
treatment was performed in a Carbolite 18/300 tube furnace, as follows: (i) the sample was
introduced in the oven, and an Ar flow of 0.15 mL.min"! was applied, then (ii) the sample was
heated at 900 °C at 3 °C.min"!, (iii) and finally heated at 1,500 °C at 1 °C.min"!. This temperature
was held for 1 h. The oven was left to cool down to room temperature, still under N> flow. This

sample is referred to as CX0-C20-HT1500.

1.2.2. Physicochemical characterization

The textural properties of the carbon xerogels were obtained using a combination of nitrogen
adsorption—desorption and mercury intrusion porosimetry, enabling analysis across the full pore
size range. Nitrogen adsorption-desorption measurements provide insights into both micropore
and mesopore volume. The isotherms were obtained at 77 K with a Micromeritics ASAP 2420
multi-sampler volumetric device. Prior to measurements, the samples underwent degassing
under vacuum conditions (1.33 x 102 Pa) at room temperature for 5 h, followed by a heating

phase to 270 °C for 2 h, while the pressure was kept at 13.33 Pa. The specific surface area,
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Ager, was evaluated using the Brunauer, Emmett and Teller (BET) equation. The micropore
volume, Vpus, was calculated using Dubinin-Radushkevich equation. The external surface area
of the carbon xerogels was also calculated. This area corresponds to the outer surface of the
carbon xerogel nodules. It was determined using two approaches: (i) with the t-plot method,
using the Harkins—Jura equation (Sext) and (ii) using geometric calculations considering the

carbon xerogel structure (Snext). Indeed, Snext is equal to the area per mass of a nodule (m2.g™),

Snodule
Sn,ext = (L.1)
Mpodule

where Snodule 1S the outer surface of the nodule (m?) and mnodule, the mass of the nodule (kg).
Considering:

Mpodule = YnodulePnodule (1.2)

where Vnodule is the volume of the nodule (m?) and produte the density of the nodule (kg.m™),

and provided nodules are spherical and monodisperse in size, one obtains:

nd? B 6

nodule

(1.3)

Sn,ext =T

3
6 d}odulePnodule dnodulePnodule

where dhodule 1S the mean nodule diameter (m). This parameter can be deduced from microscopy
images, as detailed below. The nodule density needs to be accounted for the nodule
microporosity. The total volume of a carbon nodule corresponds to the sum of the solid volume,

Vso1, and the micropores volume, Vimicro, Within the nodule:
Viot = Vsol + Vicro (1.4)
Thus, provided volumes are taken per g of carbon,

Mso) 1
Viot = —— =+ Viicro = ; + Vmicro (1.5)

sol S

where mso1 1s the mass of solid (equal to 1 g, as volumes are considered per g of carbon), psol 1s
the density of the carbon, i.e. the skeletal density of the material, ps (g.cm™), and Vimicro is the

micropore volume per gram of carbon (cm?.g™).

Consequently, for 1 g of material,
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p _ Mot 1
nodule — -
Vtot 1

—+V,
Ps DUB

(1.6)

ps corresponds to the skeletal density of the material obtained with He pycnometry
measurements, described below. Vmicro corresponds to Vpus, obtained via N adsorption-

desorption measurements.

The thickness of the carbon layer can also be estimated geometrically, considering the layer is

deposited on the surface of the nodules without filling the micropores:

Vevp
= Yoy

(1.7)

Sn,ext

where Vcvp (cm?) corresponds to the volume occupied by the carbon layer deposited by CVD
and Spext (cm?), determined from Equation (1.3), is the external surface area of the carbon

nodules estimated geometrically.
Meanwhile,

Mcyp

(1.8)

Vevp =
Pcvp

where mcvyp denotes the mass of carbon deposited on the carbon xerogel after CVD treatment,
and pcvp is the density of the deposited carbon layer, taken equal to 2.2 g.cm?, as the carbon

layer deposited is assumed to be graphitic carbon [24].

Helium pycnometry was performed using a Quantachrome Ultrapycnometer 1000e, set at a
temperature of 20 °C. The skeletal density, ps, i.e. the density of the material composing the
carbon xerogel nodules (open pores excluded), was obtained with these measurements. Mercury
intrusion porosimetry allows to measure the size and volume of pores larger than approximately
3.25 or 7.5 nm, depending on the maximal pressure attainable by the device, and up to 500 nm
[25]. Mercury intrusion porosimetry measurements were performed on carbon xerogel powders
between 0.01 and 400 MPa by using a Quantachrome Poremaster 60 device, allowing to retrieve
the pore size distribution of pores with a width d greater than 3.7 nm. The specific pore volume,
Vhg, and the pore size distribution were also obtained with this technique by using the Washburn

equation on the Hg intrusion jump [26,27]:

_ —4o cos(0)

- (1.9)

d
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The equation parameters were selected as (i) 140° for the liquid/solid average angle, 8, and (i1)

0.485 N.m™! for the surface tension of mercury, o.

X-ray diffractograms were obtained on a Bruker D8 Advance powder diffractometer with a
copper X-ray source. To minimize background noise and to ensure that no diffraction signal
comes from the sample holder itself, a zero-background sample holder (KS Analytic Systems —
32 mm PMMA) was used. The results were obtained with diffraction angles 26 between 10°
and 80° in a Bragg-Bentano configuration. From the obtained diffractograms, crystalline
parameters can be retrieved. The lateral size (L., a-axis) and stacking height (L., c-axis)
of crystallites were calculated from the carbon 10 and (002) reflection peaks respectively, using

Scherrer’s equation [28]:

L kA
2" Bcos(9)

(1.10)

where £ is a shape factor without dimension, equal to 1.84 for L, and 0.89 for L. [29], 4 is the
X-ray wavelength (ke =0.15418 nm), S is the Full Width at Half Maximum (FWHM) and @ is
the Bragg angle (°). The interlayer spacing d(002), corresponding to the distance between two

layers of graphene, was calculated from Bragg’s law [30],
niA = 2d sin(6) (1.11)
For a first-order reflection, n = 1. Therefore:

A

= — 1.12
002) 2sin(0) (1.12)

where 4 1s the X-ray wavelength and @ is the Bragg angle (°) of the graphene 002 peak.

A Tescan CLARA FEG-SEM at 15 kV under high-vacuum conditions was used to observe
carbon xerogels morphology as well as the size of the carbon nodules. Before observation, the
samples were sputter-coated with gold (Balzers, SCD004 Sputter-coater, Vaduz, Liechtenstein)
and mounted on the sample holder using conductive carbon adhesive. CX0, CX0-C20, CXO0-
C60 and CX0-C20-HT1500 were also observed with a High-Resolution Transmission Electron
Microscope (HR-TEM) using a FEI Tecnai F20—-S-TWIN microscope and a JEOL JEM-ARM
200F Cold FEG equipped with a spherical aberration probe corrector; both operations were run
using an acceleration voltage of 200 kV. HR-TEM was used to observe the structural difference
of the carbon xerogel surface before and after CVD treatment, but also after the high-

temperature treatment at 1,500 °C.
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X-ray photoelectron spectrometry (XPS) analysis was used to probe the atomic percentages of
carbon and oxygen present at the surface (<10 nm in depth). Analysis was performed using a
ThermoFisher K-Alpha photoelectron spectrometer. The sample powders were deposited onto
double-sided copper tape. A monochromatized Al Ka line (1486.6 eV) served as the photon
source. Survey spectra and high-resolution spectra were recorded at pass energies of 150 eV
and 20 eV, respectively, with 3 scans for survey spectra and 20 scans for high-resolution spectra,
using a 250 um diameter X-ray spot. An electron flood gun was activated during analysis to
prevent charging. Data were analyzed with Thermo Avantage software (Version 6.6.0). XPS

was performed on CX0, CX0-C20, CX0-C60 and CX0-C20-HT1500.

Elemental analysis was performed on CX0 and CX0-C20 as a complementary validation step
to investigate bulk composition. Experiments were done in a Vario EL Cube analyzer
(Elementar) to measure the bulk C, H, N and O contents. Prior to measurements, the samples
were dried overnight at 105 °C to remove moisture. Then, a small amount of material (~2 mg)
was placed in the equipment to be burned in a furnace from which the gas was separated using
trapping and chromatographic columns. A thermal conductivity detector quantified the gases,
from which carbon, hydrogen and nitrogen contents can be calculated. The oxygen content was
measured separately in another column using a similar procedure. It must be noted that only the
bulk carbon and oxygen content were reported in the results section. The nitrogen content was
not reported as its presence was not observed above the detection limit. Moreover, the hydrogen
content was also not reported to allow for a fair comparison of the atomic surface compositions
determined by XPS. Indeed, the hydrogen content cannot be observed using regular laboratory-

based X-ray sources [31], such as the one used here.

1.3. Results and discussion

CXO0 was subjected to CVD treatments of varying durations (5—60 min), and the corresponding
mass increases were recorded. Several trials were done for each deposition time. Based on the
average of at least two samples, the mass increased by approximately 1%, 8%, 16%, 22%, and
25% for CVD durations of 5, 10, 20, 30, and 60 min, respectively. The CX0, CX0-C20 and
CXO0-60 powders were observed with a Scanning Electron Microscope (SEM) to determine
their general morphology and to identify any morphological change upon intermediate (20 min)
and long (60 min) CVD treatment. SEM micrographs indicate that CXs are materials composed

of interconnected nodules of approximately 50 nm (Figure 1.1a-b), as expected [24]. Moreover,
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large grains of size >5 um can be observed. This is in accordance with Piedboeuf et al. [23]
who found that organic xerogels with a pore size between 50 and 100 nm ground in dry
conditions for 30 min often show a grain size distribution centered around 10 pm. Prolonging
the ball-milling duration beyond 30 min does not significantly reduce the average grain size.
No significant changes are observed upon CVD treatment (Figure 1.1c-f). Large carbon
agglomerates are not observed, even after a CVD treatment duration of 60 min, indicating that
heterogeneous carbon deposition in localized regions does not occur. The nodule size (Dy ~ 50
nm) does not seem affected by the coating process and the deposited carbon layer cannot be
seen by this technique. Nevertheless, the thickness of this layer can be estimated considering
the nodules external surface area (see Equation (1.3)) and the mass of carbon deposited upon
CVD treatment. As a reminder, the calculation of the carbon layer thickness was performed
assuming that micropores are covered by the secondary CVD layer, but not filled by it. Using
Equation (1.7), the thickness 7 of the carbon layer was estimated to be 0.78 nm for CX0-C20
and 1.22 nm for CX0-C60. Given the nanometric scale of the thickness, this layer cannot be

visually observed from SEM micrographs.

The evolution of the pore texture upon CVD treatment was determined using both N2 adsorption
and mercury intrusion porosimetry. Carbon xerogels exhibit a dual pore texture, consisting of
micropores, located within the nodules, and interconnected mesopores and macropores,
corresponding to the internodular voids [19]. Both techniques are therefore required to obtain a
comprehensive assessment of the pore texture of the material. Textural properties are gathered

in Table 1.1.
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Figure 1.1. SEM images of (a,b) CX0, (c,d) CX0-C20 and (e,f) CX0-C60.
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Table 1.1. Textural properties and morphological parameters.

N; adsorption He pycnometry

Sample Aper® Sext” Vous® ps’

(m*.g™) (m>.g™) (cm’.g™) (g.cm™)

+5% +5% +0.01 +0.02
CX0 674 201 0.26 1.93
CX0-C5 361 166 0.14 1.91
CX0-C10 210 143 0.08 1.93
CX0-C20 174 128 0.07 1.71
CX0-C30 139 126 0.05 1.63
CX0-C60 100 103 0.04 n.d.c
CX0-C20-HT1500 187 141 0.08 n.d.c

2 Aget: BET surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K.
b Sext: external surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K, from t-plot.

¢ Vpus: micropore volume, calculated from calculated from nitrogen adsorption-desorption isotherms at 77 K using
Dubinin-Radushkevich equation.

4 ps: skeletal density measured by He pycnometry.

¢ Not determined due to measurement reproducibility issues.

Mercury porosimetry was used to characterize pores larger than 3.7 nm and was performed on
CX0, CX0-C20, and CX0-C60, under powder form. The intrusion curves (Figure 1.2a) show
two main parts: (i) a progressive compaction of the powder at low pressures, up to
approximately 107 Pa, and (ii) a distinct intrusion step at pressures higher than 107 Pa. The latter
region of the curve was used to determine the mean pore size of the materials (Figure 1.2b).
For CXO0, the average pore size, dp, was found equal to 70 nm. Upon CVD treatment, only minor
variations are observed as d, slightly increases to 75 nm and to 78 nm for CX0-C20 and CXO0-
C60, respectively. This slight change indicates that exposure to extended CVD durations does

not significantly affect the meso-macropore texture of the carbon xerogels.

N> adsorption-desorption isotherms were measured to gain more information about the
micropore and mesopore texture, i.e. up to 50 nm [32]. The isotherms are presented in Figure
1.3a-b. All samples present a type I + II isotherm, according to the [IUPAC classification. The
adsorbed quantity rises quickly at low relative pressure, indicating the presence of micropores.
Moreover, this type of isotherm confirms the dual pore texture of carbon xerogels, which are
both microporous and meso/macroporous materials. The shape of the isotherms after CVD

treatment and after high-temperature treatment remains similar at large relative pressure (P/Po
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>0.9). This suggests that these processes affect neither the size of the nodules, Dy, nor the space
between the nodules. This in accordance with observations from SEM and Hg porosimetry. At
low relative pressures (P/Po < 0.1), the N> uptake gradually decreases with increasing CVD

duration (Figure 1.3a), indicating the progressive disappearance of the micropores.
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Figure 1.2. (a) Cumulative pore volume and (b) differential pore volume distribution, from Hg

intrusion porosimetry of CX0 (=) and CX0-C20 (—), CX0-C60 (—).

The textural properties are compiled in Table 1.1. CXO0 displays a high Ager of 674 m2.g™,
corresponding to Vpus of 0.26 cm?.g™!, which are usual values observed with carbon xerogels
prepared under similar conditions. 4ger and Vpus decrease to 174 m?.g™" and 0.07 cm?®.g! after
20 min of CVD processing, and decrease further with the duration of the CVD treatment, until
it reaches a plateau around 100 m2.g"' and 0.04 cm3.g! (after 60 min, Figure 1.3c). This
corresponds to a surface loss of 74.2 and 85.1%, respectively. The Aget and Vpus of CX0-C20-
HT1500 are measured equal to 187 m2.g™! and 0.08 cm?.g™!, similar to that of CX0-C20. Thus,

no significant changes in pore texture are observed after exposure to high temperature.
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Figure 1.3. Nitrogen adsorption-desorption isotherms of (a) Pristine and CVD-treated xerogels:
CX0 (=), CX0-C5 (—), CX0-C10 (—), CX0-C20 (—), CX0-C30 () and CX0-C60 (—)

and (b) CX0-C20 (=) and CX0-C20-HT1500 (=) (c) Evolution of Ager as a function of the

duration of the CVD treatment. The color code remains the same as for figures (a) and (b).

This decrease in the low-pressure region of nitrogen adsorption-desorption isotherms and the
subsequent decrease in Ager and Vpus is attributed to the covering and obstruction of the
micropores by the CVD carbon layer. However, fully characterizing the extent of micropore
coverage remains challenging, as it is unclear whether the layer deposited by CVD completely

fills the micropores or only blocks their entrance. Considering the fact that the nodules are of
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relatively small size (D, = 50 nm), micropores are not expected to be deep [24]. Consequently,
their filling upon CVD treatment could be significant. Plus, this developed meso/macroporous
network observed here offers a large substrate area available for carbon layer deposition, and

could explain why the mass increases recorded after CVD treatment were relatively high.

Then, the external surface area of the nodules (i.e. excluding the internal micropores) was
estimated first using the t-plot method. For CX0, Sex: was measured equal to 201 m2.g™!, notably
lower than Aget (674 m?.g™"), which reflects the substantial contribution of microporosity to the
total surface area measured. For CX0-C20, Ager and Sex; are measured at 174 and 128 m2.g™,
respectively. For CX0-C60, Agper and Sexi become almost identical, i.e. 100 and 103 m2.g™!
respectively. As the CVD duration increases, the proportion of blocked micropores
progressively increases. After 60 min of CVD, it is expected that most of the micropores are

covered (Vpus= 0.04 cm3.g™!), S0 ABET = Sext.

The external surface area of CX0 was also calculated from geometric considerations. Firstly,
the nodules density, pnodule, Was calculated from Equation (1.6). The skeletal density ps of CX0
was measured by He pycnometry, and was found equal to 1.93 g.cm™. The micropore volume
obtained from the N, adsorption-desorption isotherms was 0.26 cm?3.g'. Thus, pnodule Was
calculated as 1.28 g.cm™. Secondly, using Equation (1.3), Sn.ext was found equal to 93 m2.g™.
This value is in good agreement with that of Sext measured after 60 min of CVD (Sexc = 100
m>2.g"). Therefore, extending the CVD duration beyond 60 min is not expected to further reduce

the surface area to values below Sy ext.

The skeletal density was also measured for each CVD duration. As previously stated, the
original ps of CX0 was found equal to 1.93 g.cm™. Initially, for short CVD durations (CX0-C5
and CXO0-C10), ps remains constant. However, it tends to decrease as the CVD duration
increases, to 1.71 g.cm™ for CX0-C20 and 1.63 g.cm™ for CX0-C30. For longer CVD durations,
it was observed that the micropores become extensively covered by the secondary layer of
carbon. As a result, a large portion of the micropores could become inaccessible to helium,
causing the skeletal density to decrease and get close to the nodules density (calculated as 1.28
g.cm™ from Equation (1.6)). In contrast, the negligible density change observed for CX0-C5
and CX0-C10 could be attributed to the lower quantity of carbon layer deposited, resulting in a
more limited micropores coverage. Note that values for CX0-C60 and CX0-C20-HT1500 were
very challenging to obtain, due to difficult pressure equilibration, leading to very long

acquisition times and results variability: in those cases, no reliable skeletal density value could
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be obtained. Generally speaking, skeletal density values should be considered with some
caution, as variations in the density measured can be observed with the amount of material

analyzed or with the instrument used to perform the measurement.

In summary, the pore size distribution of the carbon xerogel was found centered around 70 nm
and Ager ranges from ~100 to 650 m>.g"!, depending on the CVD duration. Empirically, the
pore texture of both pristine and CVD-covered carbon xerogel is suitable for those materials to
be used as Pt support for PEMFC catalytic layer [33]. Indeed, the ability of reactant gases to
travel within the catalytic layer and reach catalytic sites is highly dependent on the
meso/macropores network of the carbon xerogel. Materials containing essentially small
mesopores suffer from more significant mass transport limitations due to the narrowness of the
pore network. Moreover, catalyst formation and distribution are strongly influenced by the
nature and pore texture of the carbon support [18]. It is essential to have sufficient accessible
surface area for the deposition of the catalytic phase. Nevertheless, excessively large pores also
reduce the available surface area for the deposition of Pt nanoparticles, and can result in poor
Pt dispersion. In that case, large Pt particles are formed, which decreases the ElectroChemically
active Surface Area (ECSA), ultimately affecting the overall fuel cell performances. For these
reasons, carbon xerogels with small macropores (approximately 50—100 nm) are often reported
as a good compromise: in that case, sufficient gas diffusion can be achieved while ensuring

uniform deposition and high utilization of the catalyst [34,35].

The crystallinity of the carbon xerogel upon CVD treatment and high-temperature treatment
was then assessed. To that aim, X-ray diffraction (XRD) patterns were collected (Figure 1.4a-
b). Two main peaks are observed on all diffractograms. A broad and intense peak is observed
around 23" and corresponds to the (002) reflection. The Bragg angle and broadness of this peak
is typical of materials with a large degree of amorphousness, containing only short-range
graphitic domains. A second peak of lower intensity around 44° corresponds to the carbon 10

reflection [36].
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Figure 1.4. X-ray diffractograms of (a) Pristine and CVD-treated CX: CX0 (—3—), CX0-C5
( ), CX0-C10 (—&—), CX0-C20 (—v—), CX0-C30 (——) and CX0-C60 (—=—); (b)
CX0-C20 and CX0-C20-HT1500 (—o—). The diffractograms are shifted vertically for
legibility.

As observed on the diffractograms, when the CVD duration increases, the carbon 002
diffraction peak becomes narrower and shifts towards higher angles. Consequently, a
progressive decrease in dooz is observed (Table 1.2). doo2 is equal to 0.405 nm for CX0, which
is typical of highly disordered carbons [24]. doo2 then decreases down to 0.384 nm after 60 min
of CVD. The post-treatment at 1,500 °C also has an effect as doo2 is equal to 0.393 nm for CX0-
20 and decreases to 0.378 nm for CX0-C20-HT1500. The peak behavior upon both CVD
treatment and high-temperature treatment is consistent with an increase in structural ordering

as the material gets closer to the diffraction characteristics of graphite (doo2 = 0.335 nm) [36].

An increase in L, and L. is also observed, upon both CVD and high-temperature treatments. L,
and L. are equal to 3.45 and 0.99 nm for CX0, and increase to 3.88 and 1.06 nm for CX0-C60.
For CX0-C20, L, and L. were measured at 3.61 and 1.03 nm respectively, and increased to 4.67
and 1.28 nm for CX0-C20-HT1500. An increase in L., along with a decrease of doo2, is a clear
indicator that the carbon layer deposited by CVD is more ordered than the initial carbon xerogel
surface. Moreover, the secondary layer undergoes further graphitization when processed at high
temperature. The values of crystalline parameters remain significantly lower than those of

highly crystalline carbons such as graphite [37], but indicate that a higher degree of
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graphitization can be achieved. Further investigation with treatments at temperatures above
1,500 °C would be of interest for fundamental studies, but would require both specific
equipment and high energy consumption. It should be noted that the high-temperature treatment
was not applied to the pristine carbon xerogel. Carbon xerogels are classified as hard carbons
(i.e. non-graphitizable carbons) [16]. Therefore, their surface is not expected to undergo

significant crystalline changes under a catalyst-free high-temperature treatment.

Table 1.2. Crystalline parameters determined by X-ray diffraction.

La? L>P dooz2*

Sample (nm) (nm) (nm)
+0.03 +0.03 +0.004

CX0 3.45 0.99 0.405

CX0-C5 3.74 0.99 0.398

CX0-C10 3.79 1.03 0.394

CX0-C20 3.81 1.03 0.393

CX0-C30 3.94 1.04 0.386

CX0-C60 3.88 1.06 0.384

CXO0-C20-HT1500 4.61 1.20 0.378

2 La: Lateral crystallite size, calculated from Scherrer’s equation, from the carbon 10 reflection peak.
b L: Crystallite stacking length, calculated from Scherrer’s equation, from the carbon 002 reflection peak.

¢ dooo: Graphene interlayer distance, calculated from Bragg’s law.

High-resolution transmission electron microscopy (HR-TEM) was used to examine the samples
at higher magnification. CX0 exhibits a predominantly amorphous structure, with only short-
range graphitic domains (Figure 1.5a). The micrographs of CX0-C20 and CX0-C60 remain
fairly similar to CX0 (Figure 1.5b-¢). Previous works were performed with CVD-treated
carbon xerogels in our laboratory, in the context of Li-ion batteries. In these studies, it was
observed that, upon cyclic voltammetry in half-cell configuration, CVD-coated carbon xerogels
display a small peak typical of Li" insertion into graphite [22,24]. This peak was totally absent
in the case of pristine carbon xerogels. It was thus concluded that the carbon layer deposited by
CVD is at least partially graphitized. Even though it is difficult to observe graphitic domains
from the HR-TEM micrographs only, the presence of graphene-like sheets in localized regions
of CX0-C20 and CXO0-C60 is expected. It is thus suggested that the secondary carbon layer
deposited by CVD is more ordered than the initial carbon xerogel surface. HR-TEM
micrographs of CX0-C20-HT1500 were also acquired (Figure 1.5d). Compared to CX0-C20,
CX0-C20-HT1500 seems to exhibit increased structural ordering at the edges, and graphene-

like sheets in localized regions, suggesting that the high-temperature treatment, despite its

58



CHAPTER 1

relatively moderate temperature and absence of graphitization catalyst, also has an impact on

the carbon surface ordering.

Figure 1.5. HR-TEM micrographs of (a) CXO0, (b) CX0-C20, (c) CX0-C60 and (c) CX0-C20-
HT1500.

Finally, XPS analysis was conducted on CX0, CX0-C20, CX0-C60 and CX0-C20-HT1500 to
investigate the evolution of surface functional groups upon CVD and high-temperature
treatments. It should be noted that XPS can detect atomic species with a limit as low as 0.1 at.

%. Nevertheless, the error on the atomic percentage can be in the range of 1 at.%, due to
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background and quality of peak fitting. Elemental analysis was also performed to get
information about the global composition of the samples. The atomic composition of samples
observed with both XPS and elemental analysis is compiled in Table 1.3. Using XPS, the
surface of CX0 was found to contain 96.7 at.% of C, and 3.3 at.% of O. Elementary analysis
confirms a bulk composition of 97.5 at.% C and 2.5 at.% O for CXO0. After CVD treatment,
CXO0-C20 and CX0-C60 exhibit surface compositions of 98.4 and 98.0 at.% of C, and 1.6 and
2.0 at.% of O, respectively. For CX0-C20-HT1500, the surface composition remain similar with
98.0 at.% of C and 2.0 at.% of O. Elemental analysis was also performed on CX0-C20: its bulk
composition is comprised of 98.8 at.% C and 1.2 at.% O, in agreement with the XPS analysis.
An increase in carbon content and small drop in oxygen content is observed upon CVD
treatment, both from XPS and elemental analysis. This behavior is likely associated to the
carbon coating. Finally, no presence of nitrogen was found, either from XPS or Elemental

Analysis.

Table 1.3. Atomic surface composition determined by XPS and elemental analysis.

XPS Elemental analysis®
Sample (at.%) (at.%)
+0.5 +0.5
C 0] C O
CX0 96.7 33 97.5 2.5
CX0-C20 98.4 1.6 98.8 1.2
CX0-C60 98.0 2.0 n.d.b n.d.
CX0-C20-HT1500 98.4 1.6 n.d.’ n.d.

® Hydrogen content not considered here for fairer comparison with XPS.

b Not determined due to time constraints.

The XPS spectra of Cl1s were then deconvoluted (Figure 1.6). The predominant surface species
are sp3 C—C / C—H, characteristic of amorphous carbons. They represent 40-60% of the total
carbon-carbon bonding. The presence of sp> C=C bonds could be associated with small-range
graphitic order observed on carbon xerogels. These bonds represent 10-20% of the total carbon-
carbon bonds. The presence of oxygen surface groups is also detected. When the organic

xerogel is transformed into a carbon xerogel during the thermal treatment at 800 °C, dangling
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bonds are generated at the carbon surface [38]. While these bonds remain inactive under the
inert atmosphere of the pyrolysis, they can directly react with O, upon exposure to air when the
sample is removed from the oven. Simple bond oxygen groups (C-O), double bond (C=0) and
carboxyl groups (O-C=0) are present with 14—18%, 3—8% and 5—-7% respectively. Aromatic n—
n* bonds are also present, with 5-7%. The relative proportions of carbon—oxygen and carbon—

carbon bonds remain largely unchanged after both CVD and high-temperature treatments.

-]
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Figure 1.6. Deconvolution of Cl1s XPS spectra of (a) CXO0, (b) CX0-C20, (c) CX0-C60 and (d)
CX0-C20-HT1500.
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The aim of the CVD treatment was to deposit a carbon coating more ordered than the native
CXO0 surface, while also preserving favorable mass transport properties associated with the
meso/macropores structure. Those two specific features were targeted to design carbon
materials with improved properties compared to both carbon black and carbon xerogels in view
of their use as catalyst supports in PEMFCs. Based on the observations made on the morphology
of the corresponding samples and the evolution of the pore texture and carbon crystallinity, both
intermediate (CX0-C20) and long (CX0-C60) CVD treatments seem to produce samples of
interest. Indeed, both maintain a meso-macroporosity of interest (with an average pore size
around 70-75 nm), that is not affected by the secondary layer. Plus, a large number of
micropores are covered by this new carbon layer. Nevertheless, these micropores are not
expected to impact the catalyst performances in PEMFC catalytic layers, as they cannot
accommodate catalyst nanoparticles whose diameter is usually superior to 2 nm. Additionally,
the secondary carbon layer deposited on the xerogel surface is more graphitized than the
original xerogel surface. This feature is interesting to enhance resistance to carbon corrosion in
PEMEFC catalytic layers. Finally, CX0-C20 was also post-treated in an oven at 1,500 °C. This
treatment affects neither the meso/macropore texture of the carbon nor its surface composition,
but it allowed to obtain carbon materials with increased surface crystallinity. For this reason,
the pristine xerogel (CXO0), two CVD-coated carbon xerogels (CX0-C20 and CX0-C60) and the
post-treated material (CX0-C20-HT1500) were selected for their evaluation as carbon supports
in PEMFC catalytic layers. They will be used in the next chapter to deposit Pt nanoparticles
and study the impact of the support surface on the catalyst ageing.

1.4. Conclusion

In this chapter, a carbon xerogel of appropriate meso/macropore size (dp = 70 nm) for an
application in PEMFC was synthesized. This carbon xerogel was subsequently coated with a
secondary carbon layer via a Chemical Vapor Deposition (CVD) treatment, using ethylene as
precursor. The CVD treatment duration was increased from 5 to 60 min in order to obtain
samples with various coverage. One of these carbon-coated carbon xerogel was also subjected
to a high-temperature treatment at 1,500 °C. These treatments were designed to modify the
surface of the carbon xerogel, by depositing a secondary carbon layer with a higher degree of
graphitization and by further increasing the crystallinity level of this layer upon exposure to

high temperature; indeed, it was assumed that, given its more ordered structure, the secondary
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carbon layer could be graphitizable. Such modifications are expected to yield a carbon material
with better resilience and durability properties towards carbon oxidation, when employed as a
carbon support for PEMFC catalytic layer, without impacting the meso/macropore texture that

will ultimately govern mass transport within the layer.

The evolution of pore texture, degree of graphitization and atomic composition of the carbon
xerogel was examined upon exposure to CVD processing and/or high-temperature heat
treatment. SEM micrographs and Hg porosimetry confirmed that neither the overall
morphology nor the meso/macropore network are modified by the secondary layer deposition.
This is essential to ensure efficient mass transport of reactants and products in the PEMFC
catalytic layer. In addition, sufficient external surface area, measured between 100 to 140 m?.g"
1

, remains available on the carbon nodules to homogeneously disperse the metal catalyst

nanoparticles in the subsequent parts of this thesis.

The crystallinity of the carbon xerogels was also evaluated with XRD and HR-TEM analysis.
The pristine carbon xerogel displays features typical of amorphous carbons with only short-
range graphitic domains. Meanwhile, the secondary carbon layer deposited on the carbon
xerogel by CVD displays a higher degree of ordering than the original carbon xerogel surface.
Moreover, the crystalline parameters of the secondary layer treated at 1,500 °C show a decrease
in the graphene interlayer distance and an increase in carbon crystallite size, indicating that the

high-temperature treatment leads to partial crystallization of the CVD-deposited carbon layer.

The change in carbon surface crystallinity is particularly relevant for PEMFC applications.
Indeed, more ordered carbon structures are expected to be more resistant towards carbon
corrosion. Based on these observations, four materials (CX0, CX0-C20, CX0-C60, and CXO0-
C20-HT1500) were selected for further evaluation as catalyst supports for synthesizing
Pt/carbon electrocatalysts and evaluate their resistance to ageing. This will be the subject of

Chapter 2.
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Abstract

A carbon xerogel (CX) with a pore size of ~70 nm, synthesized in Chapter 1, was selected as
support for fuel cell electrocatalyst. While CXs offer excellent mass transport properties, their
amorphous nature reduces their resistance towards carbon corrosion under the oxidizing
conditions of PEMFC operation. To address this, a more organized carbon layer was deposited
on the xerogel surface using Chemical Vapor Deposition (CVD), with two treatment durations:
20 and 60 min. The one treated 20 min was also further post-treated at 1,500 °C under inert
atmosphere for crystallization. This layer covers a large part of the micropores but keeps intact
the interconnected meso/macropore network of the CX, essential to mass transport in the final
electrode. Pt nanoparticles (20 wt.%) were then deposited on both the pristine and the CVD-
treated CXs by reduction of hexachloroplatinic acid in liquid phase. The electrochemical
properties of the resulting catalysts toward the Oxygen Reduction Reaction were evaluated and
compared to those of a commercial carbon black-supported catalyst. The catalysts based on
post-treated CX supports display initial catalytic activities comparable to those obtained on the
pristine CX and on the commercial catalyst. After accelerated aging in RDE configuration,
despite a decrease in the catalytic surface of Pt, carbon-xerogel supported catalysts exhibited
an increase in specific activities while mass activities remained stable. This behavior was
attributed to the evolution of nanoparticle size upon aging and their approach or deviation from

their optimal size.

Contributions

The catalysts synthesis, N> adsorption-desorption measurements, XRD analyses, profilometry
measurements and the complete electrochemical characterization of the catalysts were carried
out by the PhD candidate. TEM micrographs were obtained by the PhD candidate, with the help
of Dr. Philippe Compere, from Département de Biologie, Ecologie et Evolution in Université
de Liege. The TGA curves were obtained by Dr. Alexandre F. Léonard from the CARPOR

platform in Université de Liege.
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2.1. Introduction

As developed in the General Introduction, Proton Exchange Membrane Fuel Cells (PEMFCs)
are electrochemical systems capable of extracting electrical energy from hydrogen and oxygen
through the Hydrogen Oxidation Reaction (HOR) and Oxygen Reduction Reaction (ORR).
However, the biggest drawback of PEMFCs is found in the slow kinetics of the HOR and
particularly of the ORR that leads to the necessary use of a catalytic layer at both electrodes.
Catalytic layers of PEMFCs are usually made of Pt-based nanoparticles supported on a carbon
structure and mixed with a proton-conducting ionomer [1,2]. In this assembly, carbon gels are
a promising class of materials that can be effectively used as supports for the catalyst [3].
Indeed, the highly tunable porosity of carbon gels makes them good model materials for
studying catalyst—support interactions [4,5]. Nevertheless, due to their highly amorphous
nature, carbon gels are materials prone to corrosion and degradation compared to more graphitic
materials, such as carbon nanotubes [6]. Indeed, high potentials encountered at the cathode of
operating PEMFCs (>0.6 V vs. RHE), coupled with the presence of Pt, water and oxygen under
relatively high temperature, accelerates the corrosion kinetics of carbon materials, and leads to
performance losses upon prolonged fuel cell operation [7,8]. Therefore, increasing the
resistance of the carbon support to oxidation is needed to yield highly durable catalytic layers,

addressing a critical bottleneck in PEMFCs.

For this reason, a strategy explored in the previous chapter was the deposition of a graphitizable
carbon layer onto a carbon xerogel (CX) surface. This strategy was applied to a CX with a mean
pore of size of 70 nm (denoted as CX0), a material suitable for deposition of an electrocatalytic
phase and compatible with PEMFC electrode manufacturing [3]. In Chapter 1, the carbon layer
was deposited via Chemical Vapor Deposition (CVD) [9] using ethylene as a precursor. The
CVD treatment duration was varied between 5 and 60 min to obtain samples with different
degrees of coverage. Two main findings were obtained from this chapter. First, neither the
overall morphology nor the meso/macropore network were modified by the secondary layer
deposition, which is essential for allowing sufficient mass transport in the final catalytic layer,
and enables homogeneous Pt deposition. Second, the secondary carbon layer exhibited a higher
degree of ordering than the original carbon surface. Finally, CXO0 treated 20 min by CVD was
subjected to a subsequent post-treatment at 1,500 °C under inert atmosphere, which led to
further crystallization of the CVD-deposited carbon layer, hinting at the graphitizable nature of
the deposited carbon layer [10].
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In this chapter, the pristine CXO0, along with the same CXO0 subjected to three different post-
treatments were selected to assess their quality as electrocatalyst supports: the CX subjected to
20 and 60 min of CVD, as well as the CX treated 20 min by CVD followed by a thermal
treatment under inert atmosphere at 1,500 °C. Afterwards, Pt nanoparticles (20 wt.%) were
deposited on the surface of these samples via liquid-phase reduction of a Pt precursor,
hexacholoroplatinic acid, using formic acid [11]. The obtained catalysts were then processed
into inks, which were coated onto a Rotating Disk Electrode (RDE) for electrochemical
characterization in liquid electrolyte. A commercially available carbon black—supported Pt
catalyst was also included for comparison. The samples were analyzed on a 3-electrodes setup
in acidic environment, namely in 0.5 M H>SOs, to simulate the acidic conditions of catalytic
layers under use in PEMFCs. Active layers deposited on RDE were also submitted to
Accelerated Stress Tests (AST) and the evolution of the catalytic activities and electroactive
surface areas of Pt were analyzed through aging. The study enabled determining the impact of

the secondary CVD-deposited carbon layer on the durability of Pt/CX catalysts.

2.2. Experimental
2.2.1. Synthesis of the carbon xerogel-supported Pt catalysts

The synthesis of the pristine carbon xerogel with adequate pore size was previously described
in details in Chapter 1. Briefly, a polycondensation reaction between resorcinol and
formaldehyde in an aqueous medium was performed, in presence of sodium carbonate acting
as a pH regulator [5]. The pH of the mixture synthesis was measured equal to 5.0. A monolithic
block of organic xerogel was obtained after polymerization and ageing at 80°C. After
appropriate grinding, the powder was pyrolyzed in inert atmosphere at 800 °C. This material
was characterized by N> adsorption-desorption measurement and Hg porosimetry in the
previous chapter. In short, the BET surface area and average pore size were found equal to 674
m2.g”! and 70 nm respectively, i.e. a pore texture suitable for PEMFC applications [3]. The
carbon xerogel powder retrieved from this pyrolysis step is denoted as CXO0 hereafter, as in

Chapter 1.

Moreover, in Chapter 1, the pristine CX0 was subjected to a Chemical Vapor Deposition (CVD)
treatment, via ethylene cracking at 670 °C, and two treatment durations (20 min and 60 min)

were selected. Those samples are denoted as CX0-C20 and CX0-C60 hereafter. CX0-C20 was
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identified as optimal, as it enabled efficient deposition of a secondary carbon layer with
increased surface ordering without extensive treatment duration. This material was also
subjected to a second post-treatment at 1,500 °C under inert atmosphere. It is referred to as
CX0-C20-HT1500. All these materials were selected because they exhibited an increase in their
surface ordering compared to the original CX0 surface, while still maintaining sufficient

accessible surface area for Pt nanoparticle deposition, even after the post-treatments.

The synthesis of Pt/CX catalysts was then performed by reduction of Pt**, from H,PtCls.6H.O
platinum precursor, using formic acid as a reductant. Formic acid reduction is a simple one-step
method suitable to homogeneously deposit small Pt nanoparticles on CXs without producing Pt
aggregates [11,12]. The procedure was performed as follows, with a Pt loading target of 20
wt.%:
(i) 0.2 g of carbon xerogel powder were dispersed in 200 mL of a 2 mol.L"! formic acid
solution (Sigma-Aldrich, reagent grade > 95%);
(i)  The suspension was then heated to 80 °C using an oil bath and mixed under magnetic
stirring;
(iii) 50 mL of a 38 mmol.L"! solution of H2PtCle.6H,O salt (Alfa-Aesar, 99.95% on metals
basis, Pt 37.5% min) was added dropwise to the suspension at a rate of 2.5 mL.min;
(iv)  The mixture was stirred for 1 h at 80 °C;
(v)  The mixture was then filtered and washed with 600 mL of ultrapure Milli-Q® water;

(vi)  The obtained Pt/CX was finally dried at 50 °C under air in an oven, overnight.

The carbon xerogel-supported catalysts retrieved from the Pt deposition step are referred to as
CX0-Pt, CX0-C20-Pt, CX0-C60-Pt and CX0-C20-HT1500-Pt. A commercial Pt/carbon black
catalyst (De Nora, Vulcan XC-72, 20 wt. % Pt), denoted as Vulcan XC-72-Pt, was also chosen

as benchmark.

2.2.2. Physicochemical characterization

The textural properties of the catalysts were determined with a combination of nitrogen
adsorption-desorption, and compared to those of the supports, as described in Chapter 1. As a
reminder, the specific surface area (4ger) was evaluated using the Brunauer, Emmett and Teller
(BET) equation selecting in each case the relative pressure range according to Rouquerol’s
criterion [13]. The micropore volume, Vpus, was calculated using the Dubinin-Radushkevich

equation and the external surface area of the carbon nodules, Sex;, was obtained through the t-
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plot method. Note that the BET specific surface area, Aget, corresponds to the sum of the
micropore surface, located within the carbon nodules, and the external surface of the nodules.
For catalysts however, the contribution of Pt to the mass measured was accounted for, and the
different parameters are reported per mass unit of carbon for adequate comparison with the

corresponding supports.

ThermoGravimetric Analysis (TGA) was employed to obtain the actual amount of Pt deposited
on the carbon supports, as a comparison to the target Pt loading (20 wt.%), by burning the
carbon and measuring the remaining mass. The measurements were performed on catalysts with
a Setaram Sensys Evo microbalance, under air, with a constant heat of 5 °C.min™".

X-ray diffractograms of the catalysts were obtained on a Bruker D8 Advance powder
diffractometer with a copper X-ray source. To minimize background noise, and to ensure that
no diffraction signal comes from the sample holder itself, a zero-background sample holder (KS
Analytic Systems — 32 mm PMMA Zero-Background Sample Holder) was used. The results
were obtained with diffraction angles 26 between 10° and 80° in a Bragg-Bentano configuration.
The crystal size of Pt nanoparticles (dxrp) was determined from the XRD spectra of catalysts

using the Pt(111) diffraction peak and Scherrer’s equation:

d = e 2.1
XRD = B 00) (2.1

where £ is a shape factor without dimension, equal to 0.89 [14], 4 is the X-ray wavelength
(Aka=0.15418 nm), £ is the Full Width at Half Maximum (FWHM) of the considered peak and
6 is the Bragg angle (°).

To determine the Pt nanoparticle size distribution, the catalysts were observed with a JEOL
JEM-ARM 200F Cold FEG equipped with a spherical aberration probe corrector and operated
with an acceleration voltage of 200 kV. Prior to observations, a few milligrams of the powder
samples were dispersed into ethanol and mixed homogeneously with help of an ultrasonic bath.
A drop of the suspension was then spread onto a copper grid (PELCO® TEM grid, 200 mesh
Cu), and was left to dry under ambient air. From TEM micrographs, the arithmetic average
diameter, dtem, of the Pt nanoparticles was calculated on a significantly large number of Pt
nanoparticles (= 50). Note that only clearly isolated nanoparticles were taken into account for
this analysis. Besides, both the surface-weighed (ds) and volume-weighed (dv) diameters of the

nanoparticles were calculated as:
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d, = z md 2.2)
nldlz

dy = Z md} (2.3)
n1d13

where n; is the number of particles of diameter di. The volume-weighed diameter can be
compared to the crystallite diameter obtained with XRD, as XRD is a volume-sensitive
technique [15]. The surface-weighed diameter can be compared to that calculated from the CO

stripping data (see Section 2.2.3), as CO stripping is a surface-sensitive technique [16].

2.2.3. Electrochemical characterization on Rotating Disk Electrode
Materials

The electrochemical characterization was performed in a four-neck glass cell designed to
accommodate all the setup elements (see Figure 2.1). The glassware was cleaned overnight by
immersion in a H2SO4:H>0; solution, followed by thorough rinsing with ultrapure Milli-Q®
water (18.2 MQ.cm). The electrolyte solution was prepared using also ultrapure water and
H>SO4 (Merck, 95-97% for analysis EMSURE® ISO). Catalysts underwent characterization
using a Rotating Disk Electrode (RDE). A three-electrode setup was used with a Metrohm
Autolab PGSTAT204 potentiostat. The electrodes were composed of (i) a 5-mm diameter
glassy carbon EDT type (Origalys - A35T095) as working electrode; (i1) a platinum grid as
counter-electrode; (ii1) a saturated calomel electrode (SCE) as a reference (Origalys - OGR-Hg-
¥8-Rod-L120-S7). Note that all voltages are reported versus the reversible hydrogen electrode
(RHE) hereafter, with values corrected to account for the change of reference. A gas inlet
allowing O», Ar or CO to bubble in the solution, as well as a gas outlet were present in the glass
cell. A Luggin capillary was used to physically separate the reference electrode from the
working electrode while maintaining the ionic connection and keeping the working electrode

close to the reference [17].
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Figure 2.1. Picture and schematic (adapted from [18]) of a three-electrode setup.

Catalytic layer preparation

Measurements performed on RDE usually require homogenous and thin films; in particular, the
thickness should be below 1 pum to avoid significant concentration gradients due to mass-
transport limitations across the active layer [19]. However, CXs are challenging to grind below
ca. ~5 pm [20]. As a result of this coarse grain size, active layers supported on CXs are thicker
than those prepared with common carbon black supports [3]. Because of oxygen transport
resistance within the layer and individual grains, concentration gradients of O throughout the
catalytic layer may occur. These gradients, which are worsened as the Pt loading increases,
reduce the effectiveness factor of the catalyst, ultimately lowering the apparent catalytic activity
[21]. Therefore, the catalyst ink was adjusted to achieve a working electrode Pt loading of 33
ugp.cm2geo for all samples. This Pt loading on the electrode, selected on the basis of the work
of Deschamps et al. [22], ensures sufficient Pt content to provide a reliable electrochemical

signal while minimizing as much as possible the final catalytic layer thickness.

All inks were prepared by mixing 9.9 mg of catalyst with 1.8 mL of ultrapure Milli-Q® water,
0.7 mL of isopropanol, and 0.25 mL of Nafion® suspension in water and 1-propanol (Ion Power,
5 wt.%, 1100 EW). The mixture was then processed in an ultrasonic bath (VWR, Ultrasonic
Cleaning Bath, Maximum Output Power 120 W) for 30 min so as to obtain a homogenous ink.
10 puL of the ink were then deposited on the glassy carbon tip. To evaporate the solvents and
stick the sample onto the glassy carbon, the liquid was evaporated and Nafion® was sintered by

processing the electrode in an oven at 100 °C for 5 min. Profilometry measurements of the
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catalytic layer were performed on a Bruker Dektak XT® stylus profilometer after sample
deposition to check for the thickness and homogeneity of the layer. Prior to electrochemical
characterization, a few drops of the electrolyte (H2SO4, 0.5 M) were deposited onto the active
layer and put under vacuum to remove the air trapped in the active layer. Once no air bubbles
were visible, the electrode and the electrolyte drop were returned to atmospheric pressure. This
procedure allows the liquid to infiltrate the whole pore texture of the layer, which is necessary

to ensure full use of the Pt nanoparticles.

A comprehensive assessment of the catalyst performances and durability before and after
surface modification of the support was subsequently performed on RDE, using 0.5 M H>SO4
as electrolyte. To this end, cyclic voltammetry under argon, CO stripping and Oxygen
Reduction Reaction (ORR) measurements were performed. To ensure reproducibility of the
measurements, the initial electrocatalytic performances of at least three freshly prepared active
layers were assessed. Provided no deviations exceeding ~20% were observed across

measurements, the average of values was calculated and presented.
Cyclic voltammetry

Argon bubbling was performed to de-aerate the electrolyte for 20 min before conducting any
measurement. Voltammetry cycles were then measured between 0.05 V and 1.23 V vs. RHE at
a scanning rate of 100 mV.s™!, and cycling was continued until stable voltammograms were
obtained. Prior to measurements, three voltammetry cycles at a lower scan rate (20 mV.s™)
were also recorded to check that the layer of sample was properly deposited and led to an
appropriate signal. The double layer capacity per mass of carbon Cq (in F.g"'c) was calculated

from cyclic voltammetry at 20 mV.s™:

lcapa

Cn =
A=

(2.4)
where icapa 15 the capacitive current (A), taken in the area 0.4-0.5 V vs. RHE, v is the scan rate
(V.s™h), and mc is the mass of carbon present in the active layer (g).

CO stripping

CO stripping measurements were used to determine the ElectroChemically active Surface Area
(ECSA) of platinum [23]. To do so, gaseous CO (AirLiquide, N47, > 99.997%) was bubbled in
the electrolyte for 6 min while applying a steady potential of 0.1 V vs. RHE. This step is

performed to saturate the available Pt catalytic sites with CO. The remaining CO present in the
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electrolyte was subsequently purged from the cell by bubbling argon gas (AirLiquide,
ALPHAGAZ™ 1, > 99.999%) for 39 min. Three voltammetry cycles were then recorded from
0.05 to 1.23 V vs. RHE at 20 mV.s™". The first cycle represents the complete electro-oxidation
of CO molecules adsorbed on Pt catalytic sites. The third cycle represents a regular cyclic
voltammogram and was used as background curve. The ECSA was determined using the
Faraday charge of the CO electro-oxidation peak between 0.65 and 1.23 V vs. RHE, assuming
that a complete monolayer of CO adsorbed on Pt requires 4.2 C.mp; for being oxidized [24].

The ECSA and the CO equivalent nanoparticle diameter, dco, were determined as:

_ Qu
ECSA = 2L A (2.5)
6
2.6)

deo = ———
€O ™ ppe ECSA

where Qn is the integral of the charge of the CO electro-oxidation peak (C), 4.2 (C.mp) is the
theoretical adsorption charge density required to oxidize one complete monolayer of CO
adsorbed onto Pt, L is the loading of Pt of the working electrode (gp.m™ge0), 4 is the surface

area of the electrode (m?geo), and pp: is the density of platinum (21.45 x 10° g.m™).
Oxygen Reduction Reaction measurement

The catalytic activity for the ORR was measured in Os-saturated electrolyte. The
electrocatalytic performances are reported as specific activity (S4) and mass activity (MA). S4
corresponds to the activity expressed per Pt surface area exposed to the electrolyte. This activity
is dependent of the spatial positions of Pt atoms in the nanoparticle structure as the catalytic
activity of the surface atoms of Pt depend on their local atomic environment [25]. Meanwhile,
MA corresponds to the activity expressed for the total mass of Pt present in the catalytic layer.
It is more commonly used as a practical performance metric. Gaseous O> (AirLiquide,
ALPHAGAZ™ 1, > 99.995%) was bubbled in the electrolyte for 15 min, while the working
electrode was kept at 0.05 V vs. RHE. ORR measurements were then carried out in an O:-
saturated electrolyte, kept under constant O2 bubbling: the potential was increased to 1.05 V vs.
RHE and decreased back to 0.3 V vs. RHE at a scan rate of 1 mV.s™', while the current was
measured. To get rid of the capacitive current originating from the large specific surface area
of the carbon supports, the background curves performed under the same conditions (Ar-
saturated electrolyte, from 0.30 to 1.05 V vs. RHE at 1 mV.s™!) were systematically subtracted

from the ORR curves [22]. ORR measurements were recorded at different rotation speeds: 400,
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900, 1600 and 2500 rpm. SA (A.mpc2) and MA (A.gp") were obtained from ORR curves plotted
at 1600 rpm, using the following equations:
i

SA=5CsAl

2.7)

MA = (2.8)

i
L
To ensure that the values of current measured are free of any mass transport limitations, it is
essential to compare currents at potentials where mass transport limitations are negligible.
However, both external and internal mass transport limitations must be considered. External
mass transport contribution corresponds to the diffusion of O, from the bulk electrolyte to the
external surface of the carbon grain, and is dictated by the rotation speed of the RDE.
Meanwhile, internal mass transport contribution refers to the diffusion of O, from the external
surface of the catalytic layer to the glassy carbon, to reach catalytic sites located close to it.
ORR curves can be plotted at different RDE rotation speeds and the current values at which
these curves are superimposing can be used to calculate the corresponding catalytic activities.
However, this approach only allows to remove the contribution of external diffusion limitations.
As previously mentioned, the use of CXs results in relatively thick active layers, and internal
oxygen concentration gradients may develop across the porosity of the layer. Therefore, another

approach must be followed.

The current at which internal mass transport limitations can be completely neglected is mostly
dependent on the layer thickness and on the void fraction of the catalytic layer. If the gradient
of Oz concentration is small, with a difference lower than 10% between the O2 concentration at
both ends of the catalytic layer (i.e. between the catalytic layer surface exposed to the electrolyte
and the glassy carbon surface), then internal diffusion limitations can be neglected. Using Fick’s
Law, Deschamps et al. [22] rationalized this statement by proposing a simple equation
describing the maximum current density below which mass transport limitations can be
neglected:

Ce?Dy. Fe
j=<—h°2 )10‘1 2.9)

where C is the oxygen concentration at saturation in water, at 25 °C and 10° Pa (1.2 mol.m™),

Do is the diffusion coefficient of oxygen in water, at 25 °C and 10° Pa (1.7 x 10 m2.s™), F is
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the Faraday constant (C.mol ™), e is the number of exchanged electrons per reacted molecule of
O: (dimensionless), 4 is the thickness of the active layer on the glassy carbon (m), and ¢ is the
void fraction of the catalytic layer (dimensionless). Note that current densities obtained are
expressed in absolute value, as reduction currents are reported as negative following the
European convention. ORR can proceed through a (2+2)- or 4-electron pathway. As Pt catalyst

is used, it is presumed that the number of electrons exchanged is close to 4 [26]. ¢ is defined as:

s = Vlayer - Vsolid (2.10)
Vlayer

with:

Mcarbon , Mpt ., MNafion
Vsolid = +—+ (2.11)
Pcarbon Ppt PNafion

Vsolid is the volume of solid material that constitutes the layer (cm?®), Viayer is the total volume of
the layer (cm?). Mcarbon, mpt and mnafion are the mass of carbon, Pt and Nafion® deposited on the
RDE, respectively (g). pcarbon, PPt and pafion are the skeletal density of carbon (measured equal
to 1.93 g.cm™ by He pycnometry in Chapter 1), the density of Pt (21.45 g.cm™) and the density
of Nafion® (1.97 g.cm™), respectively.

Meanwhile,
Vayer = 77:r\/ZVEh (2.12)

Viayer 18 the total volume of the layer (cm?), considering the active layer as a cylinder of material

deposited on the working electrode. rwe is the radius of the working electrode (2.5 cm).

Using Equation (2.9) is a simple yet efficient way to determine the current density range for
which no internal mass transport limitations occur during ORR measurements. This
consideration is particularly important for CX-based active layers. Due to their large
thicknesses and developed porosity, currents must be compared at higher potentials (typically
0.95-0.98 V vs. RHE) than those commonly reported in the literature (0.9 V vs. RHE) for
carbon-black supported catalysts [22].

Accelerated Stress Tests

Accelerated Stress Tests (AST) were performed both on the carbon xerogel-supported catalysts
and on the commercial catalyst. After assessing the Beginning of Life (BoL) performances, the

catalytic layer was subjected to 5,000 voltammetry cycles. Cycles were performed between 0.6

78



CHAPTER 2

Vand 1.0 V vs. RHE at 100 mV.s™!, while the cell was kept at 80 °C under constant Ar bubbling.
This voltage range was selected as it is similar to the operating voltage of a typical PEMFC
stack. It is also a voltage range that maximizes Pt degradation, while limiting severe carbon
corrosion that would be drastically accelerated at potentials higher than 1.0 V vs. RHE [27].
After the 5,000 cycles, the temperature was decreased and the solution of 0.5 M H>SO4 was
renewed, to prevent any catalytic activity underestimation associated with the use of aged
electrolytes [28]. The catalytic layer was then characterized again using the same procedure,
corresponding to the Middle of Life (MoL) status. Afterwards, the catalytic layer underwent
15,000 more voltammetry cycles between 0.6 and 1.0 V vs. RHE at 100 mV.s™'. Once again,
these cycles were performed under Ar bubbling and 80°C. Finally, the 0.5 M H>SO4 solution
was replaced again and the cell was cooled down to ambient temperature. The catalytic layer
was electrochemically characterized a third time at ambient temperature, corresponding to the
End of Life (EoL) of the material. To ensure reproducibility of the measurements, aging and
corresponding characterization was completed on a minimum of two active layers provided

they presented no significant difference in BoL activity.

2.3. Results and discussion
2.3.1.Physico-chemical properties

Nitrogen adsorption-desorption measurements were obtained for the carbon black-supported
catalyst, XC-72-Pt. These measurements were also obtained for CX0-Pt and CX0-C20-Pt and
compared with those of the corresponding bare supports, CX0 and CX0-C20, to assess the
impact of the deposition of Pt nanoparticles on the textural properties (Figure 2.2). Since N2
does not adsorb on platinum, and in order to compare the supports only, the adsorbed quantity
is reported per mass unit of carbon present in the catalyst samples. The commercial carbon
black-supported catalyst XC-72-Pt presents a type I + II isotherm, according to the IUPAC
classification. It displays a Ager of 197 m2.g"'c and Sext of 140 m?.g"'c, which is typical of
Vulcan carbon black materials [29]. Meanwhile, for CX0-Pt and CX0-C20-Pt, the type I + II
isotherm shape already observed in Chapter 1 for the corresponding CX samples remains
unchanged after Pt deposition. The 4ggr of the pristine CXO, initially equal to 674 m2.gc™,
slightly decreases to 603 m?.gc™! upon Pt deposition (CX0-Pt, Table 2.1). This decrease could
be attributed to a partial blocking of micropores by Pt nanoparticles [30]. No change in Sex: is
reported as it remains equal to 201 m2.gc™! before and after Pt deposition. Regarding CX0-C20,
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Aper and Sext remain very similar upon Pt deposition, as they go from 174 to 173 m2.gc™! for
Aper and 128 to 131 m2.gc™! for Sex:. This result was expected as most micropores are already
covered by the carbon layer formed during the CVD treatment, and therefore cannot be
substantially blocked by the subsequent Pt nanoparticle deposition. Moreover, the dual porosity
(micropore + meso/macropore texture) of CXs is also preserved after Pt deposition.

The N> adsorption-desorption were not collected for CX0-C20-HT1500-Pt and CX0-C60-Pt.
For CX0-C20-HT1500-Pt, the high-temperature treatment does not influence the pore texture
(see Chapter 1) and very similar results with CX0-C20-Pt would be expected. For CX0-C60-
Pt, no differences in Ager and Sext are expected upon Pt deposition given the micropores are
even more covered than for CX0-C20-Pt. Nevertheless, some pore properties of CX0-C60 and
CXO0-C20-HT1500, obtained in the previous chapter, are also given in Table 2.1.
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Figure 2.2. Comparison of N> adsorption-desorption isotherms before and after Pt deposition.

The commercial catalyst is added as reference. XC-72-Pt (=), CX0 (—), CX0-Pt (----), CXO0-
C20 (=), and CX0-C20-Pt (----).
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Table 2.1. Textural properties and morphological parameters of carbon materials and carbon-
supported catalysts.

dp? ABET® Sext® Vpug?
Sample (nm) (m2.gc™h) (m2.gc™h) (cm?.gc™)

+5% + 5% + 5% +0.01
XC-72-Pt ¢ 197 140 0.08
CX0 70 674 201 0.26
CXO0-Pt N 603 201 0.24
CX0-C20 75 174 128 0.07
CX0-C20-Pt ¢ 173 131 0.07
CX0-Co60 78 100 103 0.04
CX0-C20-HT1500 N 187 141 0.08

2 dy: average pore size measured by Hg porosimetry.
® Ager: BET surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K.

¢ Sext: external surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K using the t-plot
method.

4 Vpus: micropore volume, calculated from calculated from nitrogen adsorption-desorption isotherms at 77 K using
Dubinin-Radushkevich equation.

¢ Measurements not performed as the impact on the meso/macroporosity of the sample is expected to be very
limited.

Thermogravimetric analysis under air was performed on the different catalysts to evaluate their
actual Pt content (Figure 2.3). A first mass loss is observed at low temperatures, between 80 to
100 °C. This behavior is usually associated with the removal of moisture from carbon powders
[31]. Interestingly for CX samples, the mass loss observed becomes lower as the CVD treatment
duration increases. For CX0-C60-Pt, this mass loss is practically not observed. This logically
suggests that residual moisture inside the xerogel pore network decreases as the micropore
coverage increases. At higher temperatures, between 300 and 600 °C, the combustion of the

carbon support is observed.
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Figure 2.3. TGA curves under air of XC-72-Pt (=), CX0-Pt (—), CX0-C20-Pt (—), CXO-

C60-Pt (—) and CX0-C20-HT1500-Pt (—).

One can however note that the burning of catalysts supported on post-treated CXs starts at
slightly higher temperatures than in the case of CX0-Pt. This suggests that the CVD and high-
temperature treatments provide a slightly higher thermal stability to the material, in agreement
with a more crystalline structure of the CVD layer. The remaining mass observed above 600 °C
accounts for the quantity of Pt. The measured Pt content could be overestimated due to the
potential formation of Pt oxides, as their growth and stability is observed in air between ambient
temperature and 200 °C [32]. Although, their decomposition is generally observed above 300
°C [33], assuming that all Pt is converted into PtO: at 600 °C would result in an overestimation
of Pt content that would not exceed 14% of the measured mass. The Pt content is thus relatively
well estimated by TGA. Without correction, this Pt content is determined to be 17.3 wt.% for
XC-72-Pt and, for carbon xerogel-supported catalysts, a Pt content of 18.7, 20.4, 17.5 and 18.0
wt.% was determined for CXO0-Pt, CX0-C20-Pt, CX0-C60-Pt and CXO0-C20-HT1500-Pt,

respectively.

As shown on TEM micrographs in Figure 2.4a-e, the Pt nanoparticles are well distributed onto
the carbon supports. On XC-72-Pt, Pt nanoparticles with an arithmetic average size of 3.4 = 0.4
nm are observed. On the pristine CX, Pt nanoparticles also display an average diameter of 3.4

+ 0.4 nm. The large network of meso and macropores of this CX allows for uniform deposition

82



CHAPTER 2

of Pt nanoparticles. On CX0-C20-Pt, CX0-C60-Pt and CX0-C20-HT1500-Pt, Pt nanoparticles
display a very similar average diameter (dtem = 3.6 £ 0.6 nm for CX0-C20-Pt, dtem =3.7 + 0.6
nm for CX0-C60-Pt and CX0-C20-HT1500-Pt), but also a tendency for more agglomerated
nanoparticles since bigger structures are also detected. The size distribution of Pt nanoparticles
is shown on Figure 2.4f, and is based on the observation of more than 50 individual
nanoparticles for each sample. As a reminder, only clearly isolated Pt nanoparticles were
considered in this size distribution while agglomerates were excluded. The change of surface
properties upon CVD and high-temperature treatment may affect the nanoparticle size and
distribution. However, particle sizes remain in the requested range for PEMFC applications,
whatever the catalyst considered. The surface-weighed and volume-weighed diameters, ds and
dv, were calculated from the particle size distributions for all the catalysts. ds and dv were
calculated from the particle size distribution to be later compared to dco and dxrp, respectively.

These values are gathered in Table 2.2.

Table 2.2. Catalysts properties determined by different analyses.

Ptrca® drem® c¢ ds'  dv!  dxrp® dco’
Catalyst (wt.%) (nm) (nm) (nm) (nm) (nm) (nm)
+03 +10%

XC-72-Pt 16.1£1.2 34 0.4 3.5 3.5 2.9 3.8
CXO0-Pt 174+£1.3 3.4 0.4 3.5 3.5 2.6 24
CX0-C20-Pt 19.0+ 1.4 3.6 0.6 3.7 3.9 3.0 2.8
CX0-C60-Pt 16.3+£1.2 3.7 0.5 3.8 3.9 3.1 4.8
CX0-C20-HT1500-Pt 16.7+1.3 3.7 0.6 3.8 3.9 3.2 2.9

2Ptrga: mass fraction remaining at the end of TGA experiment, and attributed to the Pt contained in the catalyst.
b drem: average arithmetic diameter of nanoparticles estimated from TEM micrographs.
¢ o: standard deviation associated with drem.

dds and dy: surface- and volume-weighted average diameter of nanoparticles calculated from Equations (2.2) and
(2.3), obtained from TEM micrographs.

¢ dxrp: average size of crystallites calculated from X-ray diffraction peak of Pt(111) from Equation (2.1).
fdco: CO equivalent particle diameter of the Pt particles determined from Equation (2.6), obtained from CO
stripping.
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Figure 2.4. TEM micrographs and corresponding particle size distribution of (a) XC-72-Pt, (b)
CXO0-Pt, (c) CX0-C20-Pt, (d) CX0-C60-Pt (e) CX0-C20-HT1500-Pt and (f) total initial
Pt nanoparticle size distribution of XC-72-Pt (®). CX0-Pt (®), CX0-C20-Pt (m), CX0-
C60-Pt (m) and CX0-C20-HT1500-Pt (™).

To evaluate the crystalline structure of the materials, diffractograms of the catalysts are shown
in Figure 2.5. A wide peak can be seen around 26 = 22-25° for all samples. It corresponds to
the small-range graphitic ordering in the primary particles of carbon xerogels and carbon black
[12]. The peak appears narrower and at a larger angle for XC-72-Pt, compared to carbon
xerogel-supported catalysts. This suggests that this carbon black support is more ordered than
the pristine and post-treated CXs. Moreover, diffractograms display the characteristic face-
centered cubic arrangement peaks found in platinum, namely 39.9° Pt(111), 46.6° Pt(200) and
67.1° Pt(220). Using Scherrer’s equation (Equation (2.1)), crystallite sizes dxrp were
calculated equal to 2.9, 2.6, 3.0, 3.1 and 3.2 nm for XC-72-Pt, CX0-Pt, CX0-C20-Pt, CX0-C60-
Pt and CX0-C20-HT1500-Pt respectively.

Pi(111)
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Figure 2.5. X-ray diffractograms of catalysts: XC-72-Pt (—), CX0-Pt (—), CX0-C20-Pt (—),

CX0-C60-Pt (—) and CXO0-C20-HT1500-Pt (=). The diffractograms are shifted

vertically for legibility.
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Based on TEM micrographs and XRD measurements, the smallest nanoparticles are observed
on the pristine CXO0 surface. dxrp was also compared with dv. In principle, dv can be compared
to dxrp as X-ray diffraction is a volume-sensitive technique [15]. Small discrepancies were
observed, as dv is systematically higher (Table 2.2). Nevertheless, an overestimation of dv is
possible, and can ultimately be bound to TEM observation. Indeed, small nanoparticles (< 2
nm) are difficult to distinguish under TEM due to the operating limits of the device. Therefore,
Pt nanoparticles seem relatively monocrystalline as both dxrp and dv remain close, even with

the possible overestimation of dv from TEM micrographs.

2.3.2. Electrochemical characterization of the fresh catalysts

Profilometry measurements were performed to determine the average thickness of active layers
deposited on the 5-mm glassy carbon electrode with a loading of 33 pgpi.cmge, (Figure 2.6a).
In the case of the benchmark catalyst, XC-72-Pt, a thickness of 5 um is observed, which is
compatible with usual analysis of the catalyst activity. However, CXs are known to produce
active layers with considerably higher thickness due to their internal porosity. As expected,
profilometry measurements performed on CX0-Pt, deposited in the same conditions as XC-72-

Pt, show that the thickness is in the range of 10-15 pm (Figure 2.6b).
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Figure 2.6. Thickness profiles of the active layer of (a) XC-72-Pt (=) and (b) CXO0-Pt (—)
deposited on the glassy carbon of the RDE.
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Thus, to properly evaluate the catalytic activity of this type of thick active layers, it is essential
to lower the scan rate to reach steady-state conditions and to ensure that the current measured
is free of any mass transport contribution (i.e. only governed by the kinetics of the ORR).
Indeed, the ORR curves plotted at different electrode rotations superimpose above 0.9 V vs.
RHE (Figure 2.7), which indicates that no external mass transfer occurs in that region.
Nevertheless, internal mass transfer limitations may still be present due to the thickness of the

catalytic layer and the rotating speed has no impact on it.
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Figure 2.7. Cyclic voltammetry at BoL under Oz and 25 °C of CX0-Pt, performed with a scan
rate of 1 mV.s™! and an electrode rotation of 400 (—2—), 900 (—=—), 1600 (—»—) and 2500

(—o—) rpm.

To estimate the extent of internal mass transport limitations, Equation (2.9) was used in the
case of the CX-supported samples, considering a maximum thickness observed of 15 pm. The
different values used to calculate the void fraction of the active layer, ¢, are provided in Table
2.3. ¢ was calculated equal to 0.87. Therefore, the current density at which internal mass
transport can be neglected was found to be 0.35 mA.cm 2o, assuming a 4-¢” mechanism. Such
current densities are typically observed at potentials around 0.91-0.92 V vs. RHE for the
materials tested. Catalytic activities should be measured and compared above this potential
range. Therefore, ORR curves were recorded at a scan rate of 1 mV.s™”! and corrected with the
background to remove capacitive effects. In addition, all currents were retrieved at 0.95 V vs.

RHE to ensure that catalytic activities are free of all mass transport limitations.
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Table 2.3. Different values related to the active layer deposited on the working electrode.

Vsolid Nayer
Mcarbon” np® MNation® peabon’  pp’ PNafion” h° rwed
(g) (g) (g) (gem?) (gem?) (g.om?) (cm) (cm)
295%x10° 6.48x10° 4.18 x 107 1.93 21.45 1.97 1.5%x10° 0.25

? Mearbon, Mpt and Minasion: Mass of carbon, Pt, and dry Nafion® in the active layer.
® pearbons PPt aNd PNafion: Density of carbon, Pt and dry Nafion®.
¢ h: Thickness of the active layer, obtained via the thickness profile.

4 rwe: Radius of the working electrode.

From the CO stripping curves (Figure 2.8a), the electrooxidation peak of CO to CO-, located
between 0.65 and 1.23 V vs. RHE, is used to determine the ElectroCatalytically active Surface
Area (ECSA), directly related to the available amount of platinum catalytic sites. The
commercial catalyst displays an ECSA of 74 m2.g"'p, which is consistent with values usually
reported for carbon black-supported nanoparticles of 3—4 nm in size [34,35]. Note that the
theoretical surface of nanoparticles of 3 to 4 nm in diameter, assuming purely spherical and
monodisperse nanoparticles, would be comprised between 70 and 93 m2.g"'p; (see Equation
(2.6)). For catalyst supported on CXO, the ECSA is 117 m2.g"'p; for CX0-Pt, 101 m2.g'p; for
CX0-C20-Pt, 63 m>.g'p for CX0-C60-Pt and 99 m2.g 'p; for CX0-C20-HT1500-Pt. The CO
equivalent particle diameter was determined from these ECSA values, also from Equation
(2.6), and compared with ds obtained from TEM micrographs. In principle, ds can be compared
to dco, since CO stripping is a technique sensitive to surface [16]. As shown in Table 2.2, a
significant gap between ds and dco may suggest again that the smallest nanoparticles (<2 nm)
are not visible enough on the micrographs of the carbon xerogel-supported catalysts. This
proportion of small nanoparticles would nevertheless decrease as the carbon surface evolves
upon CVD and high-temperature treatments, as dco is larger in the case of CX0-C20-Pt and
CX0-C20-HT1500 (dco = 2.8 nm for both samples) than in the case of CX0-Pt (dco= 2.4 nm).
CX0-C60-Pt exhibits a significantly larger dco of 4.4 nm. This result is somewhat unexpected
given the similarity of dxrp and drem between CX0-C20-Pt and CX0-C60-Pt, and the absence
of large Pt agglomerates in the TEM micrographs. Nevertheless, this behavior could originate
from the hydrophobicity of the carbon material. As CX0-C60-Pt has the thickest carbon layer

deposited, it could also present the most hydrophobic character. This could decrease the
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electrolyte accessibility to some catalytic sites, thereby lowering the measured £CSA4 value, and
thus lead to an overestimation of the dco.

Finally, the CO oxidation peak of XC-72-Pt is observed at 0.77 V vs. RHE. In contrast, the CO
peak maximum occurs at 0.82 V vs. RHE for CX0-Pt, 0.80 V vs. RHE for CX0-C20-Pt, and
0.78 V vs. RHE for CX0-C60-Pt and CX0-C20-HT1500-Pt. As commonly observed, an
increase in mean particle size under 3 nm causes the CO oxidation peak to shift to lower
potentials [35]. This likely reflects the presence of larger Pt nanoparticles on XC-72-Pt. A
shouldering peak can also be observed for CX0-C20-HT1500-Pt before the main CO
electrooxidation peak. This peak is commonly associated with the presence of Pt agglomerates
[35]. This suggests that CX0-C20-HT1500-Pt contains a larger proportion of agglomerates
compared with the other catalysts. Therefore, despite using the same formic acid reduction for
synthesizing Pt nanoparticles, the change of carbon surface after CVD and post-treatment at
1,500 °C influences the Pt nanoparticles formation mechanism. This could possibly stem from
the tendency of PtCle* ions to adsorb inside the microporosity, ultimately affecting the final
nanoparticle size [36,37]. Moreover, surface defects and functional groups become scarcer with
the deposition of the carbon layer. This scarcity results in a lower quantity of anchoring sites
for nanoparticles nucleation and ultimately lead to the growth of larger nanoparticles [38]. The
tendency of nanoparticles to agglomerate more on CVD-treated CXs than on pristine CX0 can

partly explain the drop of ECSA observed.
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Figure 2.8. Electrochemical measurements of fresh catalysts performed in RDE configuration
in 0.5 M HzSOy4 at 25°C. (a,b) CO electro-oxidation curves at a rate of 20 mV.s™!, (c)

Cyclic voltammetry under O at a scan rate of 1 mV.s™ and an electrode rotation of 1600
rpm and (d) corresponding Tafel plots, of XC-72-Pt (=), CX0-Pt (—), CX0-C20-Pt
(=), CX0-C60-Pt (—) and CX0-C20-HT1500-Pt (—). CO electro-oxidation curves

were divided into two parts for better legibility.

Another notable difference in the CO stripping curves presented in Figure 2.8a is the evolution
of the double layer capacitance of the carbon support, Cq. XC-72-Pt displays a relatively low
Ca, calculated equal to 24 F.g™!, while it significantly increases for CX0-Pt (128 F.g™!). This
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large value observed for CXO0-Pt can be attributed to the extensive micropore network
accessible to the electrolyte. This well-developed microporosity is consistent with the high Aggt
measured for this material. A decrease in capacitive current is observed when comparing CXO0-
C20-Pt and CX0-C60-Pt to CX0-Pt, as their double layer capacitances drop to 33 F.g"! and 10
F.g'l. It is worth noting that the decrease in Ca mirrors the reduction in Ager observed after
CVD treatment. Indeed, the Ca decreases by 74% from CXO0-Pt to CX0-C20-Pt while Ager
decreases by 71%. For CX0-C60-Pt, Caqi decreases by 92%, while the 4ger decreases by 84%.
Since the CVD treatment blocks most of the CX micropores, the surface onto which ions can
accumulate is proportionally reduced [39]. Meanwhile, Cq is slightly lower for CX0-C20-
HT1500-Pt (22 F.g'!) than its counterpart before high temperature treatment. This difference
could be attributed to changes in surface rugosity induced by the surface crystallization, clearly
evidenced from HR-TEM micrographs presented in Chapter 1. The capacitive contribution is
relatively large in the case of CX0-Pt, and can ultimately affect the ORR curve. Therefore, all
ORR measurements described hereafter have been corrected with the background performed

under Ar.

Measurements under oxygen (Figure 2.8b, Table 2.4) allow to retrieve the catalytic activities
of Pt nanoparticles towards ORR. The specific and mass activities at 0.95 V vs. RHE of XC-
72-Pt, SA and MA, are measured equal to 0.029 A.m™p and 2.12 A.g 'p, respectively. In the
case of carbon xerogel-supported catalysts, S4 is equal to 0.022, 0.034, 0.029 and 0.033 A.m"
2p while MA is equal to 2.69, 3.29, 1.82 and 3.25 A.g"'p for CX0-Pt, CX0-C20-Pt, CX0-C60-
Pt and CX0-C20-HT1500-Pt, respectively. Values of specific activities remain in the expected
range for Pt nanoparticles supported on a CX [11] and compare well with XC-72-Pt. Moreover,
the specific activities of catalysts based on post-treated CXs are higher than that of the catalyst
based on the pristine CX0. The same comment can be made for the mass activity, except for
that of CX0-C60-Pt, which is drastically lower than other samples. Again, the behavior
observed for CX0-C60-Pt could result from the hydrophobicity of the material, for which the
ECSA was already measured smaller than other CX-supported catalysts, likely because the
electrolyte has limited access to some catalytic sites. The effect of the nanoparticle size on
catalytic activity will also be discussed in Section 2.3.3, when analyzing the AST results. Note
that the half-wave potential, frequently used as a comparison parameter, was not considered
here. Indeed, internal and external diffusion impacts the measured current in the region of the

curve where it is observed.
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Finally, the Tafel slope was used to determine through which mechanism the ORR occurs
(Figure 2.8c). When the Tafel slope is in the range 60 — 70 mV.dec!, a 4-e¢* mechanism is
expected. Meanwhile, when it is close to 120 mV.dec™!, a (2+2)-e” mechanism occurs [40]. The
latter mechanism is detrimental for catalytic layers and undesirable in PEMFCs as it yields
hydrogen peroxide, which damages Nafion®. All samples display similar Tafel slopes: 66
mV.dec! for the commercial catalyst; 67, 71, 62 and 61 mV.dec™ for CX0-Pt, CX0-C20-Pt,
CXO0-C60-Pt and CX0-C20-HT1500-Pt, respectively. A predominance of the 4-e~ reduction
route, desirable for PEMFC application, is thus confirmed. Therefore, selecting e = 4 in
Equation (2.9) to determine the maximum current density below which mass transport

limitations can be neglected, is accurate.

Table 2.4. Catalyst properties of fresh catalysts determined by electrochemical analyses.

ECSA? SA4° MAP b*
(m2.g7py) (A.mp) (A.g'p) (mV.dec™)
XC-72-Pt 74 + 4 0.029 +0.001 2.12+0.05 66 +3
CX0-Pt 1177  0.022+0.002 2.69 +0.42 67 +7
CX0-C20-Pt 101+4  0.034+0.001 3.29+0.01 71+ 1
CX0-Co60-Pt 63+6 0.029 +0.003 1.82+0.43 62+ 1
CX0-C20-HT1500-Pt 99 +23 0.033 £0.001 3.25+0.39 61 +1

2 ECSA: Electrochemically activity surface area of Pt normalized to the mass of Pt on the electrode, calculated
from CO stripping measurement (Equation (2.5)).

®SA and MA: Specific Activity and Mass Activity measured at 0.95 V vs. RHE (Equations (2.7) and (2.8)).
¢ b: Tafel slope obtained calculated at 0.95 V vs. RHE from ORR measurement.

Carbon xerogel-supported catalysts show catalytic activities towards ORR on par with the
commercial carbon black-supported catalyst. After 20 min of CVD, the partial covering of the
micropores by the deposited carbon layer did not impact significantly the initial electrochemical
properties of carbon xerogel-supported electrocatalyst. Since micropores can generate
undesirable ohmic resistance in a catalytic layer [41], CVD treatment could form a continuous
carbon layer and decrease the volume of micropores, which could in turn facilitate the transport
of electrons. In this sense, it is expected that the blocking of the micropores, even partial, would
lead to an increase of the electrical conductivity of the carbon material. This hypothesis was

however not verified in this work.
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2.3.3. Electrochemical characterization after AST

ASTs were performed at 80 °C, a temperature representative of typical PEMFC operating
conditions. Catalytic properties are found in Table 2.5. Figure 2.9a-j shows the evolution of
the ORR curves and Tafel plots before (BoL), during (MoL) and after (EoL) the ASTs of all the
catalysts. The bar graphs in Figure 2.10a show the £CSA of Pt normalized to its initial value
for each catalyst. All samples exhibit a significant decrease of the ECSA during the first 5,000
cycles. XC-72-Pt exhibits a 39% decrease after 5,000 cycles and 46% after 20,000 cycles.
Meanwhile, the lowest ECSA decrease is observed on the CX0-Pt: 33% and 41% after 5,000
and 20,000 cycles, respectively. CX0-C20-Pt, CX0-C60-Pt and CX0-C20-HT1500-Pt suffer on
average a loss of 47%, 57% and 46% after 20,000 cycles, respectively.

TEM micrographs show that the nanoparticles increase in size as the catalyst undergoes aging
(Figure 2.11a-f). This nanoparticle growth was anticipated and is due to well-known
phenomena such as Ostwald ripening mechanism, migration and coalescence of Pt crystallites,
as all of these phenomena are observable in the potential range of the AST (0.6 - 1.0 V vs. RHE)
[42,43]. The evolution of the catalysts during the AST was also monitored using cyclic
voltammetry (Figure 2.12). A decrease of the area under the different Pt peaks (H*
adsorption/desorption on Pt in the range of 0.05 to 0.3 V vs. RHE, and Pt oxides formation and
subsequent reduction in the range of 0.5 to 1.1 V vs. RHE) can be observed for all catalysts.
The agglomeration and detachment of nanoparticles, already visible on the TEM micrographs
of aged catalysts leads to this decrease in the intensity of the different Pt signals. However,
quantifying the individual impact of these phenomena from the cyclic voltammetry curves

remains challenging [78].
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Table 2.5. Catalyst properties during accelerated stress tests, determined by RDE electrochemical analyses.

CO stripping ORR Cv
Catalyst ECSA? dco® SA4° MA* b! Cuf
(m2.g'py) (nm) (A.m2p) (A.gp) (mV.dec™t) (F.g'o)
BoL 74+ 4 3.8+0.1 0.029 £0.001 2.12+0.05 66+ 13 24 +4
XC-72-Pt MoL 45+2 6.2+0.1 0.037 £ 0.002 1.65+0.11 71£1 19£2
EoL 40+7 7.1+0.7 0.031 +£0.001 1.24+0.15 73+£3 19+1
BoL 117+7 24+0.1 0.022 £0.002 2.69+0.42 67+7 128 +£2
CX0-Pt MoL 78 +£2 3.6x+0.1 0.043 +£0.003 2.99+0.36 64 +4 140 £ 13
EoL 70 +3 4.0+0.2 0.060 = 0.009f 3.79 £ 0.95° 62 +3 142 + 18
BoL 101 +4 2.8+0.1 0.034 £0.001 3.29+0.01 71+2 33+£2
CX0-C20-Pt MoL 65+1 43+0.1 0.047 £ 0.001 3.06 £ 0.07 62+1 26+1
EoL 53+1 5.2+0.1 0.059 = 0.004 3.15+£0.19 61+1 25+1
BoL 63+6 44+0.6 0.029 + 0.003 1.82+0.43 68+11 10£3
CX0-Co60-Pt MoL 35+1 8.0+0.1 0.046 £ 0.007 1.61£0.26 62+3 9+3
EoL 27+1 10.2+£0.2 0.050 = 0.003 1.37+0.12 86+ 13 9+4
BoL 99 + 23 29+0.3 0.033 +£0.001 3.25+0.39 61=+1 22+5
CX0-C20-HT1500-Pt MoL 50+3 57£04 0.052 +0.001 2.57+0.14 63+1 13+£2
EoL 54+6 52+03 0.06 += 0.002 3.25+0.27 61=+1 11+2

4 ECSA: Electrochemically activity surface area of Pt normalized by the mass of Pt on the electrode, determined from CO stripping measurement (Equation (2.5)).
®dco: CO equivalent particle diameter of the Pt particles calculated from Equation (2.6).

¢SA and MA: Specific Activity and Mass Activity measured at 0.95 V vs. RHE (Equations (2.7) and (2.8)).

4 b: Tafel slope calculated at 0.95 V vs. RHE from ORR measurement.

¢ Cqi: Double layer capacity measured from cyclic voltammetry plotted at 20 mV.s™!, calculated from Equation (2.4).

T At EoL of CX0-Pt, an error > 20% is observed between the three measurements.
Note: The values presented in this table correspond to the average of at least two measurements.
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Figure 2.9. Electrochemical measurements performed in RDE configuration in 0.5 M H2SO4
and 25 °C, at BoL (—o—), MoL (—<—) and EoL (—»—). Cyclic voltammetry under O at a
scan rate of 1 mV.s! and an electrode rotation of 1600 rpm of (a) XC-72-Pt, (c) CXO0-Pt,
(e) CX0-C20-Pt (g) CX0-C60-Pt and (i) CX0-C20-HT1500-Pt, and Tafel plots of (b) XC-
72-Pt, (d) CXO0-Pt, (f) CX0-C20-Pt, (h) CX0-C60-Pt and (j) CX0-C20-HT1500-Pt.
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Regarding catalytic activities, the SA of XC-72-Pt remains stable upon aging (7% increase after
20,000 cycles). In contrast, the carbon xerogel-supported catalysts exhibit a pronounced
increase in S4 upon aging (173% for CX0-Pt, 75% for CX0-C20-Pt, 73% for CX0-C60-Pt and
82% for CX0-C20-HT1500-Pt), demonstrating a different behavior compared to carbon black-
supported catalysts (Figure 2.10b). The most significant change is observed for CX0-Pt, where
the S4 increases from 0.022 to 0.060 A.m™p. The observed increase in specific activity could
be explained as follows. First, aging induces a slight growth of Pt nanoparticles, as confirmed
by TEM micrographs and the increase in dco. Second, the ratio between facet sites and edge or
corner sites changes with the particle size. As the nanoparticles grow, fewer Pt atoms occupy
low-coordination edge or corner sites. Due to this low coordination, such sites are highly
binding to the reaction intermediates. Nevertheless, excessive adsorption binding energy
between the oxygen intermediates and Pt ultimately hinders the ORR [44,45]. With accelerated
aging of the catalytic layer and the consequent growth of nanoparticles, a larger proportion of
facet sites can be present relative to the number of edge or corner sites. This may lead to a more

optimal binding energy for ORR intermediates, ultimately increasing the specific activity.
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Figure 2.11. TEM micrographs and corresponding particle size distribution of (a) XC-72-Pt,
(b) CXO0-Pt, (c) CX0-C20-Pt, (d) CX0-C60-Pt, (e) CX0-C20-HT1500-Pt and (f) complete
Pt nanoparticle size distribution of XC-72-Pt (®). CX0-Pt (m), CX0-C20-Pt (m), CX0-
C60-Pt (m) and CX0-C20-HT1500-Pt (™), after aging with 20,000 cycles between 0.6
and 1.0 V vs. RHE at 0.1 V.s™' in RDE configuration, corresponding to the EoL.

Meanwhile, the MA of carbon xerogel-supported catalysts (Figure 2.10c) remains relatively
stable while that of the commercial catalyst significant decreases (MA loss of 22% and 41.5%
after 5,000 and 20,000 cycles respectively). Consequently, the M4 values become very different
between the carbon black-supported catalyst (1.24 A.gp! for XC-72-Pt), and carbon xerogel-
supported catalysts (3.79 A.gp!' for CX0-Pt, 3.15 A.gp! for CX0-C20-Pt and 3.25 A.gp! for
CXO0-C20-HT1500-Pt). Again, CX0-C60-Pt exhibits a lower value, with a final M4 of 1.37
A.gpc!. This value is close to that of XC-72-Pt, although the initial MA of CX0-C60-Pt was
lower to begin with. Extended cycling could lead eventually to a further decrease of MA,
bringing values of all catalysts closer to those of XC-72-Pt for all samples. The measurements
of MA and S§4 confirm that there is an optimal Pt nanoparticle size at which the available surface
area is maximized and where the surface atoms possess a balanced reactivity towards ORR
[46]. Nevertheless, the presence of the CVD layer does not appear to significantly reduce nor

aggravate Pt nanoparticles agglomeration upon aging.

For all samples, the Tafel plot always remains below 80 mV.dec™!, indicating that the ORR still
proceeds through a 4-electron mechanism even after 20,000 cycles. An exception is CX0-C60-
Pt, whose average Tafel plot remains below 80 mV.dec™! after 5,000 cycles but increases to 86
mV.dec™! after 20,000 cycles. Note that this value should be treated cautiously as the values
measured at EoL differed significantly between the three AST procedures performed on this
sample (error of + 13 mV.dec™! observed, on the average of three measurements). However, in
general, no significant modification of the Tafel slope was observed, indicating that the ORR

keeps proceeding through a 4-electron pathway upon aging.
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Figure 2.12. Cyclic voltammetry curves in RDE configuration of (a) XC-72-Pt, (b) CXO0-Pt, (¢)
CXO0-C20-Pt, (d) CX0-C60-Pt and (e) CX0-C20-HT1500-Pt, recorded at 0.02 V.s!, at
BoL (plain line), MoL (dashed line) and EoL (dotted line).
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Finally, the double-layer capacitance, Cai, was calculated at each aging step. A slight decrease
is sometimes observed for all materials after 5,000 cycles, but values do not evolve significantly
after 20,000 cycles. This trend could mean that carbon corrosion does occur, but it remains
mild, with no evidence of structural collapse of the carbon support. Testing these catalysts under
higher potential conditions (above 1.0 V vs. RHE) could be of interest to simulate start-stop
cycles [27]. These potentials would further accelerate platinum degradation [47] but could also
lead to an aging of the carbon support so severe that perhaps no differences would be seen

between all the carbons.

Overall, the general performance of CVD-treated CXs show little improvements compared to
their untreated counterpart. Surface modification via a CVD duration of 20 min offered a small
benefit without compromising the overall pore texture (and thus the expected mass transport
properties in a real fuel cell electrode), but the longer treatment of 60 min led to a more
unpredictable behavior with lower activity towards ORR than the catalyst supported on the
pristine CXO0. It is also clear that this treatment alone does not prevent significant nanoparticle
growth. Combining CVD treatment with the introduction of additional anchoring sites on the
carbon surface via heteroatom doping could help mitigate the phenomena leading to the growth
of Pt nanoparticles, although it could come at the expense of the carbon surface crystallinity
and resistance to corrosion. Consequently, in the next chapter, both CX0 and CX0-C20 will be
further investigated for nitrogen incorporation. Owing to the poor performances observed in

RDE configuration, CX0-C60 will not be considered further in this thesis.

2.4. Conclusion

In this chapter, a pristine carbon xerogel (CX0) and its counterparts subjected to three post-
treatments were selected for evaluation as durable and efficient electrocatalyst support for
PEMFC catalytic layers. The post-treated samples correspond to the CX0 subjected to 20 and
60 min by Chemical Vapor Deposition (CVD), as well as the CX coated 20 min by CVD and
subsequently graphitized at 1,500 °C under inert atmosphere. These samples, developed in
Chapter 1, were specifically selected because they possess a secondary carbon layer with
increased surface ordering compared to the pristine CX0 while retaining the initial
meso/macropore texture of the pristine CX0, which should ensure keeping the mass transport
properties of the carbon. To evaluate their quality as catalyst support, Pt nanoparticles were

deposited on these carbon materials, with a target metal loading of 20 wt.%, using a well-known
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method (reduction in liquid phase). After physico-chemical characterization, the samples were
tested in liquid electrolyte, on Rotating Disk Electrode (RDE), to assess their catalytic activities
and resilience towards aging. Their electrocatalytic performances as Oxygen Reduction

Reaction (ORR) catalyst were also compared to those of a commercial catalyst supported on

classical carbon black (Vulcan XC-72).

First, it was observed that nanoparticles were deposited homogenously on all samples. It was
also observed that the nanoparticles grow slightly larger on CVD-treated CXs, with a maximum
reached for the one coated during 60 min (CX0-C60-Pt) with an average nanoparticle size of
3.7 £ 0.6 nm. Nonetheless, the nanoparticle size of all catalysts remains within the same range
with only minor variations in particle size distributions. Regarding initial catalytic
performances, the catalyst supported on the pristine CX0 (CX0-Pt) exhibited catalytic activities
comparable with that of the commercial catalyst. Catalytic activities were found even higher
for the catalysts supported on the same CX sample after 20 min of CVD (CX0-C20-Pt and CXO0-
C20-HT1500-Pt), likely because the nanoparticles were closer to their optimal size for the ORR,
(usually estimated to be close to 3.5 nm). Meanwhile, CX0-C60-Pt yielded mixed results. This
behavior may be attributed to the higher hydrophobicity of this material. This hydrophobicity
could limit the electrolyte accessibility to some of the catalytic sites, as suggested by the large
value obtained for CO equivalent diameter, thereby leading to lower catalytic performances.
These observations indicate that longer CVD durations can be detrimental for catalyst use and
that the CVD treatment conditions must be properly optimized. Upon accelerated aging, the
catalytic behavior observed for catalysts supported on pristine or post-treated CX was relatively
similar, with an increase in specific activity, while the mass activity remains relatively constant.

This behavior was attributed to the Pt nanoparticles agglomeration upon aging.

This indicates that additional strategies to mitigate degradation phenomena could be explored.
In this context, a heteroatom-doping strategy will be explored in Chapter 3, with the aim of
strengthening the bonds between the Pt nanoparticles and the carbon support. Further
graphitization of the deposited CVD layer through treatment at temperatures above 1,500 °C
could also be envisaged, but would increase the overall material cost. This treatment will not

be performed in this thesis, but could be the subject of future works.
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Annex 2.1. Use of CVD by-product as electrocatalyst support

After performing the Chemical Vapor Deposition (CVD) process, the presence of large chunks
of carbon deposits was observed on the inner walls of the oven tube. This carbon originates
from the ethylene decomposition outside of the intended substrate (i.e. the carbon xerogel
powder). Normally, this by-product of CVD is scratched off the tube and discarded between
each CVD deposition. Nevertheless, this waste is also of carbon nature. Thus, a quick evaluation
of this material was performed to assess its potential as carbon support for electrocatalyst. A
CVD treatment was conducted for 20 min in regular conditions and in a clean oven. After the
treatment, the carbon xerogel (CX) powder was first retrieved. Then, a small quantity of the
carbon by-product deposited on the inner part of the tube was scratched off and collected. This
material is referred to as CVD-BP.

N> adsorption-desorption isotherms and XRD diffractograms were collected in the first place.
The XRD diffractogram of CVD-BP is displayed in Figure Al. A large number of reflections
can be observed. This diffractogram is characteristic of a carbon material containing large
amounts of well-ordered carbon structures, such as graphite, carbon nanotubes or fullerenes [1].
This observation is not unexpected, as CVD of hydrocarbons is known to yield such carbon
structures [2—4]. Nonetheless, a few peaks remain unidentified on the diffractogram. These
peaks could originate from impurities due to the inherently raw nature of the sample, recovered
simply from the tube wall without any subsequent treatment. They may correspond to nickel,
or nickel-aluminum compounds. Indeed, the reflections of Ni(111), Ni(200) and Ni(220) are
consistent with the unidentified peaks [5]. Since the CVD treatment is conducted in a stainless-

steel tube, the inclusion of nickel-containing alloys in the carbon powder retrieved is possible.
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Figure A1.1. X-ray diffractogram of CVD-BP. *: non identified peaks.

Crystallographic parameters were also calculated and compared with those of CXO0-C20.
Results are compiled in Table A2.1.1. The lateral carbon crystallites size, L., was calculated at
3.81 and 52.15 nm, while the stacking height L. of crystallites was calculated at 1.03 and 8.53
nm, for CX0-C20 and CVD-BP, respectively. Carbon crystallites of the CVD by-product are
larger than those of CXs, both laterally and vertically. The interlayer distance doo> 1s calculated
equal to 0.393 and 0.341 nm for CX0-C20 and CVD-BP, respectively. doo2 of CVD-BP is close
to that of graphite (doo2 = 0.335 nm). Thus, this powder has a degree of surface ordering
significantly larger than the CX material. This CVD by-product appears to consist of a complex
mix of graphitic structures and carbon nanotubes. The presence of other unidentified carbon
species could also be expected. Overall, this material could be of interest as a carbon support,

as large degree of graphitization is associated with lower rates of carbon oxidation in PEMFCs

[6].

Table A2.1.1. Crystalline parameters determined by X-ray diffraction.

La? LP dooz¢

Sample (nm) (nm) (nm)
+0.03 +0.03 +(0.004

CX0-C20 3.81 1.03 0.393

CVD-BP 52.15 8.53 0.341

2 La: Lateral crystallite size, calculated from Scherrer’s equation on C(002) peak.
b L: Crystallite stacking length, calculated from Scherrer’s equation on the carbon 10 reflection.

¢ doo2: Graphene interlayer distance, calculated from Bragg’s law.
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The porosity of the material was also observed with N> adsorption-desorption measurements,
displayed in Figure A2.1.2. Both CX0-C20 and CVD-BP present a type I + II isotherm,
according to the IUPAC classification. The adsorbed quantity rises quickly at low relative

pressure, indicating the presence of micropores in both samples.

Textural properties were calculated and also compared with those of CX0-C20 (Table A2.1.2).
Both samples possess similar micropore features, with Ager equal to 174 and 171 m2.g"! for
CX0-C20 and CVD-BP. The micropore volume V'pus, derived from Ager, was found identical
for both samples: 0.07 cm®.g!. The external surface area Sex; was calculated equal to 128 m?.g”
! for CX0-C20 and 147 m2.g™! for CVD-BP. Both samples appear to share similar pore texture,
despite their different nature. Moreover, the pore texture of CVD-BP could also enable
homogeneous deposition of the catalytic phase. Thus, based on the XRD diffractogram and N»
adsorption isotherms collected, this CVD disposal material could be regarded as a potential

carbon support, as it combines sufficient porosity with a high degree of surface ordering.
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Figure A2.1.2. Nitrogen adsorption-desorption isotherms of CVD-BP (=) and CXO0-C20
=)

Following this preliminary assessment, Pt nanoparticles were deposited on the material via the

formic acid reduction already described in this chapter. Synthesis parameters were first kept

identical, with a target Pt loading of 20 wt.%. This sample is referred to as CVD-BP-Pt20.

Nevertheless, it was noticed after the synthesis that the mass increase after Pt deposition was
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low. A mass increase of 9.2% was observed, lower than what is observed with CX powders,
where a 20 wt.% target loading consistently yields an actual mass increase ranging roughly
from 18 to 21% (note that the mass should increase by 25% to reach an actual loading of 20
wt.%). Another synthesis was thus performed with a higher Pt target loading: 30 wt.%. The
mass of Pt precursor added during the synthesis was increased accordingly. This sample is
referred to as CVD-BP-Pt30. The mass increase after Pt deposition was found to be 18.7%.
Once again, the mass increase is lower than expected (a 43% mass increase should be observed,
provided a 30 wt.% Pt loading is reached). Nevertheless, this mass increase is comparable to
what is obtained with CX powders, suggesting that a similar Pt loading was achieved in this
case. Overall, the deposition of Pt nanoparticles on CVD-BP appear more challenging than on
CX powders. This behavior may be attributed to the composition of the material. Indeed, the
surface of graphene and carbon nanotubes is known to be chemically inert [7,8]. As a result, the
bonding energy between the carbon support and the Pt atoms could be low, leading to weak
metal-support interactions and difficulties for the Pt nanoparticles to anchor onto the carbon

surface.

Table A2.1.2. Textural properties and morphological parameters.

ABET? Sext” Vous®
Sample m2gh)  (m2g') (cmigh)
+ 5%
CX0-C20 174 128 0.07
CVD-BP 171 147 0.07

2 Ager: BET surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K.
b Sex: external surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K, from t-plot.

¢ Vpus: micropore volume, calculated from calculated from nitrogen adsorption-desorption isotherms at 77 K using
Dubinin-Radushkevich equation.

The electrocatalytic performances of both CVD-BP-Pt20 and CVD-BP-Pt30 were evaluated in
RDE configuration with the methods already described in this chapter. The results obtained
were compared with those of CX0-C20-Pt. The ink composition remained similar, regardless
of the Pt loading, namely: 9.9 mg of catalyst was mixed with 1.8 mL of ultrapure Milli-Q®
water, 0.7 mL of isopropanol, and 0.25 mL of a Nafion® suspension in water and 1-propanol
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(Ion Power, 5 wt.%, 1100 EW). Cyclic voltammetries under argon are displayed in Figure
A2.1.3a. It was observed that the Pt signal in the hydrogen adsorption and desorption regions
(between 0.05 and 0.3 V vs. RHE) is significantly lower for CVD-BP-Pt20 and CVD-BP-Pt30
than for CX0-C20-Pt. The capacitive current (at ~0.4 V vs. RHE) remain similar for all samples.
This indicates that similar carbon surface is seen across samples. This is in agreement with N>

isotherms which showed that both CVD-BP and CX0-C20 had similar pore texture.

CO stripping measurements are shown in Figure A2.1.3b. The presence of two CO oxidation
peaks are observed for CVD-BP-Pt20 and CVD-BP-Pt30, contrasting with the single peak
observed for CX0-C20-Pt. The first oxidation peak, at higher potential (~0.8 V vs. RHE)
corresponds to the CO oxidation on isolated Pt nanoparticles. This peak is also observed on
CXO0-C20-Pt, at a similar potential. The position of this peak is known to depend on the Pt
nanoparticle size distribution, particularly when nanoparticles are below 3 nm in diameter [9].
The second peak, at lower potential (~0.65 V vs. RHE) corresponds to CO oxidation on Pt
agglomerates [10]. Its intensity is comparable with the first peak, both for CVD-BP-Pt20 and
CVD-BP-Pt30. This indicates the presence of a large fraction of agglomerated Pt clusters.
Values of ECSA and dco were calculated. ECSA was found equal to 58, 35 and 101 m>.g”!, while
dco was found equal to 4.8, 7.9 and 2.8 nm for CVD-BP-Pt20, CVD-BP-Pt30 and CX0-C20-
Pt, respectively. These results are in agreement with the presence of Pt agglomerates. Moreover,
increasing the target Pt loading to 30 wt.% does not significantly increase the Pt signal and only

further increases the proportion of these agglomerates, resulting in lower ECSA values.

Finally, cyclic voltammetry was performed in O»-satured electrolyte (Figure A2.1.3c). The
ORR curves of CVD-BP-Pt20 and CVD-BP-Pt30 are shifted towards lower potentials
compared to ORR curve of CX0-C20-Pt, corresponding to a lower catalytic activity towards
ORR. The ORR curve of CVD-BP-Pt30 is slightly shifted towards higher potentials compared
to that of CVD-BP-Pt20, indicating a higher catalytic activity. Nevertheless, neither catalysts
exhibit promising catalytic performances compared to those of CXO0-C20-Pt. These
performances likely result from the poor deposition of Pt catalyst. Indeed, Pt nanoparticles
should be around 3-4 nm in size [11] and should be dispersed homogenously on the carbon
support to maximize the catalytic activity. However, Pt nanoparticles deposited on CVD-BP do
not meet these assumptions. For this reason, accelerated aging of these catalysts was not

performed.
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Figure A2.1.3. Electrochemical measurements performed in RDE configuration in 0.5 M
H>S04 at 25 °C. (a) Cyclic voltammetry under argon at a rate of 20 mV.s™!, (b) CO electro-
oxidation curves at a rate of 20 mV.s™!, (c) Cyclic voltammetry under O> at a scan rate of

1 mV.s™! and an electrode rotation of 1600 rpm, of CVD-Pt20 (—), CVD-Pt30 (—) and

CX0-C20-Pt (—).

In conclusion, the pore texture of this CVD by-product was initially found adequate for
deposition of a catalytic phase. However, the highly crystalline nature of the material resulted
in a poor deposition of Pt nanoparticles, with the presence of large agglomerates. The presence
of agglomerates inevitably decreases the dispersion of the Pt nanoparticles (i.e. the fraction of

Pt atoms exposed at the surface and active towards ORR). Therefore, the electrochemical
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performances were found inferior compared to those of a carbon xerogel-supported catalyst
treated in similar conditions. At the current stage, this carbon powder retrieved as a by-product
of the CVD treatment cannot be considered a suitable carbon support for PEMFC catalytic

layers.
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Abstract

In Chapter 2, a carbon xerogel (CX) with appropriate pore texture and several Chemical Vapor
Deposition (CVD)-treated counterparts were used to prepare Pt/C catalysts for PEM fuel cells.
In this chapter, two of these carbon materials, the pristine CX and its analogue treated 20 min
by CVD were selected and doped with nitrogen atoms via a plasma treatment, using N> as a
nitrogen precursor. The aim was to introduce anchoring sites for the Pt nanoparticles on the
surface of the carbon coating deposited by CVD. The physico-chemical and electrochemical
characteristics of the resulting catalysts were assessed. The performances and durability were
determined in a three-electrode setup and were also compared to those of their undoped
counterparts. Overall, the presence of nitrogen moieties at the surface of the carbon xerogel was
confirmed by XPS. It was also demonstrated that the doping treatment has no significant impact
on the carbon xerogel pore texture and that the platinum was properly deposited on the carbon
support. However, the evolution of the catalytic activity towards Oxygen Reduction Reaction
(ORR) remained similar on untreated and N-doped carbon xerogel-supported catalysts and the
benefits associated with nitrogen incorporation, particularly improved durability of the active

layer upon aging, was not clearly observed.

Contributions

The catalysts synthesis, N> adsorption-desorption measurements, XRD analyses and the
complete electrochemical characterization of the catalysts were carried out by the PhD
candidate. The nitrogen doping via plasma treatment was performed by Innovative Coating
Solutions, located in Gembloux, while the XPS analysis and data treatment was performed in
Université de Namur, with the help of Dr. Cédric Vandenabeele and Dri¢lle Miiller da Silva.
The elemental analysis was performed by Dr. Jimena Castro-Guttiérez from the team Matériaux
Bio-Sourcés in Institut Jean Lamour, located in Epinal, France. TEM micrographs were
obtained by the PhD candidate, with the assistance of Dr. Philippe Compére, from Département
de Biologie, Ecologie et Evolution in Universit¢ de Liege. The SEM photographs were
collected by Zo¢ Deckers, another PhD candidate of the Nanomaterials, Catalysis,
Electrochemistry (NCE) group in Université de Li¢ge. Finally, the TGA measurements were

performed by Dr. Alexandre F. Léonard from the CARPOR platform in Université de Liege.
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3.1. Introduction

A key factor limiting the large-scale deployment of Proton Exchange Membrane Fuel Cells
(PEMFC:s) is the durability of the catalytic layer. Indeed, during PEMFC long-term operation,
the catalytic layer progressively loses its performances, which is associated with degradation
phenomena such as Pt nanoparticle coalescence, detachment or Ostwald ripening, as explained
thoroughly in the Introduction section [1,2]. These phenomena depend on many variables
including the state of the carbon support surface. In particular, the nature of surface functional
groups plays a significant role in catalyst-support interactions [3] as nanoparticles poorly

anchored to the carbon support migrate faster [4].

In Chapter 1, a carbon layer was deposited by Chemical Vapor Deposition (CVD) onto a pore-
texture controlled carbon xerogel (CX) and its subsequent graphitization was performed. The
objective was to provide a more ordered carbon surface to limit carbon corrosion during fuel
cell operation. This assumption was put to test in Chapter 2. However, it was observed that the
CVD treatment alone is insufficient and that additional strategies could be explored to further
tailor the CX surface. Indeed, alternative strategies exist to improve the performances and
durability of PEMFC active layers. Another common approach consists in modifying the

surface chemistry of the carbon support via heteroatom doping methods [5].

Among the different heteroatoms, nitrogen stands out as particularly attractive as nitrogen
moieties can be beneficial towards metal catalyst deposition on a carbon support. Indeed, the
change in charge density induced by nitrogen doping can promote better electrocatalyst
deposition, including a higher bonding energy between the Pt and the C atoms [3,6], limiting
Pt migration and agglomeration. Nitrogen doping can also lead to a better dispersion of the
catalyst onto the surface [7-9]. Moreover, owing to its similar atomic radius with carbon,
grafting nitrogen into a carbon matrix enables to induce changes in the electronic environment
of the carbon while minimizing the carbon lattice mismatch [10]. A nitrogen doping strategy

could thus be applied to a CX to obtain more durable carbon supports [11].

Two main approaches can be considered to introduce nitrogen into a carbon structure [12]. The
first approach is in situ doping, in which carbon material synthesis and nitrogen incorporation
occur at once. In this approach, a nitrogen-rich precursor is directly added to the synthesis
mixture. This method is compatible with CX synthesis. In this case, a water-soluble nitrogen
precursor, typically melamine, urea, or dicyandiamide, is added to the mix [11,13]. The second

approach relies on post-treatments (i.e. ex situ doping), where an already-synthesized carbon
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material is modified with a N-containing source. In contrast to in situ approaches, post-
treatments tend to modify only the surface chemistry of the carbon while the bulk remains
untouched. A wide variety of post-treatment strategies exist [14]. Nonetheless, N-doping via
post-treatment is typically achieved by exposing the carbon material to a N-containing source
that decomposes at high temperature (> 800 °C). Common nitrogen sources are ammonia
(ammonolysis treatment) [15] or pyridine [16]. Plasma treatments using a NH3 [ 17] or N2 source
[18] are also viable options for efficient doping of carbon materials, including CXs [19]. In this
thesis, the use of an ex situ doping method was preferred. This choice was motivated by two
considerations. First, variations in the final pore texture of CXs can be observed across
syntheses if distinct formaldehyde aqueous solutions are used over time, even if the pH of the
synthesis mixture is kept similar. Thus, to ensure consistency, only one CX with appropriate
pore texture was synthesized. Second, in the present case, only nitrogen atoms located at the
surface of the CX can play a role in the interactions between the support and the electrocatalyst.

Thus, incorporating nitrogen atoms in the bulk of the carbon material is not relevant.

In this Chapter, the pristine carbon xerogel and its analogue treated by CVD for 20 min,
synthesized in Chapter 1, were subjected to nitrogen doping via plasma treatment in a N>
atmosphere. This post-treatment method was preferred to the commonly used ammonolysis or
plasma treatment with NH3 source, due to the hazardous nature of ammonia. The plasma
process made it possible to achieve controlled levels of nitrogen incorporation. A low N content
was obtained for CX, while two distinct moderate N contents were obtained for the CVD-
treated xerogel by varying the treatment duration. Pt nanoparticles were then deposited via
formic acid reduction of a Pt precursor and the catalyst properties, such as the metal loading
and Pt nanoparticles size were assessed. Finally, the electrochemical performances and stability

upon aging were also evaluated, prior to and after N-doping, in RDE configuration.

3.2. Experimental

3.2.1. Preparation of the N-doped carbon supports

In Chapter 1, a carbon xerogel with an average pore size of 70 nm and BET surface area of 674
m?2.g"!, denoted as CX0 hereafter, was synthesized and subjected to a CVD treatment of various
durations. This CVD treatment was found to cover the carbon xerogel surface with a partially
crystallized layer [20]. Moreover, among the different conditions investigated, the CVD

duration of 20 min was found optimal as it did not impair the meso/macropore texture of the
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carbon material, essential for diffusion phenomena inside the catalytic layer. The carbon
xerogel powder retrieved from this CVD treatment of 20 min is denoted as CX0-C20. The BET
surface area of CX0-C20 was found equal to 174 m2.g™! while the average pore size of the

carbon xerogel was 75 nm.

A plasma treatment using a N> source was then performed to graft nitrogen atoms on the surface
of CX0 and CX0-C20. NH3-based plasmas are more commonly employed due to their higher
reactivity [21]. Nevertheless, a N>-based plasma was preferred here, as nitrogen gas is
significantly safer to handle than ammonia gas. This treatment was performed by Innovative
Coating Solutions, a company located in Gembloux (Belgium). The reactors used for plasma
treatment have geometries designed to maximize the sample exposure to the plasma, ensuring
that as much of the material surface as possible can interact with the plasma during treatment
(Figure 3.1). The plasma treatment of CXO0 (i.e. the carbon xerogel not subjected to CVD
treatment) was performed in a Rotating Drum Reactor [22]. 0.5 g of CXO0 (in powder form) was
inserted inside the reactor. A plasma discharge was then obtained via the application of a
radiofrequency electric field to an Ar/N> gas mixture. The applied power was modulated to 200
W for a duration of 30 min. In this type of reactor, contact between the sample and plasma is
ensured through rotation of the vessel. This sample is referred to as CX0-N30, in reference with

the plasma treatment duration (30 min).

The plasma treatment of CX0-C20 was performed in an Agitating Bed Reactor. 0.5 g of CXO0-
C20 powder was inserted inside the reactor. In this type of reactor, carbon particles are put in
motion inside the reactor vessel to reach the plasma through either a vibrating or stirring system
[22,23]. The plasma discharge was obtained with the polarization of N> gas via a microwave
frequency electromagnetic field. The applied power was modulated to 100 W and two different
residence durations were chosen: 30 and 120 min. The samples resulting from plasma
treatments are labelled according to the treatment duration, CX0-C20-N30 and CX0-C20-
N120. It should be noted that carbon xerogel powders were treated in two different reactor
configurations: a rotating drum reactor and an agitating bed reactor. This difference is purely
circumstantial and arose from the availability of the agitating bed reactor, a more suitable
reactor technology for low amounts of powders. Despite this difference, both reactors feature
specially designed geometries to expose as much as possible the entire sample surface to the
plasma, with a narrow residence time distribution, to achieve homogeneous treatments. Both
reactors also possess similar advantages and disadvantages [22]. Namely, they are among the

most commonly available types of reactor and possess a high powder load and throughput
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suitable for industrial applications. In both these types of reactors, the powder uniformity can
be limited, as bulk particles can be less exposed to the plasma than those at the surface ones.
Internal reactor designs can help mitigating this issue [23,24]. Considering that mixing is
different in both reactor configurations, some variability in the amount of nitrogen inserted at
the sample surface is inherently expected. Nonetheless, XPS spectra analyses demonstrate that
the nature of the nitrogen species is not markedly impacted by the change of reactor (see Section

3.3.1).

(a) (b)

Baffles M

Process gas et EXhaust gas
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Ground
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Particles

Figure 3.1. Schematic illustration of two reactors configurations: (a) rotating drum reactor and

(b) agitating drum reactor, reproduced from [23].

The synthesis of Pt/carbon xerogel catalysts was then performed through the reduction of Pt*,
from H>PtCls.6H20 platinum precursor, using formic acid as a reductant. The synthesis
procedure is identical to the one described the Section 2.2.1 of Chapter 2. Formic acid reduction
is a simple one-step method to deposit homogeneously small Pt nanoparticles on carbon
xerogels without producing Pt aggregates [25,26]. The carbon xerogel-supported catalysts
retrieved from the Pt deposition step are referred to as CX0-Pt, CX0-C20-Pt, CX0-N30-Pt,
CX0-C20-N30-Pt and CX0-C20-N120-Pt. CX0-Pt and CX0-C20-Pt were already evaluated as
a support for electrocatalyst in Chapter 2, but are also presented here to allow for a fair

comparison between the nitrogen-doped CXs and their undoped counterparts.
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3.2.2. Physicochemical characterization

X-ray photoelectron spectroscopy (XPS) analysis was directly performed on the carbon
xerogels to assess the quantity of species, and especially nitrogen, present at the carbon surface
(<10 nm in depth). XPS measurements were done using a ThermoFisher K-Alpha photoelectron
spectrometer. The sample powders were deposited onto double-sided copper tape. A
monochromatized Al Ka line (1486.6 eV) served as the photon source. Survey spectra and high-
resolution spectra were recorded at pass energies of 150 eV and 20 eV, respectively, with 3
scans for survey spectra and 20 scans for high-resolution spectra, using a 250 um diameter X-
ray spot. An electron flood gun was activated during analysis to prevent charging. Data were
analyzed with Thermo Avantage software (Version 6.6.0). X-ray photoelectron spectrometry
(XPS) analysis was used to probe the atomic percentages of different species (C, N, O). Samples
were also characterized after Pt deposition with Pt spectra to verify whether the Pt deposition

synthesis impacts significantly the N atoms.

Elemental analysis of the pristine and N-doped carbon xerogels was performed to investigate
their bulk composition, prior to the metal catalyst deposition. Elemental analysis was performed
in a Vario EL Cube analyzer (Elementar) to measure the bulk C, H, N and O contents. Prior to
measurements, the samples were dried overnight at 105 °C to remove moisture. Then, a small
amount of material (~2 mg) was placed in the equipment to be burned in a furnace from which
the gas was separated using trapping and chromatographic columns. A thermal
conductivity detector quantified the gases, from which carbon, hydrogen and nitrogen contents
can be calculated. The oxygen content was measured separately in another column using a

similar procedure.

X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), ThermoGravimetric Analysis (TGA) and N> adsorption-desorption
measurements were also used in this chapter to obtain properties of the nitrogen-doped carbon
xerogels and corresponding catalysts. The equipment and procedures used are identical as those
described in details in Chapters 1 and 2, unless otherwise stated. The results were also compared
to those previously obtained for CX0, CX0-Pt, CX0-C20, and CX0-C20-Pt in the previous two
chapters. N> adsorption-desorption was used to determine the specific surface area (4ger) using
the Brunauer, Emmett and Teller (BET) equation, selecting in each case the relative pressure

range according to the Rouquerol’s criterion [27]. The micropore volume, Vpus, was also
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calculated using the Dubinin-Radushkevich equation and the external surface area of the carbon

nodules, Sext, was obtained through the t-plot method.

XRD diffractograms were used to retrieve the lateral crystallite size (La), stacking height (Lc)
of graphenic domains of carbon xerogels and the crystal size of Pt nanoparticles (dxrp). La, Lc
and dxrp were calculated from Scherrer’s equation [28] using the carbon 10 and (002) and the

platinum Pt(111) diffraction peaks respectively:

Lk
~ Bcos(6)

(3.1)

where £ is a shape factor without dimension, equal to 1.84 for L. and 0.89 for dxrp and L. [29].
A is the X-ray wavelength (1ke =0.15418 nm), £ is the Full Width at Half Maximum (FWHM)
and 6 is the Bragg angle (°). Moreover, the interlayer spacing d(oo2) corresponding to the distance
between two layers of graphene was also calculated from XRD diffractograms using Bragg’s

law [30]:

A
= (3.2)
(002) 2 sin(0)

where 0 is the Bragg angle (°) of the C(002) peak.

SEM was employed to observe the morphology of CX0, CX0-C20 and CX0-C20-N120. TGA
measurements under air were performed on the catalysts to obtain the actual amount of Pt
deposited on the carbon samples, as a comparison to the target Pt loading, by burning the carbon
and measuring the remaining mass. Finally, TEM micrographs were obtained for all catalysts
to determine the arithmetic average diameter, drem, of the Pt nanoparticles calculated on a
sufficiently large number of Pt nanoparticles (> 50). The surface-weighed (ds) and volume-

weighed (dv) diameters of the nanoparticles were calculated as:

nidi3
d, = z (33)

nldlz

d*
dy = ) 2 (3.4)

ni d13

where #; is the number of particles of diameter di.
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3.2.3. Electrochemical characterization

The electrochemical characterization method is identical to the one explained in details in

Chapter 2, unless otherwise stated.

Materials

Catalysts underwent characterization using a Rotating Disk Electrode (RDE) using a three-
electrode setup with a 5-mm diameter glassy carbon as working electrode, a platinum grid as
counter-electrode and a saturated calomel electrode (SCE) as a reference electrode. All voltages
are reported versus the reversible hydrogen electrode (RHE) hereafter, with values corrected to

account for the change of reference.
Catalytic layer preparation

Catalytic inks of all the catalysts were prepared as described in Section 2.2.3 of Chapter 2, with
a Pt loading of 33 pgpi.cm™geo on the working electrode, and a Nafion®-to-Carbon (N/C) mass

ratio of 1.4.

For CX0-C20-N30-Pt and CX0-C20-N120-Pt samples, a different ink composition was used.
This choice was motivated by poor active layer deposition when using the usual recipe. Indeed,
when water and isopropanol mix was used as a solvent, very heterogeneous and irregular
deposits were obtained after the sintering step. It was also observed that the active layer was
not deposited on the entire glassy carbon surface. Even after extended sonication of the ink (>1
h) was performed to improve mixing, the active layer still did not uniformly cover the glassy
carbon surface. The poor deposition of the active layer led to inconsistent catalytic activity
measurements. To address this issue, N-methyl-2-pyrrolidone (NMP) was used as a solvent
instead of water and isopropanol. On the one hand, the handling of NMP-based inks is far more
hazardous than water-based inks. On the other hand, however, it produced more homogeneous
active layers and thus yielded more reproducible electrochemical measurements. Trials and
observations that motivated the use of NMP are presented in Annex 3.1. Thus, for CX0-C20-
N30-Pt and CX0-C20-N120-Pt samples, catalytic inks were prepared by mixing 9.9 mg of
catalyst with 1 mL of NMP and 0.25 mL of Nafion®. Note that the N/C ratio was maintained

identical across all samples.

Prior to electrochemical characterization, a few drops of the electrolyte (H2SO4, 0.5 M) were
deposited onto the active layer and put under vacuum to remove the air trapped in the active

layer. This step is performed to ensure complete wetting of the active layer by the electrolyte.
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A comprehensive assessment of the catalyst performances and durability before and after
surface modification of the support was subsequently performed on RDE, using 0.5 M H>SO4
as electrolyte. Moreover, Accelerated Stress Tests (AST) were performed and CO stripping and
Oxygen Reduction Reaction (ORR) measurements under O» atmosphere were obtained for each

aging step.
CO stripping

CO stripping measurements were used to determine the ElectroChemically active Surface Area
(ECSA) of platinum [31]. The ECS4 was determined using the Faraday charge of the CO
electro-oxidation peak between 0.65 and 1.23 V vs. RHE, assuming that a complete monolayer

of CO adsorbed on Pt requires 4.2 C.mp; for being oxidized [32].

The ECSA and the CO equivalent nanoparticle diameter, dco, were determined as:

_ Qu
ECSA = 2L A (3.5)
6
(3.6)

deo = ———
€O ™ ppe ECSA

where QOp is the integral of the charge of the CO electro-oxidation peak (C), 4.2 C.mp; is the
theoretical adsorption charge density required to oxidize one complete monolayer of CO
adsorbed onto the Pt surface, L is the loading of Pt of the working electrode (gpi.m?geo), 4 is the
surface area of the electrode (m%geo), equal to 1.9635 x 107> m? and pp: is the density of platinum

(21.45 x 10° g.m™).
The double layer capacity per mass of carbon Cq (in F.g"'c) was also be calculated:

Lcapa

mcv

Ca = (3.7)

where icapa 1S the capacitive current (A), taken in the area 0.4-0.5 V vs. RHE, v is the scan rate

(V.sh), and mc (g) is the mass of carbon present in the active layer.
Measurement of the activity for the oxygen reduction reaction

The catalytic activity towards ORR of the different catalysts was measured in O2-saturated
electrolyte. To this end, the potential was increased to 1.05 V vs. RHE and decreased back to
0.3 V vs. RHE at a scan rate of 1 mV.s™'. To get rid of the capacitive current originating from

the large specific surface area of the carbon supports, the background curves performed under

126



CHAPTER 3

the same conditions under Ar-saturated electrolyte. The catalytic activity was expressed as the
specific activity (S4) and mass activity (MA). ORR measurements were also recorded at
different working electrode rotation speeds, beginning at 400 rpm then 900, 1600 and 2500

rpm,; all the experimental curves are provided in Annex 3.2.

SA (A.mpc?) and MA (A.gpe") were obtained from ORR curves plotted at 1600 rpm, using the

following equations:

i
T ECSAL

SA (3.8)

i
MA =- 3.9
I (3.9)

As noted in Chapter 2, due to the large thicknesses and developed porosity of carbon xerogels,
currents were compared at higher potentials (0.95 V vs. RHE) than those commonly reported

in the literature (0.9 V vs. RHE), in accordance to a previous study [33].
Accelerated Stress Tests

After assessing the Beginning of Life (BoL) performances, Accelerated Stress Tests (AST) were
performed, identically with the AST performed in Chapter 2. First, the catalytic layer was
subjected to 5,000 voltammetry cycles. Cycles were performed between 0.6 V and a fixed upper
potential of 1.0 V vs. RHE at 100 mV.s!, while the cell was kept at 80 °C under constant Ar
bubbling. After the 5,000 cycles, the electrolyte solution was renewed and the cell was allowed
to cool down. The catalytic layer was then characterized again using the same CO stripping and
ORR measurements, corresponding to the Middle of Life (MoL) status. Finally, the catalytic
layer underwent 15,000 more voltammetry cycles, in the same conditions as the first 5,000
cycles. Eventually the electrolyte solution was replaced again and the cell cooled down. The
catalytic layer was electrochemically characterized a third time at ambient temperature,
corresponding to the End of Life (EoL) of the material. To ensure reproducibility of the
measurements, aging and corresponding characterization was completed on a minimum of two

active layers.
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3.3. Results and discussion

3.3.1. Physicochemical properties of carbon materials

CX0-C20 and CX0-C20-N120 were first observed and compared with a Scanning Electron
Microscope (SEM) to distinguish any impact of the plasma treatment (Figure 3.2). CX0 was
also included for reference. The network of covalently bonded carbon xerogel nodules is
observed in all cases. One can see that the plasma treatment does not lead to significant changes

in the carbon structure, in agreement with previous studies conducted on similar carbon xerogel

materials [20,34].

The atomic composition of carbon xerogels subjected to nitrogen doping was investigated with
XPS and elemental analysis. The results are summarized in Table 3.1. Regarding elemental
analysis, the total (bulk) nitrogen quantity was found equal to 0.4 wt.% for CX0-N30, 0.9 wt.%
for CX0-C20-N30 and 1.9 wt.% for CX0-C20-N120. A small decrease in carbon content is
observed following N-doping, which can be attributed to the partial substitution by nitrogen

atoms during the plasma treatment.

Table 3.1. Elemental composition from XPS and elemental analysis.

XPS Elemental analysis
Sample Atomic percentage Atomic percentage
(at.%) (at.%)
+0.5 +0.5
Carbon Oxygen Nitrogen Carbon Oxygen Nitrogen
CX0 96.8 3.2 Not detected 97.5 2.5 <0.1
CX0-N30 94.1 44 1.5 94.9 4.8 0.3
CX0-C20 98.3 1.7 Not detected 98.8 1.2 <0.1
CX0-C20-N30 93.1 3.7 32 95.6 3.5 0.9
CX0-C20-N120 88.5 43 7.2 94.4 3.8 1.8
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Figure 3.2. SEM images of (a) CXO0, (b) CX0-C20 and (c) CX0-C20-N120 carbon supports.

A visual representation of the most common configurations that nitrogen can take in a carbon
lattice is provided in Figure 3.3. No significant presence of N was observed for the samples
CXO0 and CX0-C20, i.e. before doping by plasma treatment. For the pristine CX0, processed in
a rotating drum reactor with a plasma power of 200 W for 30 min, 1.5 at.% of N was detected
via XPS. CX0-C20 was also processed using an agitating bed reactor with a plasma power of
100 W with two residence durations in the reactor of 30 and 120 min. The shorter treatment,
CX0-C20-N30, yielded 3.2 at.% while the longer one, CX0-C20-N120, yielded 7.2 at.% of

nitrogen on the carbon surface. These values follow the trend already observed in elemental
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analysis: the N content is lowest for CX0-N30 and highest for CX0-C20-N120. Moreover, these
results show that the amount of nitrogen can be partially controlled by adjusting the treatment
duration in the reactor. The nitrogen contents obtained are consistent with values commonly
reported in the literature. While various nitrogen-doping methods exist, nitrogen contents
between 1 and 10 at.% are typically observed [35-37]. A nitrogen content higher than 8-10 at.%
could even prove detrimental due to the increased electrical resistance, rendering the material
less suitable for electrochemical applications [38]. In contrast, a nitrogen content below 1 at.%
is generally considered insufficient to induce discernable changes between the carbon support

and the catalyst [39].

Amine
NH,

Pyridinic Amide

H
Pyridone
Lactame 0 Q-
Pyridine Graphitic
oxide

Figure 3.3. Schematic representation of the most common configurations of nitrogen in a sp?

carbon lattice.

These results indicate that a suitable amount of nitrogen can be incorporated via N> plasma
treatment. Plus, the use of an agitating bed reactor appears to yield higher nitrogen contents.
However, given the difference in substrate nature between the surface of CXO0 (hard carbon)
and CX0-C20 (graphitizable and more ordered, see Chapter 1), and the difference in plasma
power (200 W for CX0, 100 W for CX0-C20), it is not possible to determine whether this
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observation arises from the reactor configuration itself or from the nature of the carbon
substrate. Due to time constraints, CX0 could not be processed again in the same reactor and

experimental conditions as CX0-C20.

The Nl1s XPS spectra confirm that nitrogen was successfully incorporated into the carbon
xerogel surface structure. The broad N1s peak, displayed in Figure 3.4, hints at the presence of
multiple nitrogen moieties. Thus, the spectra were also deconvoluted to identify which nitrogen
functional groups are present [40]. These deconvolutions were performed as accurately as
possible. Nevertheless, considering the low intensity of the N signal on certain samples (e.g.
for CX0-N30), slight deviations in the results obtained from the peaks deconvolution cannot be
excluded. Notwithstanding, deconvolution of the spectra showed the presence of graphitic,
pyridinic, and pyrrolic nitrogen species, along with a minor contribution from pyridinic
nitrogen oxides (Table 3.2). For CX0-N30, the most common type is pyrrolic nitrogen,
representing 51% of the nitrogen fraction detected, closely followed by pyridinic nitrogen
(41%). The quantity of graphitic nitrogen is lower (8%). For CX0-C20-N30 and CX0-C20-
N120, the same trend is observed: a large quantity of pyrrolic and pyridinic nitrogen is
observed, namely 42 and 41% of pyrrolic nitrogen, and 46 and 50% of pyridinic nitrogen for
CX0-C20-N30 and CX0-C20-N120, respectively. The quantity of graphitic nitrogen is also
lower, with 12 and 9% for CX0-C20-N30 and CX0-C20-N120, respectively. No significant
presence (i.e. > 0.5 at.%) of nitrogen oxide species (i.e. pyridinic N-oxide) that could form after
exposure of the carbon to air [41], was observed. The proportion of each nitrogen species
remains fairly consistent across all samples. Thus, the overall nitrogen amount did not

drastically alter the nature of the incorporated nitrogen groups.

Table 3.2. Deconvolution of XPS N1s spectra.

Fraction of N functional groups

Sample (%)
+4
Pyridinic Pyrrolic Graphitic
CX0-N30 41 51 8
CX0-C20-N30 46 42 12
CX0-C20-N120 50 41 9
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Pyridinic-N corresponds to sp® hybridized nitrogen atoms located at the edge of a graphene
plane, where nitrogen forms two bonds with adjacent carbon atoms. This functional group
donates one electron to the conjugated m bond system. It also provides Lewis basicity due to its
lone electron pair [42]. When this pyridinic species is oxidized, it is referred to as pyridinic
nitrogen oxide. Pyrrolic-N refers to sp® hybridized N atoms incorporated into a heterocyclic
ring of five carbons. These specific atoms donate two electrons to the delocalized n system [43].
Finally, graphitic N refers to nitrogen atoms that substitute carbon atoms within the graphene
lattice. They also donate two electrons to the delocalized n-system [44]. The positive effect of
pyridinic, pyrrolic and graphitic nitrogen towards ORR is well established [45]. It is however
difficult to disentangle the exact contribution of each nitrogen-containing functional group. As
a result, it is challenging to identify which ones should be prioritized to achieve a targeted
effect.

N> adsorption-desorption isotherms were collected and are shown in Figure 3.5. Textural
properties calculated from these isotherms are gathered in Table 3.3. All materials present a
type I + Il isotherm, according to the IUPAC classification. The adsorbed quantity rises quickly
at low relative pressure, indicating the presence of micropores. This type of isotherms shows
the dual porosity of carbon xerogels, which are both microporous but also meso/macroporous
materials. The shape of all isotherms remains similar at large relative pressure (P/Po > 0.9),
suggesting that neither CVD nor plasma treatment affects the structural integrity and

accessibility of the meso/macropores.
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Figure 3.4. Deconvolution of N1s XPS spectra of (a) CX0-N30, (b) CX0-C20-N30, and (c)
CXO0-C20-N120.

The BET surface area decreases from 674 (CX0) to 174 m2.g"' (CX0-C20) upon CVD
treatment. This observation was discussed in details in Chapter 1 and was attributed to the
covering of the micropores by the CVD carbon layer. The BET surface area remains practically
unchanged upon N-doping treatment: Aggr values of 674 and 656 m>.g! are observed for CX0
and CX0-N30, respectively. A slight increase is observed for CX0-C20 after plasma treatment,
from 174 to 200 m?-g"! for CX0-C20 and CX0-C20-N30, respectively, although this variation
is too small to suggest any significant pore blockage or restructuring. Finally, the BET surface
area remains also nearly constant between CX0-C20-N30 and CXO0-C20-N120, despite
different plasma treatment durations (30 and 120 min), with 200 and 203 m2.g™!, respectively.
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Similar observations can be drawn from the external surface area values, Sex:, (i.e. the surface
excluding micropores within the nodules) estimated with the t-plot method. Comparing CX0
and CX0-C20, Sext decreases from 201 to 128 m?2.g!. This observation was also already
discussed in Chapter 1 and was attributed to a partial clogging of the meso/macropores by the
CVD-deposited layer [34]. Upon N-doping, Sex: equals 201 to 204 m2.g"!' for CX0 and CXO0-
N30, respectively, and goes from 128 to 142 and 147 m2.g™!, for CX0-C20, CX0-C20-N30 and
CX0-C20-N120. These changes are also minor and, as previously observed from BET surface
areas, N-doping does not seem to alter significantly the pore texture of the carbon xerogel

materials.
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Figure 3.5. Pore texture characterization of the carbon supports. (a) N2 adsorption-desorption

isotherms of CX0 (=), CX0-N30 (—), CX0-C20 (—), CX0-C20-N30 (—) and CX0-

C20-N120 (=). (b) Focus on the low relative pressure region.
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Table 3.3. Textural properties and morphological parameters of the carbon supports.

ABET? Vous® Sext®
Sample (m2.gc ™) (cm3.gc™h) (m2.gc!)

+5% +0.01 + 5%

CX0 674 0.26 201
CX0-N30 656 0.25 204
CX0-C20 174 0.07 128
CX0-C20-N30 200 0.08 142
CX0-C20-N120 203 0.08 147

® Ager: BET specific surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K.

® Vpus: micropore volume, calculated from nitrogen adsorption-desorption isotherms at 77 K using the
Dubinin-Radushkevich equation.

¢ Sexi: external surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K using the
t-plot method.

The evolution of the carbon support crystallinity was also observed by XRD, before and after
nitrogen doping treatment (see Figure 3.6). Common peaks of highly disordered carbons can
be observed. A broad and intense peak is observed around 23° and corresponds to the C(002)
reflection. The Bragg angle and broadness of this peak is typical of materials with a large degree
of amorphousness, containing only short-range graphitic domains. A second peak of less
intensity around 44° corresponds to the carbon 10 reflection (sometimes noted (101), as in
reference [46]). Crystalline parameters are gathered in Table 3.4. As was observed in Chapter
1, the CVD layer deposited exhibits a slightly higher degree of organization compared to the
pristine carbon xerogel. Moreover, it was also evidenced in Chapter 1, after a post-treatment
treatment at 1,500 °C, that this carbon coating is graphitizable, contrasting with the inherent

nature of carbon xerogels, considered as hard carbons [47].

Upon nitrogen doping, L. increases slightly from 3.45 to 3.53 nm while L. goes from 0.99 to
1.02 nm for CX0 and CXO0-N30, respectively. doo2) decreases from 0.405 to 0.398 nm. For
CVD-treated xerogels, L, goes from 3.81 to 3.61 nm and L. goes from 1.03 to 1.01 nm for CXO0-
C20 and CXO0-C20-N120, respectively. These variations are minor and fall within the
experimental margin of error. Overall, the N-doping plasma treatment does not significantly

alter the structural ordering of the carbon matrix. XRD measurement was not performed on
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CXO0-C20-N30 due to insufficient material quantity. Nevertheless, as just observed with CX0-

C20-N120, nitrogen doping does not induce changes to the carbon structure.
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Figure 3.6. X-ray diffractograms of the carbon supports: (a) CX0 (=) and CX0-N30 (—), and

(b) of CX0-C20 (—) and CX0-C20-N120 (—). The diffractograms are shifted vertically

for readability. XRD measurement was not performed on CXO0-C20-N30 due to

insufficient material quantity.

Table 3.4. Crystalline parameters determined by X-ray diffraction.

La? LP d002)¢

Sample (nm) (nm) (nm)
+0.1 +0.1 +0.004

CX0 3.45 0.99 0.405

CX0-N30 3.53 1.02 0.398

CX0-C20 3.81 1.03 0.393

CX0-C20-N120 3.61 1.01 0.391

® L, Lateral crystallite size, calculated from Scherrer’s equation.
® L: Crystallite stacking length, calculated from Scherrer’s equation.
¢ doo2): Graphene interlayer distance, calculated from Bragg’s law.

Note: Crystalline parameters were not obtained on CX0-C20-N30 due to insufficient material quantity
to perform XRD measurement.
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3.3.2. Physicochemical properties of catalysts

Pt nanoparticles were deposited on the different carbon supports (pristine, CVD-treated, N-
doped, and CVD-treated + N-doped) via a formic acid reduction at 80 °C, using PtCle>” anion
as a Pt source. TGA under air was then performed to evaluate the actual Pt content in the
catalyst. TGA curves are provided in Figure 3.7. The remaining mass observed above 600 °C
accounts for the quantity of Pt. Note that the measured Pt content could be overestimated due
to the formation of Pt oxides, already observed at ambient temperature with XPS measurements.
It should however be mentioned that the decomposition of these oxides is generally observed
above 300 °C [48]. Still, assuming the most extreme case where all Pt is converted into PtO:
above 600 °C, the resulting overestimation of Pt content would not exceed 14%. After analysis,
the Pt content was found to vary between 15.8 wt.% (for CX0-N30-Pt) and 19.0 wt.% (for CXO0-
C20-Pt), with an average value commonly hovering around 17.2 wt.% (Table 3.5). This value
is in accordance to other Pt deposition syntheses performed through formic acid reduction

[25,26].
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Figure 3.7. TGA curves of (a) CX0-Pt (=) and CX0-N30-Pt (—), (b) CX0-C20-Pt (—), CXO0-

C20-N30-Pt (—) and CX0-C20-N120-Pt (—).
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Table 3.5. Catalysts properties determined by different analyses.

Ptrca? drem® c* ds? dv4 dxrp®

Catalyst (Wt.%) (nm) (nm) (nm) (nm) (nm)

+0.3
CX0-Pt 174+1.3 3.4 0.4 3.5 3.5 2.6
CX0-C20-Pt 19.0+1.4 3.6 0.6 3.7 3.9 3.0
CXO0-N30-Pt 158+1.2 2.8 0.5 3.0 3.1 3.0
CX0-C20-N30-Pt 16.7+1.3 3.5 0.6 3.8 3.9 2.7
CX0-C20-N120-Pt 169+1.3 3.2 0.4 3.2 33 2.6

® Pttga: mass fraction remaining at the end of TGA experiment.
® drem: average arithmetic diameter of nanoparticles estimated from TEM micrographs.
“o: standard deviation associated with drgm.

4ds and dv: surface- and volume-weighted average diameter of nanoparticles calculated from Equations
(3.3) and (3.4), obtained from TEM micrographs.

¢dxrp: average size of crystallites calculated from X-ray diffraction peaks from Equation (3.1).

After successful deposition of Pt confirmed by TGA, the obtained nanoparticles were observed
by TEM. As shown on TEM micrographs in Figure 3.8 and Figure 3.9, Pt nanoparticles are
well distributed onto the carbon xerogels. For all the samples, the mean Pt diameter, dtem, was
calculated over a number of nanoparticles > 50. For the catalyst supported on the pristine
xerogel, CX0-Pt, the average diameter is 3.4 nm, whereas for CX0-N30-Pt it decreases to 2.8
nm. For CVD-treated xerogels, drem was calculated equal to 3.6 nm for CX0-C20-Pt and
slightly decreases to 3.5 nm and 3.2 nm for CX0-C20-N30-Pt and CXO0-C20-N120-Pt,
respectively. Similarly, a decrease in dtem is observed after nitrogen doping but no significant

change in size distribution is observed.
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Figure 3.8. TEM micrographs before aging of catalysts with pristine and nitrogen-doped
pristine xerogel as support: (a) CX0-Pt, (b) CX0-N30-Pt, and (c) initial Pt nanoparticle
size distribution of CX0-Pt (M) and CX0-N30-Pt (™).
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Figure 3.9. TEM micrographs before aging of catalysts with CVD-coated supports: (a) CX0-
C20-Pt, (b) CX0-C20-N30-Pt, (c) CX0-C20-N120-Pt and (d) initial Pt nanoparticle size
distribution of CX0-C20-Pt (m), CX0-C20-N30-Pt (®), and CX0-C20-N120-Pt (m).

XRD diffractograms of the catalysts were also recorded (Figure 3.10). The average Pt
crystallite size, dxrp, was estimated using the Scherrer’s equation applied to the Pt(111)
diffraction peak at 39.8°, as summarized in Table 3.5. For CX0-Pt and CX0-N30-Pt, dxrp was
measured equal to 2.6 and 3.0 nm, respectively. Meanwhile, for CVD-treated samples, dxrp
was calculated equal to 3.0 nm for CX0-C20-Pt and drops to 2.8 and 2.6 nm, for CX0-C20-
N30-Pt and CX0-C20-N120-Pt, respectively. Overall, the calculated crystallite sizes remain

relatively consistent across all samples, ranging from 2.6 to 3.0 nm. The crystallite sizes
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measured by XRD align relatively well with the particle sizes observed by TEM. However, the
variation in crystallite or nanoparticle size upon N-doping treatment is of very small magnitude

(<1 nm).
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Figure 3.10. X-ray diffractograms of catalysts. (a) CX0-Pt (—) and CX0-N30-Pt (—). (b)

CX0-C20-Pt (=), CX0-C20-N30-Pt (—) CX0-C20-N120-Pt (—). The diffractograms

are shifted vertically for legibility.

XPS analyses were carried out to examine both the oxidation state of Pt and the stability of the
nitrogen moieties after the Pt deposition was performed. As shown in Table 3.6, nitrogen
remains clearly detectable in all samples following formic acid reduction. After Pt deposition,
the surface N content decreases from 1.5 to 1.1 at.% for CX0-N30, from 3.2 to 2.8 at.% for
CX0-C20-N30 and from 7.2 to 6.7 at.% for CX0-C20-N120. A slight decrease in nitrogen
content is thus observed for all samples. These small variations are not concerning as they fall
relatively within the usual frame of XPS error (+ 0.5 at.%), which is critical to preserve the
desired effect of nitrogen providing a stronger bond between the catalytic metal particles and
the carbon support. Nevertheless, the leaching of nitrogen species during the Pt deposition step
is an observable phenomenon [49] that cannot be completely ruled out in the present case.

The Pt 4f spectra of all samples were also plotted (Figure 3.11). Asymmetrical double peaks
are observed, which correspond to the 4f7/> and 4fs/> spin—orbital splitting of Pt species [50].

After deconvolution of the spectra, three doublets can be observed. The 4f-/> peaks appear at
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71.7, 72.4 and 75.0 eV, while the corresponding 4fs/> peaks appear at 75.0, 76.0 and 78.4 eV.
Their presence can be attributed to Pt°, Pt>*, and Pt*', respectively, corresponding to metallic
Pt, PtO, and PtO> [51]. The presence of Pt oxides is usually reported between ambient
temperature and 250 °C, as oxygen chemisorption from air can easily occur at step and kink
sites present on the surface of the Pt nanoparticles [52]. The fraction of oxidized Pt (Pt** and
Pt*") increases between CX0-Pt and CX0-C20-Pt, with 35.3 and 41.9%, respectively (Table
3.7). Upon N-doping, the fraction of Pt oxides on the surface of the Pt nanoparticles remains
similar, with 35.3 and 37.3% of the Pt detected, for CX0-Pt and CX0-N30-Pt. For the CVD-
treated xerogels, the fraction of Pt oxides, also measured from the Pt 4f XPS spectra, is equal
to 41.9, 39.7 and 33.8% for CXO0-C20-Pt, CX0-C20-N30-Pt and CXO0-C20-N120-Pt,

respectively. A small decrease is thus observed as the plasma treatment duration increases.

Table 3.6. Elemental surface composition of Pt samples, determined by XPS.

Atomic percentage

Catalyst (at.%)
+0.5
Carbon Oxygen Nitrogen Platinum
CXO0-Pt 84.1 7.0 Not detected 8.9
CX0-N30-Pt 84.4 4.1 1.1 10.5
CX0-C20-Pt 85.1 6.3 Not detected 8.6
CX0-C20-N30-Pt 82.7 5.6 2.8 8.9
CX0-C20-N120-Pt 81.8 7.2 6.7 4.7

The binding energies of Pt 4f7/> and 4fs/> were also examined. For all samples, binding energies
vary by less than 0.2 eV (Table 3.7). It has been reported that a shift of the Pt 417, and 4fsp»
peaks toward higher binding energies occurs as the nanoparticle size decreases. This
phenomenon is ultimately linked to the reaction intermediates adsorption strength onto the Pt
nanoparticles, a behavior that is largely governed by the quantity of low-coordinated sites of
the nanoparticles [53,54]. Nevertheless, no major shift in binding energy is observed. This is

also an indicator that no significant difference in particle size, i.e. > ~1 nm, is expected to be
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observed across the samples. In other words, Pt nanoparticles are expected to possess

comparable initial sizes, as actually confirmed with TEM micrographs.

This small variation observed both by TEM and XPS, is somewhat different to what is usually
observed in the literature, where it is commonly reported that the incorporation of N dopants in
a graphene structure leads to smaller Pt clusters and to narrower nanoparticle size distribution
[11,55,56]. It is well-established that the nucleation and growth of metal nanoparticles is
dependent on the electronic interaction between the metal atoms and the carbon support surface.
In the case of nitrogen-doped carbons, the introduction of heteroatoms disrupts the -
conjugation network of the sp? carbon lattice [57]. This change in conjugation has a significant
influence on the growth and stability of the metal on the carbon. DFT studies indicate that
carbon atoms in the vicinity of nitrogen substitutional carry a slightly positive delta charge.
This positive charge could promote the bonding with Pt species such as, in the present case, the
anionic Pt precursor, PtCle>". Meanwhile, nitrogen atoms tend to repel the Pt atoms [58].
Therefore, Pt does not anchor directly on nitrogen but rather at a next-nearest carbon site. It is
thus these next-nearest carbon sites that drive the force for Pt nucleation and usually lead to
more energetically favorable Pt nucleation and growth [3,59]. Nevertheless, it is important to
emphasize that this assumption represent a trend. The electronic effects induced on the carbon
surface by nitrogen atoms are difficult to generalize, and may vary between theoretical
predictions and experimental observations [11,60]. Moreover, in the synthesis protocol used
here, the Pt precursor is added after the reductant. Therefore, the reduction reaction starts
immediately, which could limit the contact time between the PtCl¢* anion and the carbon, and
thus limit the impact of N on Pt nucleation and growth. Finally, given the initial nanoparticle
size is already in the optimal range of ~3 nm [61], a further reduction in size would not

necessarily be beneficial.
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Figure 3.11. Deconvolution of Pt4f XPS spectra of catalysts: (a) CX0-Pt, (b) CX0-C20-Pt, (c)
CX0-N30-Pt, (d) CX0-C20-N30-Pt and (e) CX0-C20-N120-Pt, with the 4fs, and 4f72

peaks assignment of Pt” (—), Pt** (—) and Pt*" (—).
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Table 3.7. Deconvolution of Pt4f peaks, from XPS analysis.

Fraction of Pt species Peaks binding energy

Catalyst (%) (eV)

+ 4% +0.1
Pt(0) Pt(IT) Pt(IV) Pts;2 Pty
CXO0-Pt 64.7 26.6 8.8 74.98 71.68
CX0-N30-Pt 62.7 28.0 94 75.08 71.68
CX0-C20-Pt 58.1 32.5 94 75.08 71.78
CX0-C20-N30-Pt 60.3 30.5 9.2 75.08 71.78
CX0-C20-N120-Pt 66.2 25.0 8.8 74.98 71.68

3.3.3. Electrochemical characterization of the catalysts

A complete evaluation of the catalysts electrochemical performances was performed in RDE
configuration. To this end, cyclic voltammetry under argon, CO stripping and ORR activity
measurements were conducted in 0.5 M H2SOy electrolyte at 25 °C. Catalytic properties were
measured on the fresh catalytic layer (BoL), but also after 5,000 cycles between 0.6 and 1.0 V
vs. RHE at 80 °C (corresponding to the MoL), and after 15,000 additional cycles under the same
conditions (corresponding to the FEoL). Different parameters were retrieved from these
measurements, including the electrochemically active surface area of Pt (ECSA4) and the CO
equivalent Pt nanoparticle diameter (dco). The mass activity (MA) and surface activity (SA4)
determined at 0.95 V vs. RHE as well as the Tafel slope (b), were also observed and are
displayed in Table 3.8. As a reminder, this potential was selected to remove any contributions
from internal mass transport limitations linked to the active layer thickness, as already discussed

in Section 2.2.3 of Chapter 2.
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Figure 3.12. CO electro-oxidation curves of fresh catalysts performed in 0.5 M H2SO4 at 25°C
at a rate of 20 mV.s™!, of (a) CX0-Pt (—) and CX0-N30-Pt (—), and (b) CX0-C20-Pt

(—), CX0-C20-N30-Pt (—) and CX0-C20-N120-Pt (—).

Comparisons between CXO0-Pt and CX0-C20-Pt were already discussed in Chapter 2. In
summary, the ECSA was found to slightly decrease in the case of the CVD-treated carbon
support, from 117 to 101 m2.g"'p; for CX0-Pt and CX0-C20-Pt, respectively. This was attributed
to nanoparticles growing slightly larger on the CVD-treated sample, as evidenced by TEM
micrographs in Chapter 2 (Figure 2.11). Both CX0-Pt and CX0-C20-Pt exhibit the same
catalytic activity behavior, characterized by an increase in S4 upon aging, while the M4 remains
relatively stable. This increase of S4 can be explained as follows. First, aging leads to a slight
growth of Pt nanoparticles, due to phenomena such as Ostwald ripening, nanoparticle
dissolution and/or migration. Second, the ratio between facet sites and edge/corner sites
changes with particle size. Larger nanoparticles contain fewer low-coordination sites, which
can result in a more favorable binding energy for ORR intermediates. This can ultimately
increase the ORR kinetics and thus increase the SA4 [62] without changing much the MA given

the simultaneous loss of ECSA.

The catalytic behavior of the N-doped samples was evaluated as well and compared with their
non-doped counterparts (i.e. CX0-Pt versus CX0-N30-Pt and CX0-C20-Pt versus CX0-C20-
N30-Pt and CXO0-C20-N120-Pt). This comparison is essential to determine how the
incorporation of nitrogen atoms into the carbon matrix influences the electrochemical

performances. First, CO stripping measurements were used to determine the ECSA from the
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CO electrooxidation peak (Table 3.8). The initial ECSA4 of CX0-Pt and CX0-N30-Pt measured
from the peak surface (shown in Figure 3.12a) are nearly identical, 117 and 116 m2.g'p,
respectively. For the CVD-treated samples, CX0-C20-Pt and CX0-C20-N30-Pt also display
equivalent initial values, namely 101 and 107 m2.g .. dco, derived from the ECSA, was found
equal to 2.8 and 2.6 nm. As seen on Figure 3.12b, the position of the CO oxidation peak remains
similar for CX0-C20-Pt and CX0-C20-N30-Pt. In contrast, for a higher nitrogen content (CXO0-
C20-N120-Pt), the ECSA and dco are measured at 84 m2.g'p; and 3.4 nm, respectively. These
observations suggest that low levels of nitrogen incorporation (1.5 and 3.2 at.%) do not
significantly affect Pt size, while a higher nitrogen incorporation (7.2 at.%) can lead to the
formation of slightly larger nanoparticles. Note that the size difference observed in CO stripping
was not observed in TEM. As a reminder, drem was found equal to 3.5 + 0.5 nm for CX0-C20-
N30-Pt and 3.2 + 0.5 nm for CX0-C20-N120-Pt. Nevertheless, beneficial effects are sometimes
reported upon aging thanks to the better particles anchoring, even when Pt particle growth and
dispersion remain largely unchanged [11]. Finally, another notable difference in the CO
stripping curves is the evolution of the double layer capacity of the carbon support, Cq. CXO0-
Pt and CX0-N30-Pt display a relatively high Cq, calculated equal to 128 and 101 F.g'!
respectively from Equation (3.7), while it significantly decreases for CX0-C20-Pt, CX0-C20-
N30-Pt and CX0-C20-N120-Pt (33, 30 and 48 F.g™!, respectively). The high value observed for
CXO0-Pt and CX0-N30-Pt can be attributed to the extensive micropore network accessible to the
electrolyte. Since the CVD treatment blocks most of the carbon xerogel micropores, the surface
onto which ions can accumulate is proportionally reduced in the case of the CVD-coated

samples.

The evolution of ECSA and dco was also observed upon aging. The normalized ECSA of all
materials is presented in Figure 3.13a. The £CSA retention after MoL is on average 67, 65, 61,
65 and 65% for CX0-Pt, CX0-C20-Pt, CX0-N30-Pt, CX0-C20-N30-Pt and CX0-C20-N120-Pt,
respectively. At EoL, this ECSA retention drops further to 59, 53, 54, 53 and 53%. The ECSA4
losses across all materials are similar, both at MoL and EoL. The lowest ECSA drop is actually
observed with CX0-Pt. At EoL, the dco also increases to 4.0, 5.2, 4.6, 5.0 and 6.4 nm for CXO0-
Pt, CX0-C20-Pt, CX0-N30-Pt, CX0-C20-N30-Pt and CX0-C20-N120-Pt, respectively (versus
24,28, 2.4,2.6 and 3.4 nm at BoL). Thus, neither the CVD treatment nor the nitrogen doping

treatment seem to significantly mitigate the nanoparticles growth.

ORR curves were then used to determine S4, MA and Tafel slope (Figure 3.14). For CX0-Pt
and CX0-N30-Pt, the initial S4 goes from 0.022 A.mp to 0.037 A.mp; while MA goes from
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2.69 A.glp; to for CX0-Pt to and 4.27 A.g'p.. This corresponds to a S4 increase of 68% and a
MA increase of 59%. Upon aging, at EoL, both samples converge to similar values, with S4 of
0.060 and 0.055 A.m?p, and MA of 3.78 and 3.39 A.g''p for CX0-Pt and CX0-N30-Pt,
respectively (Figure 3.13b-¢). These results suggest that initial catalytic activities might be

slightly improved upon nitrogen doping but that this small benefit is largely lost after long-term
cycling.

100 -
“& 0.06
o
< 75 E
o S—
L 2
- £
$ 50 g
5 3 0.03-
Z 25 o
o
n
0- 0.00-
BoL MoL EoL BoL MoL EoL

=N

Mass activity (A.g",)
(%]

BoL Mol EoL

Figure 3.13. Evolution of the electrochemical properties of the catalysts during Accelerated
Stress Tests at 80 °C, measurements performed in RDE configuration in 0.5 M H,SOy4 at
25 °C. (a) Normalized ElectroChemically active Surface Area of Pt, (b) specific activity
at 0.95 V vs. RHE, and (c) mass activity at 0.95 V vs. RHE. CX0-Pt (®), CX0-N30-Pt
(m) CX0-C20-Pt (m), CX0-C20-N30-Pt (m), and CX0-C20-N120-Pt (m).

148



CHAPTER 3

For CVD-treated samples, similar initial S4 values of 0.034, 0.033 and 0.033 A.m™p were
calculated, and MA values of 3.29, 3.57 and 2.71 A.g 'p; were found for CX0-C20-Pt, CXO0-
C20-N30-Pt and CXO0-C20-N120-Pt, respectively. Upon aging, no major differences are
observed, with S4 increasing to 0.059, 0.055 and 0.057 A.m™p; and MA remaining stable at
3.15, 3.46 and 2.50 A.g''p for CXO0-C20-Pt, CX0-C20-N30-Pt and CXO0-C20-N120-Pt,
respectively (Figure 3.13b-c). Sample CXO0-C20-N30-Pt actually display slightly higher
catalytic activity than CXO0-C20-N120-Pt. As was already observed with the ECSA
measurements, a nitrogen content of 7.2 at.% might prove excessive. Overall, all N-doped
samples display the same behavior as CX0-Pt and CX0-C20-Pt, namely an increase in S4, and
a MA that remains somewhat constant. The explanation of this behavior was previously given
in Chapter 2. In short, the nanoparticles growth upon aging leads to a more favorable adsorption
of ORR reaction intermediates and thus a higher specific catalytic activity towards ORR,

compensating for the loss of ECSA4.

Finally, the Tafel slopes were also calculated and are displayed in Table 3.8. The initial Tafel
slopes of fresh catalysts are comprised between 60 and 72 mV.dec™ for all samples (Figure
3.14b). This indicates that the ORR proceeds mostly through a (2+2)e” mechanism, even after
N-doping [63]. After aging, no variation of the Tafel slope greater than 10 mV.dec™! is observed.
This confirms that the (2+2)e” mechanism remains unchanged across all catalysts throughout
durability tests, regardless if the carbon xerogel support was treated by CVD and/or by nitrogen

doping treatment.

After the AST, the active layer could be recovered from the working electrode, and samples
were prepared for TEM observation. It must be noted that the amount of active layer retrieved
is very small (< I mg) and is thus insufficient for complementary analyses, even for XPS. As
done with TEM micrographs taken at BoL, a minimum of 50 nanoparticles were used to
determine the nanoparticle size distribution. TEM micrographs and particle size distribution for
CXO0-Pt and CX0-N30-Pt are shown in Figure 3.15. A mean nanoparticle diameter centered
around 4.3 nm for CX0-Pt and 3.8 nm for CX0-N30-Pt was observed. Pt nanoparticles appear
slightly less agglomerated after N-doping although both drem values fall within the margin of

€1TO0T.
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Figure 3.14. ORR measurements on fresh catalysts performed in 0.5 M H2SO4 at 25°C. (a)

Cyclic voltammetry under O; at a scan rate of 1 mV.s! and an electrode rotation speed

of 1600 rpm, (b) Corresponding Tafel plots, of CX0-Pt (—), CX0-N30-Pt (—), CXO0-

C20-Pt (—), CX0-C20-N30-Pt (—) and CX0-C20-N120-Pt (—).

TEM micrographs and particle size distributions of CVD-treated samples are shown in Figure
3.16. The mean Pt nanoparticle diameters are centered around 4.6 nm for CX0-C20-Pt and 4.5
nm for CX0-C20-N30-Pt. Moderate N incorporation does not appear to significantly alter Pt
aging. However, a clear difference is observed for CX0-C20-N120-Pt, where the nanoparticles
are noticeably larger, with an average diameter of approximately 5.7 nm. This observation
aligns with the electrochemical data, as CX0-C20-N120-Pt exhibits the lowest ECSA and

highest dco values at EoL among the series.

From all these observations, it appears that the highest N content (7.2 at.%) is mostly
detrimental to the catalyst performances, as it leads to larger nanoparticle size after aging. Thus,
excessive nitrogen incorporation seems to disrupt rather than enhance catalytic layer stability.
In contrast, the lower nitrogen incorporations (1.5 and 3.2 at.%) do not result in significant
changes but are not detrimental either. These samples behave very similarly to their undoped
counterpart. To obtain even more insights, it could have been interesting to also manufacture

and test CX0-C20 with a lower nitrogen content (i.e. 1-2 at.% N).
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Table 3.8. Evolution of the catalyst properties determined by RDE electrochemical analyses.

CO stripping ORR
Catalyst ECSA* dco® SA° MA* b
(m2.g'py) (nm) (A.m2p) (A.g'p) (mV.dec™)
BoL 117+7 24+0.1 0.022 £0.002 2.69+0.42 67+4
CX0-Pt MoL 78+2 3.6+0.1 0.043 £ 0.003 2.99+0.36 64 +2
EoL 70+3 40+0.2 0.060+ 0.009° 3.79 £ 0.95¢ 62+2
BoL 101 +4 2.8+0.1 0.034 £0.001 3.29+0.01 T1+2
CX0-C20-Pt MoL 65+1 43+0.1 0.047 £0.001 3.06 £0.07 621
EoL 53+1 5.2+0.1 0.059 + 0.004 3.15+£0.19 6l +1
BoL 116 £ 10 24+0.2 0.037 +0.001 427+0.36 72+1
CX0-N30-Pt MoL 70+ 6 40+04 0.045 £0.007 3.24+£0.77 71+1
EoL 62+7 46+0.5 0.055 £ 0.002 3.39+0.21 713
BoL 107 £5 2.6+0.1 0.033 = 0.001 3.57+0.17 60+3
CX0-C20-N30-Pt MoL 70+ 2 4.0+0.1 0.043 £0.007 3.02+0.61 67+t4
EoL 56+ 1 5.0£0.1 0.062 £0.007 3.46+0.29 68+1
BoL 84 +7 34+03 0.033 £ 0.005 2.71+0.17 68+2
CX0-C20-N120-Pt MoL 55+3 5.1£03 0.043 £+ 0.003 2.36 £0.26 69 +38
EoL 45 +4 6.4+03 0.057 £0.005 2.50+0.04 69 +8

2 ECSA: Electrochemically activity surface area of Pt normalized to the mass of Pt on the electrode, calculated from CO stripping measurement ((3.5).
® dco: CO equivalent particle diameter of the Pt particles calculated from Equation (3.6).

¢S4 and MA: Specific Activity and Mass Activity measured at 0.95 V vs. RHE (Equations (3.8) and (3.9)).

d: Tafel plot obtained calculated from ORR measurements.

¢. Error > 20% observed between measurements. Note: The values presented in this table correspond to the average of at least two measurements.
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Figure 3.15. TEM micrographs of (a) CX0-Pt, (b) CX0-N30-Pt, and (c) Pt nanoparticle size
distribution of CX0-Pt (M) and CX0-N30-Pt (m), after aging with 20,000 potential cycles

between 0.6 and 1.0 V vs. RHE at 0.1 V.s™! in RDE configuration, corresponding to the
EoL.
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Figure 3.16. TEM micrographs of (a) CX0-C20-Pt, (b) CX0-C20-N30-Pt, (c) CX0-C20-N120-
Pt and (d) final Pt nanoparticle size distribution of CX0-C20-Pt (W), CX0-C20-N30-Pt
(m), and CX0-C20-N120-Pt (m), after aging with 20,000 potential cycles between 0.6
and 1.0 V vs. RHE at 0.1 V.s™! in RDE configuration, corresponding to the EoL.

In this chapter, the better anchoring of Pt nanoparticles onto the carbon support usually
associated with N-doping [60] was not observed, despite the carbon support surface electronic
environment being notably different due to the N incorporation. Indeed, the presence of
nitrogen on the carbon surface was observed with XPS and the carbon surface comprises
nitrogen functional groups that have been reported in the literature to be positive towards ORR

(pyridinic, pyrrolic and graphitic) were detected. Moreover, the total percentage of these groups
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(1.5 and 7.2 at.%) falls within typical reported ranges [19]. These nitrogen groups remain even
after Pt deposition via reduction in formic acid, and are thus present in the catalytic layer.
Similarly, Pt deposition is not hindered by nitrogen. This is evidenced by TGA measurements
that show comparable metal content across all samples. Plus, TEM micrographs of fresh
catalysts show that moderate nitrogen content (1.5 at.%) seem to even slightly improve Pt
nanoparticle dispersion. Higher nitrogen contents (7.2 at.%) are initially not detrimental either.
The pore texture of the carbon xerogel also remains essentially intact. BET surface area and
micropore volume was nearly unchanged after plasma treatment. Finally, after observation of
CX0-C20-N120 by SEM, no evidence of structural collapse of the carbon structure was
observed, indicating that N-doped carbon xerogels can be used as catalyst support, as already

reported by Alegre et al. [11].

Thus, the results obtained here may appear unexpected. Indeed, numerous studies report that Pt
nanoparticles supported on N-doped carbon supports can exhibit initial performances with an
increase in S4 and MA [64] or higher initial ECSA [6], but also improved stability upon aging
[65]. However, this increase in durability must be considered with caution. The application of
a nitrogen doping treatment can induce many modifications to the carbon support, such as
changes in the atomic surface composition, the surface area or even the degree of graphitization.
These modifications can influence the growth of Pt nanoparticles deposited on the carbon
support, thereby affecting their initial size [8]. It is well-known that the size of the nanoparticles
plays in an important role in governing both the catalytic activity and long-term stability of a
catalyst [66]. Consequently, the comparison of a N-doped carbon support and its undoped
counterpart can be highly biased if differences in nanoparticles growth on these supports are
not accounted for. A compensatory effect could be observed as nanoparticles grow closer or
further away from their optimal value (~3.5 nm for Pt nanoparticles [67]) when deposited on
N-doped supports. In this context, studies in which Pt nanoparticles of identical sizes were

obtained on both N-doped and undoped carbon support are of particular interest.

For instance, Hornberger et al. [68] doped a Vulcan XC-72 carbon black with nitrogen and
obtained a carbon with a bulk nitrogen content of 2.7at.%. Using XPS, they also observed the
presence of pyrrolic, pyridinic and graphitic moieties. The Pt nanoparticles deposited on this
N-doped carbon black exhibited the same average diameter as the ones deposited on the
undoped carbon black, i.e. 2 nm. Upon subjecting their catalysts to AST (30,000 cycles of
potential between 0.6-0.95 V vs. RHE, in RDE configuration and 0.1 M HCIO4 electrolyte, as

well as 30,000 potential steps between 0.6-1.1 V, in MEA configuration), no major differences
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were observed across catalysts regarding the evolution of the catalytic activities (S4 and MA)
and ECSA. The authors concluded that the environment of the N species may need further
refinement to observe the beneficial effects of nitrogen. Similarly, Cosenza et al. [60],
performed N doping on a Vulcan XC-72 carbon black using different treatments and
parameters. They achieved a nitrogen surface composition ranging from 1.2 to 4.4 at.%, like in
the present study, with the presence of pyridinic, pyrrolic, graphitic and amine N moieties. After
TEM analysis, the N-doped carbon support did not exhibit a significant change in the average
nanoparticle diameter, as they obtained nanoparticles of 2.7 nm for the undoped material and
2.7-2.8 nm on their different N-doped materials. Upon electrochemical characterization in RDE
configuration in 0.1 M HCIO4 electrolyte, they observed that the initial catalytic activity of the
different catalysts was similar, whether the carbon support was doped or not. An increase in the
ECSA at higher nitrogen content was observed, which they attributed to a more uniform
coverage of Pt due to the nitrogen functional groups. Nonetheless, upon aging (1000 cycles
between 0.6-1.0 V vs. RHE, in RDE configuration), similar losses in MA and ECSA were
observed for all samples, regardless of the nitrogen content. The catalysts were also observed
with TEM after aging and all catalysts exhibited comparable nanoparticle growth upon aging.
The authors suggested that the electronic effects induced by nitrogen may not always be
beneficial. Finally, Parniere et al. [64] also doped a Vulcan XC-72 carbon black, and obtained
a N-doped material with a surface containing 3.4 wt.% of nitrogen, as well as the nitrogen
moieties usually reported (amine, graphitic, pyrrolic and pyridinic nitrogen). As determined by
TEM, the average Pt nanoparticle diameter was 2.6 and 2.7 nm on undoped and N-doped
support, respectively. Fresh catalysts exhibited slightly higher ECS4 and catalytic activities (5S4
and MA) with the N-doped carbon support. Upon accelerated aging in severe conditions (60,000
cycles between 1.0-1.5 V vs. RHE, in RDE configuration, in 0.1 M HCIO4 electrolyte), the MA4
and ECSA of both catalysts decreased similarly. Meanwhile, the SA4 increased on the N-doped
catalyst while it decreased for the undoped counterpart. This increase in S4 was attributed to
the stronger anchoring of the nanoparticles due to nitrogen, although no particle size analysis
was provided after aging. Although not mentioned by the authors, the presence of very small
nanoparticles (< 2 nm) growing preferentially on the N-doped support and not detected on TEM

micrographs, could also play a role in the observed catalytic behavior.

Overall, the literature generally suggests that the incorporation of nitrogen is beneficial to
provide stronger interactions between Pt nanoparticles and the carbon support. However, the

interplay of all the modifications possibly induced by the nitrogen doping treatment can make
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it difficult to properly compare materials, and may lead to biased conclusions. Although
theoretical studies often predict a better anchoring of Pt nanoparticles on N-doped carbon
supports, such benefits are not always observed in experimental studies, as illustrated in this

chapter and in the three studies discussed above.

Nonetheless, despite the modest impact of nitrogen doping on the catalyst durability observed
here, it is still important to emphasize the interesting advantage carbon xerogel possess over
carbon black-support catalysts, in terms of pore texture and mass transport control [69]. To
continue the assessment of catalysts performances and durability, samples were selected to
undergo further evaluation in a Membrane Electrode Assembly (MEA) configuration. Both
CX0-N30-Pt and CX0-C20-N30-Pt were selected, as they have the most reasonable nitrogen
incorporation level. They were selected along with CX0-Pt, CX0-C20-Pt and CXO0-C20-
HT1500-Pt, characterized together in Chapter 2. CX0-C20-N120-Pt was excluded from this
aging in MEA configuration. This choice is motivated by the clear performance decay and

higher nanoparticle size upon aging.

3.4. Conclusion

In this chapter, a carbon xerogel (CX) previously coated with a secondary carbon layer using
Chemical Vapor Deposition (CVD) was subjected to a plasma treatment using a N2 source. This
treatment was performed to incorporate N-containing functional groups into the carbon surface.
Upon XPS analysis, it was observed that the plasma treatment successfully introduced different
amounts of nitrogen. After spectra deconvolution, the N moieties incorporated were identified
as pyridinic, pyrrolic and graphitic N. These moieties are commonly associated with improved
Pt nanoparticles anchoring and stability in PEM fuel cell electrocatalysts. The N-doped carbon
xerogels were also characterized by various methods after their exposure to plasma to verify
that the carbon structure was not altered. No major changes in the carbon morphology, pore

structure or crystallinity were detected.

Pt nanoparticles were then successfully deposited on all carbon materials via formic acid
reduction of PtCl¢>". XPS analysis confirmed that the nitrogen-containing functional groups
remain stable and are not modified during the Pt nanoparticle deposition. Thus, doped and
undoped carbon xerogel-supported catalysts were characterized in acidic liquid electrolyte in
Rotating Disk Electrode configuration. Their initial catalytic activities and durability towards

aging after 5,000 and 20,000 potential cycles were assessed. Despite the successful
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incorporation of nitrogen, catalysts supported on N-doped carbon xerogels did not exhibit a
marked increase of stability upon aging. Small and moderate nitrogen contents (1.5 and 3.2
at.%) did not play a significant beneficial or detrimental role as the catalytic activities after
complete aging procedure remained similar to their undoped counterparts. However, for higher
nitrogen surface content (7.2 at.%), the exposed surface of Pt (ECSA) was found lower than for
all the other samples, and TEM observations indicated the formation of larger nanoparticles
upon aging. This suggests that high nitrogen content can be detrimental to the catalyst stability.
Based on the information presented in this chapter and in Chapter 2, the carbon xerogels with
low nitrogen contents (1.5 and 3.2 at.%) were selected, along with the pristine CX, the CVD-
treated CX and high-temperature and CVD-treated CX (assessed in Chapter 2), for further
evaluation under more realistic operating conditions i.e. as Membrane-Electrodes Assemblies

in a PEMFC test bench.
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Annex 3.1. Choice of ink formulation for catalysts supported on
N-doped CVD-treated carbon xerogels

The catalysts inks examined in Chapter 2 were prepared by mixing the catalyst with a certain
amount of Nafion® and of water and isopropanol (IPA), with water and IPA acting as a solvent.
Provided the catalytic inks were sonicated long enough, consistent and reproducible catalytic
properties were obtained, especially for fresh catalysts. Nevertheless, when water/IPA-based
catalytic inks of CX0-C20-N30-Pt or CX0-C20-N30-Pt were prepared, and were deposited on
the working electrode glassy carbon and sintered, very heterogeneous deposits were obtained,
even after extended sonication of the ink (>1 h). This was attributed to the more hydrophobic

character of those two samples, due to the higher amount of nitrogen at the surface.

To address this issue, two alternative solvents, ethanol and N-methyl-2-pyrrolidone (NMP),
were considered to prepare layers on RDE with CX0-C20-N30-Pt. Ethanol was first preferred
because of its low toxicity. For the ethanol-based ink, the catalytic layer deposition was
noticeably more homogeneous. However, ethanol-based inks showed a tendency to spread
excessively outside of the glassy carbon during deposition. An NMP-based ink was also tested.
Although NMP is much less environmentally friendly than ethanol and water, it is also
commonly used as a dispersion solvent for catalytic inks [1]. The spreading of NMP-based inks
was less pronounced than for ethanol-based ones. Moreover, a relatively homogenous deposit

was also observed.

Catalytic performances obtained with the different ink solvents were compared and are gathered
in Table A3.1.1. A single measurement was carried out for the water/[PA-based ink, while two
and three measurements were performed and averaged for the ethanol and NMP-based inks,
respectively. The first notable observation concerns the ECSA, determined from area under CO
electrooxidation peak (Figure A3.1.1a). For water/IPA-based and ethanol-based inks, the ECSA4
is equal to 70 and 67 m2.g"'p,, respectively. This value is rather low and more typical of carbon-
black supported catalysts [2], such as the XC-72-Pt characterized in Chapter 2. In contrast, the
NMP-based ink exhibits an ECSA4 of 107 m2.g"'p;. This value resembles much more that of other
carbon xerogels (the ECSA of CX0-C20-was measured equal to 101 m2.g'p(). It is thus possible
that the Pt is not fully accessible after processing the catalytic layers using water/IPA mix or
ethanol. Moreover, similar capacitive currents can be observed in the region 0.4-0.5 V vs. RHE

in Figure A3.1.1a-b. This indicates that the low ECSA observed for water/IPA and ethanol-
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based inks is not attributable to poor preparation nor to a loss of the active layer during

measurements.
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Figure A3.1.1. Electrochemical measurements of fresh catalysts performed in RDE
configuration in 0.5 M H2SO4 at 25 °C. (a) CO electro-oxidation curves and (b) cyclic
voltammetry curves under Ar, of a water/[PA-based ink (W), ethanol-based ink (M) and
NMP-based ink (M).

S4 and MA were determined from ORR curves (Figure A3.1.2a-c). The SA4 are similar for all
three solvents: 0.032, 0.041 and 0.033 A.mp; for water/IPA-based, ethanol-based and NMP-
based ink, respectively. Since S4 is normalized by the exposed surface of Pt, these small
variations indicate that the intrinsic catalytic behavior of Pt nanoparticles remains essentially
unchanged, regardless of the solvent used in the ink formulation. In contrast, the initial MA4
differ more noticeably: 2.21, 2.79 and 3.57 A.g'p for water/IPA-based, ethanol-based and
NMP-based ink, respectively. The NMP-based ink shows a performance close to that of
previously characterized carbon xerogels (CX0-C20-Pt has an initial M4 of 3.29 A.g''p).
Regarding Tafel slopes, no significant variations are observed, regardless of the solvent. The

slope consistently fall within the 60 — 70 mV.dec™! range, typical of the (2+2)e” mechanism.
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Table A3.1.1. Catalyst properties of CX0-C20-N3.2-Pt determined by electrochemical

analyses.
CO stripping ORR
ECSA? dco® SA° MA® b
Ink solvent
(m2.g'py) (nm) (A.m2p) (A.g'p) (mV.dect)
BoL 70 4.0 0.032 2.21 71
Water + IPA
MoL 50 5.6 0.039 1.97 71
BoL 67 +4 42403 0.041 £ 0.005 2.79 £0.51 70+ 1
Ethanol
MoL 43 +3 6.6+04 0.051 £ 0.005 222 +0.32 69 +1
NMP BoL 1075 2.6=+0.1 0.033 £0.001 3.57+0.17 604
MoL 70+£2 4.0+0.1 0.043 £ 0.007 3.02+0.61 67+3

2 ECSA: Electrochemically activity surface area of Pt normalized to the mass of Pt on the electrode,
calculated from CO stripping measurement (Equation 3.5).

® dco: CO equivalent particle diameter of the Pt particles calculated from Equation 3.6.
¢S4 and MA: specific activity and mass activity measured at 0.95 V vs. RHE (Equations 3.8 and 3.9).

4 p: Tafel plot obtained calculated from ORR measurements.

Fresh active layers that were deposited on the glassy carbon and dried were recovered for TEM
observation for ethanol-based and NMP-based inks, as displayed in Figure A3.1.3a-b. The
nanoparticle diameter drem was observed, and found equal to 3.1 + 0.5 nm for the ethanol-based
ink and 3.5 = 0.5 nm for NMP-based ink. No significant differences are observed, both for

nanoparticles size and dispersion (Figure A3.1.3¢).

Inks were then subjected to 5,000 potential cycles between 0.6 and 1.0 V vs. RHE, to simulate
aging. The catalytic properties were then evaluated again. As expected, ECSA decreases for all
samples. Interestingly, the relative ECSA loss is comparable across ink formulations, namely
29, 37 and 35% for water/IPA-based, ethanol-based and NMP-based ink, respectively. The
relative evolution of S4 and MA is also interesting to observe. SA4 increases for all inks, with
increases of 22, 24, and 30% for water/IPA-based, ethanol-based and NMP-based inks.
Meanwhile, MA decreases by 11, 20 and 15% for water/IPA-based, ethanol-based and NMP-
based inks.

The underlying reasons for these trends are discussed in the main text. Most importantly, all
inks exhibit a comparable aging pattern, despite having different absolute values. It shows that
electrochemical measurements are consistent. However, the very heterogeneous deposition of
the active layer with water/IPA-based and ethanol-based inks may be the reason why regular
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values of ECSA and catalytic activity were not obtained with these inks. Therefore, the NMP-

based ink was selected for the complete electrochemical assessment, as it provides absolute

values of ECSA and MA that enables meaningful comparisons with undoped carbon xerogels.
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Figure A3.1.2. Evolution during Accelerated Stress Tests in RDE configuration of CX0-C20-
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Figure A3.1.3. TEM micrographs of a CX0-C20-N3.2-Pt active layer made with (a) an ethanol-
based ink and (b) an NMP-based ink. (c) Pt nanoparticles size distribution of the ethanol-
based ink (M) and the NMP-based ink ().
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Annex 3.2. Cyclic voltammetry under O, at different working
electrode rotation speeds
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Figure A3.2.1. Cyclic voltammetry at BoL under O; and 25 °C, performed with a scan rate of
1 mV.s"! and an electrode rotation of 400 (—=—), 900 (<), 1600 (—~—) and 2500

(—) tpm, of (a) CX0-Pt (—), (b) CX0-N30-Pt (—), (¢) CX0-C20-Pt (—), (d) CXO0-
C20-N30-Pt (—) and () CX0-C20-N120-Pt (—).
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SUPPORTED CATALYSTS IN MEMBRANE-
ELECTRODES ASSEMBLY CONFIGURATION
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Abstract

In the final chapter of this thesis, the catalysts identified as the most promising in Chapters 2
and 3 were selected for evaluation in Membrane-Electrodes Assembly (MEA) configuration on
a Proton Exchange Membrane Fuel Cell test bench. These materials were first integrated as the
cathodic layer catalyst into MEAs. Following the same approach as in previous chapters, the
catalytic layers obtained were subjected to accelerated aging via cell voltage cycling, and their
performances were evaluated before and after aging. Their durability was also benchmarked
against a commercial carbon-black supported catalyst with a similar Pt loading. Overall, carbon
xerogel-supported catalysts displayed better performances than the commercial carbon-black
supported catalyst. Moreover, the catalyst supported on the carbon xerogel post-treated with
chemical vapor deposition and subsequent high-temperature treatment at 1,500 °C exhibited the

best durability in MEA configuration.

Contributions

The preparation and electrochemical characterization of the MEAs were performed by the PhD
candidate. Tom Servais, another PhD candidate of the Nanomaterials, Catalysis,
Electrochemistry (NCE) group in Université de Liege, provided valuable training regarding the
use of the spray-coater and operation of the fuel cell test bench. In the same way as in Chapters
2 and 3, the TEM micrographs were obtained with the assistance of Dr. Philippe Compere, from

Département de Biologie, Ecologie et Evolution in Université de Liége.
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4.1. Introduction

Extensive research is currently carried out on Proton Exchange Membrane Fuel Cells
(PEMFCs) to improve their performances following various criteria. Nevertheless, the
degradation of the PEMFC electrodes upon operation still limits their long-term durability and
large-scale deployment. In this thesis, a carbon xerogel was selected as a catalyst support. This
choice is primarily motivated by their tunable porosity that enables good dispersion of the Pt
metal over the support and efficient mass transport [1]. Nonetheless, these carbon materials
remain prone to corrosion that lead to catalyst degradation during operation [2,3]. To this end,
various post-treatment strategies were applied to a carbon xerogel, with the aim of modifying
its surface and therefore enhancing the durability of the electrodes made from this new catalyst
support. In Chapter 2, the carbon xerogel was submitted to a Chemical Vapor Deposition (CVD)
treatment and subsequently to a high-temperature treatment at 1,500 °C. Then, in Chapter 3, the
carbon xerogel and the carbon-coated carbon xerogel were submitted to a plasma-assisted
nitrogen doping. Pt nanoparticles were subsequently deposited on all these carbon supports to
obtain a series of catalysts. In both Chapters 2 and 3, accelerated stress tests (ASTs) were carried
out on these different catalysts in liquid electrolyte (H2SO4 aqueous solution), on a Rotating

Disk Electrode (RDE).

This three-electrode setup offers some practical advantages. Indeed, it is a simple setup to
implement and it enables the evaluation of catalysts performances without the direct use of H>
[4]. Small amounts of catalysts (~100 mg) are enough to perform the analysis. Moreover, in an
RDE configuration, the liquid electrolyte provides abundant protonic pathways, resulting in
measurements of catalytic activity with minimal proton transport limitations. As such, the three-
electrode setup allows for a quick and reliable comparison of catalytic activities of different
catalysts [5]. Nevertheless, while RDE experiments are excellent at providing an initial
screening of catalyst materials, they are not completely representative of actual fuel cell
conditions. Indeed, the choice of electrolyte directly affects the catalytic activity measured [6]
as well as the durability of the catalytic layer upon aging [7]. Thus, assessing the true potential
of a catalyst material is achieved by integrating the catalyst material into a Membrane-
Electrodes Assembly (MEA) configuration [8]. In this configuration, analogous to that in
PEMEFC stacks, the cathodic catalytic layer is positioned between a proton exchange membrane
and a gas diffusion layer, and assembled with a second (anodic) catalytic layer to form a
complete cell that is further sandwiched between bipolar plates. Different variables can be

controlled, such as the temperature, the cell backpressure, the gas flowrate and humidity inside
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both electrodes, efc. The control of these variables allows for an accurate evaluation of the
catalytic performances in real conditions; those performances are usually measured under the
form of voltage-current curves, reflecting both the activity and the efficiency of the cell [9].

The aging of the catalytic layer can also be performed in MEA configuration, with accelerated
stress test (AST) procedures. In principle, each AST procedure should be designed to target a
single degradation mechanism within the MEA. Thus, several accelerated stress test protocols
exist, each applying one specific stressor to the cell while keeping the other operating
parameters constant. In general, three main cell parameters can be repeatedly varied to induce
accelerated aging to a MEA: the cell voltage (i.e. the potential difference between the anode
and the cathode) [10], the relative humidity [11] and the temperature [12]. Here, in this chapter,
following the methodology adopted in Chapter 2 and 3, accelerated aging of the catalytic layer
was obtained by inducing repeated variations in the cell voltage. It can be noted that,
considering the anode exhibit negligible overpotential in PEMFCs, the anode can be used as a

reference, with a potential equal to 0 V (vs. RHE) [13].

Such changes in the cell accelerate the degradation of both the Pt nanoparticles and the carbon
support, particularly at the cathode side [14]. AST procedures targeting specifically Pt
degradation involve repeated cycling of the cell voltage between 0.6 to around 0.95 V [15].
This window simulates regular PEMFC operation as the cells typically run at 0.6 V, while
voltages around 0.95 V correspond to the open circuit voltage observed during idle stop
operation [16]. In this voltage window, carbon corrosion is thermodynamically possible but
usually remains kinetically limited [17]. In contrast, AST procedures targeting carbon support
degradation typically use more extreme conditions, either by holding the cell voltage around
1.2 V [15] or by cycling it between 1.0 and around 1.5 V [18]. This window is used to simulate
the startup/shutdown of the cell, where the cathode potential can approach 1.5 V vs. RHE,
leading to severe carbon support degradation. However, such procedures are not necessarily
well-suited for an initial screening, as they can cause extensive degradation of the entire

catalytic layer.

This chapter is dedicated to the integration of the previously characterized catalysts into an
MEA configuration, as cathodic catalytic layer. Indeed, it is at the cathode that the most severe
degradation phenomena (carbon oxidation, Ostwald ripening, nanoparticle migration, etc.)
predominantly occur in the cell [14]. After the MEAs were manufactured, the evaluation of
their performances and durability under accelerated stress tests conditions was performed. To

this end, voltage cycling was carried out within a voltage window (0.6-1.0V) that promotes Pt
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degradation while limiting severe degradation of the carbon support. The post mortem analysis
of the catalysts enabled detecting modifications in the Pt nanoparticles configuration. The
different carbon xerogel-supported catalysts were also compared to a benchmark carbon black-

supported catalyst, also characterized in Chapter 2.

4.2. Experimental
4.2.1. Materials selection

A resorcinol-formaldehyde carbon xerogel with an appropriate pore size, denoted as CX0
thereafter, was synthesized and fully characterized in Chapter 1 [14]. The material exhibited a
BET surface area of 674 m>g' and an average pore size of 71 nm, suitable for PEMFC
applications [1]. This carbon xerogel was then subjected to a Chemical Vapor Deposition
(CVD) treatment. The most promising material as a carbon support for catalyst was obtained
for a CVD duration of 20 min. The carbon xerogel retrieved from this CVD treatment is denoted
as CX0-C20. In addition to the CVD treatment, a high-temperature post-treatment at 1,500 °C
was applied to CX0-C20. This sample is referred to as CX0-C20-HT1500. Details of these
procedures can be found in Chapter 1. A plasma treatment using a N> source was also applied
to CX0 and CX0-C20, to graft nitrogen atoms onto their surfaces. The plasma treatment
procedure is described in Chapter 3. These samples are referred to as CX0-N30 and CX0-C20-
N30.

The synthesis of Pt/CX catalysts was then performed on the above-mentioned carbon materials
by direct reduction of a precursor (H2PtCls) in liquid phase, using formic acid as a precursor.
The synthesis procedure is described in the section 2.2.1 of Chapter 2. The carbon xerogel-
supported catalysts retrieved from the Pt deposition step are referred to as CX0-Pt, CX0-C20-
Pt, CX0-C20-HT1500-Pt, CX0-N30-Pt and CX0-C20-N30-Pt. A commercial Pt/carbon black
catalyst (De Nora, Vulcan XC-72, 20 wt. % Pt), denoted as Vulcan XC-72-Pt, was also chosen
as benchmark. The main characteristics of all the materials, measured in previous chapters, are

compiled in Table 4.1.
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4.2.2. Membrane-Electrodes assembly preparation

The Membrane-Electrodes Assemblies (MEAs) were prepared by spray-coating. Catalytic
layers were all deposited onto a 7 cm x 7 cm Nafion® N117 proton exchange membrane (PEM).
The ink used had a constant formulation, with a carbon content of 0.5 wt.% and a Nafion-to-
Carbon (N/C) mass ratio of 0.8 [19]. For the solvent, a water-to-isopropanol (#/I) mass ratio of
1.28 was selected. These proportions allow for a homogenous deposition while preventing
clogging of the spray nozzle during operation. For the anode, a commercial carbon black-
supported catalyst, already assessed in Chapter 2 (De Nora, Vulcan XC-72, 20 wt.% Pt, named
XC-72-Pt) was used. Since the cathode is typically the element limiting the cell performances
due to the slow ORR Kkinetics, it is essential to use an anode that that does not introduce
additional limitations in the system. Thus, spray-coating was performed with a Pt loading target
of 0.12 mgpi.cm g, for both the anode and cathode. Using the same Pt loading in each electrode
ensures that the anode is not the limiting side during fuel cell operation. For the cathode, the
ink was prepared with the catalyst of interest. Inks were prepared and stirred 24 h prior to the
spraying procedure. This cathode loading is close to the 2020 DoE benchmark total electrode
loading of Pt of 0.125 mgpi.cmco. The present total Pt loading is equal to 0.24 mgp.cm™geo as
identical loadings were used both at the anode and cathode. However, the anode loading can
easily be decreased to values as low as 0.05 mgp..cm g, in actual PEMFC stacks [20], resulting
in a total Pt loading of 0.17 mgpi.cm™geo (0.05 mgpi.cm e, at the anode and 0.12 mgpi.cm?geo

at the cathode).

The spray-coating was performed following these steps:

(i) The Nafion® membrane was first put onto a porous fabric fiberglass sheet deposited on a
vacuum plate heated at 90 °C. A 5 cm X 5 cm mask was centered on the membrane to define
an electrode surface area of 25 cm?;

(ii) The cathode ink was sprayed ona 7 cm x 7 cm (49 cm?) area at a rate of 0.3 mL.min"! using
40 cycles for a total duration of 20 min. A schematic representation of the trajectory
followed by the spray during one cycle is provided in Figure 4.1a. After removing the
mask, a 5 cm x 5 cm electrode was obtained;

(ii1) After the cathode deposition onto the PEM, the PEM was flipped and step (1) and (2) were

repeated identically to deposit the anode, using the commercial catalyst-based ink.

The thickness of the deposited active layer was checked by profilometry [21]. To do so, inks

were first deposited on a glass slide, using the exact same spraying program, prior to any
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deposition on the Nafion® membrane. The spraying conditions were kept identical, with the
only difference being the use of a 2.5 cm x 2.5 cm mask. Parallel strips of the active layer
deposited on the glass slide were gently removed with a toothpick, so as to obtain at least 5 base
strips. These channels serve as baseline markers to deduce the thickness of the deposit
Profilometry measurements were then performed using a Bruker DektakXT® stylus contact
profilometer. A stylus was moved across the 2.5 cm X% 2.5 cm active layer deposit,
perpendicularly to the channels (see Figure 4.1b). The stylus force was set at 1 uN and was
moved at a speed of 833 um.s™!. The vertical position of the stylus was recorded every 2.78 um.
To obtain cells suitable for the test bench, the spray-coated membrane was then sandwiched
between 250 pum-thick 5 cm x 5 cm Gas Diffusion layers (Quintech, Freudenberg H23C6) and
200 pm thick silicone gaskets (Quintech, GS-LB-SIL-PET-200) to ensure impermeability to
gases. The assembly was pressed at 30,000 N for 210 s with a hydraulic press heated at 130 °C
to obtain the complete MEA. The MEA was then placed between two graphite bipolar plates
with regular serpentine gas channels. The MEA and bipolar plates were kept assembled by two
flanges tightened up together at 5 N.m using a click torque wrench. The overall assembly was

then connected to the fuel cell test bench (potentiostat, gas tubes, heating rods).

4.2.3. Measurement procedure

A home-made fuel cell test bench coupled with a Biologic HCP-803 potentiostat was used to
perform MEA characterization and accelerated stress tests. Four different gases were used to
perform the measurements: Nitrogen (AirLiquide, ALPHAGAZ™ 1, > 99.995%), Air
(AirLiquide, ALPHAGAZ™ 1), Oxygen (AirLiquide, ALPHAGAZ™ 1, > 99.995%) and
Hydrogen (AirLiquide, ALPHAGAZ™ 1, > 99.999%). All gases were humidified prior to
entering the cell with Bronkhorst controlled evaporation mixing devices fed with ultrapure
Milli-Q® water (18.2 MQ.cm). The relative humidity was set at 100% for all gases at all time.
The cell was also constantly heated at 70 °C with the help of two heating resistors inserted into
the stainless-steel flanges of the cell, and connected to a thermocouple inserted into one of the
two bipolar plates. A back pressure of 5 x 10* Pa was also applied. The hydrogen-fed anode
was assumed to exhibit negligible (anodic) overpotential, thereby not contributing to the voltage
measured. Each MEA was submitted to accelerated stress tests performed over a period of four
days on the fuel cell test bench. The reproducibility of measurements performed on this fuel
cell test bench installation has been previously validated [22] and the accelerated aging protocol

was adapted from reference [3]. At least two MEAs were characterized for each sample to
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ensure proper reproducibility of the measurements with deviations not exceeding 20%. Indeed,
at the lab scale, obtaining reproducible results can be challenging, especially if one considers
the full chain of events, from electrode manufacturing to ASTs. As examples, the
reproducibility of two MEAs of the same material is assessed in Annex 4.1 for CX0-C20-Pt
and CX0-C20-HT1500-Pt.

(a) Membrane
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—> —
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(b)

Glass slide

Profilometry

direction
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Spra_y—coated preparation
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N

2.5cm

2.5¢cm

Figure 4.1. (a) Schematic representation of the spray trajectory during spray-coating on
Nafion® membrane, reproduced from [22], and (b) illustration of the method used to

determine the active layers thickness profiles via profilometry.
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During Day 1, the conditioning of the cell was performed. The system was held at 0.6 V for
several hours. This voltage value was chosen for conditioning because it provides sufficient
current to stabilize the cell. To check for stabilization, dynamic voltage-current (E-i)
polarization curves were recorded every 60 min until two consecutive identical curves were
obtained. During the conditioning, the anode was supplied with H> (500 mL.min") and the
cathode supplied with air (2,000 mL.min"").

During Day 2, Beginning of Life (BoL) performances were assessed. Polarization curves under
air were recorded every 60 min for a minimum of 3 h until two consecutive curves were
obtained. The same procedure was subsequently performed to obtain polarization curves under
.. During the acquisition of polarization curves, the anode was supplied with H» (500 mL.min
1) and the cathode supplied with either air or Oz (2,000 mL.min").

During Day 3, the MEA was then subjected to an AST protocol consisting of alternating the
cell voltage between 1.0 V (held for 3 s) and 0.6 V (held for 3 s), repeated for a total of 10,000
cycles. During the aging, the anode was supplied with H, (300 mL.min™!) and the cathode with
air (300 mL.min"). Middle of Life (MoL) performances were assessed with the same protocol
as that described for Day 2. As a reminder, this voltage cycling window 0.6-1.0 V was selected
to degrade preferentially the Pt nanoparticles while preventing severe carbon corrosion. Indeed,
significant carbon oxidation encountered at cathode potentials above 1.0 V vs. RHE could lead
to excessive degradation of the catalytic layer.

During Day 4, the MEA was subjected to 20,000 AST cycles performed in the same conditions
as mentioned previously. During the aging, the anode was supplied with H> (300 mL.min™!) and
the cathode supplied with air (300 mL.min"). End of Life (EoL) performances were assessed

with the same protocol as Day 2 again. EoL thus corresponds to a total of 30,000 cycles.

Cyclic voltammetry curves under nitrogen at both electrodes (300 mL.min™!) were also recorded
at the beginning of each day to obtain a corrected CV and to evaluate the electrochemically
active surface area (ECSA) of Pt throughout the aging process. During these measurements,
hydrogen was supplied to the anode (300 mL.min"), and nitrogen was supplied to the cathode
(300 mL.min™). Cyclic voltammetries were recorded between 0.05 and 1.20 V with a scan rate
of 20 mV.s™!. Three complete voltammetry cycles were performed to ensure a stable signal of

Pt, although only the last cycle was used for calculations.
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Cycling voltammetry allowed to retrieve the ECSA via the integration of the area under the
Hydrogen Underpotential Deposition (Hupp) peak, occurring between 0.15 and 0.35 V, and
corresponding to the charge needed to oxidize the hydrogen adsorbed at the Pt surface. Thus:

Qu
_ 4.1
ECSA = 211 4.1)

where Ou is the integral of the charge of the Hupp peak (C), 2.1 C.m™p is the theoretical charge
required to oxidize one complete monolayer of H adsorbed onto Pt, L is the loading of Pt of the
working electrode (gp.m?geo), 4 is the geometric surface area of the electrode (m%geo). The
double layer capacitance per surface area, Cq (in mF.cm ), was also calculated from cyclic

voltammetry curves, with:

icapa
Cqy = 4.2
a=< 4.2)

where icapa 1S the capacitive current (mA), taken in the area 0.4-0.5 V where no faradaic reactions
related to Pt are observed, v is the scan rate (V.s™!), and S the surface area of the electrode, equal

to 25 cm? in each MEA.

Finally, the fresh and aged catalysts were observed with Transmission Electron Microscopy
(TEM). A JEOL JEM-ARM 200F Cold FEG equipped with a spherical aberration probe
corrector and operated with an acceleration voltage of 200 kV to was used to determine the Pt
nanoparticle size distribution, before and after aging. For aged catalysts, after EoL, the MEA
was disassembled and the carbon material that had been spray-coated was scratched from the
Nafion® membrane and collected. Prior to observations, the powder samples were then
dispersed into ethanol and mixed homogeneously with help of an ultrasonic bath. A drop of the
suspension was then spread onto a copper grid (PELCO® TEM grid, 200 mesh Cu), and was
left to dry under ambient air. From transmission electron microscopy (TEM) micrographs, the
arithmetic average diameter, dtewm, of the Pt nanoparticles was calculated on a sufficiently large

number of Pt nanoparticles (> 50).

4.3. Results and discussion

4.3.1. Physico-chemical characterization of the catalysts

The electrochemical assessment of the catalysts was previously performed in a Rotating Disk

Electrode (RDE) configuration in Chapters 2 and 3. In the present chapter, the catalyst
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characterization was conducted in a MEA configuration, truly representative of a real PEM fuel
cell system. For the sake of clarity, the main features of the fresh catalysts, as observed in

Chapters 2 and 3, are summarized in the next paragraphs.

Table 4.1. Main characteristics of the catalysts determined by different analyses in Chapters 2

and 3.
ABET? Sext” Nxps® Ptrga®  ECSARrpE®
Sample m2.glc m2.glc at.% wt.% m?2.gpy’!
+ 5% + 5% +0.5 +1.3
XC-72-Pt 197 140 n.d.f 16.1 74+ 4
CX0-Pt 674 201 n.d.f 17.4 117+7
CX0-C20-Pt 174 128 n.d.f 19.0 101 +4
CX0-N30-Pt 656 204 1.5 15.8 116 £ 10
CX0-C20-N30-Pt 200 142 3.2 16.7 1075
CX0-C20-HT1500-Pt 187 141 n.d.f 16.7 99 + 23

2 Ager: BET specific surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K.

b Sexi: external surface area, calculated from nitrogen adsorption-desorption isotherms at 77 K using the
t-plot method.

¢ Nxps: atomic percentage of nitrogen at the carbon surface, determined by XPS.
4 Ptrga: mass fraction remaining at the end of TGA experiment and considered as being Pt.

¢ ECSArpe: Electrochemically activity surface area of Pt normalized by the mass of Pt on the electrode,
determined in RDE configuration.

"Not determined: sample not subjected to N doping and thus not expected to contain significant amounts
of N.

The results or thermogravimetric analysis under air, performed in previous chapters to evaluate
the actual Pt content in the catalyst, are gathered in Table 4.1. It varies between 15.8 wt.% (for
CXO0-N30-Pt) and 19.0 wt.% (for CX0-C20-Pt), with an average value of 17.2 wt.%. These
values are slightly lower than the target loading of 20 wt.%, suggesting that not all the Pt atoms
in solution were deposited on the carbon support. Nevertheless, these loading are in good
agreement with other Pt deposition syntheses performed through formic acid reduction [23,24].
TEM was also performed in Chapters 2 and 3 to determine the initial particle size distribution
of the Pt nanoparticles on the different carbon supports; the results are recapitulated in Figure
4.2 and Figure 4.3, and in Table 4.2. drem was calculated to be 3.4, 3.4, 3.6, 2.8, 3.5 and 3.7
nm, for XC-72-Pt, CX0-Pt, CX0-C20-Pt, CX0-N30-Pt, CX0-C20-N30-Pt and CX0-C20-
HT1500-Pt, respectively.
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Fraction of particles (%)

2 3 4 5 6
Particle size (nm)

Figure 4.2. TEM micrographs of fresh (a) XC-72-Pt, (b) CXO0-Pt, (c) CX0-N30-Pt, and (d)
initial Pt nanoparticle size distribution of XC-72-Pt (m), CX0-Pt (™) and CX0-C20-Pt

().
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Fraction of particles (%)

2 3 - 5 6
Particle size (nm)

Figure 4.3. TEM micrographs of fresh (a) CX0-C20-Pt, (b) CX0-C20-N30-Pt, (c) CX0-C20-
HT1500-Pt, and (d) initial Pt nanoparticle size distribution of CX0-C20-Pt (W), CXO0-
C20-N30-Pt (™) and CX0-C20-HT1500-Pt (=).

The average nanoparticle diameter remains relatively similar across samples. The only notable
difference stems from CX0-N30-Pt where drem 1s smaller (2.8 nm). As discussed in Chapter 3,
this reduction in nanoparticle size can be attributed to nitrogen doping, which promotes better
Pt nanoparticles deposition due to changes in charge density of the carbon network induced by
nitrogen atoms [25]. Overall, the Pt dispersion is suitable for PEMFC applications. These

samples were then selected for spray-coating and subsequent evaluation in MEA configuration.
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Table 4.2. Pt nanoparticle size observed by TEM.

drem?
(nm)
Catalyst Initial After AST

+20%
XC-72-Pt 34 9.2
CX0-Pt 34 7.7
CX0-C20-Pt 3.6 8.7
CX0-N30-Pt 2.8 7.0
CX0-C20-N30-Pt 3.5 9.5
CX0-C20-HT1500-Pt 3.7 7.3

*drem: average arithmetic diameter of nanoparticles estimated from TEM micrographs for fresh catalysts
and aged catalysts. Calculations were done on a number of nanoparticles > 50.

4.3.2. Characterization of the catalytic layers

The thickness profiles of the active layers deposited by spray-coating on a glass slide were
obtained by profilometry and are provided in Annex 4.2. The catalytic layer prepared using the
commercial carbon-black supported catalyst, XC-72-Pt, exhibits an average thickness of
approximately 4-5 pm. In contrast, carbon-xerogel supported catalytic layers are thicker,
reaching approximately 9-10 pum. This average thickness remains essentially unchanged
regardless of the post-treatment the carbon xerogel was submitted to. The layer thicknesses
observed here are in good accordance with other values reported for carbon black and carbon
xerogel-supported catalytic layers deposited by spray-coating [21]. Moreover, the difference of
thickness between carbon black and carbon xerogel-based inks was expected. Carbon xerogels
are notably challenging to grind below ca. 5 pm [26]. In contrast, carbon blacks consist of
smaller, spherical nodules. Moreover, carbon xerogels exhibit low density due to the large
meso/macropore network. Consequently, active layers supported on carbon xerogels are thicker

than those prepared with common carbon black supports for the same carbon mass [1].
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4.3.3. Fuel cell characterization of the fresh catalysts

Cyclic voltammograms of fresh catalysts are displayed in Figure 4.4. The recorded current
variations can be ascribed to faradaic contributions due to electron charge transfers occurring
at the working electrode surface. During the cathodic scan (positive current) at low voltages
(between 0.05-0.3 V), the increase of current can be attributed to the desorption and oxidation
of hydrogen species, previously adsorbed on the Pt surface. This area corresponds to the
Hydrogen Underpotential Deposition (Hupp) region. It is established that the oxidation of a
complete monolayer of H adsorbed on Pt is equal to approximately 2.1 C.m™2p[27]. Thus, the
ECSA can be determined using this cyclic voltammogram by integrating the charge associated
with the H desorption peak (Hurp, see Equation (4.1)). Moreover, the hydrogen desorption
region exhibits two distinct zones for all catalysts with a first peak observed around 0.14 V, and
a second peak observed around 0.21 V, These peaks are usually associated to the hydrogen
desorption from Pt(110) and Pt(100) step sites, respectively [28]. Then, during the cathodic
scan at high voltages (between 0.6-1.1 V), the current peak corresponds to the formation of Pt
oxides, such as PtOH, PtO and PtO,. Upon reversing the scan direction, the subsequent
reduction of Pt oxides is observed, at high voltages and anodic scan (negative current). Finally,

at low voltages and anodic scan, the protons H" are reduced and adsorb at the Pt surface.
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Figure 4.4. Cyclic voltammetry curves of fresh catalysts, recorded at 0.02 V.s™! with the anode
under H> and the cathode under N> flow. (a) XC-72-Pt (=), CX0-Pt (—) and CX0-N30-

Pt (—). (b) CX0-C20-Pt (—), CX0-C20-N30-Pt (—) and CX0-C20-HT1500-Pt (—). Ha

184



CHAPTER 4

is injected at the anode with a flow of 300 mL.min"' and Ny is injected at the cathode
with a flow of 300 mL.min"!. Both gases are injected with a relative humidity of 100%

and the cell is fixed at 70 °C with a backpressure of 0.5 bar.

Table 4.3. Evolution of the catalyst properties in MEA configuration.

ECSA? JosP Ca®
Catalyst (m2.g"'py) (A.cmge0) (mF.cmge0)
Under air  Under Oz
+20 % +20 %
BoL 24+ 1 0.63 1.03 12+1
XC-72-Pt MoL 6+ 1 0.39 0.75 5+1
EoL 3+1 0.18 0.39 5+1
BoL 34 +3 0.67 1.18 30+ 1
CX0-Pt MoL 7+1 0.48 0.86 28+ 1
EoL 4+1 0.25 0.52 2742
BoL 31+4 0.72 1.36 14+1
CX0-C20-Pt MoL 9+2 0.48 1.05 13+1
EoL 4+1 0.31 0.68 13+1
BoL 31+1 0.61 1.08 31+1
CX0-N30-Pt MoL 8+ 1 0.35 0.78 27 +2
EoL 3+1 0.22 0.45 28 +2
BoL 33+ 1 0.65 1.26 14+1
CX0-C20-N30-Pt MoL 12+2 0.49 0.96 12+2
EoL 6+2 0.29 0.60 14+2
BoL 27+1 0.69 1.22 8+ 1
CX0-C20-HT1500-Pt MoL 9+2 0.55¢ 0.99¢ 6+1
EoL 4+1 0.38¢ 0.77¢ 6+2

8 ECSA: Electrochemically active surface area of Pt, measured from Hypp from Equation (4.1).
® Jos: Current density measured at 0.5 V.
¢ Ca: Double layer capacity, determined from Equation (4.2).

4 Values taken from MEA n°1 (see Annex 4.1), as a deviation > 20% is observed across MEAs.
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As shown in Figure 4.4, the previously identified peaks exhibit similar shapes and positions
for all samples, indicating comparable electrochemical behaviors. The ECSA values, obtained

via the charge integration of the Hupp region, are reported in Table 4.3.

Initial ECSA values were calculated equal to 24, 34, 31, 31, 33 and 27 m?.g"'p; for XC-72-Pt,
CX0-Pt, CX0-C20-Pt, CX0-N30-Pt, CX0-C20-N30-Pt and CX0-C20-HT1500-Pt, respectively.
The exposed surface area of Pt remains similar across samples, although the lowest ECSA is
observed for the carbon-black supported catalyst, XC-72-Pt. The ECS4A measured in MEA
configuration are different than those measured in RDE configuration (24, 34, 31, 31, 33 and
27 m2.gpvs. 74,117,101, 116, 107 and 99 m2.g!p,, (see Table 4.1). This discrepancy between
ECSA measurements in RDE or MEA configuration is commonly observed. It arises from the
fact that, in MEA configuration, not all Pt nanoparticles are properly connected to the Nafion®
ionomer network, and are therefore electrochemically inactive. In contrast, in RDE
configuration, the proton-conducting medium is a liquid (0.5 M H2SO4 was used in Chapter 3),
that is normally able to access all Pt sites. Thus, if the electrode is well designed, all Pt
nanoparticles are electrochemically active, resulting in higher ECSA values. Despite this
difference in absolute values, the trends observed in RDE are also observed in MEA
configuration: the sample with the highest ECSA4 is CX0-Pt, and the one with the lowest ECSA
is the carbon black-supported catalyst, XC-72-Pt. However, it is necessary to emphasize that,
in MEA configuration, the ink formulation and the catalytic layer deposition parameters can
strongly impact the overall performances of the MEA [29]. These parameters should therefore
be optimized for each catalyst type. In this thesis, the ink formulation is better optimized for
carbon xerogel-supported catalysts. Therefore, the ECSA reported here for XC-72-Pt may
somewhat be sub-optimal compared to the ECSA obtained for all the carbon xerogel-supported

catalysts.

At intermediate voltages, between 0.3 and 0.6 V, no charge transfer reactions occur.
Nevertheless, a small current is observed. This originates from the capacitive charging of the
electrode, due to the accumulation or removal of the species at the electrode/electrolyte
interface when a potential difference is applied [30]. The capacitive current, free of any faradaic
contribution, is proportional to the electrode area i.e. to the carbon surface accessible to the
electrolyte. The double layer capacitance Cqa per surface area was calculated from Equation
(4.2). To do so, the capacitive current was taken as the average current measured between 0.4
and 0.5 V. The scan rate of the cyclic voltammetry was kept equal to 0.02 V.s!' and the surface

area of the membrane was 25 cm?. The resulting Cq1 was found equal to 12, 30, 14, 31, 14 and
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8 mF.cmge, for XC-72-Pt, CX0-Pt, CX0-C20-Pt, CX0-N30-Pt, CX0-C20-N30-Pt and CXO0-
C20-HT1500-Pt, respectively. Cq values are the highest for CX0-Pt and CX0-N30-Pt with 30
and 31 mF.cm™ge,., In Chapter 3, the micropore volume of CX0-Pt and CX0-N30-Pt were
calculated equal to 0.26 and 0.25 cm?.g.™! and the external surface area at 201 and 204 m2.g.",
respectively. The high capacitance values are thus consistent with the developed microporosity
of these carbon xerogels. Moreover, values are similar as they share similar pore texture, since
N-doping treatment does not heavily impact the porosity of the carbon xerogel material (see
Chapter 3). Meanwhile, for the carbon black material in the same conditions, the capacitive
current is lower, 12 mF.cm?ge,. As observed in Chapter 2, carbon black materials have a less
developed microporosity than carbon xerogel materials, with a micropore volume of 0.08
cm?.g. . It is therefore not surprising that the capacitive current of XC-72-Pt is also smaller
than that of CX0-Pt. CVD-treated samples also display lower Cq than CXO0-Pt, namely 14
mF.cmge, for both CX0-C20-Pt and CX0-C20-N30-Pt. This behavior, also observed in RDE
configuration in Chapter 2, is attributed to the extensive micropores closing during CVD
treatment that reduces the accessible carbon surface as the micropore volume drops to 0.07 and
0.08 cm?.g.! for CX0-C20-Pt and CX0-C20-N30-Pt. Finally, Cq of CX0-C20-HT1500-Pt is
smaller, 8 mF.cm?,co. This difference may be attributed to an increase in hydrophobicity of
CX0-C20-HT1500-Pt induced by the 1,500 °C heat treatment, thereby potentially hindering the

Nafion® ionomer to be distributed within the active layer.

The dynamic polarization curves of fresh catalysts were recorded both under air and under O>
atmosphere at the cathode. The corresponding curves can be found in Figure 4.5. As expected,
the current density produced decrease as the voltage increases. The current evolution is
governed by different overpotentials, as explained in details in the Introduction section of this
thesis. Briefly, at low currents and high voltages, the current produced is limited by ORR
kinetics, i.e. by the energy barrier to overcome for the ORR to occur. At intermediate currents
and voltages, additional losses arise from the ionic and electronic resistances generated by the
different cell elements. At high currents and low voltages, the mass transport overpotential
related to too slow diffusion of O2 molecules inside the catalytic layer, also becomes significant
and ultimately limits the current produced to a given value (limiting current density). The
current densities at a voltage of 0.5 V are compared in Table 4.3. This voltage was selected as
it is close to the maximum power output that is delivered by the cell, as displayed on Figure

4.6. This maximum power density represents a trade-off between the current generation and

187



CHAPTER 4

voltage losses. The power output of a PEMFC typically reaches a maximum at an operating

voltage of around 0.5 to 0.7 V [22].
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Figure 4.5. Dynamic polarization curves recorded at 0.05 V.s' in MEA configuration of XC-
72-Pt (—), CX0-Pt (—), CX0-C20-Pt (—), CX0-N30-Pt (—), CX0-C20-N30-Pt (—)
and CX0-C20-HT1500-Pt (—) at BoL, (a,c) under air and (b,d) under O>. H> is injected

at the anode with a flow of 500 mL.min"! and air or O; is injected at the cathode with a
flow of 2,000 mL.min"!. Both gases are injected with a relative humidity of 100% and
the cell is fixed at 70 °C with a backpressure of 0.5 bar.

At 0.5V, the carbon black-supported catalyst delivers current densities of 0.63 and 1.03 A.cm’
24e0 While the pristine CX0-Pt leads to higher values of current densities, with 0.67 and 1.18
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A.cmg, under air and O», respectively. It can be observed that the current generated in the
kinetic part drops faster for the carbon-black supported catalyst than for carbon-xerogel
supported catalysts. Upon CVD and high-temperature treatment, current densities of 0.72 and
0.69 A.cmgeo, under air; and 1.36 and 1.22 A.cm™g, under O» are generated for CX0-C20-Pt
and CX0-C20-HT1500-Pt, respectively. Thus, the initial current densities slightly increase
compared to CXO0-Pt. This increase is minor but is consistent with the RDE measurements
performed in Chapter 2. The current densities can also be compared after N doping. For CX0-
Pt and CX0-N30-Pt, current densities at 0.5 V are 0.67 and 0.61 A.cmgeo, and 1.18 and 1.08
A.cmge,, under air and O, respectively. For CX0-C20-Pt and CX0-C20-N30-Pt, the obtained
values are 0.72 and 0.65, and 1.36 and 1.26 A.cmg., under air and O, respectively. Initially,
the N-doped catalysts do not display higher current densities than their undoped counterparts.
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Figure 4.6. Dynamic polarization curve under air (—) and corresponding power density curve

(—) of CXO0-Pt, prior to AST. H> is injected at the anode with a flow of 500 mL.min!

and air or O is injected at the cathode with a flow of 2,000 mL.min"'. Both gases are
injected with a relative humidity of 100% and the cell is fixed at 70 °C with a

backpressure of 0.5 bar.

It can also be observed that diffusion issues are less pronounced for the carbon black-supported
catalyst, XC-72-Pt than for the carbon xerogel-supported catalysts, which seems contradictory

with the assumed advantage of carbon nanostructuration. Nevertheless, as observed in
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profilometry, the average thickness of carbon-black supported catalytic layers is around 4-5
um while those of CX-supported is around 9—10 pum (see Annex 4.2), while Pt loading and
carbon mass are the same by choice. At constant carbon mass, the large grain size of carbon
xerogels leads to thicker catalytic layers and additional mass transport resistance, which is
however partially compensated by the mesopore structure of the carbon. Electrodes of equal
thicknesses for both carbon black and carbon xerogel could be assembled for fairer comparison,
but would require different catalyst Pt loadings to start with. Given the well-developed porosity
of carbon xerogels, it is expected that, at equivalent electrode thickness, mass transport

limitations would be reduced.

4.3.4. Fuel cell characterization after Accelerated Stress Tests

Catalysts were subjected to accelerated aging, first through 10,000 voltage steps (corresponding
to the MoL) and in a second step, to 20,000 additional voltage steps (corresponding to EoL).
Cyclic voltammetries and polarization curves were recorded at each aging step (see Figure 4.7
and Figure 4.8), and key electrochemical parameters (ECSA4, Cai and the current density at 0.5
V) were extracted and compiled in Table 4.3. After 30,000 cycles, at EoL, the ECSA of Pt drops
down drastically to 3, 4, 4, 3, 6 and 4 m2.g"'p; for XC-72-Pt, CX0-Pt, CX0-C20-Pt, CX0-N30-
Pt, CX0-C20-N30-Pt and CXO0-C20-HT1500-Pt, respectively. The ECSA loss is very
substantial, ca. 85% for all samples. The highest ECSA value after aging is observed for CX0-
C20-N30-Pt. This ECSA loss can be attributed to several phenomena occurring during AST. Pt
nanoparticles typically undergo migration and agglomeration during aging [31]. Additionally,
nanoparticles detachment and Ostwald ripening can also occur. These phenomena lead to the

decrease observed in the intensity of the Pt signal.

To mitigate these effects, the application of post-treatments, particularly N-doping, was
performed on the carbon xerogel so as to enhance the interaction between the Pt and the carbon
support [32]. This stronger anchoring could in turn limit the nanoparticles agglomeration and
the ECSA loss. However, in the present case, the effect of N-doping is very moderate. Although
the highest ECSA retained is for the CVD-treated and N-doped carbon xerogel-supported

catalyst, the overall ECSA retention remain similar across the entire series of catalysts.
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Figure 4.7. Cyclic voltammetry curves of catalysts, recorded at 0.02 V.s™' with the anode under

H> and the cathode under N> flow at BoL (—o—), MoL (—=—) and EoL (—~—) of (a) XC-
72-Pt (—), (b) CX0-Pt (—), (c) CX0-C20-Pt (—), CX0-N30-Pt (—), CX0-C20-N30-
Pt (=) and CX0-C20-HT1500-Pt (—). H> is injected at the anode with a flow of 300

mL.min"! and N3 is injected at the cathode with a flow of 300 mL.min"!. Both gases are
injected with a relative humidity of 100% and the cell is fixed at 70 °C with a

backpressure of 0.5 bar.

The evolution of the double layer capacitance, Ca, was also observed during aging. As shown
in Table 4.3, a decrease in Cq is observed after 10,000 cycles for all the samples, although the
decrease becomes much more moderate between 10,000 and 30,000 cycles. This is consistent
with the observations also made in RDE configuration in Chapter 3. Cq decreases significantly
for XC-72-Pt, from 12 mF.cm?ge, at BoL to 5 mF.cm™geo at EoL. This could indicate that a
significant quantity of carbon has oxidized into CO,. Some detachment of Nafion® upon aging
could also contribute to this behavior [33], as the catalyst ink of XC-72-Pt may not be fully
optimized for this carbon black material. The evolution of Cq is much less pronounced for
carbon xerogels: The double layer capacitance of CX0-Pt decreases from 30 to 27 mF.cm™geo
while CX0-C20-Pt decreases only from 14 to 13 mF.cm™gco. For N-doped samples, Cai slightly
decrease from 31 to 28 mF.cmge, for CX0-N30-Pt and stay constant throughout aging at 14
mF.cmge, for CX0-C20-N30-Pt. Finally, Ca also slightly decreases from 8 to 6 mF.cm™gc, for
CX0-C20-HT1500-Pt. These results could indicate that carbon xerogels exhibit better
resistance to electrochemical corrosion compared to conventional carbon black supports.
Nevertheless, the purpose of this accelerated aging procedure was to degrade preferentially Pt
nanoparticles while limiting carbon support degradation. As mentioned in the introduction of
this chapter, more aggressive procedures targeting carbon corrosion exist and could be applied

at a later stage of the material testing.
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Figure 4.8. Dynamic polarization curves in MEA configuration of XC-72-Pt (—), CXO0-Pt
(=), CX0-C20-Pt (=), CX0-N30-Pt (=), CX0-C20-N30-Pt (=) and CXO0-C20-
HT1500-Pt (—) recorded at 0.05 V.s™!, at BoL (plain line), MoL (dashed line) and EoL

(dotted line), (a,c) under air and (b,d) under O. H> is injected at the anode with a flow
of 500 mL.min"! and air or O; is injected at the cathode with a flow of 2,000 mL.min™".
Both gases are injected with a relative humidity of 100% and the cell is fixed at 70 °C

with a backpressure of 0.5 bar.

Current densities were reported at 0.5 V at BoL, MoL and EoL in Table 4.3. Values for XC-72-
Pt go from 0.63 and 1.03 A.cm e, at BoL to 0.18 and 0.39 A.cmge, at EoL, under air and O,
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respectively. This represents a total loss of 71% under air and 62% under O; at EoL. CX0-Pt
and CX0-C20-Pt exhibit slightly lower loss of 63 and 57% under air, and 56 and 50% under
02, respectively. CX0-C20-HT1500-Pt displays an even smaller loss of 45% under air and 37%
under O». This sample exhibits the highest current retention upon aging. Nevertheless, it must
be noted that the results obtained with this sample were also less reproducible than for other
catalysts. The different polarization curves obtained for CX0-C20-Pt and CX0-C20-HT1500-
Pt, and used to calculate average values reported in Table 4.3, are presented in Annex 4.1. This
lack of reproducibility could possibly be explained by the higher hydrophobic character of
CXO0-C20-HT1500-Pt, which leads to catalytic inks that are more difficult to stabilize and spray-
coat in the same way from electrode to electrode. Nonetheless, these results are encouraging
and seem to show that a more ordered surface brings some stability to the Pt nanoparticles.
Thus, post-treatment of carbon-coated carbon xerogels at additional temperatures above 1,500
°C would be of interest to perform. Regarding N-doped samples, the loss of current density
losses amounts to 64 and 55% under air, and 58 and 52% under O», for CX0-N30-Pt and CX0-
C20-N30-Pt, respectively. These values are close to those reported for their undoped

counterparts.

Finally, the catalysts were recovered from the aged MEAs after 30,000 voltage steps and
observed under TEM. The corresponding micrographs can be found in Figure 4.9. For all
samples, a large number of agglomerated Pt clusters can be observed. Some isolated
nanoparticles are also observed although in much lower numbers compared to the fresh
catalysts. The diameter of these remaining isolated nanoparticles was calculated and compared
to those of fresh catalysts (Table 4.2). For XC-72-Pt, drem is equal to 9.2 nm (initially: 3.4 nm).
For undoped CXs, drem is equal to 7.7 and 7.0 nm (initially: 3.4 and 2.8 nm) for CX0-Pt and
CXO0-N30-Pt, respectively. The final nanoparticle size is smaller for the N-doped sample, but it
should be reminded that the initial nanoparticles diameter was also smaller to begin with. For
CVD-treated samples, dtem is equal to 8.7, 9.5 and 7.3 nm (initially: 3.6, 3.5 and 3.7 nm) for
CX0-C20-Pt, CX0-C20-N30-Pt and CX0-C20-HT1500-Pt, respectively.
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Figure 4.9. TEM micrographs after ASTs of (a) XC-72-Pt, (b) CXO0-Pt, (¢) CX0-N30-Pt, (d)
CXO0-C20-Pt, (e) CX0-C20-N30-Pt and (f) CX0-C20-HT1500-Pt.
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The high-temperature treatment may have partially prevented Pt agglomeration. Nevertheless,
besides agglomeration, it should also be noted that, on all the catalysts, a large number of carbon
grains observed were devoid of Pt, most likely as a result of extensive Pt nanoparticles
detachment or Pt dissolution. Thus, the significant loss of ECSA observed is certainly the
consequence of Pt agglomeration, detachment and dissolution, although the respective

proportion of each is difficult to determine.

Based on these results obtained in MEA configuration on the fuel cell test bench, it is evident
that carbon xerogel demonstrate good quality as carbon supports. The pristine CX0-Pt catalyst
showed superior performances to the commercial reference. Nevertheless, as previously noted,
in MEA configuration, the overall catalytic performances rely heavily on the electrode
processing, which should be refined for all catalysts. In this thesis, the carbon black-supported
catalyst was treated in the same conditions as the carbon xerogel-supported material, despite
clear intrinsic differences between the materials. Thus, measurements of XC-72-Pt do not
necessarily reflect the maximal achievable performances of the material. Nevertheless, the key
objective is to compare the evolution of the values upon aging, rather than their absolute values.
Regarding post-treatments, carbon coating by CVD, and its subsequent high-temperature
treatment, appear promising. First, satisfactory deposition of the Pt nanoparticles was observed
on all the post-treated carbon xerogel supports. Second, the combination of CVD and HT
treatment slightly improved the MEA stability without adversely affecting mass transport inside
the catalytic layer. Nevertheless, the improvements observed here remain modest and a post-
treatment of carbon-coated carbon xerogels at temperatures above 1,500 °C would be interesting

to perform.

The results obtained in this chapter do not bring clear evidence that nitrogen-doping post-
treatment of the carbon support improve the catalyst performance or durability. On the one
hand, this observation is consistent with the results reported in Chapter 3, with ASTs performed
in RDE configuration. On the other hand, these results appear less encouraging than reported
elsewhere, where the incorporation of N in the carbon matrix seem to mitigate the aging of
catalytic layers [34]. Nonetheless, as discussed in Chapter 3, the reported improvement in
catalytic layer durability is often not decorrelated with the possible modifications induced by
the nitrogen doping treatment, such as changes in carbon pore texture or crystallinity, or
increase in the number of nucleation sites, which ultimately influences the growth of Pt
nanoparticles [35]. Indeed, the Pt nanoparticles may grow closer or further away from their

optimal size (~3.5 nm [6]) upon deposition on a N-doped carbon support. This optimum
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corresponds the size at which the MA of the Pt nanoparticles towards ORR is maximized.
However, this variation in Pt growth may lead to a compensatory effect that can be
misinterpreted as stabilization. For instance, if Pt nanoparticles initially grow smaller on a N-
doped carbon support, with sizes below the optimum, their growth upon aging will lead to a
decrease in ECSA that will be compensated by an increase in catalytic activity, which can be
interpreted as a stabilization of the catalytic performances. Thus, conclusions regarding
improved durability of the catalytic layer should be interpreted with caution due to this possible

bias.

Regarding the nitrogen doping, additional strategies could be explored in future works. For
instance, the incorporation of nitrogen could be combined with the other two post-treatments,
CVD and high-temperature treatment. Nitrogen-doping could be performed on the carbon
xerogel previously subjected to CVD and high-temperature treatment. The integration of these
steps into a single process, using adequate equipment as well as a carbon and nitrogen-rich
precursor, could also be performed. This could help expand and corroborate the findings

reported in this thesis.

4.4. Conclusion

The durability of various carbon xerogel-supported catalysts was evaluated in a MEA
configuration using a PEMFC test bench, and was compared to that of a commercial Pt catalyst
supported on carbon black. The carbon xerogel investigated corresponds to the material
synthesized in Chapter 1, that was subjected to various post-treatments, namely carbon coating
by CVD treatment, high-temperature treatment, and nitrogen doping. The successful deposition
of a secondary carbon layer onto the xerogel surface, as well as the incorporation of the
nitrogen-containing functional groups were observed and all samples were characterized in
previous chapters. The most appropriate Pt catalysts supported on carbon xerogels were
assessed and selected in the previous chapters based on their physico-chemical and

electrochemical properties.

Overall, in MEA configuration, Pt nanoparticles deposited on carbon xerogels display better
initial catalytic activities than those supported on carbon black. Nevertheless, this statement
must be nuanced as the formulation of the carbon-black supported catalyst ink may not be

optimal. Regarding post-treated carbon xerogel samples, small increases in current produced at
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0.5 V were observed after CVD treatment and high-temperature treatment. Meanwhile, the
current produced at 0.5 V remains similar for N-doped samples, compared to their undoped
counterparts. No significant differences were observed regarding the initial electrochemical
surface area of Pt, which remained consistently in the range of 24 to 33 m2.g"'p; across the entire

catalyst series.

The electrochemical performance was also assessed after aging, i.e. after 30,000 voltage steps
between 0.6 and 1.0 V. This voltage range was chosen to focus on Pt nanoparticles degradation
while minimizing strong carbon degradation. Indeed, overly aggressive degradation of the
carbon is not well-suited for initial screening of the catalytic layer durability, if the Pt itself is
insufficiently stable. The ECSA of all materials decreased, in the range of ca. 85%. This
phenomenon is largely due to Pt nanoparticles detachment and agglomeration occurring during
aging, as was observed on the TEM micrographs of the aged catalysts. All catalytic layers show
an ECSA that decreased to roughly 3-4 m2.g"'p. The performances also decrease upon aging as
a result of the Pt particles evolution. The current produced at 0.5 V after 30,000 voltage steps
decreases by 71% under air flow for the commercial catalyst. This loss is higher to that observed
in the case of the pristine CX catalyst, which exhibit an 63% loss. Compared to the commercial
catalyst, this loss is also slightly alleviated after N-doping treatment, with a 64% decrease for
the N-doped carbon xerogel and 58% for the N-doped carbon-coated carbon xerogel.
Nevertheless, catalysts supported on N-doped carbon xerogels do not exhibit clear evidence of
improved stability compared to their undoped counterparts. These observations are relatively
opposed to what is commonly reported in the literature, despite the nitrogen functional groups

identified and their proportions being similar to those mentioned in other reports.

The highest current retention is observed for the catalyst supported on carbon-coated carbon
xerogel subsequently treated at 1,500 °C. For this sample, the lowest current decrease after
aging is observed, namely 45%. This result indicates that surface modification via CVD
followed by high-temperature treatment can offer better MEA stability, without compromising
the mass transport properties of the carbon support given that the mesopore structure remains
intact. Nevertheless, it is clear that this treatment alone does not effectively suppress
nanoparticle migration. Plus, reproducibility issues were encountered with this sample,
indicating that this treatment requires further investigation. Finally, it is important to note that
this increase in durability was not reported with measurements performed in RDE configuration

in Chapter 2. RDE measurements provide a useful initial indication of the material
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electrocatalytic performances. However, assembling the material in MEA configuration

provides a much more realistic assessment of these performances.
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Annex 4.1. Reproducibility of the Membrane-Electrodes
Assemblies

In this chapter, each catalyst material was spray-coated onto a minimum of three membranes to
manufacture three identical MEAs. Moreover, for each catalyst, at least two MEAs were
characterized and subjected to aging. This step is necessary to ensure the reliability of the
obtained data. Polarization curves of two MEAs are provided in Figure A4.1.1 for CX0-C20-
Pt and Figure A4.1.2 for CX0-C20-HT1500-Pt. In addition, the current density produced at 0.5
V is reported in Table A4.1.1. For both materials, similar initial performances (at BoL) with
deviations <20% across membranes (see Table A4.1.2 and Table A4.1.3) are observed across a
large range of voltage (from 0.4 to 0.85 V). The only exception is a variation of 22% at 0.85 V
for CX0-C20-HT1500-Pt with the cathode under air. Nevertheless, the kinetic region,
corresponding to low current densities, superimposes relatively well across MEAs for both
CXO0-C20-Pt and CX0-C20-HT1500-Pt. At higher currents, small variations between MEAs
start to appear. Since carbon xerogel-supported catalysts lead to relatively thick active layers,
achieving strictly identical electrode architecture is challenging. Nevertheless, despite these

small variations, these MEAs are suitable for accelerated stress testing.

After 10,000 cycles, at MoL, no significant variation in current densities are observed between
the two MEAs of CX0-C20-Pt, whether measurements are performed under air or Oo.
Meanwhile, variations begin to appear for CX0-C20-HT1500-Pt MEAs, especially under air
with a maximum deviation of 71% at 0.85 V. The deviation is less pronounced under O> and
reaches a maximum of 34% at 0.85 V. Finally, after 30,000 cycles, at EoL, differences in current
become quite visible between the two CX0-C20-Pt MEAs at low current densities (0.7 and 0.85
V), with variations >20%. However, at higher current densities (0.4 and 0.55 V), both
membranes display similar current densities with a variation <20%. Meanwhile, clear variations
across the entire polarization curves are observed for the two MEAs of CX0-C20-HT1500-Pt,
both under air and O with very strong deviations, reaching a maximum of 146 and 137% under

air and O, respectively, at 0.85 V.

The AST applied to the MEAs are prolonged and harsh. Thus, some degree of variability in
catalyst degradation is expected. Nevertheless, the polarization curves of CX0-C20-Pt remain
relatively similar throughout aging and fall within a 20% margin error. This indicates that the

MEAs are manufactured consistently and that ASTs are conducted accurately and reliably.
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Meanwhile, the lower reliability of CX0-C20-HT1500-Pt is difficult to explain but could
possibly be due to the high hydrophobicity of the carbon support, which could result in catalytic
inks that are more difficult to stabilize and spray-coat in a reproducible manner. Adjusting the
ink composition, for example by modifying the water-to-isopropanol ratio, could potentially

improve the ink stability.

Table A4.1.1. Evolution of the current density of two sets of identically manufactured MEAs
upon aging.

Jos?
(A.cm?geo)
Catalyst ¢
Under air Under Oz
BoL 0.76 1.41
CX0-C20-Pt

MoL 0.51 1.08
MEA n°1

EoL 0.31 0.70

BoL 0.69 1.33

CX0-C20-Pt

MoL 0.45 1.01
MEA n°2

EoL 0.30 0.65

BoL 0.70 1.33

CX0-C20-HT1500-Pt

MoL 0.55 1.07
MEA n°1

EoL 0.38 0.77

BoL 0.67 1.18

CX0-C20-HT1500-Pt

MoL 0.52 0.92
MEA n°2

EoL 0.19 0.43

2 Jos: Current density measured at 0.5 V.
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Table A4.1.2. Variation in the current density measured across membranes, with the cathode

under air.
Variation in current density
(%0)
CXO0-C20-Pt CX0-C20-HT1500-Pt

Voltage (V) BoL MoL EoL BoL MoL EoL

0.4 12 15 5 2 7 40

0.55 9 13 8 8 19 90

0.7 7 6 34 16 64 135
0.85 5 1 68 22 71 146

Table A4.1.3. Variation in the current density measured across membranes, with the cathode

under Oo.
Variation in current density
(%)
CXO0-C20-Pt CX0-C20-HT1500-Pt
Voltage (V) BoL MoL EoL BoL MoL EoL
0.4 5 7 5 11 13 33
0.55 6 5 16 13 17 73
0.7 6 3 53 14 23 124
0.85 <1 <1 75 20 34 137
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Figure A4.1.1. Dynamic polarization curves of CX0-C20-Pt recorded at 0.05 V.s', (a) under
air and (b) under O, at BoL (plain line), (b) MoL (dashed line) and (c) EoL (dotted line).

MEA n°1 (—) and n°2 (—). H2 is injected at the anode with a flow of 500 mL.min"' and

air or O is injected at the cathode with a flow of 2,000 mL.min"'. Both gases are injected
with a relative humidity of 100% and the cell is fixed at 70 °C with a backpressure of 0.5

bar.
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Figure A4.1.2. Dynamic polarization curves of CX0-C20-HT1500-Pt recorded at 0.05 V.s!, (a)
under air and (b) under O, at BoL (plain line), (b) MoL (dashed line) and (c¢) EoL (dotted

line). MEA n°1 (=) and n°2 (=). H; is injected at the anode with a flow of 500 mL.min"

!and air or O is injected at the cathode with a flow of 2,000 mL.min"!. Both gases are
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injected with a relative humidity of 100% and the cell is fixed at 70 °C with a

backpressure of 0.5 bar.
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Annex 4.2. Additional figures
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Figure A4.2.3. Thickness profiles of the active layer of XC-72-Pt (=), CX0-Pt (—), CX0-C20-

Pt (=), CX0-N30-Pt (=), CX0-C20-N30-Pt (=) and CXO0-C20-HT1500-Pt (=)
deposited on a glass slide via spray-coating.
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Conclusion and outlook

The objective of this thesis was to develop durable carbon materials suitable for use as
electrocatalyst support in Proton Exchange Membrane Fuel Cell (PEMFC) catalytic layers. This
layer consists of platinum nanoparticles supported on a carbon structure and mixed with a
proton-conducting ionomer. Nevertheless, various limitations related to this catalytic layer can
be encountered. For instance, severe gas diffusion limitations can occur if the catalytic layer
architecture is not properly optimized to provide sufficient diffusion pathways for the gaseous
reactants and evacuate the water produced. In addition, both the platinum nanoparticles and
carbon support undergo degradation upon long-term operation of the fuel cell. This degradation
includes nanoparticle agglomeration, migration and detachment, but also support oxidation (i.e.
carbon corrosion). Addressing these issues requires the fabrication of catalytic layers from
materials able to mitigate these phenomena. Particularly, it is essential to design a carbon
material with a surface and pore texture optimized for metal electrocatalyst deposition and gas

diffusion, that also remains stable upon prolonged fuel cell operation.

Carbon blacks are widely used as carbon supports in commercial PEMFC catalytic layers.
However, they have some limitations. First, tuning the architecture of the catalytic layer is
challenging. Indeed, the pore texture of carbon black-based catalytic layers is not easily
controllable and the arrangement of agglomerates can be altered during the electrode
processing. Second, carbon blacks exhibit limited resistance to the carbon corrosion that can
occur at the cathode side of PEMFCs. The different conditions encountered in this electrode,
such as the operating voltage (> 0.6 V vs. RHE), the presence of water and Pt, as well as
temperatures around 70 °C, constitute an oxidative environment that accelerates the carbon
corrosion kinetics. Thus, in this thesis, carbon xerogels (CX) were used as an alternative to
carbon blacks. Carbon xerogels are hard carbon material made of interconnected microporous
nodules, the size of which can be tuned by selecting the appropriate values of reaction variables,
enabling a good adjustment of their meso/macropore texture. This tunability makes carbon
xerogels good materials for mass transport control compared to carbon blacks. Nevertheless,
carbon xerogels are materials exhibiting a highly disordered surface structure, and as such, are

exposed to fast corrosion kinetics. Therefore, controlling the surface ordering of the carbon
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xerogel surface is also essential to ultimately obtain a carbon support with both a tuned pore

texture and a high degree of graphitization at its surface.

Accordingly, the first objective of this thesis was to synthesize a carbon xerogel with a pore
texture appropriate for a PEMFC catalytic layer application, i.e. a carbon material with
sufficient pore volume and adequate pore size to minimize mass transport limitations, enable
good water management, and that provides enough surface area for the homogeneous
deposition of a catalytically active phase (i.e. Pt nanoparticles). This carbon xerogel was then
subjected to different post-treatments aimed at modifying its surface so as to (i) decrease the
rate of carbon corrosion to avoid severe carbon losses and prevent nanoparticle detachment and
(i1) strengthen the interaction between the support and the electrocatalyst and thus limit the
nanoparticles migration and aggregation. The Pt nanoparticles were then deposited on the
pristine and post-treated carbon xerogels. The impact of these post-treatments on the physico-
chemical properties of the carbon xerogel was assessed. More importantly, the electrochemical
performance of these catalysts, i.e. their catalytic activity towards the Oxygen Reduction
Reaction (ORR), was measured in two electrochemical configurations, first in a Rotating Disk
Electrode (RDE) configuration, and second in a Membrane-Electrodes Assembly (MEA)
configuration. Finally, their durability upon accelerated aging was also evaluated in these two

configurations.

Carbon-coating of carbon xerogels

In the first chapter, a carbon xerogel with a pore size centered around 70 nm, a BET surface
area of 674 m%.g’! and an external surface area (i.e. excluding the internal micropores) of 201
m2.g!. was synthesized and used as a base material throughout this thesis. It was previously
shown through experiments that this pore size is suitable for PEMFC catalytic layer applications
while the corresponding external surface area is sufficient for efficient Pt deposition [1]. This
xerogel was then subjected to two different post-treatments. The first one consisted in a
Chemical Vapor Deposition (CVD) treatment based on the thermal cracking of ethylene. This
aimed at depositing a uniform carbon layer onto the surface of the carbon xerogel. Various CVD
durations, ranging from 5 to 60 min, were investigated to quantify the impact of the layer
thickness on the physico-chemical properties of the carbon xerogel and to determine the most
suitable conditions. A second post-treatment consisted in exposing the CVD-treated carbon

xerogel to a high temperature of 1,500 °C under inert atmosphere, which aimed at further
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increasing the surface ordering of the deposited carbon layer. This heat treatment was performed
on the most appropriate CVD-coated carbon xerogel but not on the pristine carbon xerogel:
indeed, given that carbon xerogels are classified as hard carbons (i.e. non-graphitizable), it is

well-known that they cannot be crystallized by this method.

The carbon layer deposited by CVD was found inherently more ordered than the original carbon
xerogel surface. Indeed, an increase of surface crystallinity was clearly observed via HR-TEM
and XRD analyses after CVD and high-temperature treatments. Thus, in contrast to the original
carbon xerogel surface, the carbon layer was found to exhibit a graphitizable nature. The CVD
coating was also found to significantly cover the micropore texture. However, none of the
chosen treatments detrimentally impacted the external surface area of the carbon nodules (i.e.
the carbon surface excluding the internal micropores) and the meso/macropore texture of the
carbon xerogel, essential for gas transport, water management, and deposition of metal
nanoparticles. Among the different CVD durations performed, the carbon xerogel treated for
20 min by CVD was selected as the optimal carbon support, as it enabled the clear deposition
of secondary layer, evidence by a marked decrease in the micropore volume, without extensive
treatment duration. This CVD-coated carbon xerogel after high-temperature treatment at 1,500
°C was also selected for Pt deposition. Finally, the CX treated in the most intense conditions,
namely 60 min of CVD, was also selected for electrocatalyst manufacturing in the following

chapter.

Catalytic phase deposition and electrochemical characterization

The central objective of this thesis was the evaluation of the electrochemical performances of
Pt catalysts supported on post-treated carbon xerogels. The aim was to evaluate how their
performances compare with regards to equivalent catalysts supported on pristine CX and on
commercial carbon blacks. In Chapter 2, the three post-treated carbon xerogels identified in
Chapter 1, along with the pristine CX, were loaded with Pt nanoparticles via a standard Pt
deposition procedure. Transmission electron microscopy (TEM) was used to visually
characterize the catalysts. It was observed that nanoparticles were deposited homogenously on
all samples with only minor variations in particle size distributions. Moreover, the observed
nanoparticle sizes (3.4 to 3.7 nm) remained compatible with PEMFC applications. The catalytic
activities and Pt ElectroChemically active Surface Area (ECSA) were assessed in a three-

electrode configuration, in 0.5 M H>SO4 aqueous electrolyte, using a Rotating Disk Electrode
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(RDE). The electrochemical performances of these catalysts were also evaluated after
accelerated aging. The aging procedure consisted in 5,000 and 20,000 cycles of potential
between 0.6 and 1.0 V vs. RHE at 80 °C. A commercial carbon black-supported catalyst was

also tested and characterized in the same conditions as the carbon xerogel-supported catalysts.

The results obtained in RDE configuration confirmed that the initial electrochemical
performances of a catalyst supported on a carbon xerogel with appropriate pore texture were on
par with those of a carbon black-supported catalyst. The initial catalytic performances also
showed that the catalyst supported on the carbon xerogel treated 20 min by CVD exhibits
slightly better performances that the untreated counterpart. Nonetheless, the performances were
more nuanced with the carbon xerogel coated for 60 min. These changes in catalytic activity
were attributed to the above-mentioned variations in Pt nanoparticles size on the different
carbon surfaces upon CVD treatment. In terms of resilience upon aging, Pt nanoparticles tend
to agglomerate less upon aging after CVD and high-temperature treatment. However, as
previously stated, the nanoparticles were initially slightly larger. Moreover, all carbon xerogel-
supported catalysts displayed a tendency for increasing catalytic activity upon aging. This was

attributed to the nanoparticles average size that initially may have been too small.

Study of nitrogen doping

The third chapter focused on surface nitrogen-doping of carbon xerogels, performed via a N-
based plasma treatment. This post-treatment was performed on the pristine CX and on the CX
coated 20 min by CVD, as designed in Chapter 1. By varying the plasma working parameters,
different nitrogen contents at the surface of these two carbon xerogels were obtained. Surface
analyses performed with XPS allowed to determine the total nitrogen percentage at the surface
of the carbon xerogels, which ranged between 1.5 and 7.2 at.%. Moreover, the presence of
pyridinic, pyrrolic and graphitic nitrogen species was reported. This range of nitrogen content,
as well as the nitrogen-containing functional groups observed on these samples are commonly
reported in the literature to bring a positive effect on the catalyst-support interaction [2]. Pt
nanoparticles were deposited on these N-doped carbon xerogels following the same procedure
as in Chapter 2, and their electrochemical evaluation was again performed in RDE
configuration, in 0.5 M H2SO4 electrolyte. The same accelerated aging procedure as in Chapter

2 was also used again.
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TEM analysis showed that the size of the Pt nanoparticles decreased slightly in the case of N-
doped CX while it remained relatively stable with the CX that was CVD-coated prior to N-
doping. However, despite the successful incorporation of nitrogen, catalysts supported on N-
doped carbon xerogels did not exhibit a marked increase of stability upon aging, compared to
their undoped counterparts. Indeed, the catalytic activity towards ORR measured after complete
aging procedure remained similar. Moreover, at higher nitrogen surface content (7.2 at.%), the
ECSA was lower than that measured for the other carbon xerogel-supported catalysts,
suggesting that high nitrogen content can even play a detrimental role. The results obtained here
differ from the trends usually reported in the literature, where the incorporation of N in a carbon
matrix is often associated with enhanced catalytic layer durability. It is worth noting that the
carbon xerogel employed in this thesis differs from more commonly studied carbon supports
(carbon black, carbon nanotubes, efc.). Nonetheless, the use of carbon xerogel as N-doped
carbon support for PEMFC catalytic layer should not represent an issue, as shown from the
work of Alegre et al. [3]. Nonetheless, the exact effects of nitrogen doping are complex and not
always fully understood. Undoubtedly, the incorporation of heteroatoms in a carbon support
induce changes in the charge and spin density of the carbon network, which could ultimately
improve the durability of PEMFC catalytic layers. However, as was highlighted in Chapter 3,
the heteroatom doping treatment can also induce changes in the crystallinity, pore texture or
number of nucleation sites of the carbon support, which can affect the Pt nanoparticle growth.
Thus, nanoparticles of different sizes can be obtained, either closer or further away from their
optimum size, ~ 3.5 nm. Since the catalytic activity towards ORR and catalytic layer stability
is directly related to the Pt nanoparticles size, the reported improvement of Pt nanoparticles
stability on N-doped supports could be biased. Finally, considering that heteroatom doping
introduce additional steps and a raised processing cost, the study performed in this thesis
questions the viability of nitrogen doping treatment towards improved durability of PEMFC

catalytic layers.
Durability study

The final chapter consisted in a durability study in Membrane-Electrodes Assembly (MEA)
configuration, on a fuel cell test bench. Five carbon xerogel-supported Pt catalysts with the best
durability under accelerated aging observed in RDE configuration in previous chapters were
selected and were processed into MEA. These five catalysts included the pristine CX as well as
four post-treated carbon xerogels. This includes the CX treated 20 min by CVD, and the CX
treated 20 min by CVD, subsequently subjected to high temperature-treated. It also includes the
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N-doped CX as well as the CX treated 20 min by CVD and subsequently N-doped. All these
catalysts encompass the three different post-treatments investigated in this thesis. Similar to
Chapter 2, the commercial carbon black-supported catalyst was also evaluated in this
configuration. The durability in operating PEMFC of all these samples was again evaluated
after accelerated aging, which consisted first in 10,000 cycles of steady potential steps at 0.6
and 1.0 V vs. RHE, then followed by 20,000 additional cycles. The commercial catalyst
exhibited relatively poor initial electrochemical performances compared to the active layers
supported on carbon xerogel. This observation contrasts to what was observed in Chapter 2,
and to what is usually reported in the literature. This difference was ascribed to the catalyst ink
formulation used in ths thesis that was better optimized for carbon xerogel-supported catalysts
than for the carbon black-supported catalyst, leading to a larger fraction of Pt not being utilized.
Nonetheless, the retention upon aging of the £ECSA and current density could still be assessed
and compared to that of the carbon xerogel-supported catalysts. Regarding the active layers
supported on carbon xerogel, a small increase in durability is observed on the CVD-treated CX,
compared to the pristine CX. However, the durability of the two active layers supported on N-
doped carbon xerogel remained very similar compared to their undoped counterparts. This
result is consistent with the observations reported in Chapter 3. However, it leads to the
conclusion that the nitrogen doping strategy explored here did not lead to a clear improvement
in terms of catalytic layer durability. Finally, the catalyst supported on the CX treated both by
CVD and then by high temperature post-treatments exhibited the most promising durability
upon aging, which could be ascribed to the higher degree of surface ordering. However, the
reproducibility of the measurements was particularly challenging for this sample, and further

studies are required to confirm the findings observed.
Outlook

This thesis aimed at developing more durable carbon supports. To this end, the surface of the
carbon xerogel was modified to improve its resistance to oxidation and to strengthen the
interaction between the carbon support and the catalyst so as to limit migration and aggregation
of Pt nanoparticles. Encouraging results were obtained on the carbon xerogel coated with a
carbon layer and subsequently graphitized at high temperature under inert atmosphere. Indeed,
a significant increasing in surface ordering was observed while the electrochemical
performances of the corresponding catalyst were well-retained upon accelerated aging in test
bench configuration. Nevertheless, in this thesis, only one sample subjected to this high-

temperature treatment was evaluated. Varying the treatment conditions, such as the temperature
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or the duration, would allow to determine optimized conditions that produce the most durable

carbon support.

Regarding nitrogen doping, different N atomic percentages at the surface of the carbon xerogel
were obtained without modification of its pore texture. However, the durability of catalysts
supported on these N-doped carbon xerogels was not significantly better compared to the non-
doped counterpart. This raised questions about the actual effectiveness of nitrogen doping to
obtain more stable Pt nanoparticles. Nevertheless, other strategies could be applied in the future
to further complement the findings reported in this thesis. For instance, it could still be
interesting to combine all three post-treatments explored in this thesis, i.e. to first perform CVD
then high-temperature treatment in optimized conditions, and to eventually perform N-doping

via plasma treatment in a N2> atmosphere.

Moreover, instead of carrying out the CVD and N-doping as two separate steps, the use of a
nitrogen-rich carbon precursor during the CVD treatment, in place of the ethylene used in this
thesis, could provide both carbon and nitrogen sources. This could potentially enable the direct
deposition of a N-doped carbon coating at the surface of the carbon xerogel. The deposition of
a nitrogen-doped carbon film could also be achieved using a plasma-enhanced chemical vapor
deposition treatment [4]. Such treatment would require the use of a different reactor than used
with CVD but would also enable a one-step approach. These processes would also need to be
adjusted to optimize the carbon coating properties and refine the amount of N-containing
functional groups and their relative proportions. More generally, regarding heteroatom doping,
the insertion of other p-block doping elements could also be performed in future research. For
instance, some carbon materials doped with sulfur-containing or phosphorus-containing
functional groups were reported to exhibit higher catalytic activity towards ORR. These
heteroatoms, in a similar manner with nitrogen, are known to induce changes in the charge and
spin densities of the carbon atoms adjacent to them, which could play a role in Pt nanoparticles

stabilization upon aging.

Finally, the most durable catalysts could be exposed to more stringent accelerated aging to
further complete the durability study. Indeed, the AST procedures used in this thesis primarily
aim at inducing Pt degradation with minimal carbon oxidation. Nevertheless, provided the Pt
remains sufficiently stable after these ASTs in mild conditions, the application of higher
potential holds, typically between 1.0 and 1.5 V vs. RHE, could be employed to simulate

startup/shutdown conditions encountered in commercial PEMFC stacks. This would further
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complement the durability study and provide deeper insights into the long-term durability of

carbon xerogel-supported catalysts.
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