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BE: Binding energy

BF: Bright field

BJH: Barrett-Joyner-Halenda

CB: Carbon black
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CL: Catalyst layer
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LTE: Local thermal equilibrium

MA: Mass activity
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NP: Nanoparticle

OES: Optical emission spectroscopy
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Introduction

Nowadays, the production or use of energy based on non-renewable sources is
ordinary, from power plants to transportation systems. Efforts have been made
to find alternative solutions like photovoltaic panels, wind turbines, geothermal
energy, etc. Unfortunately, non-renewable sources of energy are still predominant
and alternatives only represent few percentages of the total, as seen in Figure 1,
even if renewable sources of energy have seen their share grow from 3 to 9% in ten
years. Yet, coal and natural gas represent more than 60% of the current global
energy production.

Share of global electricity generation by fuel
Percentage

oil W Hydroelectricity M Other 50
M Coal Nuclear energy
M Natural gas Renewables

30

86 90 94 98 02 06 10 14 18 0

Figure 1: Evolution of the energy production by fuel between 1986 and 2018
(Taken from BP Statistical Review of World Energy 2019).

Moreover, in 2017, the world’s carbon dioxide emissions have increased by
1.6%; in term of mass, it represents an emission of 36.2 Gt of CO, released in
the atmosphere which is not compensated by the decarbonization [1|. The di-
rect impacts of the production of greenhouse effect gases (CO,, NO,, SO, ) are
climate change leading to a global warming, health problems developed by the
release of harmful particles which can penetrate in the lungs. The consequences
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are intensification of hazards like natural disasters that affect humans [2]. The
main causes on the emission of greenhouse effect gases are combustion of fossil
fuel (coal, petroleum, natural gas, etc.) and production of cement which release
over 90% of the COy produced by human activities [1|. Figure 2 illustrates the
critical evolution of the world emissions of CO5 until 2017. Furthermore, with the
rarefaction of non-renewable sources, it is urgent to face this problem by proposing
alternative sources of energy with a lower environmental impact. Conventional re-
newables can not offer a continuous source of energy since the production depends
on the environment. For example, wind turbines and solar panels are constrained
by weather conditions or their geographical position.

40.0 4
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30.0 4
25.0 4
200 — oil
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10.0

— Coal

World CO, emissions (Gt)

5.0

0.0

T ' T i
1800 1850 1900 1950 2000

Year
Credit : Global Carbon Project (GCP) and Carbon Dioxide Information Analysis Center (CDIAC)

Figure 2: Evolution of the mass of COy released in the atmosphere by fuel
combustion and cement production.

Transportation systems (cars, buses, etc.) are at the heart of the problematic
and new ways of energy production without the limitations of the conventional
renewable must be developed. One of the most promising way to reach a sus-
tainable development in the future is to stock energy and give it back thanks
to electrochemical reactions |3,4|. This is typically done in fuel cells (FC) which
convert chemical energy into an electrical one. Especially, polymer electrolyte fuel
cells (also named Proton Exchange Membrane Fuel Cells, PEMFC) seem to be a
key technology for a net reduction of the greenhouse gas emissions [5]. Indeed,
only heat and water are produced as residuals of the chemical reaction. Moreover,
PEMFCs seem to be a highly promising way to provide electricity for applications
requiring mobile, portable and small stationary systems [6].
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Chapter 1 presents a brief history on the developments of such a technology,
from its invention by Sir William Grove to the research performed to improve
its efficiency, durability and lower the impact on the environment. The working
principle and parts constituting a PEMFC are also detailed, this to provide the
basics needed to understand the different issues that led to the numerous research
and the work presented in this thesis. A special attention is then given on the
developments made on the catalysts layers which are related to the chemical re-
actions involved in the PEMFCs. Thus, the hydrogen oxidation and the oxygen
reduction reactions are explained in details together with the state-of-the-art on
the materials employed as catalysts, from the mainly employed Pt catalyst to new
Pt-free alternatives, and their efficiency in both chemical reactions. The influence
of the carbon support towards the catalytic activity is discussed as well as the
effect of nitrogen-doping of the matrix.

A general introduction on the low-pressure plasmas is then given in chapter 2.
The criteria which define a plasma are discussed from the Debye shielding length
to the plasma sheaths, and includes the ionization degree definition, the quasi-
neutrality concept and the Langmuir frequency definition. The low-pressure non-
local thermal equilibrium plasmas are then presented and two examples given : the
glow discharges and the radio-frequency inductively coupled (RF-ICP) plasmas.
The latter was employed for the synthesis of the nanoparticles (NPs) which is at
the heart of this work. Finally, the transition between capacitive and inductive
modes in RF-ICP is debated in the last section.

Afterwards, the methodologies developed to synthesize NPs are discussed in
chapter 3; a brief overview of some wet chemical and physico-chemical processes
is given. Especially, a research using the low-pressure plasma method, which is
the one employed in this work, is detailed. The experimental setup used is then
presented including the plasma reactor, the RF-ICP source, the gas injection and
pumping systems, and the pressure gauges. The last section concerns the proce-
dure setup to synthesize the NPs. In this thesis, organometallic precursors were
mixed with a carbon matrix and all the reactants treated in a plasma discharge.
The decomposition of the precursor then leads to the formation of anchored NPs
at the surface of the carbon support.

Several characterization techniques were used to get new insights on the NPs
fabrication mechanisms taking place during the plasma treatments, and the influ-
ence of the plasma conditions on the synthesis and the carbon functionalization.
A general overview of these techniques are presented in chapter 4. The main
technique used was the X-ray photoelectron spectroscopy (XPS) which allows
to determine the overall composition and chemical environment of the elements
present at the surface of the samples; its working principle is explained as well as
the specifications of the device used in this work. A systematic structural anal-



4 Introduction

ysis was checked thanks to an X-ray diffractometer (XRD) following the powder
method; basics of the principle and measurements is provided. Images of the sam-
ples produced were acquired by transmission electron microscopy (TEM) and, in
some cases, chemical information on the NPs was derived from an energy disper-
sive X-ray (EDX) analysis. The catalytic activity of the supported NPs could also
be measured thanks to electrochemical methodologies which include CO stripping
and oxygen reduction reaction measurements in a three-electrode cell.

In chapter 5, an in-depth study was performed on Pt/C materials fabricated
from various metallic precursors and treated under different plasma conditions
(transmitted power, treatment time, gas mixture, etc.). The influence of two
carbon supports (carbon xerogel or graphene nanoplatelets) on the NP nucle-
ation and growth was also explored. Results and discussions on the new insights
obtained about the nucleation mechanisms, growth and agglomeration of NPs
are presented. More specifically, the so-called "one-pot" strategy is compared to
the newly developed "2-step" method in which a low-energy plasma treatment
(pulsed and/or lower transmitted power plasma) was applied and followed by a
high-energy one (continuous and/or higher transmitted power plasma). The last
part of this chapter concerns a study on the effect of a pretreatment of the carbon
matrix.

Afterwards, a work on Ni/C nanocatalysts is discussed in chapter 6; the de-
composition mechanisms and kinetics were investigated together with the NPs
morphology and chemical composition. Three plasma chemistries were studied :
an oxygen and two nitrogen-based gas mixtures. Considering an analogy with an
Arrhenius law, an "activation power" was calculated for each plasma condition
and compared to each other.

In chapter 7, the synthesis of bimetallic Pt-Ni/graphene by simultaneous or
sequential plasma treatments is then presented. The systematic XPS, XRD and
TEM analyses were used to characterize the produced materials and proposed
mechanisms are given to explain the nucleation processes in both strategies. More-
over, electrochemical measurements were performed in order to determine the
catalytic activity of the Pt-Ni/graphene nanocomposites and compared with the
activity of a commercial Pt/C catalyst.

Chapter 8 deals with the incorporation of N atoms in a carbon xerogel by using
NH; or Ny plasmas. The first part of this chapter is dedicated to the determina-
tion of the E-to-H transition, i.e. threshold power between the capacitive E and
inductive H mode in RF-ICP discharges. Previous works shown that the coupling
mode affects the reactive species present in the plasma region. Therefore, it was
believed that different N-functionalizations could result of the plasma treatment
conditions. This could be useful for applications that require specific functional
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groups grafted at the surface of the carbon support. Two pressures and trans-
mitted plasma powers between 20 and 200 W were investigated with a NH3 gas
mixture. Chemical analyses of the treated carbon xerogels under these plasma
conditions are discussed. The last part of this thesis concerns the analysis of a
Ny treated carbon xerogel under the best plasma conditions regarding the results
found for the NH3 treatment.

Finally, this manuscript ends with a sum up of the main achievements obtained
and few perspectives which could be explored in the future to improve the plasma-
assisted methodology for both NP synthesis and N-doping of carbon matrices.






Chapter 1

Polymer electrolyte membrane fuel
cells

This chapter aims to introduce a brief history on fuel cells, among them poly-
mer electrolyte fuel cells, and their recent developments. A description of the
working principle of polymer electrolyte membrane fuel cell is then given, this
kind of device being a promising key technology to replace conventional ways
of producing energy. More specifically, the chemical reactions and mechanisms
involved in such fuel cells are explained and are related to catalyst materials
employed. The present thesis being focused on the synthesis of nanoparticles for
various applications, among which catalysis; it is necessary to introduce the devel-
opments performed in the past few years to improve their efficiency while lowering
the amount of critical raw materials used in their fabrication. For both chemical
reactions in those fuel cells, the influence of the catalyst material is discussed.
Afterwards, discussions on the catalyst support and nitrogen doping of the latter
is given.

1.1 Fuel cells history

Back in 1839, Sir William Grove invented a way to produce energy from the
reverse process of water electrolysis, ¢.e. separation of hydrogen and oxygen atoms
in water. He demonstrated that a chemical reaction can occur between hydrogen
and oxygen with the help of a catalyst leading to the generation of electricity [7].
His apparatus is shown in Figure 1.1. Unfortunately, his discovery did not get
any improvement for almost a century. It is only in 1937 that Francis T. Bacon
redeveloped the idea of Grove and created a 40-cell stack in 1950 [8].

Several attempts have been made by the NASA to use fuel cells in Gemini
spacecrafts, from 1962 to 1965, but each of them suffered from malfunctions or
from the lack of performance [9]. The technology was thus replaced by alkaline
fuel cells in the Apollo program [9]. The development of the technology was stalled

7
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Figure 1.1: The first historic fuel cell created by William R. Grove in 1839
(Reprinted from [7]).

for the second time in History. The real breakthrough arrived in the late 1980s
with research performed by Ballard Power Systems. Their main goal was and still
is to develop PEMFCs for a sustainable planet with a wide range of applications,
mostly in the automotive industry. However, the expensive cost and the use of
critical raw materials, i.e. referring to elements in the platinum group (PGM -
Pd, Rh, Os, Ir and Ru), in such devices limit the widespread commercialization
among population.

Currently, scientists try to find new ways to produce PEMFCs at a reduced
cost and free of hardly recyclable parts like noble metal-based catalysts. A recent
study showed that only 17% of the noble metals processed worldwide is recycled
while the global demand is high compared to the amount of resources available
[10,11]. Moreover, studies have been done to show the negative impact of the PGM
elements released in the environment due to mining or to their use in general
: soil pollution, food contamination, hazardous effects on health, etc. [12-16].
New technologies have to be found to surpass those issues and make catalysts in
PEMFC more eco-friendly. This will be discussed in sections 1.3.2 and 1.3.4.

1.2 PEM fuel cell’s working principle

Among the different kinds of fuel cells, there is one which gained rapidly in pop-
ularity, the so-called PEMFC, as mentioned previously. Advantages of PEMFC,
in comparison with the others FC, are numerous. Those systems can operate at
low temperature, are relatively compact, able to supply high power and use a
quasi-solid electrolyte [17]. The central part of the FC is the membrane electrode
assembly (MEA). It is made of a polymer electrolyte membrane, two catalytic
layers (CLs), two gas diffusion layers (GDLs) and two bipolar plates, as seen in
Figure 1.2.
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Figure 1.2: Working principle diagram of a PEMFC.

Basically, a PEMFC transforms hydrogen and oxygen into water owing to the
reverse chemical reaction of water electrolysis and with the use of a catalyst :

In more detail, hydrogen molecules are supplied by a bipolar plate flow to the
anode side of the FC, then pass trough a gas diffusion layer and encounter the
catalytic layer on which hydrogen will react to produce electrons and protons.
The chemical reaction is called the hydrogen oxidation reaction (HOR) :

Hy — 2HT + 2¢~ (1.2)

The polymer electrolyte membrane is placed next to the region where HOR
occurs. It plays a major role in the principle of PEMFC; it must conduct protons
produced by the HOR (i.e. ionic conductor), while it is impermeable to electrons
(i.e. electronic insulator) and all gases so they cannot pass to the other side of
the cell but rather through an electrical circuit. Electrons pass through the GDLs
and the bipolar plates in order to reach the circuit.

On the cathode side of the MEA, an oxygen or air stream is sent which has to
pass through a GDL as well before arriving on the catalytic layer. The second
chemical reaction involved in the process is the oxygen reduction reaction (ORR)
in which electrons, protons and oxygen react all together to form water :

Oy + 4H"4e™ — 2H,0 (1.3)
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On both sides of the PEM, catalyst layers allow the chemical reactions to occur
at a faster rate. Since their recent development, catalysts employed are mainly
made of platinum due to its high activity for both HOR and ORR [17-20]. As
mentioned previously, alternatives have been studied and are discussed in sections
1.3.2 and 1.3.4.

The purpose of the GDLs is essential in PEMFCs. They are made of porous
materials to let reactants easily flow towards the carbon-supported catalysts |17].
GDLs also have to be electrically conductive to permit electrons produced on the
catalytic layer to reach the bipolar plates. Thus, they ensure a good electrical
connection between those two parts. In addition, water molecules produced near
the electrode/electrolyte interface in PEMFCs have to be removed and transported
into the gas flow channels by passing trough the GDLs [21]. For this reason,
GDLs are made of a porous material to ensure the water evacuation; it has been
shown that the removal of water in vapor phase occurs due to thermal and vapor
concentration gradients across the GDLs at typical fuel cells’ operating conditions
[22].

Flow Out

Flow In

Figure 1.3: Picture and sketch of a bipolar plate with a multiple serpentine flow
channel design (Taken from [23,24]).

Finally, the last part of a PEMFC is the bipolar plates. The versatility of this
component makes it one of the most problematic and expensive part of the FC [25].
Like GDLs, they must be conductive to provide a good electrical connection while
they also have to remove water produced by the FC through flow channels designed
on their surface (Figure 1.3). They should be as much as possible impermeable
to all the gases. They also have to be chemically stable and resistant to corrosion
due to operation in a relatively acidic environment.
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1.3 Chemical reaction mechanisms and catalysts
developments for PEM fuel cells

A lot of efforts are devoted to improve every part of the PEMFC technology
as issues appear for each of them. Lowering the cost of such device while in-
creasing the durability is at the heart of numerous projects and research [26-28|.
Mechanisms involved in HOR and ORR are discussed in order to understand how
catalysts affect those reactions. Since the present study is focused on the catalytic
layer of the fuel cell, general assumptions on Pt-based catalysts and the recent
developments made are also presented in this section.

1.3.1 Mechanisms in HOR and the role of the catalyst

Equation 1.2 is too simple to describe the real process which takes place in the

electrooxidation of hydrogen. In fact, three sequential steps could be involved in
HOR [17] :

1. The hydrogen stream arrives at the GDL and molecules are diffused towards
the surface of the catalytic layer. Hydrogen molecules are then adsorbed
onto the surface of the catalyst.

2. Two different mechanisms may happen in the hydration/ionization step of
adsorbed hydrogen. The first one is called the Tafel-Volmer (TV) route :

H2,ads — 2Hads (14)
Hads — H++e_ (15)

Firstly, hydrogen is dissociated and adsorbed on the surface of the catalyst
(Equation 1.4). After that, each hydrogen molecule goes through an oxi-
dation process leading to the formation of protons and electrons (Equation
1.5). Figure 1.4(a) illustrates the mechanism of the TV way.

Another possibility is the Heyrovsky-Volmer (HV) route in which Equation
1.5 is also involved after the following one :

Hy ags — Hags + H + €~ (1.6)

Figure 1.4(b) shows the HV route. In this case, hydrogen molecules are
dissociated and one hydrogen atom is chemisorb onto the surface of the
catalyst. The second atom is in an ionized form and transported to the
cathode.

3. The last step consists of the desorption of the product generated by the
different reactions. H* ions are transported through the PEM and electrons
pass through the electric circuit resulting in an exchange current density.
Tons and electrons then react with oxygen molecules on the other side.
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Figure 1.4: Schematic view of a) the Tafel-Volmer route and b) the Heyrovsky-
Volmer route on Pt extended surface.

At this point, it is important to note that adsorption of hydrogen at the surface
of a catalyst will intrinsically modify its activity. The nature of the element em-
ployed is therefore a critical parameter. A "volcano plot" is often drawn for HOR
to show the correlation between the hydrogen binding energy and the exchange
current density, as seen in Figure 1.5. Elements of the PGM exhibit the highest
current density with an intermediate metal-hydrogen (M-H) binding energy. At
lower M-H bonds, adsorption becomes less strong which limits the kinetics of the
reaction while, at higher M-H bonds, hydrogen desorption is more difficult [17].
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p-block and
d-electron
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&
|
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Figure 1.5: Typical "volcano curve" of the exchange current density in function
of the binding energy of hydrogen for several metals (Reprinted from [29]).
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There are a few studies only on HOR kinetics but one of them, performed by
Antoine et al. [30], showed the particle size of Pt catalyst has an effect on the
specific activity, 7.e. "the activity per unit surface area of the active component"
as defined in [31]. Typically, decreasing the size of the nanoparticles from 10 to
2.8 nm will increase the specific activity by a factor 10 approximately.

1.3.2 Pt-free or synergistic catalysts for the hydrogen oxi-
dation reaction

Alternatives or synergies with Pt have been already investigated several years
ago already. Few studies focused on Pd-based materials as catalysts in PEMFCs
due to its high CO tolerance (the effect of CO is discussed in section 4.5.2) [32,33].
Pronkin et al. [34] worked on the HOR kinetics of Pd/C and showed that the
activity is lower than the one of Pt as previously reported in the literature |35].
However, Kwon et al. [36] demonstrated an enhancement of the activity of Pd
alloys with the use of tungsten oxide as co-catalyst.

Levy et al. [37] worked on tungsten carbide (WC) and demonstrated the platinum-
like behavior of such materials as catalyst. Moreover, studies showed that WC
has an improved resistance to CO poisoning and a better stability in acid solu-
tions considering the anodic potentials [38,39]. Weigert et al. [39] even worked on
WC covered by a Pt submonolayer which could significantly enhance the stability
without affecting much the activity. Advantages of the submonolayer would be a
reduction of the Pt loading, i.e. all the atoms are at the surface and participate
to the catalytic reaction, and less Pt agglomerates (preventing a decrease of the
activity) due to strong interaction between WC and Pt.

Li et al. [40] synthesized Ir-V/C nanoclusters; those exhibit a very high activity,
higher than the one of commercial Pt/C catalyst. On the other hand, their Ir-
V/C materials seem to have a very promising longevity according to tests of 100h
performed which showed no significant degradation of the FC performance.

1.3.3 Mechanisms in oxygen reduction reaction and the role
of the catalyst

Oxygen is involved in lots of chemical reactions and one of the most important
is the ORR, with applications going from life science to energy production in
fuel cells. Equation (1.3) presented previously is too simple to explain the full
process of such chemical reaction in PEMFCs. In fact, ORR is difficult to explain
and depends on the nature of the catalyst, the electrolyte, etc. The mechanisms
involved in ORR are not yet well understood. However, it seems that few pathways
exist, the 4-electron one transforming O, into HyO, as seen in Figure 1.6, has a
great interest since it is the reaction taking place in PEMFCs.
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Figure 1.6: Complete ORR mechanisms in the case of noble catalysts. The main
way is the formation of water through a 4-electron process. Parasite reactions
may occur and lead to the formation of hydrogen peroxide (Taken from [41]).

The choice of an efficient catalyst is even more important in this case due
to a very slow kinetics compared to HOR. Higher ORR kinetics is needed and
intensively investigated in PEMFCs research [42,43].

Recent theoretical studies have been performed for a better understanding of
ORR. A dissociative route and an associative one have been proposed in the
case of ORR on a Pt(111) surface and based on thermodynamics of the reactions
[44]. The first possibility is the dissociative way in which oxygen molecules are
diffused through the GDL and are adsorbed on the metal surface creating bonds
with the metal. Afterwards, a l-electron transfer activates the O, chemisorb
leading to the cleavage of the latter into O,qs (Equation (1.7)). The formation of
adsorb hydroxide (OH,qs) is then realized by protonation and electron reduction
(Equation (1.8)). A second protonation/reduction process occurs to transform
OH,4s into HyO (Equation (1.9)). The final step is the desorption of water from
the surface of the catalyst.

OQ,ads — 2Oads (17)
Oads + H+ +e — OHads .
OHuas + H  + 67— HyOu4s (1.9)

The second route consists of an associative mechanism. Oxygen molecules
only bind "vertically" to the metal with one O atom. Thus, O, molecules are not
cleaved but rather transformed into OOH,4, thanks to a reduction and protonation
processes (Equation (1.10)). Another protonation and reduction occurs which
leads to the formation of adsorbed water and oxygen (Equation (1.11)). HoOgqs is
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then removed from the catalyst while the O,4, follows the steps of the dissociative
route (Equations (1.8) and (1.9)).

Oguds + HF +e7 — OOH,4, (1.10)
OOHads + H+ +e — HQOads + Oads (]-]-1)

In Figure 1.6, another path is represented with hydrogen peroxide as interme-
diate before its possible transformation into water. This reaction has a negative
effect on the PEM, free radicals generated at the cathode (and the anode as well
by oxygen permeation) cause the degradation of the latter by inducing the cre-
ation of pinholes and membrane thinning [45,46]. A study performed by Antoine
et al. [47] showed that under typical working potential conditions in ORR, the
production rate of hydrogen peroxide is quite small.

Metal related ORR kinetics

It is now important to focus on the ORR kinetics with respect to the nature of
the metal employed as catalyst. Norskov et al. [44] indicated that ORR activity
depends on both O and OH bonds. Moreover, it seems there is a linear correlation
between those two binding energies and the nature of the catalyst, as seen in Figure
1.7. Transition metals, 7.e. iron, copper and nickel, are not suitable for the ORR
due to their higher oxygen affinity [48]. Gold presents too low binding energies
which do not lead to a good activity [49-51]. The principle exposed in section 1.3
is applicable in this case as well. Too strong or weak bonds do not permit faster
kinetics.

Among all metals present in Figure 1.7, platinum has intermediate binding
energies for both O (AEp) and OH (AEoy) which makes it the best for ORR.
However, several effects impact the ability of Pt to perform ORR such as the
size of the nanoparticles and surface oxidation [17,31,52]. Other limitations to
the extensive use of Pt as commercialized catalyst in industry are its cost (~950
$ per once), rarity and heterogeneous repartition on Earth. Figure 1.8 shows
countries in which the PGM reserves were distributed in 2018. Since chemical
reactions in PEMFCs are "surface-sensitive", i.e. the size of NPs affects the
specific electrocatalytic activity [31], only the top surface of the nanoparticles
participate in the process and atoms in the bulk are "useless". By reducing the
size of the NPs, the cost of the catalyst layers could be decreased. For example,
a 1 nanometer-sized nanoparticle would see around 90% of its constituting atoms
exposed to the reactants. This allows to significantly lower the production cost.
However, too small NPs lead to some issues as well, like too strong oxygenated
species adsorption affecting the stability and activity of the NPs [31,53|. Shao et
al. [52] and Perez-Alonso et al. [54] showed the size dependence of supported Pt
NPs on the specific ORR and mass activities. In both studies, optimum activities
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are given for NPs with an average size of ~3 nm. Those results are in agreement
with previous theoretical calculations [55]. Water formation rate on the edges of
the NPs is decreased due to strongly bonded O and OH radicals while this is not
the case on planar terraces. Thus, for particles smaller than 3 nm, there is not
enough planar terraces which results in a less important activity.

Activity

=~ =05

aEq (eV)

aE(eV)

Figure 1.7: Map of the ORR activity for some metals as a function of the O and
OH binding energies (Reprinted from [44]).
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Figure 1.8: Repartition of the PGM reserves by country in 2018 (Data taken
from USGS - Mineral Commodity Summaries 2019).
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1.3.4 Pt alloys and non-precious metal catalysts for the
oxygen reduction reaction

Besides Pt, its alloys are well-known for being excellent catalysts in the case
of the electroreduction reaction of oxygen molecules [56-59]. More specifically,
bimetallic Pt-M (M=Ni, Co, Fe, Mn, etc.) have been investigated in the past
decades [60-63]. The explanation of such better ORR activity for Pt alloys lies
in an electronic structure modification (Pt d-band vacancy) as well as geometric
effects (interatomic distance between Pt atoms). It has been demonstrated that
the d-band vacancy strongly influences the binding energy of adsorbates at the
surface of a metal |64,65]. More precisely, interaction of the adsorbate’s binding
state with the Pt d-band has a keen interest. An hybridization of the metal d-
band occurs with the asdorbate’s binding (o) orbital, as seen in Figure 1.9. This
leads to the formation of two new states : bonded (d-o) and anti-bonded (d-o)*.
In the case of Pt, only the anti-bonded state is not fully occupied. The most
interesting part is the dependence of the filling extent of that state on the density
of state, i.e. the electronic structure at the metal surface. When the anti-bonded
(d-o)* state is more filled, the binding with the adsorbate is weaker due to a
decrease of the metal-adsorbate interaction. The so-called d-band center allows
to measure the extent of filling of the anti-bonded (d-o)* state by determining its
location with respect to the Fermi level.

(d-o)* orbital

Metal d-band .
Adsorbate ¢ orbital

(d-o) orbital

Figure 1.9: Hybridization of the metal d-band when interacting with an ad-
sorbate. The d-band center location, with respect to the Fermi level, can be
measured to evaluate the strength of a bond (Adapted from [66]).



18 Chapter 1

In comparison with Pt, the anti-bonded (d-o)* states of its alloys are more
filled. Therefore, their d-band center is lower than the Pt one which leads to less
strongly bound species. Figure 1.10 shows the ORR volcano plot for some Pt
alloys. Stamenkovic et al. [61] demonstrated that Pt3Ni has an ORR activity 10
times higher than Pt(111) and 90 times compared to commercial Pt/C catalysts.
However, the main drawback of Pt alloys is the dissolution of transition metals at
typical operational voltages in PEMFCs.
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Figure 1.10: Volcano plot of some Pt alloys. Measured kinetic current density
are reported relatively to Pt (Reprinted from [55]).

Recently, Dubau et al. [67] and Asset et al. [68] worked on hollow Pt-Ni/C NPs
and showed that the ORR kinetics was enhanced in the presence of structural de-
fects, 7.e. grain boundaries and bulk defects due to multiple domain orientations,
small aggregates, etc. [59,67,69]. A previous research performed by Kuzume et
al. [70] showed that the presence or not of steps at the surface of the catalyst
strongly affects the ORR catalytic activity. Cherstiouk et al. [71] and Maillard
et al. |[72] demonstrated that Pt/C aggregates lead to an enhancement of the
CO electrooxidation. This phenomenon, attributed to defects at the surface of
the catalyst or its support, is largely reported in the literature and no further
development will be given in the present work.

Among the different research performed to improve the catalytic activity and
durability of PEMFC, PGM-free materials are promising to replace Pt-based cat-
alysts, especially transition metals like cobalt and iron have been extensively stud-
ied in the past few years [73-77]. In 2011, Proietti et al. [78] developed an iron-
based electrocatalyst for the PEMFC’s cathode with the highest non-platinum



1.4. Influence of the carbon support on the catalytic activity 19

activity reported in the literature. Going further, a special attention has been
paid to transition metal/nitrogen (M-N,/C) materials (M = Co, Fe, Ni, Mn,
etc.) [76]. Indeed, material precursors leading to their formation are abundant
and inexpensive. Moreover, as mentioned above, they present a promising cat-
alytic activity for the ORR. In order to increase the stability of such catalysts as
well as the number of active sites for ORR, they have been heated at relatively
high temperature (400-1000 C) during the synthesis process which modifies the
carbon support [76]. The role played by the nitrogen functionalization of the
carbon support is discussed later in the chapter.

1.4 Influence of the carbon support on the cat-
alytic activity

The choice for a material with excellent performance, i.e. high catalytic ac-
tivity for both HOR and ORR at a low cost, is essential in PEMFCs for widely
commercialized applications. However, catalysts without any support, even if
their use has been reported in the literature [79-81], are not stable over time and
nanoparticles coalescence occurs after few cycles of use. The global effect of this is
a decay of the activity due to a loss of the catalyst active surface. Pt/C catalysts
are also affected by a loss of their surface area per unit mass. The main cause
is the so-called Ostwald ripening, NPs are dissolved and atoms re-deposited at
non-desired locations. Coalescence of NPs or aggregation has also been noticed
and is due to the migration of crystallites at the surface. Therefore, it is critical
to resolve the catalysts’ stability issue and supports are thus needed.

The carbon support controls the transport of gases in, and water out, of the
fuel cell through a porous structure. Corrosion of the latter also has a negative
impact on the fuel cell’s performance. Maillard et al. |82 reviewed the carbon
corrosion (or oxidation) process and its effects in PEMFCs. The possible chem-
ical reactions occurring at typical operating conditions in PEMFCs are given by
Equation (1.12)—(1.14) [82] :

C+2H,0 — COq+4H" +4e” (1.12)
C+HyO — CO+2H" +2¢” (1.13)
C+2H,0 — HCOOH + 2H* + 2e~ (1.14)

Kangasniemi et al. 83| reported such a simultaneous formation of oxygen-
containing carbon surface groups (C,O,H,) and evolution of carbon dioxide un-
der usual operating conditions in PEMFCs. This could be accompanied by a less
accentuated hydrophobicity which directly affects water transport and causes the
electrode pore structure to collapse [84]. Moreover, carbon corrosion results in
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detachment of the nanoparticles from the catalyst layers, increasing the deterio-
ration of the fuel cell’s efficiency. Efforts have to be done to improve the corrosion
stability as well. A proposed solution is the carbon graphitization in order to
increase the carbon support crystallinity, i.e. reduced surface heterogeneity, and
then increase the resistance to corrosion [85,86]. In addition, a higher degree
of graphitization would lead to a better metal resistance to sintering [87], an in-
creased thermal and electrochemical stability because of less defective sites [88,89].

In order to be used in FC applications, carbon supports must fulfill some criteria.
The requirements can be found in [90] and are summarized as follows :

e A high dispersion of the NPs at the surface of the support material is needed
to avoid agglomeration.

e Impurities should not be involved in the electrochemical reactions because
of a chemically inert and pure support material.

e The carbon support should be highly conductive to provide an efficient elec-
tron transport.

e Porosity of the carbon support should be adapted for an efficient mass trans-
port of the different reactants from the bipolar plates to the catalyst layers
and inversely for the products generated by the reactions. Therefore, water
is easily evacuated towards the bipolar plate.

e The carbon support has to be compatible with the PEM to ensure the
transport of protons through the catalyst layers.

e The carbon support should exhibit a relatively high resistance to corrosion.

The most common carbon supports for catalysts are carbon blacks (CBs), i.e.
aggregates of round shape carbon particles with a wide range of size (~10-400
nm), porosity, morphology and surface chemistry, produced by pyrolysis or in-
complete combustion of compounds containing carbon |91]. Carbon particles are
bound together by van der Waals interactions to form loosely bond superstruc-
tures of 1 to 100 um. Nevertheless, their porosity is highly difficult to control,
depends on their way of production and can hardly be functionalized. In addition,
it has been shown that the durability of CB under PEMFCs operating conditions
needs further improvement [87].

Even if microporous supports like CBs, and especially Vulcan XC-72, are suit-
able for catalysis in PEMFCs, ordered mesoporous carbon-based materials with
better characteristics have been investigated to replace the latter. A report of
some possible alternative propositions is given here. The production of graphene,
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i.e. single-atom-thick hexagonal carbon crystallite, led to some of those new car-
bon supports for catalysis. Graphene nanoplatelets (GNPs) constitute one of
the promising candidates and are made of one or few-stacked graphene layers.
Moreover, GNPs are highly ordered graphitic materials which allow an excellent
stability at a reduced cost [92]. Another kind of support is the carbon nanotubes
(CNT) consisting in one or more graphene sheets rolled-up (single- or multi-walled
CNTs). Finally, carbon xerogels are almost spherical shaped amorphous carbon
materials with tunable pore size and are notably produced by the polycondensa-
tion of resorcinol and formaldehyde in a solvent and then followed by a drying
process and pyrolysis [93-95|. Those carbon supports are in a good agreement
with the criteria presented above as they present excellent electron conductivities
and relatively high surface areas [92,96-99]. Figure 1.11 shows SEM images of
the carbon supports cited above.

Figure 1.11: Scanning electron microscopy images of a) carbon black, b) graphene
nanoplatelets, ¢) carbon nanotubes and d) carbon xerogel (Reprinted from [100—
103]).
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1.5 Nitrogen-doping of the carbon support

Studies showed that doping the carbon support with nitrogen could have pos-
itive effects on catalysis due to modification of the properties of both support and
catalyst [87,104,105]. However, effects of the nitrogen incorporation is complex
and not yet well understood. Nevertheless, enhancement of the ORR catalytic ac-
tivity was performed by using nitrogen-doped carbon material supporting or not
metallic catalysts [105-108]. Such results could be attributed to the behavior of
nitrogen atoms who act as an electron donor (doping carbon with nitrogen is sim-
ilar to a n type in the semiconductors field), which leads to a stronger m-bonding
with the NPs [88,109-111]. This is expected to have a positive impact on the
durability of the catalyst.

It is also well-known that the properties of the carbon support affect the stability
of the supported NPs and the grow mechanism of Pt NPs [112]. More specifically,
the NPs’ mobility at the surface depends on the Lewis basicity (according to
the Lewis definitions, basis are electron-pair donors) of the support. Coloma et
al. [88] demonstrated that the basicity of carbon depends on both N-doping and
graphitization; stronger anchoring sites of Pt at the surface of the support are
created in the case of an increased Lewis basicity. Moreover, the presence of
structural defects at the surface of the support, i.e. replacement of a carbon atom
by another element or atom removal from the surface, leads to an enhancement
of the nanoparticle nucleation [113]. Several studies tend to state that defective
regions or step edges could be preferential nucleation sites [105,114,115]. In the
case of Pt NPs, the anchoring site seems to be not directly located at the N-defect
but rather at the next-nearest neighbor location [105]. Holme et al. [116] showed
from theoretical calculation that Pt NPs attach preferentially on the carbon atom
situated next to the defect. In addition, a more homogeneous distribution of the
NPs at the surface is observed [105].

Methods to incorporate N atoms into the NPs support are various; Figure 1.12
illustrates the major techniques employed to achieve N-doping. Most of the time,
those methodologies involve toxic solvents or are performed in a liquid phase, and
are time-consuming. Re-aggregation of the carbon support, such as the stacking
of graphene platelets often occurs during a liquid-phase process [117]. The idea
consists in carbonizing nitrogen containing compounds or treat them under a
nitrogen atmosphere at high temperatures to produce highly reactive radicals
after the decomposition of the materials. Tao et al. [118] carried out experiments
on graphene oxide in ammonia solution and were able to perform N-doping with
the help of ultra-sonication. They achieved an incorporation of nitrogen up to
~3.5 at%. However, the main disadvantages of such processes are the extent use
of solvent, relatively long treatment time and limited nitrogen incorporation [119].



1.5. Nitrogen-doping of the carbon support 23

Pyrolysis and CVD Techniques

Impregnate Solution into

SN B Oxide Template (AAO, Etch (HF or KOH)

;\f"‘“ L 0 = Zeolite, Fumed Silica) and Substrate 3_ Oxide Template

\?N md__{.? i E Remove Solvent. and Vacuum Dry.

ok kon M Dissolve in Pyrolize and Anneal in
Solvent. - Controlled Atmosphere.

Porphyrins and Pyrroles

= i ‘ Substrates — -
SRFCR [ &

e -
. : - Etch (HF or KOH)
Pyrolysis by Insertion into High Temperature Oxide Template

Pyrfdfnes Furnace with Controlled Atmosphere.

and Vacuum Dry.

Backing % "—L ] - Substrates
Gas : (-——E Pl | ':_" ]
0 b _

H\
- W Vapor Deposition, Pyrolysis, and
. r'i' Nitrile Ao sagrld e Etch (HF or KOH)
Annealing in High Temperature :
Bubbler C lled A ey Oxide Template
Nitriles ontrolled Atmosphere Furnace. 1 Diy:
"""""""""""""""""" AmmoniaN, @2m [T]
@f% J\ Backénags-‘ liuhs'(raﬂas
O
H I-‘|I H o N
Sé:?:::;:;?;ﬁgﬁn'ﬁ::l Carbon Growth and N-doping in
structure Growth,  Carbon/Catalyst Controlled Atmosphere CVD Furnace
i Vaporization.
Ammonia and N, (plasma) CVD Sample Recovery.
Post-Synthesis Techniques Nitrogen ion
Implanter
) ) : Rotating \ Stationary Carbon
i ™ Drum P Substrate

Carbon Powder
lon Implantation of Carbon Powders and Sheets

Ammonia and N & Thermal Treatment

Figure 1.12: Global overview of the main techniques employed to produce N-
doped carbon materials (Taken from [105]).

In the past few years, a growing attention has been paid to dry plasma-related
treatments to add N functions to carbon, with the advantages of being a versatile
tool more respectful of the environment because of solvent-free, fast, simple and
cost saving processes [119,120]. Furthermore, re-aggregation of the carbon support
which often occurs during a liquid-phase process, like GNPs, is minimized after
a low temperature plasma treatment [117|. In 2007, low-pressure radio-frequency
(RF) plasma discharge had already been used for preliminary treatment of multi-
walled CNTs followed by a thermal evaporation of a metal in order to decorate
the latter [121]. In the present thesis, the N-doping of the carbon support was
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achieved following this procedure : a nitrogen containing gas (Ny or NH3) at a
fixed flux was injected in the vacuum chamber and a low-pressure RF inductively
coupled plasma ignited to treat the carbon matrix. Moreover, incorporation of
nitrogen was also achieved directly during the synthesis of the nanoparticles and
is discussed in chapter 6. The specific study on the N-doping of carbon xerogel is
presented in chapter 8.
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Low-pressure plasma

Our universe is made up of several constituents, from the expected dark energy
and dark matter to the well-known antimatter, radiations, neutrinos and regular
matter. The last one is subdivided into the four states of matter : solid, liquid,
gas and plasma. An interesting point is that the plasma state represents more
than 99% of the global amount of matter in the universe but is the less well-
known among population. We are surrounded in our everyday life by plasmas :
fluorescent lamps, flames, the solar core, the solar wind, auroras, etc. Since the
present work is based on the use of low-pressure plasmas, it is more than necessary
to introduce the so-called fourth state of matter.

Basically, a plasma is defined as an ionized gas in which free electrons, ions and
neutral species are moving randomly [122]. Henceforth, it can conduct electricity
but is usually considered electrically quasi-neutral, the negatively charged density
almost completely compensates the positive one. Plasmas sometimes emit a diffuse
light with a color characteristic of the ionized gas. Irving Langmuir introduced
the term plasma in 1928 due to the same aspect of the gas discharge as blood
plasma [123,124].

A common classification used by the scientific community to describe the dif-
ferent sorts of plasmas is based on the electron density and temperature. The
so-called thermal plasmas, like those produced in stellar cores, are characterized
by very high densities and temperatures. The gas is completely ionized and the
energy distributed to every species, i.e. electrons, ions and neutral species. Thus,
a thermal equilibrium means that the temperature is equal for the electrons, ions
and neutrals. For non-thermal plasmas, the ionized gas is colder and less dense.
There is no thermal equilibrium in that case which means that the temperature
is not the same for the different species. However, species in specific zones of the
plasma can locally have the same temperature and then the term "local thermal
equilibrium", or LTE, is employed. Both local and non-local thermal equilibrium
(NLTE) can be produced in the laboratories and used to develop applications

25
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in various domains such as in medicine, surface treatment and functionalization,
nanomaterials fabrication, etc.

2.1 Concepts in plasma physics

In this section, several definitions will be given for a further understanding
of plasma physics. The first point concerns the criteria defining exactly what a
plasma is. Afterwards, plasma characteristics will be introduced : Debye shield-
ing length, ionization degree and quasi-neutrality concept, Langmuir (or plasma)
frequency, plasma sheaths. These notions will be applied for gas discharge plasma
as discussed in the next section.

2.1.1 Plasma criteria

An ionized gas does not define, strictly speaking, a plasma. At least three other
criteria have to be fulfilled [125,126] : (i) Particles out of the Debye sphere (with a
radius equal to the Debye length, defined below) centered on a charged particle are
not influenced electrostatically by the latter. The number of charge carriers inside
the Debye sphere is sufficiently high to shield the electrostatic influence, this is the
plasma approximation. (ii) The concept of quasi-neutrality must be respected and
will be described in section 2.1.3. Interactions at the edges of the plasma are less
important than the ones in the bulk. (iii) The Langmuir frequency has to be higher
than the electron-neutral frequency. When that condition is satisfied, gas kinetic
processes are dominated by electrostatic interactions. Thus, the quasi-neutrality
is guaranteed, the electrons’ reactivity time is lower than the time needed between
two collisions.

2.1.2 Debye shielding length

One of the most important parameters in plasma physics is the Debye length
which describes the shielding effect of an internal or external electric field over a
characteristic plasma size scale. Said differently, the plasma is considered quasi-
neutral above the Debye length but, below it, negative and positive densities can
be different. The following equation gives the mathematical expression of the

Debye length [127] :
EokBTe
Ap = 2.1
b V. e2n, (2.1)

with €y the permittivity of free space, kg the Boltzman constant, T, the electron
temperature and e the charge of an electron. In laboratory plasmas, an average
value of the Debye length is approximately equal to 100 um for typical values of
the electron density and temperature (n, ~ 10'° cm™ and T, ~ 3 eV).
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2.1.3 Ionization degree and quasi-neutrality

The atmosphere all around us is generally considered as a very good electrical
insulator. No electricity can be conducted or, at least, this is true when the air is
especially dry. However, it is not completely neutral. A small fraction of charged
particles are created, free to move and then recombine. The constant creation of
charged species originates in the continuous flow of cosmic rays coming from the
outer space, passing through the Earth, a few of them interacting with molecules
leading to ionization of the air. Natural radioactivity is also partially responsible
for the ionization.

The degree of ionization is a useful tool to estimate the content of charged
particles in comparison to global particle concentrations in a given volume. Con-
sidering only electrons, ions and neutrals, the degree of ionization y is defined
by [127] :

Te

__Ne 2.9
X= (2.2)

with n. the electron density and n,, the neutral density.

For plasmas, x is comprised in a wide range starting at 10~%, for weakly ionized
plasmas, up to 1, for strongly ionized ones. In the case of non-thermal plasmas,
the degree of ionization can vary from 1075 to 107 [127].

The quasi-neutrality concept is directly linked to the charged particle densities.
It means that the negative density is almost equal to the positive one. If multiply
charged ions are present, the quasi-neutrality can be written as follows [128] :

Ne A Z z.n, (2.3)

with z the charge number of a positive ion and n, the density of z-times charged
ions.

Going a little bit further, quasi-neutrality of a plasma is only valid at a macro-
scopic scale. It means that the space occupied by the plasma has to be large
compared to the Debye length. Looking at the microscopic scale, deviation of the
quasi-neutrality can be observed and is mainly due to the electrons.

2.1.4 Langmuir frequency

The Langmuir frequency, also named the electron plasma frequency wy,., de-
scribes the time scale over which the electrons oscillate around their equilibrium
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position and conducting to a deviation from the quasi-neutrality. A relative dis-
placement of the electrons out of their equilibrium, in comparison with the ions,
will create an electric field. In reaction, an opposite movement of the electrons
is thus initiated and results in an oscillation of the negative distribution at the
Langmuir frequency.

It can be shown, by assuming the plasma as a continuum, that the electron
plasma frequency is given by [127] :

e2.n,

(2.4)

Wpe =
P Me.€o

where m, is the mass of an electron. A typical value of w,. in the case of a low-
pressure plasma is around 5 GHz (considering an electron density as mentioned
in the definition of the Debye length). This means that below 5 GHz, electrons
are able to follow the alternative electric field.

2.1.5 Plasma sheaths

An infinite plasma, or at least without boundary, is described by elementary
processes like collisions and some electrodynamic quantities. However, in industry
and laboratories, plasmas are confined in vacuum chambers. A boundary layer
appears near the walls, the so-called plasma sheath, which consists of positively
charged space between the walls and the plasma region [129]. The formation
mechanism of sheaths can be explained by considering that electrons are able to
move faster than ions in the plasma and first reach the walls or any surfaces. A
negative potential is therefore created, this is the negative self-bias. Since negative
charges left the plasma within a region close to the boundary, a positively charged
layer is formed with a thickness of few Debye length [130]. The quasi-neutrality is
not anymore respected in the sheath, as seen in figure 2.1. A difference of potential
appears between the walls and the plasma bulk which is named the plasma sheath.
An equilibrium is found when the flux of ions reaching the surface is equal to the
flux of electrons. Thus, there is no net current through the sheath.

2.2 Low-pressure non-local thermal equilibrium
plasma

As mentioned in the introduction, plasmas can be sorted depending on the elec-
tron density and temperature. Figure 2.2 illustrates the classification for several
natural and man-made plasmas. Most specifically, low-pressure NLTE plasmas,
which are commonly used in industry and laboratories, are characterized by an
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Plasma sheath
Plasma sheath

Figure 2.1: Schematic representation of a confined plasma with the creation of
a space charge sheath close to the surface. The quasi-neutrality is only verified
within the plasma bulk and deviate in the sheath (Adapted from [122]).

electron density range between 10° and 102 electrons per cm?, an electron tem-

perature lying between 10* to 10° K and a pressure range between 1073 and 10
mbar. Those characteristics lead to a weak ionization degree varying from 107°
up to 1071 [127]. However, species (electrons, ions and neutrals) in the generated
plasma include radicals which are reactive molecular fragments and reactive or in
excited state atoms. Such radicals allow chemical reactions in the plasma and then
are useful for surface cleaning and modifications, material functionalizations, etc.
Low-pressure NLTE plasmas can be considered as a versatile tool characterized
by a low-energy consumption process and allowing to reduce the environmental
impact in the fabrication of nanoparticles when compared to some conventional
chemical processes, as discussed in section 3.1.

The last important point about that kind of plasma concerns some additional
precisions about the thermodynamic equilibrium. In the case of most plasmas
produced in laboratories, photons are emitted and this induces a net loss of energy
for the plasma due to the fact that the re-absorption of light does not compensate
the emission. If nothing is done, the ionization degree will decrease and no plasma
can be sustained. Such a process does not fulfill the micro-reversibility concept in
which all the processes involved and their reverse statistically compensate. Only
thermal plasmas verify the micro-reversibility concept, like in stellar cores. No
external source of energy is needed to sustain the plasma.
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For non-thermal plasmas, also named "cold" plasmas because heavier particles
have a lower temperature compared to the electrons, an external source of energy
is required to produce enough charged species and to be able to balance recom-
bination and ionization. Because electrons do not interact enough with ions and
neutral species, it results in a weak distribution of their energy due to the low
number of inelastic collisions between electrons and atoms. This leads to different
temperatures for all the species in presence but each of them still can be described
by statistical distributions like the Maxwell-Boltzmann distribution for the veloc-
ities. The plasma is described by an average energy rather than a concept of
temperature.
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Figure 2.2: Illustration of the different plasma classes versus the electron tem-
perature and density.

The acceleration of charged species in a gas by applying an external elec-
tromagnetic field results in collisions between electrons and the other species as
previously mentioned. An energy exchange process thus occurs which allows to
create new charged particles through ionization, excitation or fragmentation of
the species present in the gas. Several processes are involved in cold plasmas and
some of them are presented in Table 2.1.
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Ag+e” — Ay +e” Transfer of kinetic energy
Ay +e7 = Aj +e” Excitation

Ay + e~ — A7 + AT + e | Dissociative attachment
Ay +e7 = A} Associative attachment
Ay +e7 = 2A + ¢~ Dissociation

Ay + e — A; + 2e~ Ionization

Ag+e — AT+ A+ e Dissociative ionization
Ay + M* - 2A + M Penning dissociation

Ay + M* — AJ + M + e~ | Penning ionization

Table 2.1: Several examples of energy transfer and collision processes involved
in cold plasmas (Adapted from [131].)

2.3 Gas discharge plasmas

It is now clear that laboratory plasmas must be produced with the help of an
external source of energy that permits the creation of ions and neutrals, this to
counterbalance the recombinations as well as the loss of energy with the surround-
ing environment such as energy absorption by the walls and emission of radiations.
For example, gas discharge plasmas have been more and more employed in the
past few years for a wide range of applications by taking advantages of the non-
thermal aspects. Practically, an electric field is applied to the gas. The natural
ionization, induced by the interaction of cosmic rays with nearby particles or by
natural radioactivity, reacts to that field, especially the electrons since they are
much lighter than the ions. The free charges will be accelerated and gain energy.
When the charges have acquired a sufficient amount of energy, collisions occur
with neutral molecules and can therefore ionize the latter by energy transfer. The
new charges then produced will also increase their energy when interacting with
the electric field. A collision cascade is thus created which results in an increase
of the ionization degree. The plasma state is obtained and maintained stable
only if the global production rate of charged particles is exactly the same as the
recombination one.

2.3.1 Direct current or glow discharge plasmas

Literature covers a wide variety of gas discharge plasmas with their applica-
tions. Historically, the first NLTE plasmas studied were produced by the appli-
cation of a constant and sufficiently high voltage between two electrodes in an
electrical discharge tube filled with gas, the so-called DC discharges. The electric
field generated accelerates the electrons emitted near the cathode by cosmic rays
and a collision cascade allows the formation of a plasma, some of them charac-
terized by the emission of radiation which gives the name of glow discharge to
the process. A general overview of a glow discharge tube is shown in Figure 2.3.
Important features can be outlined from the schematic drawing. Three glow areas
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are created with dark spaces in between. The cathode glow situated just after
the Aston dark space is a relatively thin bright area. Then, the negative glow,
which is the brightest part in the tube, sees its luminosity decreasing towards
the Faraday dark space. The positive column has a less important light intensity
compared to the negative glow but has a more uniform emission. Finally, the last
bright area is the thin anode glow. Each bright zone has its own light intensity.
Thus, plasmas created in this type of discharge tube are non-uniform.

Negative glow

Anode dark
Cathode glow Positive column Space
Cathode ‘ Anode
\L L V+
Aston dark space Faraday dark Anode glow

space
Cathode dark
space

Figure 2.3: Global overview of a glow discharge tube (Adapted from [132]).

For example, glow discharges have been used for analytical spectrochemistry;
the ability of the plasma to create ions and fast atoms which bombard the electrode
surface allow the phenomenon of sputtering. Atoms released by the electrode are
then collected by a mass spectrometer for further analysis [133].

One of the drawbacks of this sort of plasma is the impossibility to deposit di-
electric materials in glow discharge plasmas since the deposition will lead to the
formation of a non-conductive layer between the electrodes. However, it is needed
to sustain the plasma by a continuous charge compensation at the cathode and the
anode, which could not be possible with a dielectric between them. Indeed, nega-
tively charged particles could not be collected at the cathode and positive particles
at the anode. This is why alternative plasma systems have been developed.

2.3.2 Radio-frequency plasmas

Radio-frequency (RF) plasmas are operated at frequencies lying between 1
kHz and 100 MHz with most systems operating at 13.56 and 27.12 MHz. The
limitation in frequency is due to the fact that most of the RF spectrum is reserved
for telecommunications and then interferences are avoided. The use of RF plas-
mas has a great interest in industry or laboratories since they present multiple
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advantages compared to DC discharges [133,134]. Firstly, electrons always in-
stantaneously follow the electromagnetic field generated at lower RF, the electron
plasma frequency typically varies from 9.108 to 3.10'° Hz which is obviously higher
than 13.56 MHz, and can gain energy over a RF period. This leads to a more
efficient ionization process. Secondly, massive ions in the plasma are also able to
immediately respond to the electromagnetic field generated at the same frequency,
except the heavier ones that only see a time-averaged electric field because the ion
plasma frequency is inversely proportional to the mass. Therefore, they do not
have enough time to reach the electrodes and their loss is reduced. Moreover, RF
plasmas can be sustained at lower pressures, this is related to the decrease of the
discharge impedance when the frequency increases. They also are globally more
spatially uniform. Finally, they are suitable for depositing dielectric materials.
Precisely, charges gathered during one half-period will be partially neutralized by
the opposite charges gathered during the next half-period since every electrode
will alternatively act as the anode and the cathode.

The RF plasmas are classified in two types depending on how the coupling power
is achieved : (i) the capacitively coupled plasma (CCP) in which an alternative
current is applied between two electrodes (planar, cylindrical, ...) resulting in
the generation of an electric field responsible of the gas ionization, and (ii) the
inductively coupled plasma (ICP) consisting in the application of an alternative
current at both ends of a coil which leads to the generation of an electromagnetic
field allowing the gas ionization. Figure 2.4 shows some of the common geometries
employed in both cases.

2.3.3 Radio-frequency inductively coupled plasmas

Different types of plasma source geometries exist and can provide the electric
field required, as mentioned in section 2.3.2. The ICP, in which the electro-
magnetic field generation is performed by using alternative currents in coils, was
discovered by Hittorf in 1884 [135]. This type of plasma was employed in the
present work. The principle of ICP is based on the Maxwell-Faraday equation :

—

- 0B

A RF magnetic flux is produced when a RF current runs in the coil and
penetrates the plasma region. A solenoidal RF electric field is therefore induced
by the time-varying magnetic flux density which accelerates the free electrons and
sustains the discharge.

Inductive sources present the same or even better advantages in comparison
with other kinds of RF sources like in capacitively coupled plasmas; the concept
is relatively simple, plasmas provided are highly uniform, stable and reproducible,
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c) d) N

Figure 2.4: TIllustration of a) inner planar and b) outer planar electrodes geome-
tries for the CCPs, c) planar and d) cylindrical coil geometries in the case of ICPs
(Adapted from [132]).

no DC magnetic field is required, and they have high electron densities (typically
101-10'2 em™2 in efficient low-pressure ICP discharge, which is over 10 times
higher than capacitively-coupled plasmas) [133, 134, 136].

2.3.4 E-to-H transition

Three operating modes exist in ICP discharges : the capacitive E mode, the
inductive H mode and the helicon W mode. They are characterized by different
electron densities and mechanisms responsible of the power transmission from the
source to the plasma. In the present work, low (20 W) to intermediate powers
(200 W) were employed which signifies that the discharges were only driven in the
E and H modes. Therefore, the helicon W mode will not be discussed further in
this chapter.

In order to understand the capacitive E mode, inductive H mode and the transi-
tion principle, a cylindrical coil will be considered. The conductive plasma is thus
contained in a cylinder with the coil wrapped around it. When applying an alter-
native current passing trough the coil, an electromagnetic field is created which
goes into the plasma. This is the primary source field. However, a shielding ef-
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fect occurs due to induced currents in the conductive plasma (also called "plasma
currents") that opposed the source current. The primary field decreases exponen-
tially within the plasma and the depth penetration is limited to a restrained value,
the so-called skin depth 6. Figure 2.5(a) shows a schematic diagram of cylindri-
cal ICP with the skin depth. Electrons located within the skin depth thickness
interact with the time-varying inductive magnetic field which allows the energy
transfer by ohmic dissipation and collisionless heating process, it is the inductive
H mode which leads to a bright light emission and is valid at sufficiently high
electron densities.

Another way to describe such a mode is by considering a transformer model,
as seen in figure 2.5(b). The primary coil is characterized by an inductance Lg
and a resistance Rg. The plasma discharge is considered as a one-turn coil with
a geometrical Lg and an electron inertia L. inductance, and a resistance Rp. A
voltage Vs is applied to the primary coil in order to generate a current Ig. A
magnetic field is produced and will interact with the secondary coil by induction.
The power transmitted to the plasma is given by [137] :

-Ptransmitted - Pfg (26)

with p the change in plasma resistance.

—_—————— e

Source Plasma

Figure 2.5: Representation of (a) the skin depth ¢ in a cylindrical volume which
limits the field penetration and (b) the transformer model of the source-plasma
coupling.

If the electron density is not high enough, power transmission can not be
performed by induced currents because of their too low intensities. The primary
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source is not anymore the magnetic field but rather an electrostatic one. In this
case, the electromagnetic field is able to penetrate far in the plasma since the skin
depth is much larger (for low-pressure discharges, skin depth is approximately
inversely proportional to the square-root of the electron density). Put simply,
the so-called capacitive E mode, characterized by a faint light emission, takes
place when an electrostatic field between segments of current coil generates a low
plasma density. Referring to figure 2.5(b), a high-voltage Vs (generally more than
1000 V) is applied to the primary coil. Since the skin depth is large, the potential
created goes deep into the plasma volume and the resulting electric field is able
to transfer energy to the electrons. This situation is similar to charged electrodes
which gives the name of capacitive discharge to the process.

An abrupt transition between the E mode and H mode exists, leading to an
important increase of the electron density and light emission. However, the ex-
planation is quite complex and few theoretical researches have been performed to
bring an answer to the jump in density and light intensity. A proposed mechanism
responsible for the transition based on the non-linearity of power absorption and
dissipation was presented by Turner et al. [138] and El-Fayoumi et al. [139]. The
electron power balance is affected by these non-linearities; the power dissipated in
the plasma, the power dissipated by the electrons or both do not present a linear
behavior anymore. Considering an electron density n. at a fixed applied source
power near the transition, a slight increase of n, will result in a reinforcement of
the power coupling. The ionization becomes more important since the absorbed
power increases. Therefore, the electron density rises and leads to a positive feed-
back loop which deviates from a linear dependency due to the emergence of a skin
effect [140].

In chapter 8, the E-to-H transition of ammonia- and nitrogen-based plasma
has been studied and related to the carbon matrix functionalization. Vesel et
al. [141] showed the difference between the E and H modes; the capacitive mode
presenting a less destructive effect on their substrate and allowing to functionalize
the material at relatively low plasma power while the inductive mode, which is a
more powerful plasma, exhibits a different functionalization. In the present work,
the effect of the transmitted power in the two modes (from 20 W to 200 W)
and of the plasma chemistry (NH; and Nj) on the carbon functionalization was
studied.
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Synthesis of nanoparticles and
carbon functionalization : from
chemical to physical methodologies

In this chapter, a general overview of the methodologies employed to synthesize
nanoparticles supported or not on a carbon matrix is presented. The methodology
used in this work is then discussed and, afterwards, the experimental setup for
the nanomaterial fabrication and the surface functionalization is detailed. Firstly,
a description of the plasma reactor, the RF-ICP source, the gas injection system
and pressure controllers are depicted in section 3.2, while the procedure setup for
the synthesis of nanoparticles is then detailed in section 3.3.

3.1 Methodologies developed to synthesize nano-
particles

In chapter 1, special attention was given to the material employed as catalyst
and the role of the carbon support. It is now important to provide an overview
of the different methods used to synthesize NPs. Especially, the low-pressure
plasma discharge methodology used in the present thesis is described in more
details. Even though a large number of conventional techniques to fabricate the
NPs are based on wet chemical processes, only few of them are briefly presented
in this thesis.

3.1.1 Wet chemical processes

As mentioned above, a large number of wet chemical processes exist. Among
them, the low-temperature chemical precipitation is one of the most well-known
techniques; the procedure consists in adding a reducing agent to a metal-salt
solution, this to ideally reach the metallic state by reducing the salt, and then
let the formation of the catalysts occur by precipitation [17]. In order to produce
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supported NPs, carbon can be added prior to the reduction process. Such a
technique is suitable for single or bimetallic catalysts synthesis.

Another way to obtain NPs is the colloidal technique as described by Bashir
et al. [142]; a mixture is realized with at least two substances : a metal source
and a reducing agent. The procedure is similar to the precipitation method but
allows a control over the NP size and prevents agglomeration thanks to the use
of a third substance in the mixture, ¢.e. a capping agent. Particles are suspended
in the solution followed by their reduction. Larger NPs are created through the
aggregation of the suspended particles by van der Waals forces. Furthermore,
a carbon support can be added before or after the NP synthesis which leads to
the production of supported catalysts [143]. Bimetallic particles have also been
successfully synthesized by the colloidal method [144].

The last chemical process mentioned here is the so-called impregnation method-
ology, one of the most simple to implement; a mesoporous material is mixed with
a catalyst precursor in an aqueous solution and then the solvent is evaporated
to form particles bound to the support. However, Gélin et al. [145]| reported a
poisoning effect due to the commonly employed salts during the impregnation; it
resulted in a decay of the catalytic activity. This negative effect could be avoided
by using other kind of salts like metal carbonyl complexes [146]. Moreover, parti-
cles agglomeration has been reported in the literature which decreases the surface
area [147,148]. Finally, collapse of the support can easily occur due to high surface
tension of the solution [149].

3.1.2 Physico-chemical techniques

The main disadvantages of the wet chemical methodologies, and not only for
those described above, are the extensive use of toxic solvents, the need of a rela-
tively high reaction temperature in some cases and often slow synthesis reaction
rate. On the other hand, physico-chemical methods can be used without the help
of any solvent, be fast and flexible.

The term physical vapor deposition (PVD) regroups two categories of tech-
niques; mechanical (such as cathodic sputtering) and thermal (i.e. evaporation)
methods. For example, experiments using magnetron sputtering in vacuum con-
ditions successfully produced nanocatalysts on various supports, thus confirming
the convenience of the technique for NP growth [150-153]. The principle of mag-
netron sputtering is based on the generation of a plasma, i.e. ionized gas (see
chapter 2 for more details), between a substrate and a target made of the desired
material to deposit; atoms from the target are ejected and accelerated towards
the substrate. However, it is difficult to produce materials suitable for catalysis
due to the quick formation of a thin film at the surface of the substrate [151].



3.1. Methodologies developed to synthesize nanoparticles 39

Post-treatments or improved magnetron sputtering techniques, like the gas aggre-
gation source methodology, are then required [151,153]. In addition, this method
requires quite an expensive vacuum equipment and is hardly scalable to industrial
production. However, efforts have been made and studies tend to demonstrate
the possibility to reach a large-scale production [154,155].

Besides magnetron sputtering, other plasma-assisted methodologies to synthe-
size NPs emerged. Both high- and low-pressure plasmas have been investigated
to produce single or bimetallic particles. The interest of plasma treatments is
their ability to generate anchoring sites for metallic NPs at the surface of a car-
bon support [156]. Several studies showed that better interactions between NPs
and the support materials were obtained thanks to plasma treatments [156,157];
thus catalyst stability is gained. Recently, Merche et al. [158] employed an at-
mospheric RF plasma torch (ARFPT) with argon as vector gas to decompose an
organometallic precursor mixed with a carbon support and form NPs. Two cir-
cular electrodes were used with one perforated to let the argon gas flow between
them. The plasma is ignited by applying an alternative high voltage of 13.56
MHz. In comparison with usual methods presented in the literature, ARFPT is
an easy, robust and fast technique which operates at near ambient temperature
but a major drawback is the lack of control on the size distribution [158].

Among all the low-pressure plasma processes for the synthesis of FC electrocat-
alysts reported in the literature [159-162|, a novel method developed by Pireaux
et al. [163] is promising for growing NPs on various substrates. Going further,
in 2014, Laurent-Brocq et al. [164] reported on the successful deposition of Pt/C
particles by the same method; a Pt organometallic precursor was mixed with a
carbon support and placed in a vacuum chamber followed by a short plasma treat-
ment. Typically, homogeneously dispersed NPs with an average size of 3+0.8 nm
were obtained after an oxygen plasma with stirring conditions for a reactant mix-
ture containing a metal loading up to 40 wt.%; as discussed in section 1.3.3, such
a size distribution is optimum for an efficient specific ORR activity. Moreover,
Pt/C NPs synthesized are mainly metallic resulting in a reducing effect of the
oxygen plasma [165]. This is probably due to the formation of reducing, such as
O* and O3, or reactive species in the plasma. However, the reducing effect of
oxygen-based plasmas is not well understood yet and further investigations should
be performed.

A mechanism allowing the nucleation of Pt NPs was also proposed by Laurent-
Brocq et al. [164] : (i) decomposition of the precursor under a plasma discharge
is performed, thermal and chemical effects are assumed as the main causes of
such a process, (ii) at the same time, species formed in the plasma interact with
the carbon and induce both structural and chemical defects (oxygen functions are
added at the surface), (iii) defects just created act as anchoring sites for the NPs
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nucleation. A sketch of the mechanism is shown in Figure 3.1. This so-called
"one-pot" process is therefore relatively easy to handle, time- and energy-saving
(see section 5.2.4 for more details).

Species of the plasma

Carbon
powder

Pt acetylacetonate

(1) Decomposition of the metallic (2) Functionalization of carbon (3) Nucleation of Pt nanoparticles
precursor powder surface
Figure 3.1: Sketch of the proposed mechanism for the NPs nucleation by a low
temperature radio-frequency plasma (Taken from [164]).

The procedure and experimental setup used in this work is the same as presented
in [164]. Section 3.2 describes the home-made vacuum chamber developed at the
LISE research unit and employed for the synthesis of NPs or N-doping of the
carbon support. The NP synthesis is discussed in detail in section 3.3.

3.2 Experimental setup

3.2.1 The plasma reactor

A low-pressure RF plasma reactor was used to synthesize the nanomateri-
als and to functionalize the carbon support. Figure 3.2 shows the experimental
setup. It consists of a vacuum chamber made of stainless steel with a cylindrical
quartz tube extension in which the samples are positioned. The plasma source
is composed of a RF generator, a matching network and a coil surrounding the
quartz tube. A gas injection system is placed next to the cylinder and controlled
by flowmeters. The vacuum is ensured by a pumping system. Finally, pressure
gauges are installed to monitor the working pressure while a plasma treatment is
performed.

3.2.2 The RF-ICP source

The RF-ICP source consists in a helical coil made of four spires wrapped
around a quartz tube and connected to a matching network. The variable power
at a frequency of 13.56 MHz sent to the coils is coming from a Dressler Cesar
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Figure 3.2: Schematic picture of the plasma reactor. The most energetic area of
the plasma is located at the center of the quartz tube wrapped with the coil.

1310 generator (Advanced Energy, Germany). The matching unit allows an op-
timal transmission of the power to the source-plasma couple by varying the cir-
cuit impedance. Thus, the 50 €2 impedance of the generator matches with the
source-plasma one by varying capacitance integrated in the source. Indeed, the
impedance is varying with the plasma conditions and time. Moreover, it is diffi-
cult to modify the inductance. The matching was manually driven to lower the
reflected power which was usually below 1% of the desired transmitted power.

3.2.3 Gas injection and pumping system

Gas bottles (Ar, Oq, No, NHj, Hy) are linked to flowmeters (MKS mass flow
MFC and MF-1) which allows a monitoring of the flux injected via a vacuum
controller (MKS 946 vacuum system controller). Gases directly flow in the plasma
discharge area. The pressure can then be adjusted when the flux set-point is
reached by closing pumping valves.

As mentioned in the previous chapter, plasmas ignited at the laboratory are
low-pressure RF-ICP. A pumping system is therefore used to reach the desired
pressure. The system is composed of a rotary vane pump (Pfeiffer DUO 10 MC,
10 m?/h), protected upstream by a zeolite trap, and a turbo-molecular pump
(Pfeiffer TMU 261, 210 [/s). Both pumps are connected to the chamber and can
be isolated by using different valves. The primary pump is also connected to the
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turbo-molecular pump but separated by a valve, such protection takes place to
avoid a return to the air when pumping back the chamber.

The zeolite trap placed at the entry of the primary pump helps to remove most
of the hydrocarbons released during a plasma treatment as well as gases injected in
the vacuum chamber. It avoids the frequent replacement of the oil pump, increases
its lifetime without degrading the pressure condition in the plasma reactor over
several experiments.

3.2.4 Pressure gauges

Three different kinds of gauges were used to measure the pressure in the plasma
reactor, each having their own range of measurement. The first measuring instru-
ment is a Pirani gauge (Agilent ConvecTorr P-type) based on the heat transfer
by convection to the surrounding gas. A sensing filament produces heat when a
current is passing through it. At a few mbar, the mean free path of the gas has
the same order of magnitude as the filament radius and the heat transferred is de-
pendent on the pressure. The variation of the pressure is related to the variation
of the thermal conductivity. Typically, Pirani gauges can measure pressure from
1000 to 10~* mbar. However, it has been shown that ConvecTorr gauges are gas
dependent [166].

A capacitance manometer (Baratron MKS gauge) has also been used to avoid
the gas dependency. The principle relies on the fact that a thin diaphragm is
translated when the pressure is modified, pushing or releasing the membrane
which induces an electrical signal proportional to the pressure. The range of
meastrement varies from ~1 down to 10~* mbar.

Finally, a penning gauge (Agilent IMG 100) was installed on the vacuum cham-
ber. When the turbo-molecular pump takes over the primary pump to reach high
vacuum, the pressure drops below the minimum value displayable by the two other
manometers and is monitored by the penning gauge. A high voltage is applied to
a cathode and an anode to accelerate the electrons between the electrodes in or-
der to ionize the surrounding gas. A magnet is placed around the cathode/anode
system to make electrons move spirally and increase the interacting time with the
gas. lons generated will be collected by the electrodes creating an ion current and
then converted into a pressure measurement. Such a device typically works with
pressure lying between 1072 to 10~ mbar.

3.3 Nanoparticle synthesis procedure

In this work, NPs supported on a carbon support were synthesized through the
decomposition of one or several precursors (organometallic or inorganic) in a low-
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Figure 3.3: Sketch of the methodology set up for the nanoparticles synthesis
(Adapted from [167]).

pressure plasma discharge, as described by Laurent-Brocq et al. [164]. A sketch of
the procedure followed for the particle fabrication is shown in Figure 3.3. Tt starts
with mixing a fixed mass of one or two organometallic (OM) precursors with a
fixed amount of carbon support. The different masses were precisely measured to
match a desired metal loading in the samples at the end of the plasma treatment
and are calculated following this general equation :

Mmetal

_— (3.1)
mom + Mes

Wmet.load. -

with Wieri0aa. the total metal loading in the sample, m, ey the mass of metal
used to form nanoparticles, moy; the mass of the OM precursor, and m¢g the
mass of carbon support. In other words, this equation gives the metal fraction
compared to the total amount of powder constituting the sample.

A more convenient formula can be considered by introducing the maximum
metal loading possible Xt assuming that the OM precursor is completely de-
composed and the organic part pumped down by the vacuum system :

o Mmetal o Mmetal
Xmetal - - (32)
mom Mo

where M,,ctr and Moy, are the molar mass of the metal and the OM precursor,
respectively. The last equality is true only if the number of moles is the same
for both the metal and OM which is the case for all the precursors used in the
present work. Therefore, the equation (3.1) can be rewritten taking into account
equation (3.2) :

Xmetal
Wme doad. — 3.3
g, = e 33)
§ = 1es (3.4)

mom
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Linear Formula | Molecular Weigth | Melting point | Xetal
(uma) (°C) (wt.%)
Pt(acac), Pt(C5H702)2 393.29 ~250 [168] 49.6
Pt(cod)(Me)s | Pt(CgHys)(CHs)s 333.33 ~105 [169] 58.5
Platinic acid H,Pt(OH)g 299.14 - 65.2
Ni(acac)g Ni(C5H7OQ)2 256.91 ~230 [170] 22.8
Table 3.1: Main characteristics of the organometallic precursors used to

form nanoparticles : Pt(II) acetylacetonate (Pt(acac)s), (1,5)-cyclooctadiene
dimethylplatinum(IT) (Pt(cod)(Me)y), hydrogen hexahydroxyplatinate(IV) (pla-
tinic acid) and Ni(II) acetylacetonate (Ni(acac)s).

Four different precursors were used and some of their characteristics are re-
ported in Table 3.1. The maximum wt.% is indicated in the last column for each
of them. Among the four compounds, only the platinic acid is inorganic and no
available melting point value could be found in the literature.

When the mixing of all the powders is done, the next step of the procedure
consists in uniformly dispersing the powder mixture in a glass Petri box and insert
it in the plasma reactor to be treated. The valve connected to the primary pump
and the vacuum chamber is then slowly opened. This precaution is taken to avoid
the pumping of the powder. Different parameters can be set up for the plasma
treatment and affect the synthesis of NPs such as the power of the plasma, the
plasma chemistry, the pressure in reactor, or the treatment time. Next chapters in
the present thesis are dedicated to the experiments performed to synthesize Pt-,
Ni-, Pt-Ni- and Fe-based NPs, and include detailed discussions on the effect of the
plasma parameters on the formation of those nanoparticles. The last step consists
in the characterization of the fabricated materials thanks to several techniques,
each of them described in chapter 4.
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Characterization techniques

This chapter is dedicated to the presentation of the different techniques em-
ployed to characterize the treated samples. An overview of an X-ray Photoelectron
Spectrometer (XPS), an X-Ray Diffractometer (XRD) and a Transmission Elec-
tron Microscope (TEM) are reported. The Optical Emission Spectroscopy (OES)
method is also briefly introduced. Afterwards, the electrochemical and nitrogen
adsorption-desorption methods used to determine the catalytic activities, the spe-
cific surface areas and pore texture of the samples are described.

4.1 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron spectroscopy (XPS) is an old technique developed at the
very beginning of the 20th century thanks to the discovery of the photoelectric
effect by Heinrich Hertz in 1887 but understood and explained by Albert Einstein
in 1905. In the 1950’s and the 1960’s, Professor Kai Sieghahn brought a major
development to the technique demonstrating the wide range of materials possibly
analyzable and encouraging scientists to use it [171].

The photoelectric effect

Based on the Max Plank’s idea that energy can be quantified, Einstein pro-
posed that light can act sometimes as energy particles, the photons, and another
time as a wave. This is the wave-particle duality. Going further, when monochro-
matic photons with a sufficiently high energy encounter matter, electrons may
absorb them and then may be ejected from the atom if their energy exceed the
work function of the material. The historic explanation made by Einstein were
involving electrons in the conductive band of metals and UV light was enough to
eject electrons.

In the 1960’s, Sieghahn showed that by using X-rays instead of UV light, it
was possible to extract electrons from core levels of any material; the first XPS
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was born. Basically, an X-ray beam is sent on the surface to be analyzed and
induces the ejection of core level atom’s electrons, the so-called photoelectrons, as
seen in Figure 4.1. Each element has a characteristic signature depending on the
core levels’ energy which is exploited in the XPS through the determination of
the binding energy (BE) of the photoelectrons ejected by measuring their kinetic

energy (KE).
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Figure 4.1: Illustration of the electron population in core levels and the emission
principle of photoelectrons induced by X-rays.

4.1.1 Operating principle of an XPS

Since 2013, the laboratory is equipped with a K-Alpha and an ESCALAB"
250 XTI from ThermoScientific, both having the same operating principle and only
differ by their photoelectron detector. Figure 4.2 illustrates the principle of an
XPS and will be described in details. A pumping system is installed on the
machines to reach an ultra high vacuum (UHV) in the analysis chamber down to
107 mbar. The need of UHV is based on the following considerations :

e An accurate XPS analysis is performed if the information of the transmitted
photoelectrons is not modified. Therefore, it is needed to decrease as much
as possible the interactions between the extracted photoelectrons and the
residual gas molecules in the analysis chamber. Moreover, the photoelec-
trons mean-free path is increased under UHV which allows them to reach
the detector area.

e The surface contamination of the material due to gas residuals is minimized
during the analysis. The adsorption of a gas residual monolayer takes only
few seconds at a pressure of 107° mbar [172].

e The design of the spectrometer requires to work under UHV. Several com-
ponents are then preserved like the filaments and the surface condition of
the device.



4.1. X-Ray Photoelectron Spectroscopy 47

Hemispherical
analyser

Rowland ring
Toroidal quartz crystals

monochromator
Input lenses

Photoelectrons Ny, Eo + bE

Sample Detector

XL lens

Electron gun

R4

Anode

Figure 4.2: Schematic drawing of the working principle of an X-ray Photoelectron
Spectrometer.

The production of X-rays is performed by bombarding an anode with highly
energetic electrons generated and focused in an electron gun. The anode is made of
aluminum or magnesium in order to limit the energy width of the X-rays emitted
which is smaller than other metals. For the ESCALAB" 250 XI, an aluminum
anode is used and the K, » emission line at 1486.6 eV is selected by a twin-crystal
monochromator placed on a 0.5 m Rowland circle.

The sample receives the focused X-ray beam, with a typical spot size of about
300 um, leading to a photoelectric effect at its surface. Photoelectrons are emitted
towards a set of electrostatic lenses, the so-called "input lenses", focusing them
before their entry in the hemispherical analyzer. The "input lenses" are employed
to increase of the number of electrons collected which are then transmitted to
the hemispherical analyzer with limited losses. Moreover, an electromagnetic lens
(XL lens), which is placed beneath the sample, can be used to first focus the
photoelectrons sent to the "input lenses". The combination of those two lens
systems is the so-called "magnetic mode".

The hemispherical analyzer is then employed to select the KE of the photoelec-
trons that will be sent to the detector. It consists of two concentric hemispherical
electrodes set to opposite potentials. The inner electrode has a positive potential
while the outer one is negative, a radial electric field is created between them.
Electrons passing in the field region will be deflected along a circular trajectory
by the electric force and those with the desired KE are transmitted to the detector
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by the exit slit. However, the resolution in energy AE of the analyzer depends on
the KE of the photoelectrons according to the following equation [173] :
2

AF_ o A (4.1)
Ey 2 2Ry
with Fy the pass energy (energy of the electrons which pass through the slit in
the middle of the analyzer) of the transmitted electrons, « the angle of the entry
beam, AS the width of the exit slit and Ry the mean radius of the hemispheres.
In order to acquire spectra with a constant resolution, it is needed to keep the pass
energy FEy constant too. This is realized by slowing down the photoelectrons just
before entering the analyzer. Based on the full-width at half-maximum (FWHM)
of Ag 3ds/2 peaks, the resolution of the ESCALAB" system is 0.6 €V at a pass
energy of 20 eV.

The last part of the XPS is the detecting area constituted of a 6-channel electron
multiplier, also called the "channeltron detector”. Figure 4.3 shows a schematic
representation of one channel electron multiplier. Each channeltron is able to
detect photoelectrons in a given energy range. It has a large dynamic range and is
used to rapidly acquire spectra. A channeltron is made of two parts; an input cone
collects the photoelectrons which are transmitted to a spiral ceramic tube. The
latter is coated with a high resistance material; transmitted photoelectrons hit the
coating which results in a secondary electron effect consisting in the production
of more electrons at lower energies. These electrons are then accelerated towards
another channeltron placed beneath the first one and the same secondary electron
effect occurs leading in a electron cascade production. The signal is sent to pre-
amplifiers and data are finally collected by the Avantage  data system manager
electronics.

High resistance coating

Secondary electron
Photoelectrons cascade

Charge collector ;

Figure 4.3: Schematic diagram of one channel electron multiplier.
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4.1.2 Information extracted from the collected photoelec-
trons

Considering the conservation of energy, the BE of the extracted electrons can
be deducted using the following equation :

BE =hv— KE — ¢ (4.2)

with hr the X-ray photon energy, KE the kinetic energy of the extracted electrons
and ¢ the work function of the spectrometer. The latter is simply a correction
factor and adjustable by the instrument.

As mentioned above, XPS can be used to analyze the surface of different materi-
als. One of the main characteristic making XPS advantageous is the quantitative
aspect of the spectroscopy. The signal intensity is proportional to the global
amount of element present in the sample. Taking into account the Scofield factor,
i.e. the probability to ionize an element, the inelastic mean free path and the
detection efficiency of the analyzer, the relative amount of two elements can be
calculated through their signal. In the case of homogeneous surfaces, the XPS
intensity for a given element I; can by written as follows :

IJ(Q) = q).Nj.O'j.Ao.Qo.T.D/eA-BEZ»COSGdZ (43)

where 6 is angle of photoelectron emission compared to the normal of the surface,
® is the X-ray flux, NN, is the number of emitting atoms, o; is the cross-section
of the photoelectron production, Ag is the aperture size of the analyzer, €} is the
solid angle, T is the spectrometer transmission factor, D is a detector performance
factor, z is the analysis depth length of the material and A is the electron mean
free path. Figure 4.4 illustrates the different parameters which are influencing the
XPS intensity.

The atomic concentrations derived from the relative XPS peak intensities de-
viate from the true concentrations at the surface for heterogeneous samples like
the formation of NPs on a carbon substrate. The latter effect is well known in
the literature |[174,175]. Fulghum et al. [175] reported the difficulties to perform
quantification on non-homogeneous surfaces and the effect of these on the XPS
signal.

The mean free path of the electrons is an important parameter and provides
information on the depth analysis. From Equation 4.3, attenuation of the signal
is given by the exponential decay function in the integral term and depends of the
electron mean free path A. Seah and Dench [176] proposed theoretical models to
calculate the electron mean free paths in various cases. Put simply, this parameter
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Figure 4.4: Sketch of the XPS analysis together with the parameters influencing
the peaks intensities.

depends on the atom size, the monolayer thickness and the KE of the photoelec-
trons emitted. Regarding the depth analysis, it is generally accepted that around
95% of the XPS signal comes from three times the electron mean free path which
represents a depth analysis comprised between ~3 and 10 nm (considering that
cosf = 1).

A second aspect is the determination of the chemical environment at the top
surface of samples by measuring the change in BE for a same atom, the so-called
"chemical shifts". This phenomenon is due to a modification of the electron
core binding energies by removing or adding electronic charges. The charge po-
tential model has been extensively used to provide the physical basis of such a
phenomenon [177]. Put simply, considering an hollow conductive spherical atom
surrounded by other atoms, the electron energy level depends on the vacuum level,
the self-energy of the considered atom with a charge ¢; and the energy induced by
the charge distribution of the surrounding atoms. When the atom is chemically
bounded, the charge on the sphere is modified due to transfer of electrons which
leads to a change of potential. Therefore, it results in a shift of the inner elec-
trons BE. This effect will be studied in the present work by analyzing to chemical
shifts in the different XPS spectra and by identifying their corresponding chemical
environments. This is particularly important for the determination of the oxida-
tion states of the metal-containing particles synthesized by low-pressure RF ICP
discharges or the carbon functionalization. XPS is thus considered as a chemical
spectroscopy allowing to characterize the surface of materials.
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Finally, it is possible to get chemical information about insulators by taking
some precautions. Indeed, for such materials, the removal of surface electrons
will conduct to a sample with a net charge which will prevent the emission of
photoelectrons. A charge compensation is thus needed to avoid this phenomenon.
The ESCALAB" 250 XI is mounted with a flood gun that spreads low-energy
electrons, combined with the diffusion of argon ions, on the surface to neutralize
the net charge.

The Synthesis, Irradiation, and Analysis of Materials (STAM) platform of the
University of Namur is acknowledged for the XPS measurements presented in the
present thesis.

4.2 Powder X-ray diffraction

A second method based on X-rays was used in this study, the X-ray diffraction
on powders. In 1912, a paper from W. Friedrich, P. Knipping and M. Laue
showed experimentally that X-rays passing through crystalline substances lead
to interferences [178]. Therefore, crystals can be considered as 3D diffraction
gratings. A year later, W. H. Bragg and W. L. Bragg explained why X-rays sent
on crystals appear to be reflected at certain angles [179)].

For scientists, the word crystal has a meaning different than from its daily life
use. In solid-state physics, crystal structures are ordered and periodic arrangement
of atoms depending on their nature. Therefore, a crystal can be defined by a
Bravais lattice and a basis. Since the atoms are regularly repeated in space, it is
possible to find planes parallel to each other and passing through all of the atoms,
this is the so-called "reticular planes". Those planes are characterized by integer
numbers h, k£ and [, the Miller indices. Taken together, these three numbers refer
to a family of planes and are involved in the calculation of the X-ray diffraction
peaks. When a X-ray beam encounters the crystal, diffraction can occur if the
Bragg’s relation is fulfilled :

Zdhkl sinf = nA (44)

where dj; is the distance between two reticular planes depending on the Miller
indices, 6 is the reflected angle of X-rays, n is the diffraction order and A is the
wavelength of the X-ray beam. Constructive interferences occur if the optical path
difference is equal to the integer number of times the wavelength. Figure 4.5(a)
illustrates the diffraction of X-rays in the case of a 2D lattice.



52 Chapter 4

a) b)

[JJ” X-ray source Cf E : Detector
1
: 0 / 20
H Ahi
: H Sample

dp sin(0) 7

d

Figure 4.5: a) Illustration of the Bragg diffraction. b) Schematic drawing of the
operating principle of an X-ray powder diffraction instrument.

XRD is useful to identify if a material has a crystalline structure or not and
can provide an approximation on the size distribution of the nanoparticles in a
sample thanks to the Scherrer equation [180] :

K\
T B cost

(4.5)

where 7 is the mean size of the crystalline domains, K is a shape factor, 3 is the
FWHM of the considered Bragg angle, and 6 is the Bragg angle.

The Physico-Chemical Characterization (PC?) platform is acknowledged for
the XRD measurements presented in this thesis. The device used (XPert PRO
PANalytical) is based on the powder method and is made of three basic elements
: an X-ray source, the sample holder and an X-ray detector.

The principle of X-ray production is similar to the production described for
the XPS. An electron beam bombards an anode which results in the emission of
highly energetic photons. A copper anode is employed in our case and the Cu
K, radiation is selected (Acy k, = 0.154 nm). X-rays are then collimated, sent to
the sample and diffracted towards a detector as shown Figure 4.5(b). The X-ray
source and the detector are mounted on a mobile arm and both rotate around the
sample holder with an angle 26. This geometry was employed to analyze powders
in which crystalline structures were randomly oriented. By varying the angle 260, it
is then possible to access all the orientation leading to constructive interferences.
A diffractogram is then recorded showing the intensity variation of the diffracted
radiation as a function of the diffraction angle 26.
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4.3 Transmission electron microscopy

The limitation of optical microscopy in terms of image resolution is due to
the wavelength of visible light. In other words, an optical microscope can resolve
the distance between two points separated by 200 nm which is the same order
of the visible light wavelength. As a point of comparison, the smallest distance
between two points that a human eye is able to resolve is "only" about 0.1 mm.
Alternatives were essential to improve the resolution and this is why transmission
electron microscopes (TEM) have been developed. Historically, in 1925, Louis de
Broglie showed that electrons can have a wave-like behavior with a wavelength
smaller than visible light [181]. Two years later, experiments on the electron
diffraction were carried out by two groups of scientists without any consultation
[182,183]. Finally, Knoll and Ruska were the first to propose the idea of an electron
microscope in 1932 [184].

The wavelength of electrons can be calculated thanks to the de Broglie equation
with a correction taking into account relativistic effects since electrons can move
at velocities close to the light’s velocity [185] :

h

e =
\/QmOE(l +E)

(4.6)

2mgc2

with h the Planck’s constant, mg the rest mass of an electron, E the energy of the
accelerated electron and c the speed of light. A common value for A, is 3.7 1073
nm when they are accelerated with a potential difference of 100 kV [186]. Under
this accelerating potential condition, the TEM resolution is about 0.1 nm which
is 1000 times better than conventional optical microscopes.

A schematic picture of a TEM is shown in Figure 4.6. However, there remains
always the question about how possible it is to obtain images of samples with
electrons. A global explanation of the operating principle of the TEM will thus
be presented to answer to that question.

The first part of the microscope is the electron gun providing a stable and bright
source. A filament in tungsten is heated by applying a high voltage (up to 100-200
kV), a thermionic emission current density is then produced. Electrons emitted
are accelerated towards the anode (generally grounded) and transmitted to an
electromagnetic condenser lens to be focused parallel for illuminating the sample.
The electron beam passes through the specimen (thin enough to let the electron
reach the other side of the microscope, usually less than 100 nm thick), some of
them interact with materials constituting the sample and other are transmitted to
a second lens system. Finally, an image can be visualized on a fluorescent screen
or even with a camera allowing data processing via a computer.
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Figure 4.6: Schematic drawing of the operating principle of a transmission Elec-
tron Microscope (Taken from the JEOL 2000FX handbook).

A vacuum system is installed on the microscope to increase the electron mean
free path like in XPS, as mentioned in section 4.1. A rotary vane pump operates
in the introduction lock to transfer samples in and out of the device. Operations
in the microscope are realized at a high vacuum level which is reached by a turbo-
molecular pump.

In the present study, two electron microscopes were used (FEI Tecnai 10 and
Tecnai Osiris) for imaging the NP formation on the carbon substrates. The Tecnai
Osiris is equipped with an EDX (Energy Dispersive X-ray, allowing a chemical
analysis) and can provide TEM images as well as STEM (Scanning Transmission
Electron Microscope, see below for further information) images. The Morphology
and Imaging (MORPH-IM) platform, and SERMA Technologies are acknowledged
for the TEM /STEM images acquisition and EDX measurements presented in this
work.

4.3.1 Scanning transmission electron microscopy

As mentioned above, a STEM was also employed to acquire images of the
samples. The principle of the technique is similar to the one presented for the
conventional TEM, an electron beam passes through the sample and interact
with it. However, in the case of a STEM analysis, the electron beam does not
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illuminate the whole specimen analyzed but is focused in a fine spot with a typical
size comprised between 0.05 to 0.2 nm [187]. The electron beam then scans the
surface of the sample and scattered electrons are collected. The image formation
is performed taking into account the direction of the incoming scattered electrons
hitting the detector as a function of the probe position [188]. Going further, it
was shown that the STEM technique is highly sensitive to the atomic Z number
of the elements present in the sample [188]. This is particularly visible when
using the dark field mode in which brighter spots correspond to higher atomic Z
number elements. Therefore, STEM analyses allow to highlight areas with heavier
elements. This will be shown in the present thesis in chapters 6 and 7.

4.3.2 Energy dispersive X-ray analysis

Electrons are not the only information that could be gathered during a STEM
analysis. The interaction between the electron beam and the surface atoms of
the sample could also result in the ejection of inner shell electrons. Therefore,
X-rays can be emitted with wavelengths characteristic of the atomic structure of
the excited elements [189]. Analysis of the X-ray energies can be performed by
using an energy dispersive detector. This is to the so-called "Energy dispersive
X-ray" (EDX) analysis which allows to derive an elemental compositions of the
sample. In this work, the EDX spectroscopy was employed to characterized the
chemical environment of bimetallic Pt-Ni/C nanocomposites (see chapter 7).

4.4 Optical emission spectroscopy

One of the most convenient and useful method to bring diagnostics on low-
pressure plasmas is the optical emission spectroscopy (OES) since it does not
require any physical contact with the plasma [190-193]. Moreover, OES only
needs an optical fiber to transport the light information, a spectrometer covering
wavelengths from the UV to near-IR regions (~200-900 nm) to collect it and a
dedicated program to visualize spectra.

When atoms or molecules are excited by collisions with electrons in the plasma,
they can release their excess in energy by emitting light resulting in electronic
transitions between two energy levels. The spectral lines produced are character-
istic of the atoms or molecules involved in the process. By analyzing these spectral
lines and their evolution, elements present in the plasma can be determined, the
decomposition of organometallic precursors followed [167], or the E-H transition
highlighted [136]. In chapter 6, the decomposition of the nickel precursor is dis-
cussed; and in chapter 8, the E-H transition is shown in the case of nitrogen-
and ammonia-based plasmas for nitrogen functionalization of carbon supports.
In the present thesis, the OES spectra were recorded by using an Ocean Optics
USB4000-XR spectrometer. The numerical aperture of the single-strand optical
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fiber carrying the signal is about 0.22. The processing of the different spectra was
then performed with the SpectraSuite software.

ICP-OES operating principle

The last point to note is the use of the ICP-OES method to quantify the
metal loading in the samples treated by low-pressure plasma discharge. This
is particularly important for the calibration of the catalytic activity curves (see
section 7.5).

The sample preparation was realized at the LISE research unit of the University
of Namur. The complete methodology employed to produce a solution with a fixed
metal concentration was performed as follows :

e A solution of aqua regia, i.e. an acidic solution made of nitric (HNO3) and
hydrochloric (HCI) acids in a molar ratio of 1:3, were prepared to dissolve
the nanoparticles. The ultrapure nitric and hydrochloric acids having con-
centrations of 65 wt.% and 37 wt.% respectively, it was needed to dilute
the solutions with ultrapure Milli-QQ water to reach a maximum concentra-
tion of 5 wt.% to avoid the degradation of the device during the ICP-OES
measurements.

e A fixed amount of the sample is taken and mixed with a calculated volume
of aqua regia to obtain a final solution with a fixed metal concentration.

e The solution is then put under stirring conditions and heated to 50 C for at
least three days to ensure a complete dissolution of the metallic NPs.

e Afterwards, the sample is centrifuged during 20 minutes at 4000 rpm to
separate the carbon support from the concentrated solution.

Finally, the solution is injected in an Ar plasma, vaporized and ionized. The
injection is performed by a nebulizer in order to obtain a fine aerosol. Light
emitted due to the deexcitation of atoms to their fundamental energy state is
analyzed by a spectrometer as explained above. The intensity of spectral lines is
compared to standard samples and leads to the quantification of the metal loading.
Standards were prepared by diluting stock solutions with ultrapure Milli-Q water.

4.5 FElectrochemical methods

The electrochemical measurements have been performed within the Depart-
ment of Chemical Engineering - Nanomaterials, Catalysis, Electrochemistry (NCE)
at the University of Liége. A three-electrode cell has been used allowing measure-
ments of the activity for the Oxygen Reduction Reaction (ORR) and the CO
stripping voltammetry [194]. A brief overview of the measurement principles is
debated in this section.
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4.5.1 Oxygen Reduction Reaction

As explained in section 1.3.3, ORR occurs with very slow kinetics. Catalysts
are required to faster the chemical reaction, higher ORR kinetics are needed in fuel
cells and are intensively investigated in PEMFC researches [42,43]. It is therefore
critical to measure the activity of that reaction in order to evaluate the usefulness
of the NPs fabricated by low-pressure plasma discharges.

The rotating disk electrode methodology has been used for measuring the ORR
activity. A catalyst layer is placed on a glassy carbon disk and immersed in an
Oy-saturated electrolyte solution. The working electrode is rotated at a fixed
speed while its potential is decreased linearly and the oxygen reduction current is
monitored. The rotation of the disk allows to create a stable and laminar flow of
reactant towards the rotating disk on which the catalyst layer is placed (Figure
4.7); the rotation speed directly influence the study of the reaction kinetics. ORR
voltammograms are then recorded at different rotation speeds and corrected by
the mass-transport limitations.

insulator (Teflon)

|~ disk electrode

streamlines
(side view)

streamlines
(top view)

Figure 4.7: Sketch of the rotating disk electrode method, with the streamlines
generated by the rotation, employed for the ORR activity measurements (Taken
from [195]).

The ORR activity is finally determined by calculating the kinetic current and
the so-called Tafel plot is drawn, i.e. potential as a function of the kinetic current.
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The best catalyst exhibits a higher kinetic current in comparison to others at a
fixed potential. However, information are often related to the slope of the curve
which indicates if the reaction rate is strongly affected or not by changes of the
applied potential.

4.5.2 CO stripping voltammetry

The CO stripping voltammetry was used to highlight the effect of a non-
reversible reaction on the catalysts, the CO electro-oxidation. Carbon monoxide
has a "poisoning" effect in fuel cells, they attach on the catalyst surface which
decrease the number of sites available for the hydrogen reaction [196,197]. Nu-
merous researches have been realized to increase the CO-tolerance and are still
ongoing [198,199]. Since the NPs fabricated by plasma discharges could be po-
tential catalysts in PEMFCs, it is mandatory to control their CO-tolerance.

The principle of the measurement consists in immersing the catalyst layer in the
electrolyte solution of a three-electrode cell. Carbon monoxide is then bubbled on
the surface of the sample while the working electrode is kept at a fixed potential
until the surface of the catalyst has been completely covered by CO molecules.
Afterwards, the excess of CO is dissolved by bubbling Ar in the solution.

The potential of the working electrode is then increased linearly leading to the
electro-oxidation of the adsorbed CO molecules. This step produces electrons
passing through an electric circuit which induces an electric current. The latter
is recorded as a function of the working electrode potential, this is the so-called
CO stripping voltammogram. Several voltammograms are recorded by sweeping
the working electrode potential between two values.

When the potential is high enough, CO electro-oxidation occurs at the sur-
face of the catalyst and a peak in current appears in the voltammogram. The
main information can be extracted from the area under the current peak which is
proportional to the electroactive surface area of the catalyst NP.

Recently, it was shown that the catalytic activity measured by CO stripping
voltammetry depends on the size of the nanoparticles as well on the presence of
agglomerates and grain boundaries [72, 200, 201|. Figure 4.8 illustrates such a
dependency in a CO stripping voltammogram.

4.6 Nitrogen adsorption-desorption method

In 1918, Irving Langmuir developed a theory to calculate the coverage of the
surface of a solid substrate through the adsorption of a gas molecule monolayer,
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Figure 4.8: Size effect in a CO stripping voltammogram. Positions of current
peaks provide information on the size distribution of the catalysts (Taken from
[200]).

also called adsorbate, depending on the gas pressure at a given temperature [123]

aP
O —
1+ aP

(4.7)
with © the fractional cover of the surface, P the gas pressure and « a constant.

Several assumptions were made to lead to Equation 4.7. Usually, nitrogen or
argon is used as an adsorbate and the adsorption energy is considered equal for all
the sites at the surface. Those sites are defined as the areas where the molecules
are able to be adsorbed and only one molecule can occupy each site. Finally,
the adsorption process at one site is completely independent of the one occurring
at neighboring sites. Nevertheless, the Langmuir theory is too simple and flaws
have been pointed out. In 1939, the Brunauer-Emmett-Teller (BET) theory was
developed to extend the latter to multilayer adsorption [202]. In this case, gas
molecules are able to be adsorbed and form a non-finite number of layers which
are assumed to not interact with each others.

The principle of the adsorption-desorption measurement is based on the amount
of molecules adsorbed on the surface of the material exposed to the gas. The
most common gas employed is nitrogen due to an easily achieved high purity
and relatively strong interaction with various materials. The sample is kept at a
constant temperature, typically at the nitrogen boiling temperature (77 K), under
vacuum. A gas valve is opened to let the molecules interact with the sample and
begin to be physisorbed at its surface; such a process is described in Figure 4.9.
The surface coverage increases as the pressure in the sample holder is increased
leading first to a monolayer. Adsorption of gas molecules continues with higher
pressure to reach a multilayer adsorbate onto the surface of the material. At a
certain point, no adsorption can occur due to saturation; the sample pores are
completely filled with gas molecules. The next step of the method consists in
removing the sample from the Ny atmosphere, placing it in a heated environment



60 Chapter 4

to desorb the nitrogen from the surface and quantify the released molecules. It
results in an isotherm on which the amount of gas adsorbed is plotted as a function
of the relative pressure applied during the experiment by using the BET theory
(Figure 4.10).

Multilayer formation Stage 3 Stage 4

Further increasing gas pressure will A further increase in the gas pressure will cause
cause the beginning of multi-ayer compiete coverage of the sample and fil all the pores
coverage. Smaller pores in the sample The BJH calculation can be used to defermine pore
will fil first. BET equation s used to diameter, volume and distribution.

calculate the surface area.
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Figure 4.9: Sketch of the BET methodology employed to measure the specific
area and the porosity of various materials (Taken from [203]).

Calculation of the specific surface area and the porosity are based on the BET
equation [202] :

P 1 (Cc-1P
_ £ "
VP —P) V.l V.C R (48)

where P is the equilibrium pressure, F, is the saturation pressure, V, is the weight
of gas adsorbed, V,, is the weight of an adsorbate monolayer and C' is the BET
constant. Equation 4.8 is linear within a range of relative pressure and allows the
measurement of V,,, by determining the intercept and slope of the latter. Therefore,
the total surface area (TSA) can be deduced from the following equation :

Vin N

TSA =
M

Aes (4.9)

where N is the Avogadro number, M is the molecular weight of adsorbate and
Ages is the adsorbate cross sectional area (i.e. effective size area of the adsorbate
molecule).
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Figure 4.10: [Illustration of the different isotherm curves obtained after a gas

adsorption-desorption experiment. Mesoporous carbon are usually characterized
by Type IV isotherms (Taken from [204]).

Finally, the specific surface area (SSA) is derived from Equation 4.9 :

A
sgA = 24 (4.10)
w

with w the sample weight.

The pore texture (pore volume, pore size distribution, etc.) of the materials can
also be derived from the adsorption or desorption of adsorbates at the surface; if
the material is mesoporous, an hysteresis in the isotherm plot appears which can
be exploited to get information on the pores (Figure 4.10). The determination of
the pore size distribution is performed thanks to the Barrett, Joyner and Halenda
(BJH) theory which uses the Kelvin model of pore filling [205]. Put simply,
geometrical properties of the porous material are related to the thermodynamical
data obtained for the nitrogen adsorption-desorption measurements. The total
pore volume is determined by using the Kelvin equation :

2V,,0 cos 6

" RTIn(P/Ry) (4.11)

Tk

with 7, the radius of curvature of the condensed adsorbates in the pore, V,, the
molar gas volume of an ideal gas, o the surface tension, 6 the contact angle, P
the equilibrium pressure and F, the saturation pressure.
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The BJH theory assumes that the pores have a cylindrical shape and a cor-
rection to the radius is applied taking into account the thickness of the adsorbed
film t, which is evaluated considering a given theory; this correction is due to
condensation that occurs after the formation of an adsorbed layer at the surface
of the pore walls. The cylindrical pore radius is thus given thanks to the following
equation :

Ty =T+ g (4.12)

Figure 4.11 illustrates the model employed to calculate the pore radius 7.
This model is useful to derive the pore size distribution and pore volume for a
given pore geometry. However, the pore shape is often more complex.

t
i Tk

Figure 4.11: Schematic drawing of a cylindrical pore usually considered in the
BJH theory to calculate the pore characteristics.

The minimum size that could be measured through the BJH theory is related
to the size of the adsorbate which is about 0.4 nm for nitrogen while the maximum
size measurable is about 300 nm due to difficulty in the determination of the total
amount of gas that has been adsorbed at high pressure [206].
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Advances 1n the fabrication of Pt
nanoparticles supported on carbon
substrates

5.1 Introduction

A few years ago, Laurent-Brocq et al. [164] demonstrated the fabrication of
Pt NPs supported on CB by low-pressure RF-ICP treatments. It was shown that
the novel approach employed was efficient to synthesize NPs on a carbon sup-
port which could be used in applications such as PEMFCs. The methodology
is fast, easy, solvent-free and no high temperature treatment is required. How-
ever, as discussed in section 1.4, other mesoporous carbon supports with better
characteristics (high surface areas, stability, resistance to corrosion, etc.) have
been investigated. Thus, in the present chapter, further studies were performed
to create Pt NPs on CXGs and GNPs. The impact of the metal precursor on the
NP synthesis was also studied; two OM and one inorganic precursors were used.
The main purpose in using two OM precursors relies on the important difference
in their melting point. Therefore, an additional parameter can be taken into ac-
count and is particularly interesting for the synthesis of metallic NPs. Moreover,
the chemical and thermal actions taking place during a dry plasma treatment are
better understood, especially the strong interaction between them. Indeed, the
decomposition of the metal precursors is mainly due to thermal effects, while the
chemical actions impact the NP oxidation state and carbon functionalization [164].
The fundamental mechanisms involved in the synthesis of particles and their un-
derstanding are thus at the heart of this study. Controlling the way precursors
are decomposed, the formation of NPs and their agglomeration is essential to
synthesize sustainable materials used in various applications among which cataly-
sis. Some plasma parameters are also investigated by varying the treatment time,
plasma chemistry and power. Section 5.2 is dedicated to the impact of the metal
precursor on the synthesis of Pt NPs supported on CXGs, while the formation of
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Pt nanocatalysts on GNPs is discussed in section 5.3. Finally, a pretreatment of
GNPs was performed by using a nitrogen-based plasma and its effect is debated
in section 5.3.3. Especially, a study on the effect of the defects induced by the
plasma on the graphene sheets was investigated.

Thus, this work aims to have a better understanding and control over the nu-
cleation, growth and agglomeration of metallic NPs to reach a high coverage and
uniformly dispersed materials with a desired size distribution and morphology
at the surface of the carbon substrate. The author of this thesis contributed to
(1) the sample production of Pt/C nanocatalysts on CXGs and GNPs, and (2)
the acquisition and interpretation of several XPS spectra, TEM images and XRD
diffractograms.

5.2 Synthesis of Pt /xerogel nanoparticles by using
different metal precursors

The first point developed in the present chapter is the impact of the metal
precursor with different characteristics, namely their melting point and the chem-
ical functions attached to the metallic part in the molecules, on the synthesis of
Pt/C NPs. Three different precursors were employed; two OM precursors, i.e.
Pt(IT) acetylacetonate (Pt(acac)s, CioH1404Pt, 99.99%; Strem Chemicals) and
(1,5)-cyclooctadiene dimethylplatinum(II) (Pt(cod)(Me)s, C1oH1sPt, 97%; Sigma
Aldrich), and an inorganic precursor, i.e. hydrogen hexahydroxyplatinate(IV)
(Platinic acid, HoPt(OH)g, 99.9%, Sigma Aldrich). Their molecular structures
are represented in Figure 5.1. The main characteristics of these metallic precur-
sors are presented in Table 3.1.

a) b) | c) H*
HO OH
_o 0 ML A
0] H,C / N\
| HO OH
H+

Figure 5.1: Molecular structure of a) Pt(II) acetylacetonate, b) (1,5)-
cyclooctadiene dimethylplatinum(IT) and ¢) hydrogen hexahydroxyplatinate(IV).

A CXG was used as a support for the fabricated NPs, and is characterized by an
average pore size of 60-70 nm and a BET surface area determined by N, adsorption
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of 660 m? g~*. The carbon matrix was produced following the method described in
ref. [95] by the Department of Chemical Engineering - Nanomaterials, Catalysis,
Electrochemistry (NCE) at the University of Liége. The methodology employed
for the preparation and fabrication of Pt/xerogel nanocatalysts is described in
section 3.3. It starts by mixing a fixed amount of metallic precursor with the
CXG in order to reach a metal loading of 20 wt.%. Afterwards, the reactants
are placed in a vacuum chamber which is pumped down by using a rotary valve
pump allowing to reach a pressure down to ~1072 mbar. Oxygen or argon is then
injected with a fixed flux in the plasma reactor. Afterwards, the reactants are
treated under stirring conditions by applying a plasma discharge to synthesize
the Pt/xerogel particles.

The plasma conditions have been adapted and optimized for each precursor
in order to decompose the metal-containing molecule and then form NPs. For
the rest of this chapter, the Pt(II) acetylacetonate and the (1,5)-cyclooctadiene
dimethylplatinum(IT) precursors are denoted as "OM1" and "OM2", respectively,
while the amorphous hydrogen hexahydroxyplatinate(IV) is denoted as "AM".
The different employed parameters are reported in Table 5.1. The effect of the
plasma chemistry has been investigated with an Oy or "mixed" Os/Ar treatments
at a transmitted power of 100 W (continuous) or 150 W (pulsed with a duty cycle
of 50% at a frequency of 10 Hz). At this point, it is important to note that pulsed
plasmas were not sufficiently efficient to properly decompose the OM1 precursor.
Thus, in that case, the study was focused on the use of continuous plasma only
in order to decompose the metal precursor.

Systematic XRD analyses were performed to monitor the OM precursors de-
composition; both are in a crystalline form and present characteristic peaks in
the diffractograms which disappear after an optimized plasma treatment. The
formation of crystalline domains was also controlled through the analysis of the
diffractograms. The amorphous precursor does not exhibit peaks in the diffrac-
togram, thus its decomposition after the plasma treatment is more difficult to
evaluate. However, the production of crystalline NPs in this case still can be
checked by analyzing the data acquired from the XRD experiments. Complemen-
tary bright-field TEM images acquisitions have been performed to determine the
morphology of the fabricated NPs and their dispersion on the carbon support.
Moreover, evaluation of the NP agglomeration was realized in each case. Finally,
the chemical composition of the fabricated NPs and the carbon functionalization
were inspected by XPS.
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Plasma, Type Flux Time
(scem) (min.)

Pt(acac)sy

OM1-1 Og, 100 W continuous 5 10

OM1-2 09, 100 W continuous 5 5
Ar, 100 W continuous 5 10

OM1-3 Ar, 100 W continuous 5 5
02, 100 W continuous 5) 10

Pt(cod)(Me)s

OM2-1 09, 100 W continuous 5 20

OM2-2 09, 150 W pulsed 5 10

OM2-3 Ar, 100 W continuous 5 10
09, 100 W continuous 5 10

OM2-4 Ar, 100 W continuous 5 15
09, 100 W continuous 5 10

Platinic acid

AM-1 Og, 150 W pulsed 5 20

AM-2 Ar, 100 W continuous 5 10
Oq, 150 W pulsed 5 15

Table 5.1: Plasma conditions explored for the decomposition of the different
metallic precursor and the formation of Pt particles supported on carbon xerogel
from a reactant mixture with a metal loading of 20 wt.%. In some cases, two
lines are indicated and give the plasma discharge conditions of two successive
treatments applied without bringing back the plasma reactor to the atmosphere.

5.2.1 Decomposition of the metal precursors by one-step
plasma treatments

The decomposition of the OM1 and OM2 crystalline precursors was checked
by XRD and their diffractograms are shown in Figure 5.2. Three peaks located
at 39.8, 46.3 and 67.5° are present and attributed to (111), (200) and (220) face-
centered cubic Pt crystalline NPs, respectively [207]. Moreover, the signal from
the precursor is still visible on the diffractograms for OM1 (Figure 5.2(a)). This
indicates an incomplete decomposition of the precursor under the explored plasma
conditions. A fit of the peaks induced by crystalline Pt NPs has been performed by
using a Pearson VII profile in order to determine their full width at half maximum
(FWHM); the Debye-Scherrer formula (Equation (4.5)) allows then to calculate
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Figure 5.2: XRD diffractograms of the pristine powder and after the differ-
ent plasma treatments for a) the Pt(II) acetylacetonate (OM1) and b) (1,5-
Cyclooctadiene) dimethylplatinum(II) (OM2) and the hydrogen hexahydroxy-
platinate (IV) (AM) precursors.

the average size of the Pt NPs. Interestingly, for the OM1 precursor, the mean
sizes of the particles are 22.942.8, 11.5+1.6 and 29.2+3.9 nm for OM1-1, OM1-2
and OM1-3, respectively. Those particularly large crystalline domains sizes could
indicate an important aggregation of the Pt particles at the surface of the xero-
gel. The analysis of TEM images could corroborate this result. For the plasma
treatments of the OM2 precursor, analysis of the diffractograms in Figure 5.2(b)
indicates that the mean sizes distribution are lower than the OM1 results. Typ-
ically, the average domains sizes are 13.74+1.5, 4.940.4, 2.240.4 and 5.3£0.3 nm
for OM2-1, OM2-2, OM2-3 and OM2-4, respectively. Therefore, it seems that
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relatively long oxygen-based plasma treatments at 100 W lead to Pt agglomera-
tion while this phenomenon can be avoided or reduced with pulsed Os or "mixed"
Ar/O, plasma discharges. At this point, the hypothesis proposed is the decrease
of the maximal temperature reached during the "mixed" plasma treatments which
limits the mobility of the Pt atoms. Thus, coalescence of the NPs is decreased.
However, it is not easy to measure the temperature during the treatments. As
discussed in section 2.2, electrons have a higher temperature in comparison with
ions and neutral species. Therefore, the concept of temperature is not unique in
cold plasmas and an average energy should be used instead. Several attempts
were done to measure this parameter with a thermocouple sensor but without any
success. Nevertheless, the glass Petri box seemed to be less warm when removing
it from the vacuum chamber directly after the "mixed" Ar/Os plasma treatment
in comparison with the O, one. Further experiments should be conducted to mea-
sure the temperature reached during the treatments and confirm this hypothesis
mentioned above.

For the inorganic AM precursor, the diffractograms unambiguously show peaks
attributed to crystalline Pt particles (Figure 5.2(c)) and, from the two explored
plasma conditions, the mean particle size vary from 8.5+1.5 to 12+1.5 nm for AM-
1 and AM-2, respectively. As mentioned above, the AM precursor is not crystalline
and does not exhibit peaks in the diffractogram. Therefore, it is difficult to state
on the complete degradation of the precursor after the different plasma treatments.
However, from the analysis performed by XRD and the derived average NP sizes,
it seems most likely that agglomeration of particles occurred, which has to be
confirmed by the TEM images.

5.2.2 On the agglomeration of the nanoparticles through a
morphology study

The XRD analysis were completed by a study on the morphology of the fab-
ricated Pt/CXG NPs. TEM image acquisitions were performed to corroborate
the results discussed in section 5.2.1. Prior to TEM analyses, the samples were
prepared as follows : (i) a fixed amount of powder was mixed with a volume
of isopropanol and sonicated during at least 10 minutes to obtain homogeneously
dispersed Pt/C catalysts in the solution, (ii) a droplet of the latter was then taken
and deposited on a TEM grid. Afterwards, the sample was placed in the micro-
scope and images were acquired by using an acceleration potential of 80 kV. The
average NP sizes have been derived from the analysis of the TEM images by using
the ImageJ processing software. The TEM images confirm the formation of NPs
on the surface of the carbon matrix after the plasma treatment of the different
precursors employed in this study, as seen in Figure 5.3. Complementary TEM
images of the samples are presented in appendix A.
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Figure 5.3: TEM images of the Oy plasma treated samples (OM1-1 (a), OM2-1
(c) and AM1 (e)) or "mixed" Ar/O, plasma treatments (OM1-3 (b), OM2-4 (d)
and AM2 (f)).
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The NP formation after the treatment of the OM1 precursor for the O, and
"mixed" Ar/O, plasma discharges at a transmitted power of 100 W are shown in
Figure 5.3(a) and (b), respectively. Both treatments clearly show agglomeration
of particles which could support the results found with the XRD analysis. More-
over, the coverage of NPs at the surface is not uniform (Figure 5.3(a)). Therefore,
it was not easily possible to derive an average size due to the presence of too many
interconnected domains. This could be due to the high-energy (continuous) treat-
ment conditions which are not optimized to completely decompose the precursor
and prevent the growth of particles. This is in agreement with the hypothesis of
a higher mobility of the Pt atoms which results in the coalescence of the NPs. In
order to complete the decomposition, longer treatments or an increased plasma
power should be applied. However, these highly energetic conditions tend to dam-
age the carbon support which modifies its physico-chemical properties [208]. For
that reason, the plasma conditions were limited to low power to avoid as much as
possible such a negative impact on the support. For the "mixed" Ar/O plasma
treatment, the coverage seems to be more uniform (Figure 5.3(b)). Besides that,
excluding the large domains, average sizes of the NPs are similar regarding the dif-
ferent explored conditions (3.9+0.5, 3.6+0.5 and 3.84+0.3 nm for OM1-1, OM1-2
and OM1-3).

For the OM2 treatments, TEM images of the OM2-1 and OM2-4 are shown in
Figure 5.3(c) and (d), respectively. In both cases, NPs are non-homogeneously
dispersed on the carbon support. Moreover, a few agglomeration of particles is
clearly visible with the presence of grain boundaries or larger domains which are
believed to correspond to melted Pt (Figure 5.3(c,d)). Interestingly, the average
NP sizes derived from the TEM images between the two plasma conditions are
similar with average sizes of 4.3£0.6 and 3.2+0.3 nm for OM2-1 and OM2-4.
In comparison with the XRD analysis, the average NP size of the OM2-1 sample
deviates significantly. Nevertheless, the TEM image analyses confirm the presence
of large domains which are believed to be in a crystalline form and contribute to
the narrowing of the XRD peaks.

Finally, for the AM precursor treatments, the morphology analysis indicates
the formation of non-homogeneously dispersed NPs at the surface of the car-
bon support as well as some agglomeration or interconnected domains which are
more visible for the AM-2 plasma treated sample (Figure 5.3(e,f)). The aver-
age sizes derived from the TEM images are 2.3£0.6 and 4.7£0.6 nm (AM-1 and
AM-2, respectively). From the XRD pattern (Figure 5.2), the same conclusions
as presented for the OM1 are found; the XRD average size are systematically
overestimated and are believed to be due to large crystalline domains.
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5.2.3 Chemical analysis of the fabricated Pt/xerogel nano-
particles

The chemical composition of the nanocatalysts formed during the plasma treat-
ments were investigated by XPS measurements. For each explored plasma con-
ditions, the spot size was fixed at 300 um, including survey and high-resolution
spectra acquired with a pass energy of 200 and 30 eV, respectively. The global
composition is given in Appendix B and will not be discussed here. Indeed, the
carbon and oxygen functionalizations do not change significantly with the different
plasma conditions. Thus, this work is focused on the analysis of the Pt 4f spectra.
In the present section, the oxidation states of the Pt NPs formed from the plasma
treatment of the three precursors are presented, as seen in Figure 5.4. The high-
resolution Pt 4f spectra were fitted using four spin-orbit coupling doublets (Pt
4f7/5 and Pt 4f5/2). The intensity ratio between the two peaks in a doublet was
kept constant at 0.77, which is close to the theoretical ratio of 0.75 [177]. The BE
difference between the four components was constrained following the values re-
ported in the literature; the peaks were centered at 71.240.3, 72.440.3, 74.04+0.3
and 74.9+0.3 eV BEs (Pt 4f; ), and were attributed to metallic Pt, Pt(OH),, PtO
and PtO,, respectively [209,210]. For the metallic component, an asymmetrical
shape was fitted in agreement with the literature [211]; the fitting parameters were
determined thanks to an XPS analysis of a reference Pt electrode : the tail mix,
tail height and tail exponent were fixed at 16.14%, 0.0% and 0.1157, respectively
(see Appendix C for more details). The quantification of the Pt amount, which
were derived from the peak area analysis of the high-resolution C 1s, O 1s and Pt
4f spectra, was performed for all treatment conditions.

For the OM1 precursor, NPs fabricated by Oy and O/Ar plasma discharges at
100 W are strongly oxidized with a relative percentage of metallic Pt which does
not exceed 50% while the Ar/O, treatment allows to form more metallic particles
(up to 60% of the Pt content, Figure 5.4(c,d)). According to the reference OM1
XPS Pt 4f spectra (Figure 5.5), it is believed that the signals at 72.4, 74.0 and 74.9
eV BEs are due to both residual fragments and oxides. Surprisingly, the "mixed"
Ar/O, treatment allows a better Pt reduction in comparison with the two other
treatments. It is expected that the Ar plasma could not lead to the reduction of
the metal and only allows to partially degrade the precursor and form small NPs
which act as germination sites. Afterwards, the NPs are able to grow and are
reduced during the Oy plasma. In the case of the OM1-1 and OM1-2 samples, O,
plasmas only are not able to efficiently decompose the precursor, which is visible
on the diffractograms (Figure 5.2(a)), and the Ar plasma not suitable for the NP
growth probably due to the lack of chemical interactions.

Regarding the plasma treatments of OM2, the same four components were
fitted on the HR-XPS Pt 4f spectra, as seen in Figure 5.4(c). Even if the signal
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Figure 5.5: High-resolution XPS Pt 4f core level spectra of the organometallic
(Pt(acac)s and Pt(cod)(Me)s) and the inorganic precursors (platinic acid), respec-
tively.

characteristic of the crystalline precursor fully disappeared in the diffractograms
after a low-energy O, plasma (pulsed at 100 W, Figure 5.2(b)), the Pt content in
the samples stays relatively low (from 4.5 up to 5.4 at.%). Moreover, the relative
percentage of Pt? does not exceed 50% (Figure 5.4(d)); this suggests a complete
decomposition of the precursor but not completely used for the nucleation of
metallic Pt NPs. It is important to note that the precursor does not contain
oxygen groups and only show a major component at 72.4 eV which corresponds to
a Pt*2 state (Figure 5.5). Therefore, if the decomposition of the molecule occurs,
oxygen most probably binds to the Pt atoms to form mainly Pt(OH),. It is also
possible that the decomposition is partial and leads to non-crystalline fragments
(resulting in no signal in the XRD diffractogram).

Finally, the inorganic AM precursor treatments lead to similar observations with
a highly oxidized Pt for the O, plasma treatment at 150 W while the "mixed"
Ar/O4 plasma discharge allows to limit the formation of Pt oxides (Figure 5.4(e)).
Interestingly, as seen in Figure 5.4(f), the AM1 sample presents the highest content
in PtO bonds (~50% of the total Pt 4f peak area) and, the AM2 sample is mainly
in a metallic form (~50% of the total Pt 4f peak area as well); this also suggests
a partial decomposition of the precursor while the formed Pt particles are already
agglomerated. Indeed, as seen on the AM Pt 4f reference spectrum in Figure 5.5,
peaks centered at 72.7, 74.0 and 74.9 eV BEs are also visible. As hypothesized
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for the OM precursor, residues of the AM precursor and Pt oxides are believed to
be still present after the plasma treatments. Moreover, the global content in Pt
is weak with a maximum of ~4.5 at.%.

5.2.4 Evaluation of the energy consumption related to the
fabrication of a Pt/xerogel catalyst

In this section, the energy consumption employed during the fabrication of
a Pt/CXG loaded at 20 wt.% (following the OM1-3 strategy, see Table 5.1) is
discussed. This study was performed to evaluate the environmental impact of the
plasma-based methodology and compared to a conventional wet chemical process
(i.e. colloidal method). In order to obtain the evaluation of the energy consump-
tion, it is required to detail the production procedure described in section 3.3.
The fabrication of a Pt/CXG catalyst by low-pressure plasma methodology can
be divided in five steps :

(1) Introduction of the glass petri box, containing the reactant and a magnetic
agitator, in the plasma reactor

(2) Pumping of the vacuum chamber by using the primary and secondary pump
systems

(3) Injection of a fixed gas flux (Ar or Os)
(4) Plasma generation and treatment of the reactant under stirring conditions

(5) The pumping is stopped, the plasma reactor pressurized and the catalyst
removed

Only steps (2) to (4) include energy consumption processes for the catalyst
fabrication. For each of them, the energetic consumption was measured by using
a Chacon"'54355 energy meter. Results are summarized in Table 5.2 and clearly
show that the primary pumping is the most important source of energy con-
sumption. However, in comparison with other methods, the low-pressure plasma
approach seems to be to most energy-saving. Indeed, the production of 0.3 g of
a Pt/CXG catalyst loaded at 21 wt.% by using the colloidal methodology was
performed at the Department of Chemical Engineering - Nanomaterials, Cataly-
sis, Electrochemistry (NCE) at the University of Liége. In that case, the use of a
magnetic stirring during 48h and a drying process at 60 °C overnight are respon-
sible of an energy consumption of about 39.6 and 16.0 kWh. These two factors
represent more than 100 times higher energy consumption compared to the whole
plasma-based process.
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Step Process E
(kWh)
(2) Primary pumping 0.35
(2) Secondary pumping 0.03
4) Plasma generation and stirring conditions 0.05
(2)—(4) | Pressure gauges and gas injection controllers | 0.05

Table 5.2: Electric consumption required during the fabrication of 2.5 g of a
Pt/CXG catalyst by using the low-pressure plasma methodology.

5.2.5 Conclusions

In the present section, the synthesis of Pt/CXG nanocatalysts following the
methodology previously described in [164] was successfully performed through the
thermal decomposition of Pt precursors. This study was focused on the use of
three different precursors with their own characteristics. The decomposition of the
OM1 organometallic precursor, monitored by XRD analysis, was not completely
achieved while aggregation already occurred as seen on TEM images. For the OM2
precursor, this effect was only noticed for the energetic Oy plasma treatment and,
for the AM precursor, all explored plasma conditions lead to the same result.
Thus, too energetic oxygen plasma treatments result in a frequent agglomeration
of the NPs while this effect could be avoided with "mixed" Ar/O, treatments in
which the maximal temperature reached was believed to be appreciably reduced
(see section 5.2.1). This allows to prevent NP coalescence during the plasma
discharge. Moreover, the explored conditions do not allow to form highly metallic
Pt NPs as shown by the XPS analysis. The maximum metallic Pt content was
found for the "mixed" Ar/O, treatments of the OM1 precursor.

However, the present study is in agreement with the nucleation mechanisms
proposed by Laurent-Brocq et al. [164] : (i) the thermal decomposition of the
metallic precursor occurs first and allows to release the Pt atoms, (ii) oxygen
groups are grafted on the surface of the carbon support or structural defects are
created during the plasma treatment of the reactants, and (iii) the nucleation
of Pt nanocatalysts takes place in the defects, those acting as germination sites.
Nevertheless, the combination of Ar and O, plasma discharges seems to play a
key role in a better growth control of the Pt NPs. It is believed that a first
Ar treatment is suitable for the formation of small NPs anchored on the carbon
matrix and then grown during the O, treatment; the agglomeration of NPs is thus
limited.
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5.3 Study of the Pt/C nanomaterials fabricated
on graphene sheets

The second carbon topology investigated as a support for the synthesis of NPs
was GNPs which are characterized by a lateral size of ~5 um, a thickness of ~6
nm and a surface area of ~150 m?g~!. As mentioned in section 1.4, this carbon
support, as well as CXGs, presents high surface/mass ratios and high chemical
stability. Therefore, they are promising for electrochemical applications. The
Pt(II) acetylacetonate (OM1) precursor was used to fabricate the nanocatalysts
following the procedure described in section 3.3. The choice of metal precursor for
the NP synthesis was based on the cost of the OM materials, which are ~70 and
~350 € per g for OM1 and OM2, respectively. The metal loading was also fixed at
20 wt.% to allow comparison between the two supports employed in the present
chapter. The plasma conditions are reported in Table 5.3; plasma treatments
have been realized by injecting oxygen with a fixed flux of 5 sccm. The original
approach developed in this section is based on a "2-step" methodology. It was
shown in section 5.2 that "one-pot" plasma discharges do not allow to avoid a
frequent agglomeration of the NPs. Thus, a combination of low- (pulsed plasmas
with duty cycle of 50% at a frequency of 10 Hz) and high-energy (continuous
plasmas) treatments was performed. The first step of this method should allow to
create seeds anchored on the support that act as germination sites for the particles
growth during the second step at a higher energy condition.

Plasma Type Time
(min.)
GNP-01 02, 80 W pulsed 15
GNP-02 09, 80 W pulsed 65
GNP-03 02, 80 W pulsed 65
09, 100 W continuous 5
GNP-04 09, 80 W pulsed 65
O9, 100 W continuous 5
Oy, 150 W continuous 5

Table 5.3: Plasma conditions explored for the synthesis of Pt particles supported
on graphene from a mixture with a metal loading of 20 wt.%. For GNP-03 and
-04, the plasma treatments were following a 2-step approach in which a low-energy
plasma was applied and directly followed by higher energy conditions.
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5.3.1 Structural and morphological analyses of the Pt/gra
-phene particles

The decomposition was checked by XRD analysis but will not be discussed
here; a complete degradation of the molecule was only found for GNP-04 (see
Appendix D) with an average size distribution of the Pt crystallites calculated as
9.7£1.4 nm with the Debye-Scherrer formula (Equation 4.5). Nevertheless, the
acquisition of TEM images was performed to show the presence of NPs synthesized
by the plasma treatments and their morphologies (Figure 5.6). The TEM images
of the low-energy treatments GNP-01 and GNP-02 show that the NP nucleation
occurs preferentially at the edges of the graphene sheets. The nucleation at the
center of the sheets appears after 65 minutes of treatment (GNP-02) and are
homogeneously dispersed on the surface of the support. The proposed nucleation
mechanism at low energy consists first in the formation of particles preferentially
at the structural defects while a longer plasma discharge is required to produce
these defects at the surface of the carbon matrix. During the second step of the
treatment, at a higher plasma power and in a continuous mode, the decomposition
of the precursor occurs relatively faster; two consecutive treatments of only 5
minutes at 100 and 150 W are sufficient to completely degrade the OM precursor.
Moreover, the NP density and size increase as seen in Figure 5.6 for GNP-03 and
GNP-04.

5.3.2 Chemical environment and oxidation state character-
istics of the Pt/graphene particles

The chemical compositions and quantification of the different plasma treated
samples were derived from the high-resolution C 1s, O 1s and Pt 4f (Figure 5.7).
The fit of the C 1s core level XPS spectra indicates the presence of five com-
ponents at 284.8, 285.9, 288.1, 289.9 and 292.0 ¢V BEs which are attributed to
C-C/C-H, C-0O, C=0, COOH and 7-7* satellite, respectively |166]. The carbon
functionalization does not vary significantly between the different plasma treat-
ments (Figure 5.7(a)). Furthermore, the fitting of the O 1s core level spectra
have been also performed (Figure 5.7(b)); three components located at 530.9,
531.8 and 533.1 eV BEs were attributed to metal oxides, O=C and O-C/O-H
functional groups, respectively. Interestingly, the same observations as for the
carbon functionalization are valid; the chemical environment of oxygen shows a
low dependence on the plasma conditions.

Regarding the Pt 4f core level spectra (Figure 5.7(c)), it is clear that the "2-step"
methodology greatly influence the oxidation state of Pt. The four components
mentioned in section 5.2.3 were fitted for all spectra. The low-energy treatments
do not allow to form metallic Pt which was expected due to the lack of precursor
decomposition, ¢.e. Pt atoms are still bond to oxygen ; the temperature reached
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Figure 5.6: TEM images of selected samples fabricated following the plasma con-
ditions given in Table 5.3. The NP synthesis for GNP-01 and GNP-02 were per-
formed in a low-energy "one-pot" plasma treatments while GNP-03 and GNP-04
were produced following the "2-step" approach (low- and high-energy treatments).

during the first treatment phase is not high enough. Moreover, the quantification
is similar between the 15 and 65 minutes of treatment with a maximum of ~5.2
at.% for GNP-02; the relative Pt 4f percentage shows that Pt is mainly in an
oxidized form with only ~10% of metallic content (Figure 5.7(d)). Afterwards, the
second phase allows to decompose the OM precursor and reduce the Pt content;
the relative percentage of Pt° reaches up to 80% for GNP-04. Surprisingly, the
amount of Pt increases up to ~32 at.% which is equivalent to ~90 wt.% at the
top surface (between 2-5 nm in depth analysis). Thus, the "2-step" methodology
seems promising to fabricate highly metallic particles anchored to the surface of
the carbon matrix.
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Figure 5.7: High-resolution a) C 1s, b) O 1s and c) Pt 4f XPS core level spectra
of the Pt/GNP nanocatalysts synthesized by Os plasma discharges following the
conditions given in Table 5.3. d) Relative percentages of the Pt oxidation states.

5.3.3 Influence of the pretreatment on the nanoparticles
synthesis

A pretreatment of the graphene sheets was performed by using a nitrogen-
based plasma treatment, this to induce structural defects on the surface of the
support before mixing the OM precursor and then treating the reactants in an
oxygen-based plasma discharge to synthesize the Pt/GNP NPs. As mentioned in
section 1.5, incorporation of nitrogen in the sheets could have a beneficial effect
on the electrochemical characteristics of the support itself and on the stability
of the NPs anchored on the surface. The same metal loading as the Pt/CXG
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catalysts was chosen (20 wt.%) and the nitrogen flux was fixed at 5 sccm. The
pretreatment and NP synthesis conditions are reported in Table 5.4; the graphene
sheets were first treated by a continuous Ny plasmas at 150 and 50 W (GNP?Y),
while the NP fabrication was done by a pulsed O, plasmas at 80 W (GNP¥-01
and -02). The physico-chemical properties of the carbon matrix being sensitive to
the presence of too many defects. The treatment time and the transmitted power
were limited to avoid the negative impact of the plasma for applications such as
in catalysis [212].

Plasma Type Time
(min.)
GNPV Ny, 150 W continuous 5
Ny, 50 W continuous 20
GNPY-01 0,, 80 W pulsed 15
GNPN-02 0y, 80 W pulsed 65

Table 5.4: Plasma conditions explored for the synthesis of Pt particles supported
on graphene. A pretreatment of the graphene sheets was performed to investigate
the role of structural defects for the NPs synthesis (GNPY).

Results from the TEM images analysis indicate that the preferential nucleation
of the NPs at the edges of the carbon support is decreased and that NPs are now
formed on the whole surface of the sheet already after 15 minutes of treatment
(Figure 5.8(a,b)). This observation is clearly visible for the GNPY-02 sample, with
homogeneously dispersed particles on the surface of the graphene (Figure 5.8(c,d)).
The analysis of the HR-XPS C 1s core level spectra shows a functionalization
of the carbon with the different oxygen-containing groups (C-O, C=0, COOH;
Figure 5.9(a)). Interestingly, an additional component was fitted at 286.5 eV,
which was not seen previously, and represents ~5% and ~10% of the total C
1s peak area for GNPY-1 and GNPY-2, respectively; this was attributed to C-
O-CO groups [166]. It is important to note that C-N bonds are located at the
same BE as C-O groups. Therefore, it is not possible to provide an accurate
elemental quantification for the C 1s spectra. However, quantification of nitrogen
incorporated to the carbon support was derived from the N 1s spectra (Figure
5.9(b); the amount of nitrogen does not exceed 1.2 at.% (GNP¥-1) and 2.2 at.%
(GNPY-2) but is believed to play a key role for the anchoring of the Pt/GNP
nanocatalysts, as discussed in section 1.5. Thus, the impact of C-N bounds in
the carbon functionalization should be limited. Two components were fitted, for
GNPM-1, at 398.2 and 399.8 ¢V BEs corresponding to pyridinic- and pyrrolic-
N groups, respectively [213|. Surprisingly, two additional components must be
fitted at 403.7 and 406.3 eV BE for the GNP"-2 sample; these are most probably
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attributed to -NO and -NO, functional groups [214]. These components could
results from a relatively long interaction time — i.e. 65 minutes for GNP¥-2, which
is 4 times longer than GNP™-1 — between incorporated nitrogen and oxygen atoms
from the plasma discharge. The analysis of the HR-XPS O 1s core level spectra
shows that a longer plasma treatment results in the highest amount of oxygen,
which was expected (Figure 5.9(c)).

Figure 5.8: Bright field TEM images of the GNPY-01 (a,b) and GNPY-02 (c,d)
plasma treated samples.Preferential nucleation of the NPs at the edges of the
sheets is drastically decreased which is probably due to the presence of structural
defects induced by the pretreatment.
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The HR-XPS Pt 4f spectra analysis unambiguously shows a better decomposi-
tion of the OM precursor (Figure 5.9(d)) in comparison with the samples produced
without any pretreatment (GNP-01 and -02, Figure 5.7(c)). The Pt content in
the samples GNP-02 and GNP¥-02, which were both treated in a low-energy O,
plasma discharge during 65 minutes but without pretreatment in the first case, in-
creases from 5.2 to 16.9 at.%. However, the Pt content is highly oxidized (metallic
Pt represents ~30% of the total peak area for GNPY-02) which was previously
observed with low-energy plasma discharges, as seen Figure 5.7(a).
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Figure 5.9: High-resolution a) C 1s, b) N 1s (with four components attributed
to pyridinic-N (1), pyrrolic-N (2), -NO (3) and -NO, (4) functional groups), ¢) O
Is and d) Pt 4f XPS core level spectra of the Pt/GNP catalysts synthesized on
pretreated graphene sheets in a Ny plasma discharge.
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The analysis of the Pt/GNP nanocatalysts synthesized on pretreated graphene
sheets tends to confirm the effect of structural defects at the surface of the carbon
support. These defects allow to limit the diffusivity of the metallic NPs at the
surface of the sheets by creating anchoring sites in which the particles are able
to grow with a reduced amount of agglomeration. Plasma treatment at higher
transmitted power and/or in a continuous mode can be then applied to decompose
the precursor and form metallic particles.

5.4 Conclusions

In summary, for both methodologies investigated in this chapter, the nucle-
ation mechanisms described in the work of Laurent-Brocq et al. [164] are consistent
with the presented results. However, the carbon topography highly influences the
plasma conditions required to synthesize the NPs. In the case of the "one-pot"
treatment leading to the formation of Pt/CXG catalysts, it was shown that the
employed metallic precursor directly impacts the way to produce NPs as well
as the agglomeration phenomenon. Interestingly, the best conditions to produce
mainly metallic Pt NPs were found for the Pt(acac), precursor, while coalescence
of NPs could hardly be avoided except for the Pt(cod)(Me)y precursor. The inor-
ganic platinic acid precursor seems to be less attractive for the NP nucleation due
to the difficulty to monitor the precursor decomposition (no XRD peaks visible
in the diffractograms) and the observed frequent agglomerations. Besides the is-
sues in producing NPs homogeneously dispersed on the CXG, the "mixed" Ar/O,
discharge exhibits the most promising results. A proposed explanation would be
a less important maximal temperature reached during the treatment which limits
the particles diffusion. This hypothesis should be confirmed by measuring the
temperature. Unfortunately, this parameter is one of the most complex to derive
in plasma discharges and could not be measured during the treatments. Finally,
the Ar plasma is believed to decrease the coalescence phenomenon by inducing
structural defects at the surface of the CXG; these defects playing the role of ger-
mination sites on which the NPs first nucleate and then grow during the oxygen
plasma.

Going further, a novel approach was developed to better control the formation
of NPs and their agglomeration. The "2-step” methodology consists in two plasma
treatments : (i) a low-energy plasma discharge is applied to the reactants in order
to produce defects at the surface of the support and form small (sub-nanometer to
~1 nm) particles which act as seeds for the nucleation of larger particles and then
(ii) growth of the NPs preferentially on the defects. Thus, low-energy treatments
provide a beneficial effect for the synthesis. In the highly energetic conditions (con-
tinuous plasmas with transmitted power greater than or equal to 100 W and/or
with relatively long treatment time), the maximal reached temperature is impor-
tant enough to cause diffusion and coalescence of the fabricated NPs as seen with
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Pt/CXG catalysts. A pretreatment of the support confirmed the key role of the
presence of structural defects to limit the particle coalescence.

The comparison between the so-called "one-pot" treatments and the new "2-
step" approach highlighted the negative impact of too energetic plasma discharges
as well as the beneficial effect of the pretreatment of the carbon support that
allows to form NPs homogeneously dispersed on the graphene sheets. The "one-
pot" and "2-step" approaches were employed to synthesized bimetallic Pt-Ni/GNP
nanocomposites, this will be discussed in details in chapter 7.



Chapter 6

Influence of the plasma chemistry
on the synthesis of Ni/C composites

This chapter describes the results that have been the object of the following
publication [167] :

E. Haye, Y. Busby, M. da Silva Pires, F. Bocchese, N. Job, L. Houssiau, & J.-
J. Pireaux, Low-Pressure Plasma Synthesis of Ni/C Nanocatalysts from Solid

Precursors: Influence of the Plasma Chemistry on the Morphology and Chemical
State, ACS Applied Nano Materials, 1(1), 265-273, 2018.

6.1 Introduction

The motivation for the synthesis of non-noble metal particles relies on the
broad possibilities to reduce the use of critical raw materials found in various
applications, among which catalysis. The strategy developed in this work is similar
to the one presented for the synthesis of Pt/C composites in the previous chapter.
Insights into the nucleation process and growth mechanism of Ni NPs supported on
carbon xerogel are highlighted; it is expected that the different plasma chemistries,
the OM precursor and carbon support employed in this chapter influence the NP
nucleation and growth as it was shown for Pt/C NPs in the work of Laurent-
Brocq et al. [164] and in chapter 5. The effect of three gases was investigated,
namely N, Oy and NHj3 plasmas were employed to decompose the Ni precursor.
More specifically, the decomposition of the OM precursor and its kinetics as a
function of the gas mixture is discussed as well as the functionalization of the
carbon matrix. At the same time as the Ni OM is degraded, the adjunction of
functional groups, like oxygen- (C-O, C=0) and nitrogen-based (C-N) functions,
to the carbon matrix was expected to occur in the plasma discharges and are also
discussed. A carrier gas (Ar) was added during the plasma treatments which is
responsible of (i) a higher plasma stability, (ii) a better effect on the decomposition
of the OM precursor and (iii) a higher ionization degree. It is believed that ionized

85
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(Ar™) or metastable (Ar*) argon atoms transfer their energy to oxygen species
which leads to an increase of the reactive species in the plasma. It was shown
that several reactions involving argon and molecular or atomic oxygen could occur
within the plasma region in an Ar:O, mixture [215] :

Art 4+ 0y — OF +Ar (6.1)
Arf+0 — O +Ar (6.2)
Ar"+0; — O+0"+Ar (6.3)

Ar*+0 — O +Ar (6.4)

The methodology employed for the preparation and fabrication of Ni/C nano-
catalysts is described in section 3.3. Nickel(II) acetylacetonate (Ni(acac)q, >
95%, Strem Chemicals) powder was mixed with a carbon xerogel characterized
by a pore size of ~100 nm. The melting point of the Ni OM is 240 °C and a
molecular representation is given in Figure 6.1. The carbon support was provided
by the group of Prof. N. Job and was made following the method described in
ref. [95]. As mentioned in chapter 5, the two reasons leading to the choice of carbon
xerogel as support for the fabricated NPs are (i) being a high-purity carbon and
(ii) the relative ease of control over the pore texture, which plays a major role in
limiting the material transfer and provides a large number of anchoring sites for
the NPs [94,216]. The OM precursor and the carbon matrix were mixed together,
with the mass ratio required to reach a metal loading of 20 wt.%.

Figure 6.1: Molecular structure of the nickel(II) acetylacetonate employed as
precursor for the fabrication of Ni/C nanocatalyst.

Optical emission spectroscopy (OES) was used to monitor the OM decompo-
sition by following the change in intensity of several emission lines characteristic
of the species in the plasma in comparison with a reference line constant over
time. The OES results were further confirmed by XRD measurements : the OM
precursor being crystalline, peaks attributed to its signature in the diffractograms
disappear as results of the decomposition. Moreover, XRD measurements allowed
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to monitor the crystal structure of the Ni particles. The chemical composition
of the samples, i.e. the global composition, the oxidation state of the Ni NPs
and the carbon functionalization, were studied by XPS. Finally, the morphology
of the synthesized NPs was investigated by TEM/STEM, including bright field
(BF) and high-angle annular dark field (HAADF), with an acceleration potential
of 200 kV.

In this work, the author of the present thesis contributed to (1) the synthesis
of several Ni composites by low-pressure plasma discharges, (2) the acquisition
and analysis of some XPS spectra, (3) XRD diffractogram acquisitions and anal-
ysis, and (4) the preparation of the manuscript for its publication. The Physico-
Chemical Characterization (PC?) and the Synthesis, Irradiation and Analysis of
Materials (SIAM) platforms of the University of Namur are acknowledged for
the XRD and XPS measurements, respectively; while SERMA Technologies is
acknowledged for TEM /STEM images acquisition.

6.2 Organometallic precursor decomposition de-
pendence with the plasma chemistry

As mentioned previously, three plasma chemistries were investigated to bring a
better understanding of the decomposition of the Ni precursor and the formation
of NPs anchored on a high surface area carbon matrix : (i) a less reactive Ar:No,
(ii) a reducing Ar:NHj and (iii) an oxidizing Ar:O, mixture. For all of them, the
Ar flow rate was fixed to 5 sccm while it was set at 2 sccm for both Ny and O,. In
order to have the same amount of nitrogen atoms in the plasma discharge, a 4 sccm
NH; flow rate was set with respect to No. The plasma power was varied from 90
to 200 W and applied until the OM precursor was fully degraded according to the
OES measurements (see below for a detailed discussion); typically, the treatment
time was varying from 45 up to 60 minutes and depended on the power as well as
on the gas mixture. Pressures in the vacuum chamber were measured between 3
and 7 mTorr (~0.4 to 1 Pa) for the different experiments and do not significantly
affect the emission line intensities monitored by OES.

The optical spectrometer calibration in wavelength was checked by using a
standard Hg lamp with a known spectrum. During the plasma treatment, several
emission line intensities were recorded to diagnose on the OM decomposition. In
particular, argon lines (Ar I) are mainly located in two regions of the spectra
(395-435 nm and 680-895 nm, [193]) and do not vary in intensity while degrading
the Ni precursor. Therefore, these are suitable for the normalization of the OES
signals and the 811.5 nm line was chosen due to its relatively high intensity. For
the oxidizing Ar:Os plasma, emission lines at 306.7, 309.2 and 313.6 nm, the so-
called A-X lines, could be followed and are attributed to OH groups [217], while
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for the Ar:N, and Ar:NHjs plasmas, Ny C-B lines appear in the range 310-390 nm
as well as the CN violet system at 386.7 and 388.2 nm, respectively [218,219)].
The formation of CN lines is expected to occur in gas phase and comes from
the interaction of carbon atoms from the sample and nitrogen atoms from the
dissociation of Ny or NH3 molecules. Moreover, Cy Swan bands were observed in
the spectra within the 505-518 nm region [220]. For the NHj gas mixture, H, and
Hg are visible at 656.3 and 486.7 nm, respectively [221,222|. Figure 6.2 shows the
typical spectra obtained at the beginning of 140 W plasma treatments.
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Figure 6.2: In-situ OES spectra taken at the beginning of the ammonia, nitrogen
and oxygen plasmas at a power of 140 W. The OH A-X, Ny C-B, CN and Ar I
lines are identified and the evolution over time of some of them are monitored to
follow the OM decomposition.

The most intense lines were chosen for further analysis, namely the OH-related
line at 309.2 nm for the Ar:O, plasma and the CN line at 388.2 nm for both Ar:Ny
and Ar:NHj; gas mixtures. An example of this systematic study is shown in Fig-
ure 6.3, the OES intensity is measured over time and plotted after correction of
the intensity normalized to the Ar line mentioned above. The OM precursor is
completely decomposed when no more variation of the OES signal is recorded.
This is confirmed by a complementary study performed by XRD measurements.
Indeed, the precursor is in a crystalline form and exhibits characteristic peaks
in the diffractogram. These peaks disappear when the complete decomposition
is achieved; if the grown NPs tend to form nanocrystals, peaks related to their
structural arrangement are visible. Diffractograms shown in Figure 6.4 were ac-
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quired considering the longest treatment time based on the OES signal, ¢.e. the
fall in intensity was reached. In Figure 6.4(a), the fingerprint of the Ni(acac),
powder is shown together with the last power treatment employed for Ar:Oy and
Ar:N, plasmas; only a relatively weak NiO phase can be seen which means that
Ni NPs should be most likely in an amorphous and oxidized state. On the other
hand, Figure 6.4(b) shows the diffractograms between 90 and 200 W for Ar:NHj;
discharges; crystallinity is observed directly for the lowest transmitted power, the
peak positions of the three main contributions to the diffractogram and their
corresponding Miller indexes are also mentioned (namely (110), (002) and(111)).
According to the literature, nickel nitride (NizN) phase crystalline domains have
been formed during the treatment [223] with an average size distribution, cal-
culated following the Debye-Scherrer formula (Equation 4.5), increasing linearly
with the transmitted power (inset present in Figure 6.4(b)).
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Figure 6.3: Evolution of the OH-related (309.2 nm) and CN (388.2 nm) lines
for Ar:O,, Ar:Ny and Ar:NHj; plasmas. The plasma power was fixed at 140 W in
each case.

The OM decomposition kinetics and its efficiency for each plasma treatment
is evaluated by considering the reaction presented in Equation 6.5 [167] :

OM % Ff + F (6.5)

where £ is the kinetic constant, F} is the organic volatile fragment in an excited
state produced by the degradation of the OM and assumed to be pumped down,
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Figure 6.4: Diffractograms of a) the untreated powder of the OM precursor
together with the most energetic plasma discharges for both Ar:O, and Ar:Ns,
and b) the Ar:NHj treatments at several transmitted powers. The evaluation of
the average size distribution, thanks to the Debye-Scherrer formula, is shown for
the Ni nanocrystals in the inset.

while F5 is the nickel-containing intermediate molecule. The generation of OH or
CN emission lines recorded by the OES measurements is believed to come from
the relatively fast relaxation process occurring for the I} product, going from an
excited to the ground state.

Once the relaxation of the I} products is achieved, the resulting /) fragments
are assumed to be pumped down from the vacuum chamber and the formation of
Ni NPs occurs gradually thanks to the decomposition of the F, molecules. The
rate of consumption r is then defined as follows :

p= _AOM] o (6.6)
dt

with [OM] the molecular fraction of precursor depending on the time ¢ and n the
reaction order. Basically, the reaction order indicates how the kinetic constant &
depends on the OM molecular fraction. The fraction of F} fragments is reasonably
expected to be proportional to the OES intensity, named as I,,, in the next
developments, of a characteristic OH or CN emission line. From that hypothesis,
the OM molecular fraction can then be deduced considering Equation 6.5, the
evaluation of the latter at time ¢ is performed thanks to the following equation :
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Jo Traw di
I Law dt

The upper integral term in Equation 6.7 is simply the surface area under the
curve of the OES intensity as a function of time between 0 and ¢, while the lower
term allows the normalization of the OES intensity and is constant for a given
plasma treatment, as seen in Figure 6.5(a). From Equation 6.7, it is hypothesized
that the OM molecular fraction is proportional to I,,, and varies from 1 at the
beginning of the treatment to 0 at the end, as seen in Figure 6.5(b).

[OM]=1— (6.7)
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Figure 6.5: a) Corrected OES intensity of the CN emission line (388.2 nm)
for a 140 W Ar:N, plasma treatment. Integrals in the determination of the OM
molecular fraction are represented by the two surface areas (orange diagonal lines
and gray-filled). b) Evolution of OM molecular fraction as a function of the
treatment time obtained following Equation 6.7.

Equation 6.6 can be modified taking into account the previous development
(Equation 6.7) and by using the natural logarithm :

°° Jo Traw dt
In (rqw) =1 Lo dt +1Ink In1—- 22— 6.8
t (Lrou) n/o o n( Jo Iraw dt (6.8)

The determination of the reaction order and the kinetic constant is easily per-
formed by plotting the OES intensity [,.,, as a function of the last term appear-
ing in Equation 6.8, and then calculating the slope (reaction order) and y-axis
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Figure 6.6: Curve of a) the OES intensity natural logarithm for an Ar:Ny plasma
discharge with a power of 120 W, b) the reaction order n, c¢) the kinetic constant k
and d) the analogy with an Arrhenius plot for the determination of an "activation
power" through the calculation of the linear fit slope.

intercept (related to the kinetic constant). Figure 6.6(a) shows the graph of the
natural logarithm of the OES intensity and the plotted linear function which al-
low the calculation of n and k. Results obtained for both parameters in the case
of the three plasma chemistries at different transmitted power are shown in Fig-
ure 6.6(b) and (c); uncertainties were determined by considering the upper and
lower values of each parameter. Besides the treatment at 200 W with an Ar:NHjz
gas mixture, the reaction order does not vary significantly, with a value ~0.5
(Figure 6.6(b)). Therefore, the relatively weak dependence on the plasma power
could indicate that processes involved in the degradation of the OM precursor
are roughly the same for the different treatments except for the most energetic
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ammonia plasma. Moreover, interpretation of the values found for the reaction
order is the proportionality between the consumption rate and the OM molec-
ular fraction (Equation 6.6). However, the value of 0.5 for the reaction order
indicates rather complex decomposition mechanisms. It would be necessary to
perform further experiments (analysis of the fragments released during the de-
composition by using mass spectrometry, for example) in the future to derive a
model of the decomposition pathways which is able to give such a reaction order.
Regarding the kinetic constant k, it is clear that there is a dependence on the en-
ergy furnished during the treatment, the kinetic constant being higher at higher
transmitted power (Figure 6.6(c)). Between 90 and 140 W, there is no significant
differentiation with the plasma chemistry; nevertheless, the kinetic constant for
the 200 W Ar:NHj3 treatment increased notably in comparison with the two other
gas mixtures. A proposed explanation for such an effect is the increased amount
of reducing species released during the treatment by ammonia. More specifically,
hydrogen is assumed to be released by the splitting of NH3 molecules and should
be the main agent responsible for the reducing effect. The decomposition of the
OM precursor is then believed to take a new route in comparison with the other
plasma conditions due to those new species in the discharge. Further experiments
should be performed to confirm these observations.

The final approach employed to characterize the OM decomposition is based
on an analogy with an Arrhenius plot in which the energy required to activate
the reaction is estimated at a given temperature. Thus, a so-called "activation
energy" is derived from the measurement of the kinetic constant and by using the
following equation :

k= A exp <_ g;) (6.9)

where A is a pre-exponential factor, F, is the activation energy, R is the gas
constant and T is the temperature at which the reaction occurs. The main issue
with low-pressure plasma-assisted degradation of molecules is the impossibility
to derive only one temperature for the species in the discharge. As discussed in
chapter 2, NLTE plasmas present different temperatures for electrons, ions and
neutrals; in a cold plasma, electrons have a higher temperature compared to ions
and neutrals. For that reason, a modified Arrhenius equation is proposed by
introducing an "activation power" (P,) instead since the plasma power is a more
accessible parameter and is directly linked to the energy transmitted :

F,

k= A. exp (— ) (6.10)
Prp

with Pgrp the RF discharge power applied during the treatment. This "activa-

tion power" is then defined as the power required to activate the decomposition

reaction of the OM. A linear fit can thus be obtained by plotting the natural
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logarithm of the kinetic constant (In(k)) as a function of the inverse value of Pgp.
The apparent linear behavior for plasma powers between 90 and 200 W shown in
Figure 6.6(d) is believed to be in agreement with the previous point exposed to
justify, a posteriori, the use of the Arrhenius plot analogy. The "activation pow-
ers" deduced for the nitrogen-containing discharges (P, = 313447 W for Ar:NHj
and P, = 317442 W for Ar:Ns) are roughly the same, while for the oxygen-based
plasma the trend seems to indicate a lower value (P, = 228474 W). However, sev-
eral points need to be highlighted in order to understand these three parameters.
First, the mechanisms involved during the treatment and decomposition are not
well understood and highly complex, this is also the case for the NP nucleation
and growth; stating that an oxygen-based plasma may be more efficient is not well
established and, from Figure 6.3, it seems that the decomposition of the precursor
is the slowest for the Ar:0Oy plasma. This needs to be confirmed by a systematic
study. Moreover, uncertainties on the derived parameters are relatively important
regardless of plasma chemistry; no notable difference emerges taking into account
this fact.

6.3 Morphology of the synthesized nanoparticles

The morphology of the synthesized NPs were checked thanks to TEM/STEM
images analysis. Each acquisition was performed on samples obtained after the
complete decomposition of the precursor which was monitored by OES and XRD
measurement as discussed above. Figure 6.7 presents the STEM micrographs for
the three plasma chemistries. The particle size distributions were derived from
these images by processing with the software ImageJ. The NPs are homogeneously
dispersed on the carbon matrix for each plasma conditions as seen in Figure 6.7;
modification of the transmitted power and plasma chemistry being responsible for
the different particle size distributions observed. From image analysis, it was found
that the size distribution is unimodal regardless of the plasma condition. The
Ar:O and Ar:N, plasma treatments at 200 W both result in the lowest average
particle size, which are ~4+0.5 and ~2+0.5 nm respectively (Figure 6.7(a)-(b)).
On the other hand, the average particle size increases with the transmitted power
for the Ar:NH; treatments, going from 3+0.5 nm at 90 W (Figure 6.7(c)) up to
5-6+1 nm at 200 W (Figure 6.7(d)). Finally, the average NP sizes (including
the NigN crystal domains) estimated by XRD are systematically overestimated in
comparison with the measurements performed on the TEM /STEM images; this is
often reported in the literature [224] and, in our case, could be due to the presence
of several crystalline aggregates.
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Figure 6.7: High-angle annular dark field (HAADF) STEM micrographs of the
Ni/xerogel NPs, seen as bright spots in the different images. Images of the a)
Ar:Oy and b) Ar:N, plasma treatments at 200 W are shown while the Ar:NHj;
plasma treatments at ¢) 90 W and d) 200 W are presented. The focus in image
d) highlights a brighter shell (where contrast was exacerbated on purpose for a
better visualization) specific to the ammonia plasma treatments.

6.4 Analysis of the Ni/C nanocatalysts chemical
composition and state

A systematic analysis of the overall chemical composition was performed for
each plasma condition explored by XPS. The spot size was fixed at 250 um for
every analysis; survey and high-resolution (C 1s, N 1s, O 1s and Ni 2p) spectra
were acquired with a pass energy of 200 and 30 eV, respectively. The signal-to-
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noise ratios of each element analyzed were controlled by varying the scan number
in order to have similar values between the samples. In other words, the number
of scans was higher for weak signals coming from the elements in presence. The
same calibration as presented in chapter 5 was applied and the main C 1s peak
(C-C/C-H bonds) was systematically fixed at 284.8 eV. The quantification of the
atomic percentage for O, Ni and N was realized by analyzing their corresponding
HR-XPS spectra (O 1s, Ni 2p and N 1s) together with the C 1s spectra, results
are shown in Figure 6.8. The amount of oxygen present in the samples is the
highest for the Ar:O, plasma (~35-39 at.%) in comparison with the nitrogen-
containing treatments (~23 at.% for Ar:N, and ~28 at.% for Ar:NH;) as it was
expected (Figure 6.8(a)). The oxygen for these last two plasma chemistries comes
more likely from the OM precursor; more specifically, it could be explained by
plasma surface interaction and deposit formation of organic fragments, released
by the OM decomposition, at the surface of the carbon support. The next section
will discuss the carbon functionalization which could confirm the hypothesis of
deposited organic fragments onto the surface of the different samples.
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Figure 6.8: Atomic percentage quantification derived from the analysis of HR-
XPS spectra for a) oxygen, b) nitrogen and c) nickel as a function of the trans-
mitted power.

Regarding the nitrogen content (Figure 6.8(b)), it is clear that Ar:Ny plasma
treatments allow a higher incorporation of N atoms (~11 at.%) compared to the
Ar:NHj treatments (~7 at%). At this point, it is important to clearly mention the
hypothesis taken while analyzing the treated samples by XPS. It was assumed,
for the quantification, that the surface is homogeneous over the first nanometers
of the materials. For heterogeneous surfaces, peak BE positions and calculated
atomic percentages are affected by the presence of nanoscale domains due to their
various sizes and morphologies. The nitrogen functionalization will be discussed
in details further in the present section.
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Finally, the elemental and chemical compositions of the Ni NPs were studied
thanks to the Ni 2p3/; spectra. The smallest amount of Ni is found for the Ar:N,
plasma treatment (~8 up to 12 at.%) while it reaches up to 18 at.% for the
Ar:O and Ar:NHj; discharges. This is explained by the difference in the NP size
distribution seen on STEM images (Figure 6.7); a higher amount of Ni is measured
when the size distributions are larger (around 1-3 nm for Ar:N, and more than
4 nm for both Ar:Os and Ar:NHj3). Indeed, the quantification being affected by
the presence of nanoscale domains for heterogeneous surfaces [174, 175], which is
the case here, larger domains at the surface result in a higher Ni content derived
from the XPS spectra.

The Ni chemical states were then analyzed thanks to the Ni 2p3/, high-resolution
(HR) XPS spectra, Figure 6.9(a) shows these spectra for plasma treatments at
90 and 200 W. Besides the relative complexity in analyzing the Ni 2p spectra,
three oxidation states were fitted at 852.4 eV, 854.6 ¢V and 855.8 ¢V BEs (Figure
6.9(b)) and are ascribed to metallic (Ni°), divalent (Ni*T) and trivalent (Ni*T)
nickel, respectively [225,226]. Their corresponding shake-up satellite peaks are
also present at higher BEs (see Appendix E) [225,226]. HR-XPS spectra shown
in Figure 6.9(a) indicate that Ar:NHj plasmas allow the formation of nickel in its
less oxidized state with a metallic fraction (Ni°) from 13 up to 23% of the total
Ni 2p3/, peak area for discharges between 90 to 200 W. The comparison of the
different HR-XPS spectra for the ammonia-based treatments indicates that the
chemical composition does not vary significantly with the plasma power. Only the
size distributions are affected by varying the transmitted power, increasing when
the latter increases, as seen on the insert in Figure 6.4. The formation of NigN
NPs, their size distributions and morphologies were already discussed thanks to
the analysis of XRD diffractograms and TEM/STEM images, as seen in Figure
6.4 and 6.7. For the Ar:N, treatments, analysis of the Ni 2p3/, spectra indicates
that the Ni oxidation state shows no metallic component at lower plasma power
(<140 W) and clearly appears at 200 W (Figure 6.9(a)), for which the contribu-
tion accounts for ~20% of the total Ni 2p;/» peak area (Figure 6.9(c)). Therefore,
such a plasma chemistry allows the formation of metallic NPs when degrading the
OM precursor at relative high plasma power but, as seen in Figure 6.4(a), weak
peaks in their diffractograms indicate mainly amorphous materials. A possible ex-
planation comes from the effect of Ar™ species present in the plasma which causes
a preferential sputtering of the oxygen atoms in the oxidized Ni NPs [227|. Lastly,
HR-XPS spectra show fully oxidized nickel for all Ar:O, treatments. However,
the ratio between trivalent and divalent nickel (Nit3/Nit?), calculated from the
fitting of the spectra, decreases when the applied power is increased (ratio of 6.2
at 90 W dropping to 3.8 at 200 W). Thus, it is expected that an increased amount
Art species formed at higher transmitted power are also involved in reducing the
oxidized NPs.
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Figure 6.9: a) HR-XPS Ni 2p3/, spectra at 90 and 200 W for the three plasma
chemistries. b) Peak fitting of the HR-XPS Ni 2p;/, spectrum for an Ar:NHj
treatment at 200 W allowing the quantification of the chemical oxidation state of
the Ni NPs. ¢) Nickel oxidation states derived from the fitting of the HR-XPS
spectra for the different plasma chemistries at a 200 W transmitted power.

6.5 Functionalization of the carbon support

The carbon support functionalization was investigated thanks to the analysis
of the HR-XPS spectra of carbon C 1s and nitrogen N 1s. A systematic fitting
of the different spectra was performed to identify the functional groups added
to the support and to quantify their amount. The first study is focused on the
carbon functionalization and is shown in Figure 6.10. The HR-XPS C 1s spectra
of the carbon xerogel, the Ni precursor and the untreated powder mixture are
shown in Figure 6.10(a—c) and the functional groups ascribed to the fitted peaks
are in agreement with the chemical composition of the OM precursor molecule.
However, for the untreated powder mixture, an unexpected additional component
at 290.2 eV appears and is attributed to carbonates. A proposed explanation for
such a contribution is a partial alteration of the precursor molecule due to the
mechanical mixing of the reactants.
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Figure 6.10: High-resolution C 1s spectrum of a) the untreated powder mixture,
b) the modified surface after an Ar:O, plasma, c¢) the modified surface after an
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The functionalization for an Ar:O, plasma treatment at 200 W (Figure 6.10(b))
is the highest compared to the nitrogen-based plasmas and with a contribution
over 70% of the total C 1s peak area attributed to C-O, C=0 and O-C=0 groups.
In the case of nitrogen-based plasmas, 45% of the total C 1s peak area comes from
the contribution of functional groups (C-O, C-N, C=0 and O-C=0) and results in
the lowest functionalization for the Ar:NHj treatment (Figure 6.10(c)) while, for
the Ar:N, plasma, the functionalization reaches around 60% of the total C 1s peak
area with a dominant C-O/C-N contribution. The global carbon functionalization
is summarized in Figure 6.12(a). An important point must be underlined about
the origin of the functional groups seen in the HR-XPS spectra; most likely three
contributions could explain the results found for the different plasma treatments
: (i) oxygen or nitrogen atoms are able to be incorporated onto the surface of
the carbon support by replacing carbon atoms, (ii) functional groups could be
grafted from the interaction of free radicals produced in the plasma discharge
and the surface, and (iii) deposition of organic fragments, coming from the OM
precursor degradation, which leads to the formation of a polymer-like coating
onto the carbon surface. Moreover, the analysis of C 1s spectra are relatively
difficult, for nitrogen-based treatments, due to the impossibility to separate the
contributions of C-O and C-N bonds. Indeed, the BEs of both functional groups
are extremely close and cannot be distinguished from each other.

A close look at the HR-XPS N 1s spectra allows to determine the amount
of nitrogen and the chemical groups added to the carbon support (Figure 6.11
and Figure 6.12). The quantification of nitrogen for plasmas at 200 W indicates
that the highest content is found for the Ar:N, treatments with ~12 at.% of N
atoms at the surface, while it reaches ~7 at.% for the Ar:NHj3 plasma. Going
further, three components ascribed to nitrogen groups can be fitted at 398.5,
400.0, and 401.0 eV BEs which corresponds to pyridinic, pyrrolic and graphitic-
N groups, respectively [213]. Additionally, a peak at 397.5 eV was also fitted
and is assigned to NigN [228]. The Ar:NHj discharge at 200 W (Figure 6.11(a))
exhibits a main contribution from pyridinic-N groups (~65% of the total N 1s
peak area) while, for the Ar:Ny treatment, it reaches up to 50% (Figure 6.12(b)).
However, the contributions from pyrrolic-N and graphitic-N groups are higher for
the Ar:Ny gas mixture which represent ~30% and ~8% of the total N 1s peak area,
respectively. This is summarized in Figure 6.12(b). The difference between the
two nitrogen-based chemistries could be particularly interesting for applications in
which the functionalization has to be controlled and requires to avoid some types of
functional groups; especially, in catalysis, researches have shown the enhancement
effect of the N-function types on the catalytic activity [108,110,229].

Therefore, the XPS analysis clearly indicates that the functionalization of the
carbon support as well as the NP oxidation states depend on the plasma chemistry.
Depending on the application and the need for avoiding specific functional groups,
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it has been shown that the functionalization can be controlled through a relatively
simple change of the gas mixture employed during the synthesis.
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Figure 6.11: HR-XPS N 1s spectra of a 200 W plasma treatment for an a)
Ar:NHj and b) an Ar:Ny gas mixture.
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6.6 Conclusions and perspectives

The present chapter discussed on the synthesis of Ni/C nanocatalysts with the
help of an original plasma-based methodology allowing to decompose the Ni(acac)s
precursor and form Ni NPs on carbon xerogel. This study aimed to get new in-
sights into the processes involved during the plasma treatment by exploring an
oxidizing (Ar:Os), a reductive (Ar:NHj3) and an inert (Ar:Ny) plasma chemistry.
The plasma power was varied from 90 to 200 W for each gas mixture and sys-
tematic studies were performed including the precursor decomposition kinetics,
morphology of the NPs and their chemical composition, and the carbon xerogel
functionalization.

First, it was shown that, by analogy with an Arrhenius law, an "activation
power" (i.e. power needed to start the OM decomposition) could be derived
for each plasma chemistry. Despite the relative high activation power for the
Ar:NHj discharge, results tend to show a more effective decomposition at higher
plasma power (200 W). This is attributed to an increased amount of reducing
hydrogen atoms in the plasma, coming from the dissociation of ammonia, leading
to new precursor degradation ways. For the Ar:N, plasmas, the activation power
is intermediate in comparison with the two other gas mixtures. However, the
activation powers for the different plasma chemistries seem to be close to each
other considering the error bars and further investigations on that point have to
be performed.

The analysis of TEM /STEM images indicate that the NP size distributions de-
pend on the treatment conditions, i.e. the transmitted power and plasma chem-
istry. The lowest sizes were found for the inert Ar:No treatment with size dis-
tributions around 1-3 nm. On the other hand, for Ar:O, and Ar:NHjs, the size
distributions are similar with a range between 3 and 6 nm for the explored con-
ditions. However, for all the investigated treatments, TEM images clearly show
homogeneously dispersed NPs.

Finally, results derived from the XRD measurements and XPS analysis show
the formation of partially metallic and NizN NPs for Ar:NHj3 plasmas. The forma-
tion of NigN could be particularly interesting for catalysis applications as already
reported in the literature [223]. The inert Ar:N, treatments result in completely
oxidized NPs at low plasma power while a metallic contribution appears at higher
power; this was attributed to the formation of an increased fraction of reducing
Ar™ species in the plasma helping the precursor degradation and the reduction of
the oxidized NPs. Moreover, every plasma treatment allows the functionalization
of the carbon support. As it was expected, Ar:O, plasmas result in the highest
incorporation of functional groups including carbonyl and carboxyl functions. For
the Ar:NHj plasmas, it was shown that the functionalization is mainly due to pyri-
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dinic and pyrrole-type groups but result in the lowest nitrogen incorporation in
comparison with the Ar:N, treatments. In addition, a pretreatment of the carbon
support could be performed in a plasma discharge by using a specific gas mixture.
This can lead to the incorporation of desired functional groups and, afterwards,
synthesize the NPs by adding the metal precursor and treat the reactants with a
plasma suitable for degrading the precursor while maintaining, at least to some
extent, the functionalization of the carbon support. The incorporation of func-
tional groups into the support has several positive effects as discussed in section
1.5.

In summary, the low-pressure plasma discharge methodology demonstrated its
ability to synthesize nickel nanoparticles anchored on carbon xerogel and allowing
to control both the NPs’ chemical composition and carbon functionalization by
only varying the plasma treatment and gas mixture. Therefore, the relatively easy
and fast synthesis of nickel NPs by low-pressure plasma validates the methodology
for several applications among which catalysis.






Chapter 7

Defective Pt-Ni/graphene
composites fabricated by
low-pressure oxygen plasma
treatment

This chapter describes results that have been the object of the following pub-
lication [230] :

M. da Silva Pires, E. Haye, A. Zubiaur, N. Job, J.-J. Pireaux, L. Houssiau, &
Y. Busby, Defective Pt-Ni/graphene nanomaterials by simultaneous or sequential
treatments of organometallic precursors by low-pressure oxygen plasma, Plasma
Processes and Polymers, 16(5):1800203, 2019.

7.1 Introduction

Recently, strategies have been developed to lower the platinum-group metal
content in the nanoparticles (NPs) used for electrochemical reactions, especially
in polymer electrolyte membrane fuel cells (PEMFCs). However, alternatives do
not always exhibit high enough catalytic activities and improvements are needed.
As discussed in section 1.3.4, several promising ways to achieve those goals are
based on the use of a second metal (M = Co, Fe, Ni, Mn, etc.), including but not
limited to Pt-M alloys, Pt-M core-shell NPs, hollow Pt-M NPs or defective Pt-M
NPs [59,67,69,162|. This last possibility regroups small aggregates, the presence
of grain boundaries induced by multiple domains orientations and bulk defects.
At the same time, improving the catalytic activity could be achieved by modifying
the high surface area carbon support by creating structural defects at its surface;
these play a major role as they act as anchoring sites for the nucleation of the
growing NPs.

105
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In the present chapter, bimetallic Pt-Ni/C were fabricated by the decompo-
sition of two organometallic (OM) precursors, i.e. Pt(II) actetylacetonate and
Ni(IT) actetylacetonate (see Table 3.1), with the help of low pressure RF plasma
discharges. The advantages of such a process have already been presented as these
treatments allow a control over the morphology and chemistry of the synthesized
NPs by simply varying different parameters. The first of part of this chapter (sec-
tion 7.2) is dedicated to the experimental setup for the synthesis of Pt-Ni/GNP
composites. Two strategies have been explored for the NPs processing in order to
get new insights into the degradation and the growth mechanisms. A simultane-
ous (one-step) or sequential (two-step) treatment was applied to decompose the
OM precursors and will be explained in section 7.2.1.

The OM precursors decomposition was checked by XRD measurements (section
7.3); both precursors employed in this study exhibit peaks in the diffractogram
due to their crystalline structure, which disappear after their decomposition in
the plasma discharge. Furthermore, the NPs formation was investigated by XRD
and the average sizes of the crystalline domains were calculated as well thanks to
the Debye-Scherrer formula (Equation 4.5). In section 7.3.1, the morphology of
the synthesized Pt-Ni/GNP composites was then investigated by TEM/STEM at
an acceleration voltage of 200 kV. Images acquired were analyzed to determine
the NP size distributions by using the image software ImageJ. Elemental analysis
of the synthesized NPs were performed thanks to the EDX maps allowing to
correlate the plasma conditions with the nucleation mechanism. In section 7.4,
the chemical composition and carbon functionalization were derived from the XPS
analysis; high-resolution C 1s, O 1s, Ni 2p, and Pt 4f spectra were acquired at a
fixed pass energy of 30 eV. The number of scans was set between 8 and 32 to get
signal-to-noise ratios which were similar between the different analyses. Finally,
the electrochemical properties were investigated in a three-electrode cell at room
temperature, the procedure setup for the catalytic activity measurements and
results are discussed in section 7.5.

The contribution of the author of this thesis to the present work includes (1)
the synthesis of the Pt-Ni/C composites by low-pressure plasma discharges, (2)
the acquisition of the XPS spectra, TEM images and XRD diffractograms, (3)
the processing of the collected data, and (4) the preparation of the manuscript
for publication. The Physico-Chemical Characterization (PC?) platform of the
University of Namur is acknowledged for the XRD and ICP-OES measurements;
SERMA Technologies (Grenoble) is acknowledged for the TEM/STEM images
with EDX maps acquisitions; the Synthesis, Irradiation and Analysis of Mate-
rials (SIAM) platform of the University of Namur is acknowledged for the XPS
measurements; and the Department of Chemical Engineering - Nanomaterials,
Catalysis, Electrochemistry (NCE) at the University of Liége is acknowledged for
the electrochemical characterizations.
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7.2 Experimental section

7.2.1 Experimental section

Bimetallic composites were fabricated on a carbon matrix made of GNPs
(Strem Chemicals); their physical characteristics are a lateral size of ~5 pm,
a thickness of ~6 nm and a surface area of ~150 m?g~!. The procedure described
in section 3.3 was used in both simultaneous and sequential processes and a sketch
of the later is shown in Figure 7.1.
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Figure 7.1: Sketch of the simultaneous (T;) and sequential (Toa and Top) treat-
ments employed for the fabrication of the Pt-Ni/GNP nanocomposites.

The simultaneous treatment (denoted as T;) consisted in mixing both OM
precursors with the carbon support and uniformly disperse the reactants in a
glass Petri box. The sample was then placed in the plasma reactor which was
pumped down to reach a vacuum of ~1072 mbar. Afterwards, a turbomolecular
pump was used for at least 10 minutes to remove as much as possible residual
molecules that could interact with the sample during the treatment and cause
contamination. An oxygen flux, fixed at 5 sccm, was injected in the reactor and
the oxygen plasma treatment without stirring (to avoid the aggregation of Ni
atoms on the magnet due to the ferromagnetic behavior of Ni) was then applied
to the mixture. The primary pump was employed during the treatment and the
pressure in the chamber about ~10~! mbar. For the sequential process (denoted
as Ty), the carbon matrix was first mixed with the Ni precursor and treated
following the same procedure as described above (Tga). Thereafter, the sample
was removed from the chamber, the Pt precursor added and followed by a second
plasma treatment to degrade the Pt OM leading to the nucleation of Pt NPs

(Taa).
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A low-energy pulsed plasma has been employed in T and Top during 40 minutes
characterized by a power of 80 W, a duty cycle of 50% and a frequency of 10
Hz. Immediately after, a high-energy continuous plasma treatment was used
during 8 minutes at 100 W followed by 5 minutes at 150 W. The choice of these
conditions was based on previous treatments, too energetic plasma discharges led
to coalescence of the metal NPs while lower energies do not permit the degradation
of the OM precursors. In the case of Ty, the same low-energetic plasma treatment
as describe for Ty and Ty was applied to allow the nucleation of Ni seeds onto
the carbon matrix.

7.2.2 Reducing effect of the oxygen plasma

The use of an oxygen plasma instead of Ny or Ar, which are considered as
less reactive gases, was motivated by its ability to decompose the OM precursors
and reduce the metallic content to a zerovalent state. High-resolution (HR) XPS
spectra of the Pt 4f doublet shows such a reducing effect of an Oy plasma for the
Ty treatment as illustrated in Figure 7.2. The main doublet components centered
at 71.1 (Pt 4f7)5) and 74.1 (Pt 4f5/5) eV binding energies are attributed to metallic
Pt, as already reported in section 5.2.3, while doublet peaks at 72.8 (Pt 4f7/5) and
76.2 (Pt 4f;5,5) eV binding energies are ascribed to Pt hydroxide [209].

The mechanisms involved during these treatments are still not yet well under-
stood due to the difficulty of obtaining information on electrons or other reactive
species present in the low-pressure plasmas. Nevertheless, Wang et al. [101] ad-
vanced a possible process at the origin of the reducing effect mechanism in a
plasma discharge; highly energetic electrons produced during the plasma treat-
ment could act as reducing agents by interacting with the metal NPs and forming
an electric shell on the latter. This results in electrostatic repulsion between the
NPs which could also lead to their restrained sizes. Zou et al. [165] evidenced the
same reduction effect on noble-metal-based NPs with the help of an Oy plasma.
However, based in Figure 7.2, electrons could not be solely responsible for such
a reducing effect due to differences between gases employed for the treatment.
More specifically, O, plasma led to the mainly metallic Pt content compared to
Ny and Ar treatments. Another or complementary mechanism is proposed here
to explain the formation of Pt° particles : the creation of reducing species in the
oxygen plasma, such as ionized hydrogen atoms or reactive molecular species, re-
leased by the decomposition of the OM precursors. Further experiments should
be conducted to confirm or not both mechanisms presented above.
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Figure 7.2: HR-XPS Pt 4f spectra resulting of an Os, Ar and N, plasma treat-
ments respectively following the conditions presented for T5. The reducing effect
in the case of an O, discharge is clearly evidenced.

7.3 Decomposition of the precursors and nanopar-
ticle formation

The precursor decomposition and the formation of crystalline particles were
analyzed by XRD for both employed strategies. Figure 7.3 shows the diffrac-
tograms obtained for the Pt and Ni acetylacetonate, for the simultaneous (T;)
treatment and the two steps (Toa and Top) of the sequential treatment. In order
to allow a comparison between the different plasma-treated signals, a normaliza-
tion was performed considering the intensity of the graphene (111) peak. For the
two organometallic precursors, the signal presents a main contribution between
5 and 30°. These peaks almost completely disappear after the most energetic
plasma treatment for both simultaneous and sequential treatments. However,
precursor traces are more visible for Tog in comparison with Ty which could indi-
cate that the sequential treatment is not powerful enough to completely degrade
the precursors. Two peaks located at 27 and 54.9° are attributed to the graphene
sheets [231], while peaks at 39.9, 46.3 and 67.5° are attributed to face-centered
cubic Pt crystalline NPs [207].

For both treatment strategies, peaks attributed to Pt show a comparable FWHM
leading to similar domain average size around 5.241.3 and 4.041.0 nm for T; and
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Typ, respectively. Interestingly, no signal characteristic of the presence of crys-
talline Ni% NiO or Ni(OH), domains is present which may be due to amorphous
or too small crystal domains; the formation of crystalline NiO domains could only
happen at higher plasma power as discussed in section 6.2. However, as mentioned
in section 5.3.3, the main reason to limit the transmitted plasma power with such
a carbon matrix is to avoid the presence of too many defects at its surface which
could have a negative impact on the physico-chemical properties and thus being
not useful in catalysis for example [212].

1 ]
Graphene (111) Graphene (200)

Pt (111)
Pt (200)

f Pt (220)
- precuror traces ; T
S5 1 —mm \ i 1
. h \m
© i
N '
> E
=4 :
2 \'ﬁqu' |
Q - Naa,, AK _JgTZB
= :
£ ] A Taa
Ni (acac),
- M\ ;
PRIV S Pt facac),

~7

5 15 25 35 45 55 65 75

26 (°)

Figure 7.3: Diffractograms of the metallic precursors (blue and green lines), the
sequential treatment (T9s and Top, purple lines) and the simultaneous treatment
(T4, rust-colored line). The graphene and platinum peaks are clearly indicated
with the corresponding Miller indexes as well as the precursor traces.

7.3.1 Morphology of the Pt-Ni/graphene nanocomposites

As mentioned above, the morphology of the fabricated nanocomposites was
investigated by TEM/STEM images analysis. In the case of the simultaneous
(Ty) treatment, HR-TEM images clearly show a complex morphology in which
some of the formed NPs exhibit fringes due to the electron diffraction with the
crystallographic planes (Figure 7.4(a)). The NP size distribution derived from the
TEM images is comprised between 3 up to 6-7 nm with an average size of 4.740.9
nm (Figure 7.5). In Figure 7.4(b), the high-angle annular dark field (HAADF)
STEM image confirms the complex morphology found previously and shows the
presence of nanostructured domains with a size up to 10 nm. Moreover, the gray-
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scale contrast in the HAADF STEM image highly depends on the atomic number
of the present elements. Therefore, the T treatment leads to interconnected do-
mains, ¢.e. areas constituted of Pt particles surrounded by Ni and which are not
PtNi alloys (even if it is possible to form them under the explored conditions, see
Appendix F for the Ni-Pt phase diagram), with various compositions and with a
rather high variability over the surface as it can be seen in Figure 7.4(b). Further-
more, the EDX maps confirm that Ni and Pt tend to form both nanostructured
and interconnected domains.

Figure 7.4: (a) High-resolution TEM image of the Pt-Ni/GNP composites ob-
tained after the simultaneous plasma treatment (T;). (b) STEM image together
with the EDX maps acquired on a specific region (shown on the STEM image)
highlighting the Pt and Ni species distribution on the surface.

The effect of the Ty, plasma treatment on the formation of Ni particles was
first investigated. The plasma conditions presented in section 7.2.1 were applied
to a mixture comprising both GNPs and the Ni precursor. The plasma treatment
clearly induces the formation of Ni seeds on the surface of the GNPs. This can
be seen when comparing the pristine and the treated mixture (Figure 7.6(a) and
(b)). It is believed that the creation of structural defects (which consists in low
coordinated carbon atoms) occurred and help in the formation of NPs by acting
as nucleation sites when an OM precursor is added and then treated under the
plasma discharge. Thus, the first step of the proposed nucleation mechanism
consists in the formation of preferential nucleation sites in which Ni seeds are able
to grow.
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Figure 7.5: Size distribution for the simultaneous (T;, rust-colored line) and
sequential (Ty, purple line) plasma treatments derived from the TEM/STEM
images.

50 nm

Figure 7.6: Bright field TEM images of (a) the pristine GNPs employed as a
support for the NPs and (b) sub-nanometer Ni seeds formed on the carbon support
surface after the Ty, plasma treatment of the GNP mixed the Ni precursor.

Regarding the global T treatment of the Ni precursor and then the Pt one, it
is interesting to note a completely different morphology for the synthesized NPs
in comparison with the T; plasma treatment. From the different areas analyzed,
NPs with a size comprised between 1 and 3 nm, with an average size of 2.1£0.4 nm
(Figure 7.5), are homogeneously dispersed at the surface of the graphene sheets
with no particle coalescence (Figure 7.7). Thus, as mentioned above, the Ni NPs
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formed during the Ts5 treatment seemed to act as preferential nucleation sites for
the growth of Ni particles. Then, the formation of Pt particles occurred during the
Ty treatment. Moreover, the morphology analysis indicates that the Ty plasma
treatment is the main step responsible for the growth of the Pt nanoparticles.

Figure 7.7: (a) Low magnification and (b) high magnification bright field TEM
images of the Pt-Ni/GNP composites obtained after the sequential plasma treat-
ment (T3). Well-separated 1-3 nm Pt-Ni nanocomposites are clearly homoge-
neously dispersed at the surface of the graphene sheets.

Finally, a comparison of the morphologies obtained after the two strategies (T
and Ts) employed for the synthesis of Pt-Ni/GNP nanocomposites, as seen in
Figure 7.8, suggests different nucleation and growth mechanisms. For the simul-
taneous T; treatment, the plasma is assumed to create defects, which consists in
carbon vacancies, at the surface of the graphene sheets or the adjunction of oxy-
gen functional groups; these act as anchoring sites where the Ni and Pt particles
are able to nucleate simultaneously [164,232|. On the other hand, the mecha-
nism involved in the sequential Ty treatment is hypothetically explained by the
binding of molecular fragments from the Pt precursor, activated by the plasma,
on the previously formed Ni particles. Thus, it results in the formation of Pt-
Ni aggregates. This is in agreement with the analysis of XRD diffractograms
(Figure 7.3) which indicates the presence of precursor residuals. Moreover, the
plasma treatment could partially decompose the precursor into amorphous molec-
ular fragments which do not appear in the diffractograms. The presence of these
molecular fragments could be highlighted from the XPS analysis (section 7.4).
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Figure 7.8: High angle annular dark field STEM image of the synthesized Pt-
Ni/GNP nanocomposites after (a) the one-step (T;) plasma treatment and (b) the
two-step (T3) plasma treatment of the two OM precursors. The brighter spots
correspond to elements with a high element number and are due to the metal
atoms, while the darker areas correspond to carbon.

7.4 Chemical analysis of the Pt-Ni/graphene com-
posites

The chemical compositions of the two plasma treatment conditions T; and Ty
were studied by XPS, the elemental quantification was performed from the survey
spectra (see Appendix G) while the chemical environment of the synthesized NPs
was investigated from the HR-XPS C 1s, O 1s, Pt 4f and Ni 2p core level spectra
(Figure 7.9). In both cases, the atomic percentages of oxygen are similar, with
17 at.% for Ty and 16 at.% for T,. The same observation is reported for the
Ni content (6.0 and 4.0 at.% for T; and T, respectively). The main difference is
found for the Pt content, the T treatment exhibiting an atomic percentage almost
three times higher than the Ty treatment (12.5 and 4.5 at.%, respectively).

The analysis of the C 1s spectra in Figure 7.9(a) does not indicate that the
plasma conditions have a strong influence on the carbon functionalization; both
spectra exhibit a main component at 284.8 eV corresponding to the C-C and C-H
bonds which represent ~73% of the C 1s total peak area. Three other components
attributed to C-O (286.1 ¢V, ~17%), C=0 (287.9 eV, ~5%) and O-C=0 (289.9
eV, ~5%) are also clearly visible. The carbon functionalization is believed to come
from organic fragments present in the plasma depositing after the organometallic
precursors decomposition, non-degraded residuals (characteristic XRD peaks still



7.4. Chemical analysis of the Pt-Ni/graphene composites 115

visible in Figure 7.3) and from the interaction between the Oy plasma and the
graphene sheets.

Interestingly, a comparison of the HR-XPS O 1s core level spectra (Figure
7.9(b)) for the simultaneous and sequential treatments shows an evident differ-
ence : three components can be fitted at 528.5, 531.0 and 532.6 eV which are
ascribed to metal oxides, hydroxides and organic oxygen groups, respectively.
The contribution of metal oxides to the total peak area reaches up to ~10% for
the T; treatment while it only represents ~5% for the Ty treatment.

Regarding the Pt 4f doublet spectra in Figure 7.9(c), the main components at
70.8 (Pt 4f7/,) and 74.1 (Pt 4f5)5) eV binding energies are ascribed to metallic Pt;
the asymmetric shape of this component was previously fitted on a reference Pt
electrode. Additional Pt 4f;/, components at 72.3, 73.8 and 74.9 eV binding ener-
gies were fitted; according to the literature, these are ascribed to Pt hydroxides,
or possibly OM precursor residuals (see the HR-XPS Pt 4f spectra of the OM
precursor in Figure 5.5), and to Pt oxides [209]. Thus, the mechanisms leading to
the formation of Pt-O-C or Pt-O-Ni bonds on the carbon matrix or on the surface
of Ni particles is believed to occur due to the presence of Pt hydroxides. For the
sequential Ty treatment, a peak clearly appears at ~68.0 eV binding energy which
is attributed to the Ni 3p doublet. As mentioned previously, it is noteworthy that
the quantification analysis indicates a three times higher content of Pt after the
simultaneous treatment in comparison with the sequential one. The proposed ex-
planations of such a difference are a more complete Pt precursor decomposition
after Ty and/or the completely different morphology of the Pt particles. Indeed,
the first 3 nm of the sample surface are responsible for over 90% of the XPS sig-
nal intensity due to the limited escape depth of the photoelectrons. Therefore,
the metal atomic percentages deviate from the expected mass ratio values in the
case of heterogeneous surfaces like metal particles of few nanometers on carbon, as
mentioned in section 4.1. Figure 7.8 illustrates the completely different morpholo-
gies resulting of the two strategies explored. The surface covered by Pt domains
seems higher for Ty when compared with Ts. It results in a higher quantification
in Pt content for the simultaneous treatment, which is in agreement with the XPS
analysis.

The analysis of the Ni 2p doublet is rather complex due to the difficulty to
distinguish the different components present in the spectrum. However, by sim-
ply observing the shake-up satellites at 860.6 and 879.5 eV and their line-shapes
(Figure 7.9(d)), the presence of Ni hydroxides is unambiguous. Indeed, based on
the work of Biesinger et al. [226] and Grosvenor et al. [233] (see Appendix E), the
characteristic signature of Ni hydroxides appears clearly in the HR-XPS Ni 2p
spectra. The simultaneous treatment exhibits a non-negligible contribution from
Ni% (Ni 2ps/2 at 852.5 €V) which accounts for less then 5% of the Ni 2p3, peak
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Figure 7.9: HR-XPS core level spectra of the a) C 1s, b) O 1s, ¢) Pt 4f and d)
Ni 2p elements after the simultaneous (T, rust-colored line) and the sequential
(T5, purple line) treatments.

area while, for the sequential treatment, it only represents a weak contribution.
For both treatments, the presence of NiO at ~853.5 eV binding energy (Ni 2ps/2)
is also found and accounts for less than 10% of the Ni 2ps/, peak area. The shoul-
der peak attributed to metal oxides in the O 1s spectrum of the T, treatment is
therefore believed to come from the NiO state oxygen atoms, the oxygen affinity of
Ni being higher in comparison with Pt. Moreover, from the Pt 4f spectrum (rust-
colored line in Figure 7.9(c)), only weak oxide components are derived. Finally,
for the Ty process, regardless of the complexity in fitting the Ni 2p spectrum,
the amount of metal hydroxides represents ~2.0 at.% of the surface composition
(which was estimated from the O 1s spectrum) and the Pt(OH), content derived
from the Pt 4f spectrum was estimated at ~1.0 at.%. Thus, the amount of Ni
and Pt hydroxide are similar. For the Ty treatment, no significant formation of
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Ni-O or Pt-O bonds is noticed. From the O 1s spectrum, the quantification of
metal hydroxides represents ~3.0 at.% of the surface composition which is mainly
attributed to Ni hydroxide (~2.5 at.%), the Pt(OH), content reaches only ~0.5
at.%.

Thus, results found by analyzing the XPS spectra indicate that T; allows to
form more metallic nanocomposites in comparison with T5. Indeed, T; was also
able to form more Ni® then Ty. Moreover, the three times higher Pt content after
the simultaneous treatment could be explained by a high coverage of Pt domains
at the surface of the GNPs. For the sequential Ty treatment, the present of a
higher Pt oxidation state is believed to come from a partial decomposition of the
OM precursor (which is confirmed by the diffractograms, Figure 7.3). Therefore,
a slightly higher energetic plasma treatment could lead to the formation of an
increased amount of metallic Pt.

7.5 Catalytic activity of the Pt-Ni/graphene com-
posites

The last section concerns the electrochemical properties of the Pt-Ni/GNP
composites. The sample preparation and the electrochemical characterizations
were performed by Mr. A. Zubiaur (ULg) following the procedure described in
appendix H and section 7.5.1.

7.5.1 Procedure setup for the electrochemical characteriza-
tions

The electroactive surface area of the NPs was measured by the CO stripping
experiment [72,200,201]. The procedure was initiated by the application of a
steady potential of 0.1 V vs. RHE (reference hydrogen electrode) to the working
electrode, while gaseous CO was bubbled in the electrolyte solution for 6 minutes.
After an Ar purge of 39 minutes which removes the CO dissolved in the electrolyte,
the CO chemisorbed at the surface of the particles was electrooxidized into CO, by
increasing the electrode potential from 0.05 to 1.23 V vs. RHE at 0.02 Vs~!. The
electroactive surface area was calculated from the CO oxidation peak current,
assuming that the electrooxidation of a full monolayer of CO,q,s requires 4.2 C
mp, [234].

The activity of the catalysts for the ORR was measured on a Rotating Disk
Electrode (RDE) setup. After saturation of the electrolyte by oxygen bubbling
during 15 minutes, the electrode potential was (i) set at 0.4 V vs. RHE, (ii)
then increased at 0.001 Vs=! to 1.05 V vs. RHE, and (iii) decreased back to 0.4
V vs. RHE at the same scan rate while measuring the reduction current. This
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measurement was repeated at two different rotation speeds of the electrode (1600
and 2500 rpm). For each rotation speed of the electrode, the kinetic current was
calculated by correcting the measured current for the effect of the external mass
transfer limitations in the solution using the Koutecky-Levich equation [194] :

LI (7.1)

1L 1 U
where i, is the kinetic current, ¢.e. the current without any mass transfer limi-
tations, ¢ is the experimental current, and 7; . is the cathodic limit current which
depends on the rotation speed of the electrode. These two kinetic current values
(one for each rotation speed) were then averaged in order to obtain the kinetic
current of the catalysts. The values of this averaged kinetic current were divided
by the electroactive surface of the catalysts in order to obtain the specific activity
of the catalysts (A mp?).

In order to compare the activity of the catalysts, the Tafel plots, ¢.e. the poten-
tial curves expressed as a function of the logarithm of the specific activity, were
drawn. In addition to the specific activity (SA), the mass activity (MA) was also
calculated by dividing the averaged kinetic current by the Pt mass present on the
electrode. The mass of Pt on the electrode was set taking into account the previ-
ous measurements performed by ICP-OES (as explained in section 4.4) allowing
to determine the amount of Pt present in the sample and, thus, expected on the
electrode. The electrochemical results were compared to a reference commercial
catalyst (Pt/C Tanaka 37 wt.%) measured in the same conditions.

7.5.2 Electrochemical characterizations of the Pt-Ni/C com-
posites

The electrochemical properties of the T; and Ty Pt-Ni/GNP composites were
investigated by CO stripping and ORR activity measurements (with the corre-
sponding Tafel curves). These properties are compared to those of a commercial
Pt/C reference catalyst in Figure 7.10, showing the average results obtained with
two different working electrodes prepared from the same catalyst ink. At this
point, it is important to note that carbon black is employed as a catalyst support
for the reference sample. Therefore, results from the comparison between the cat-
alysts synthesized following the plasma approach and the Pt/C reference should
be considered with caution.

The CO stripping voltammograms are normalized to the Pt surface area mea-
sured on the electrode because of the substantially different Pt loading and elec-
troactive Pt surface (Figure 7.10(a)). The voltammograms show a broad peak at
about 0.70 V vs. RHE which is not observed in the reference Pt/C catalyst and is
attributed to defective crystallites. This feature is associated to low-coordinated
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Figure 7.10: Electrochemical characterizations of the simultaneous (T;) and
sequential (T3) Pt-Ni/GNP catalysts and the reference Pt/C catalyst. a) CO
stripping voltammograms, b) ORR voltammograms and c¢) the derived Tafel plot.

Pt atoms at the grain boundaries between Ni and Pt or at the interconnection
area between the small NP aggregates observed in STEM images (Figure 7.8).
The other peak around 0.82 V vs. RHE is ascribed to Pt particles with a size of
around 3 nm or higher, or possibly to PtNi alloys [69]. The electroactive surface
area values obtained for Ty, Ty and the Pt/C reference catalysts are 21, 18 and
109 m? gp/. The low values obtained for the electroactive surface area for the
plasma treatments could be explained by a stacking of the graphene flakes on the
electrode that prevent a full contact between the Pt particles and the electrolyte.

The ORR voltammograms acquired at 2500 rpm rotating speed are shown in
Figure 7.10(b). The associated Tafel plots are visually compared in Figure 7.10(c);
from the slope of the Tafel plots, we see that, for the T, and Ty composites, we
have a similar decay rate of 76 and 70 mV/dec which is higher than what is
observed in the commercial catalyst (55 mV/dec). Taking into account the metal
loading, the MA values at 0.95 V vs. RHE obtained for T, Ty composites and
the Pt/C reference measured in the same conditions are 2.3, 3.3 and 10.9 A g5
Interestingly, the SA values at 0.95 V vs. RHE obtained for Ty, Ty and the
Pt/C reference catalysts are 0.011, 0.019 and 0.010 A mj’, respectively. The
sequential treatment results thus in the highest SA value. This may be due to
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two phenomena: (i) the presence of PtNi alloys at the surface of the NPs and (ii)
the higher density of structural defects, as shown by the higher intensity of the
CO oxidation peak situated at 0.70 V vs. RHE. Indeed, it is well known that the
presence of PtNi alloy and of a high density of structural defects at the surface
of the NPs improves the SA for the ORR [69, 72,201, 234, 235]. However, from
the XRD diffractogram (Figure 7.3), it was shown that most probably no PtNi
alloy was formed after the plasma treatments. Therefore, the higher density of
structural defects should be responsible for the higher SA of the Ty treatment.

In summary, the plasma treated catalysts exhibit low electroactive surface area
in comparison with the Pt/C reference. However, the values obtained for Ty and
Ty are most probably underestimated due to graphene stacking on the electrode.
Interestingly, from the ORR voltammograms, the T treatment leads to the high-
est SA. Further analysis is thus required to get new insights into the electroac-
tive surface and the stability of the plasma treated Pt-Ni/GNP nanocomposites.
Therefore, it could confirm if these are promising for applications in catalysis.

7.6 Conclusions and perspectives

The present chapter showed the successful synthesis of bimetallic Pt-Ni/GNP
nanocomposites through the decomposition of organometallic precursors in low-
pressure RF-ICP plasma discharges. The original approach was based on a si-
multaneous (T) or a sequential (Ty) strategy in which oxygen plasmas were able
to decomposes the metal precursors and then form anchored Pt and Ni particles
on the graphene sheets. The nucleation mechanisms and the morphology of the
fabricated nanocomposites were investigated and related to the different plasma
conditions. For the T; treatment, it has been shown that a simultaneous forma-
tion of defective Pt- and Ni-based particles on the carbon matrix occurred leading
to a complex morphology. The chemical analysis together with the morphologi-
cal investigations indicate the presence of interconnected Pt°, Ni° Ni(OH), and
NiO domains characterized by a lateral size going from few nanometers up to 10
nm. For the T, treatment, homogeneously dispersed Ni particles anchored on
the carbon support were previously formed which were believed to act as seeds
for the nucleation and growth of defective Pt- and Ni-based particle aggregates
with a size diameter about 2-3 nm. A sketch of the proposed mechanism is shown
in Figure 7.11. Furthermore, the metal particles formed on the graphene sheets
seem to be stabilize thanks to the formation of oxygen bonds during the plasma
treatment as it was indicated by the XPS analysis.

The main limitation in the present study comes from the difficulty to provide
an accurate elemental quantification due to the highly different morphologies.
Indeed, the T; treatment leads to a complex morphology with interconnected
domains, while T allows to form homogeneously dispersed NPs at the surface of



7.6. Conclusions and perspectives 121

Structural defects + Ni seeds formation

% %@*%@

NiO / Ni( Pt? + OM residuals
Ni(OH),

Figure 7.11: Sketch of the proposed NP nucleation and growth mechanism for
the sequential (T3) plasma treatment.

the carbon support. To quantitatively compare the results between the T; and
Ty treatments, it would be necessary to model the XPS quantification taking into
account the particle morphology derived from the TEM/STEM analysis and a
dedicated study should be performed in the future.

The electrochemical characterizations of the Pt-Ni/GNP composites obtained
after both T; and T, plasma conditions were performed and compared to a ref-
erence Pt/C catalyst. The Pt-Ni/GNP composite obtained after the sequential
treatment exhibits a slightly higher catalytic activity than the sample fabricated
after the simultaneous treatment. This could be explained by the formation of
a more important number of structural defects during T5. However, the values
of the electroactive surface area found for the plasma treated samples are lower
compared to the reference catalyst. It is expected that these values are underesti-
mated and is probably due to the lack of contact between the Pt particles and the
electrolyte. An alternative ink preparation could be investigated to prevent this
effect and allow to completely access the surface of the particles on the surface of
the graphene sheets.

In summary, it was shown that the low-pressure RF plasma treatment of metal
precursors employed in this study is suitable for synthesizing defective bimetallic
nanocomposites on graphene sheets. This method could be extended to other
supports with a controlled morphology and surface chemical composition of the
fabricated NPs. Moreover, this methodology is flexible, fast and requires a low-
energy consumption. This opens up a new way for the synthesis of materials with
broad applications in various domains such as catalysis and energy materials.






Chapter 8

Nitrogen-doping of carbon xerogels
by low-pressure plasma discharges

8.1 Introduction

The present chapter is dedicated to the study of the nitrogen-doping (N-
doping) of carbon xerogels. These nanomaterials consist in interconnected amor-
phous carbon particles with an almost spherical shape. Therefore, they present
a specific structure and pore texture which can be controlled during the synthe-
sis [95,236]. This makes carbon xerogels highly promising as carbon supports for
a wide range of applications among which catalysis, supercapacitors, etc. [237].
Nevertheless, tuning the properties of these materials is needed to improve their
characteristics; it has been shown that N-doping allows an enhancement of the
ORR catalytic activity, a better stability of the supported particles and affects
the growth mechanisms [105,112,119], as already discussed in section 1.5.

Conventional methods employed to incorporate nitrogen atoms into the carbon
support are numerous (Figure 1.12). However, as also discussed in section 1.5,
most of the methodologies involve toxic solvents, relatively long treatment times
and high temperatures [112|. For these reasons, a growing interest has been paid to
N-doping by dry plasma-related treatments. Plasma-based methods are versatile,
fast, simple, cost effective and more environment friendly because they are solvent-
free [119,120|. Lin et al. [238] worked on the N-doping of graphene sheets by
using NHs plasma and demonstrated that this method allows to highly control
the amount of dopant incorporated. The original approach developed in this
work consists in performing the incorporation of nitrogen functional groups into a
carbon xerogel by using a NH3 or Ny low-pressure plasma discharge. Before giving
the results found for the global XPS quantification and the chemical environment
of the functionalized CXGs, a study of the E-to-H transition was first achieved
to determine the threshold power between the capacitive (E) and inductive (H)
plasma modes at different pressures. As discussed in section 2.3.4, Vesel et al. [141]
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showed that electron and neutral species densities depend on the coupling mode.
Thus, it is expected that the amount of nitrogen incorporated and the carbon
functionalization could differ between the E and H modes. The same setup as
described in section 3.2 was employed. A turbomolecular pump was used to reach
vacuum down to 107-10~7 mbar. For both NH; and N, plasma chemistries, the
gas flux injected was fixed at 10 sccm. The modification and control of the pressure
in the vacuum chamber was achieved by partially closing a valve leading to the
turbomolecular pump. The plasma discharge was finally ignited and OES was
then used to characterize the E-to-H transition by monitoring specific emission
line intensities present in the spectra.

Afterwards, a carbon xerogel supplied by the group of Prof. N. Job from the
University of Liége and characterized by an average pore size of 50 nm and a
specific surface area of ~650 m? g~!, was employed to achieve N-doping. For each
plasma parameter investigated, 50 mg of the carbon matrix was homogeneously
dispersed in a glass petri box. A magnet was placed in the powder allowing
to perform plasma treatments under stirring conditions. Therefore, it ensured to
obtain homogeneously treated carbon matrices. The different parameters explored
for the N-doping will be discussed in sections 8.3 and 8.4. A systematic study of
the chemical environment and the carbon functionalization was then performed
by XPS measurements.

8.2 E-to-H transition for NH; and N, plasma dis-
charges

The first point developed in this chapter concerns the E-to-H transition in NHs
and N, plasma discharges at two different pressures : 7.1073 and 133.10~2 mbar,
respectively. The transmitted plasma power was varied between 20 and 200 W
with a step of 10 W. An OES spectrum was recorded for each transmitted power,
while the integration time was adapted to avoid saturation of the spectrometer.
A background spectrum was also acquired when the integration time was adapted
and, afterwards, individual OES spectrum subtracted by its corresponding back-
ground. This allows comparison between all the recorded data. The wavelength
calibration was performed following the same procedure as described in section
6.2. Figure 8.1 shows the results obtained for the NH3 and Ny plasma chemistries
at four different powers (20, 90, 150 and 200 W). The NH 0-0 and the Ny sec-
ond positive bands® appear in the range 290-410 nm and are overlapping, while

LA positive system refers to a spectrum which is detected in an area located at the cathode
side in an electric discharge using direct current. On the other hand, a negative system refers to
a spectrum which is detected in an area located at the anode side. The Ny first positive band
corresponds to transition between the B3II, and A3X energy levels, while, for the Ny second
positive band, it corresponds to the transition between C3II, the B3Hg and levels. See ref. [239]
for more information.
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Figure 8.1: OES spectra at pressures of 7.107 (a,c) and 133.1072 (b,d) mbar
for the NH3; and N, plasma discharges, respectively.

the Ny first positive lines are present in the range 500-900 nm [240|. For the
NHj plasmas, emission lines at 486.7 and 656.3 nm are attributed to Hz and H,
Balmer lines, respectively [221,222|. Interestingly, in the NHj plasmas, species
produced at both pressures and 20 W plasma power are similar. They are mainly
due to molecular radiations. However, the NH 0-0 band and/or Ny second posi-
tive lines are the most intense independently of the transmitted power, while the
contribution of Ny first positive lines clearly appear at higher power and pressure
(Figure 8.1(a,b)). The hydrogen emission lines only clearly appear at both high
pressure and power. For the Ny plasma discharges, the Ny first positive band
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is visible already at both low pressure and power (Figure 8.1(c)). Surprisingly,
these emission lines are dominant at plasma power above 90 W for a pressure of
133.1072 mbar (Figure 8.1(d)). On the other hand, the Ny second positive band
constitutes the most intense contribution in the different spectra at 7.1072 mbar,
while it does not increase roughly at 133.1072 mbar. Therefore, such a difference
between the plasma chemistries and the explored pressures could lead in a differ-
ent functionalization of the carbon matrix due to the different species released in
the plasma.
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Figure 8.2: Evolution of the OES intensities for the NH; and N, plasma dis-
charges as a function of the transmitted power. The evolution of the emission
lines at 356.3 (b,d) and 668.3 (a,c) nm, respectively, are shown for both plasma
chemistries.

Regarding the E-to-H transition, the intensity of two emission lines were recorded
as a function of the plasma power, as seen in Figure 8.2. These two lines were
chosen in order to derive at least twice the threshold powers for the NH3 and Ny
gas discharges. More specifically, the intensity variation of the lines at 356.3 and
668.3 nm, both related to a N system, were monitored in order to avoid as much
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as possible the overlapping between the NH 0-0 and N, second positive bands
as well as the overlapping between the H, and the Ny first positive band. As
discussed in section 2.3.4, the E-to-H transition corresponds to an abrupt change
in electron density and light emission at a specific threshold power.

For the NHj discharges, the transition between the E and H modes shows
a dependence over the pressure, as expected (Figure 8.2(a,b)). Typically, the
threshold powers are located at ~100 W for 7.10~% mbar and ~80 W for 133.1073
mbar. Moreover, the transition is steeper for 7.10~2 mbar and less marked at
higher pressure. For the Ny gas mixture, the same observation as for the NHj
cause can be stated; the E-to-H transition is clearly visible at 7.10~% mbar with
a threshold power of ~100 W. Interestingly, at 133.10~2 mbar, no transition is
unambiguously present which makes it harder to describe. Nevertheless, it seems
that a slight increase of the OES intensity occurred at ~50 W. This value could
be in agreement with the lower one found in the case of the NH3 plasmas. Finally,
the Ny second positive system is particularly intense at low pressure for the Ny
plasma in comparison with the NH3 gas mixture. Therefore, as already mentioned
above, these difference in species released within the plasma region could affect
the nitrogen-based functional groups incorporated to the carbon xerogel. The
chemical analysis of the treated samples by XPS could confirm, or not, an effect
depending of such an observation.

8.3 Elemental and chemical analysis of NHj treated
carbon xerogels

The experiments on carbon xerogel were first and foremost performed by ap-
plying an NHj3 plasma during treatment times comprised between 100 and 1200 s
for three transmitted plasma powers (20, 90 and 200 W). According to the results
derived from the OES analysis, the threshold power of the E-to-H transition is
located close to 90 W at the two pressures explored. Thus, this value was chosen
in order to have an intermediate step between the capacitive E and inductive H
modes. A systematic XPS analysis was then realized to get insights on the overall
chemical composition. The spot size of the X-ray beam was fixed at 300 um; sur-
vey and HR-XPS (C 1s, N 1s and O 1s) spectra were acquired with a pass energy
of 200 and 30 eV, respectively. As already discussed in section 6.4, the number
of scans was adapted in order to get as much as possible similar signal-to-noise
ratios for every element present in the sample. Specifically, the number of scans
for the C 1s, N 1s and O 1s core level spectra was of 8, 32 and 16, respectively.
The main contribution of the C 1s peak was also systematically fixed at 284.8 eV
BE (C-C/C-H bonds).
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The global chemical composition of the samples was controlled by analyzing
the HR-XPS C 1s, N 1s and O 1s core level spectra. Figures 8.3 and 8.4 show
these spectra for the untreated xerogel and samples treated with a NH3 plasma
during 1200 s at the three explored plasma powers. The HR-XPS C 1s spectra
are highly similar with a main contribution at 284.8 eV corresponding to the C-
C/C-H bonds (Figures 8.3(b) and 8.4(a,b)). Moreover, a peak centered at 290.1
eV was attributed to m7* satellite. The two last contributions at 285.9 and
287.3 eV were ascribed to C-O/C-N and C=0O functional groups. As already
explained in section 5.3.3, it is nearly impossible to distinguish the C-O and C-
N peaks due to an overlapping of these bonds in the spectrum. The HR-XPS
O 1s spectra are shown in Figures 8.3(d) and 8.4(e,f). Four components were
fitted at 531.2, 532.1, 532.9 and 534.0 eV and are attributed to oxide (C-O-C),
hydroxides (C-OH), carbonyls (R-C=0) and carboxylic acid (O-C=0) functional
groups, respectively [241,242].

The analysis of the N 1s spectra indicates a chemical environment constituted
of three components fitted and centered at 398.4, 399.6 and 400.9 eV BE; these
are attributed to pyridinic-, pyrrolic- and graphitic-N functional groups (Figure
8.4(c,d)). Considering the pressures and plasma powers explored, the formation
of pyridinic- and pyrrolic-N groups are sensibly the same with a contribution
of ~50 and ~40% of the total peak area, respectively, regardless the treatment
conditions. Surprisingly, the different reactive species released in the plasma,
which were depending on the various conditions investigated as seen with the OES
experiments (Figure 8.1(a,b)), seem to have a low impact on the functionalization
of the carbon support.

The evolution of the N 1s content as a function of the treatment time for
three transmitted powers and for the two pressures was then derived (Figure
8.5). At 7.107 mbar, the amount of nitrogen incorporated to the carbon support
drastically increases after 100 s of treatment, while it seems that a slower increase
rate occurs for longer treatment time (Figure 8.5(a)). Moreover, low-energetic
plasma (20 W) allows to achieve N-doping with a nitrogen content up to ~2.5 at.%
after 1200 s. Interestingly, no significant difference can be noticed between the 90
and 200 W treatments; the amount of nitrogen follows a similar evolution with a
maximum content of ~4.5 at.%. Therefore, these results indicate that increasing
the plasma power does not allow to significantly increase the incorporation of
nitrogen into the carbon xerogel. A proposed explanation for such a phenomenon
could be a content saturation of the reactive species or gas molecules present
in the plasma which are able to interact with the surface. Thus, it limits the
doping rate of the carbon matrix. At 133.107% mbar, as seen in Figure 8.5(b),
the incorporation of N atoms increases as well. However, the amount of nitrogen
reaches up to ~2.0 at.% and is similar for the transmitted plasma powers explored.
Moreover, the evolution of the N content is clearly influenced by the transmitted
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Figure 8.3: a) Survey and HR-XPS b) C 1s, ¢) N 1s and d) O 1s spectra of the
untreated carbon xerogel.

power, it seems to follow a regular increase for the low-energetic plasma (20 W),
while it is more chaotic for the high-energetic ones (90 and 200 W). It is well-
known that the thickness of the plasma sheath depends on the pressure [243]. At
higher pressure, the plasma sheath is more thick and reactive species lose partially
their energy due to collisions in that region. Therefore, efficiency of the N-doping
is decreased which results in a less important N incorporation. Such an effect
should be investigated with various carbon support in order to determine the
impact of the support morphology on the functionalization. In summary, results
indicate that the plasma power and pressure in the plasma reactor only affect the
amount of nitrogen incorporated into the carbon support and have a rather low
impact on the chemical environment.
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Figure 8.4: HR-XPS C 1s, N 1s and O 1s core level spectra at 7.107 (a,c,e) and
133.1073 mbar (b,d.f) for the NH3 plasma discharge at 90 W transmitted power.
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Figure 8.5: Evolution of the N 1s content for the NHj3 discharges (20, 90 and
200 W) as a function of the treatment time at a) 7.107 and b) 133.1073 mbar.

Finally, the analysis of the O 1s spectra tends to show that the oxygen functional
groups already present in carbon xerogel are not modified after the plasma treat-
ments. Figure 8.3(d) shows the HR-XPS O 1s spectrum of the untreated xerogel.
Two components were fitted at 531.1 and 532.8 eV BEs and are attributed to
O=C and O-C/O-H bonds, respectively. The elemental quantification unambigu-
ously shows that the amount of oxygen is rather constant with a value comprised
between 2.2 and 2.5 at.% (Figure 8.4(e,f)). This confirms the hypothesis of no
surface modification of the oxygen-based functions already incorporated into the
carbon matrix.

8.4 Elemental and chemical analysis of a N, treated
carbon xerogel

Further investigations on the N-doping of carbon xerogel was achieved with
a N, plasma treatment. The conditions were chosen with respect to the results
obtained for the NH3 experiments. The pressure was fixed at 7.10~% mbar, the
transmitted power at 90 W and the treatment time at 1200 s. Figure 8.6 shows the
XPS spectra resulting from these treatment conditions. As discussed in section
8.3, the same analysis was performed on the HR-XPS C 1s, N 1s and O 1s core
level spectra. The elemental quantification derived from the C 1s, N 1s and O
1s spectra indicates that the N, treatment leads to similar amount of nitrogen
incorporated (3.2 at.%), while the oxygen content seems to stay roughly constant
(2.8 at.%). Moreover, the carbon functionalization as well as the oxygen groups,
as seen in Figure 8.6(b,c), do not significantly change in comparison with the NHj
treated samples.



132 Chapter 8

Q
~

O
~

35k
o] Survey c e Cis
T\D\ 7.10° mbar - 1200 s T\D\ 30K 7 710° mbar - 12005
_.2 120k _'2
8 8 25k
o 100k o
20k
2 B0k 2
2 1 2
15k
2 ek Nt £
C T [
- O1s L - 10k 4
40k ‘ n-n* sat. |
MM‘MJU " :
20k | e
0 |
0 T T T T T l T 1 T T T . T T I| T 1
1200 1000 800 600 400 200 0 296 294 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
C) 3.75k d) 4.8k -
N 1 S ! Pyrrolic-N N N O 1 s : C-0-C
I 1
1 l H ==
’(7; 7.10° mbar - 1200 s L Z @ 4.4k 4 7.10° mbar - 1200 s : : 0=C-0
B "" : Pyridinic-N ﬂ : : A
“E 3.50k ) ) : 1 g H-O-C ! 1 1 | 0=CH
S Graphitic-N | ‘ O 4.0k 1 1 '| 1
8 ] | o : : .Jl'- :
~ 1 1 ~ N I R |
> ! ! ..? I % t
% 3.25 - 1 : @ 36kq A A
C I I 1 1 1 I
() | | Q 1 1 | ™
= o
= | | £ 32« oo L
1 | f 1 A 1
7 I ) el 1 1 1
3.00k e e ! et _“/'{‘/\. 1 1 1
PR 4 ! ! 2.8K At ] :\1'\:» !
I 1 I I | I I
| I 1 I 1 1 1
1 I 1 I 1 1 I
2.4k
2 75k T : ]: : T 1 T J| : :I l T 1
. : ‘ - .
404 402 400 1 398 396 536 534 532 530 528
I I I
Binding energy (eV) Binding energy (eV)

Figure 8.6: a) Survey spectrum and HR-XPS b) C 1s, ¢) N Is and d) O 1s core
level spectra at 7.1073 mbar for the N, plasma discharge at 90 W transmitted
power.

The N-functionalization is shown in Figure 8.6(c); the pyrrolic-N functional
group (~50% of the total N 1s peak area) is dominant in comparison with the
pyridinic-N one (~35%). Few studies demonstrated the key role played by pyridine-
type groups in the enhancement of the catalytic activity in ORR [244,245]. There-
fore, N, plasma could be promising as an efficient way to add the desired functional
groups into the carbon support. However, results found with these plasma con-
ditions do not allow to state a strong difference between the Ny and NH3 plasma
discharges in terms of functional groups incorporated. A more complete study
should be achieved to determine the effect of the various parameters explored
with the NH3 plasma chemistry on the N-doping.
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8.5 Impact of the plasma treatment on the pore
texture

The impact of the plasma treatment on the pore texture was investigated
by using the No adsorption/desorption method as described in section 4.6. The
analyses were performed with an ASAP2020 analyzer (Micromeritics, USA) on
the untreated and treated CXG in a NHj3 or Ny plasma discharge under a pressure
of 7.1073 mbar and for two treatment times (600 and 1200 s). Prior to any
measurement, the samples were put under vacuum and heated at 90 °C during 1h
followed by 6h at 200 °C in order to outgas them. The surface area, the average
pore size (APS) and pore volume were then derived in each case. Table 8.1
summarizes the results obtained. aggr are the surface areas calculated by using
the BET theory in the 0.005 - 0.05 relative pressure range, V, are the total pore
volumes calculated from the volume of nitrogen adsorbed at a relative pressure
P/P, of 0.985, a,, and V,, are the micropore areas and volumes, respectively,
derived from the Harkins-Jura t-plot model applied to the adsorption branch
of the isotherms, a, are the external surface areas calculated as the differences
between appr and ay,, respectively, while the Vi,ce/macro correspond to the
mesoporous,/macroporous volumes calculated as the differences between V, and
Vmm, respectively. Finally, the APS were calculated by using the BJH theory
applied to the adsorption branches (maximum peak).

Sample name Surface area APS Pore volume
(m* g™ (nm) (cm® g~1)
ABET ‘ at ‘ Aum Vp ‘ Vum ‘ Vmeso macro

Untreated CXG | 630 | 181 | 449 50 1.0 | 0.17 0.83
CXG_NHs 10 610 | 181 | 429 50 1.0 | 0.17 0.83
CXG_NHs 20 613 | 183 | 430 45 0.93 | 0.17 0.76
CXG_ Ny 10 625 | 191 | 434 60 1.0 | 0.17 0.83
CXG_ Ny 10 627 | 190 | 437 50 0.98 | 0.17 0.81

Table 8.1: Textural parameters derived from the Ny adsorption/desorption anal-
ysis of the untreated and plasma treated samples.

Interestingly, it seems that the different plasma treatments of the CXG do
not significantly modify the pore texture; the comparison of the characteristics
derived from the Ny adsorption/desorption shows similar surface area, APS and
pore volume for all the analyzed samples. Therefore, the plasma methodology
allows to achieve N-doping while the pore texture is not modified. This could be
particularly useful for applications requiring the incorporation of nitrogen atoms
with no or limited impact on the carbon support.
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8.6 Conclusions and perspectives

In this chapter, the N-doping of a carbon xerogel was achieved by using
nitrogen-based low-pressure plasma discharges. The E-to-H transition in NHj
and N, plasmas was investigated at various transmitted powers and at two dif-
ferent pressures. The OES analysis indicated threshold powers of 100 and 80 W
for the NH3 gas mixture at 6.7.107% and 133.10~3 mbar, respectively. For the
N, discharges, the threshold power of the 133.1072 mbar experiment was not be
clearly visible. Nevertheless, a slight increase of the intensity was noticed around
50 W. On the other hand, at 7.10~% mbar, the change of coupling mode seemed
to occur at ~100 W.

Furthermore, the kind of reactive species released in the plasmas was also
checked by OES. For the NH3 gas mixture, the Ny first positive band does not
exhibit an important contribution at low plasma powers, regardless the pressure
in the vacuum chamber, while a clear signature was seen at higher power and even
more at higher pressure. For the Ny gas mixture, the Ny second positive band was
the most intense at 7.1072 mbar, while the Ny first positive band was dominant
at 133.1072 mbar. In general, the N, first positive band is more active for the Ny
plasmas compared to the NHj discharges.

The elemental analysis and quantification of the NHj treated samples showed
that, at 7.1073 mbar, a transmitted plasma power higher than the threshold power
does not lead to a significant increase of the incorporation of N atoms. The N-
content reaches up to ~4.5 at.% at 200 W. Surprisingly, at 133.10~2 mbar, the
amount of nitrogen incorporated does not exceed ~1.5 at.% and is similar at the
different powers explored. A proposed explanation for such a phenomenon is the
release of too many reactive species or the presence of too many gas molecules
at higher power which limits the interaction of the active species with the carbon
xerogel. Therefore, an intermediate transmitted power is sufficient to perform
an efficient N-doping. Regarding the type of functions added to the xerogel, it
is interesting to note there was almost no dependence on the plasma power or
pressure. Pyridine- and pyrrole-type functions are grafted with a relative same
proportion. Results found for the Ny plasma treated sample only seems to show
a slightly more important proportion of pyrrole-type functions compared to the
amount of pyridine-type functions. However, no conclusion can be stated at this
point and further experiments should be conducted to confirm the trend observed.
Indeed, the key-role played by pyridinic-N groups on the enhancement of the ORR
has been demonstrated. Thus, N, plasmas could be promising to treat materials
useful for such an application.

Finally, N, adsorption-desorption experiments allowed to determine the effect
of the treatment time and plasma chemistry on the porous texture. Interestingly,
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it seems that there is no or limited modification of the texture, regardless the
treatment parameters, which could be useful in applications requiring the incor-
poration of N atoms while avoiding the degradation of the pore texture. Thus, the
study presented in this work validates the low-pressure plasma discharge treat-
ments as a suitable, easy and fast method to graft N-functions at the surface of
CXGs.






(General conclusion and perspectives

The leading theme of the present thesis was characterizations of nanomaterials
fabricated or modified by low-pressure RF-ICP discharges. The main motivation
was based on potential applications in various fields among which catalysis, and
more specifically, greener ways to produce energy. To this end, this work focused
on a type of fuel cells promising as an alternative to non-renewable sources of
energy, the so-called PEMFCs. Before developing the core business of this study,
chapter 1 was dedicated to the understanding of the PEMFC working principle
and presented the different parts playing a key role in such a kind of device. A
special attention was paid on the catalytic layers in PEMFCs; NPs supported
on a carbon matrix employed to faster the chemical reaction in these devices are
most of the time made of expensive and critical raw materials, such as platinum.
Therefore, it is required to develop alternatives to reduce the use of these critical
resources or replace them, such as bimetallic or non-noble metal catalysts. Thus,
it allows to lower the cost and negative environmental impact of this part. Recent
developments were presented for both HOR and ORR occurring in the fuel cell.
Moreover, a discussion on different carbon matrices promising as support for the
synthesized NPs were presented. Indeed, the most common supports employed,
carbon blacks, do not present the best characteristics (i.e. high catalitic activity,
durability, resistance to corrosion, etc.) and improving the properties of the sup-
port is also essential to allow this technology to be widely commercialized in the
near future. Finally, this beneficial effect of N-doping and conventional method-
ologies used to achieve it were briefly depicted. The incorporation of N atoms in
the carbon support was demonstrated to improve the ORR catalytic activity, to
affect the stability of the NPs supported on the carbon as well as their growth
mechanism.

The original approach of this study consisted to use low-pressure plasmas dis-
charges to fabricate NPs from the decomposition of an OM precursor. In chapter
2, basics on plasma physics and details about the RF-ICP discharges employed to
treat the nanomaterials were given. Furthermore, the E-to-H transition was also
discussed; such a phenomenon was believed to affect the functionalization of the
carbon support and was investigated in chapter 8. Afterwards, chapter 4 dealt
with the techniques used to characterize the nanomaterials regarding their chem-
ical, structural, morphological and electrochemical properties. The conventional
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methods used to fabricate nanomaterials were then considered in chapter 3 and
the methodology employed in the present thesis detailed with the experimental
setup.

The core of this work was then discussed in chapters 5, 6, 7 and 8. Based on
the patent of Pireaux et al. [163] and the work of Laurent-Brocq et al. [164], it
was shown that RF-ICP treatments were suitable to synthesize nanomaterials on
various carbon support from the degradation of an OM precursor. In chapter 5,
new insights on the nucleation and growth mechanisms of Pt/C were investigated.
Plasma treatments of three different precursors, each mixed with a carbon xerogel,
were performed to form supported Pt/C NPs. The second part of this chapter
focused on the formation of Pt NPs supported on graphene sheets. The nucleation
mechanism proposed by Laurent-Brocq et al. [164] was in agreement with the
results found in both cases. Moreover, a comparison between the "one-pot" and
the new "2-step" methodologies showed that too energetic plasma treatments lead
to frequent agglomeration of the NPs, while a combination of low- and high-energy
plasma discharges (i.e. pulsed or continuous plasmas and short or long treatment
time) allows to better control the morphology of the fabricated NPs.

As previously mentioned, the use of non-noble metal is promising to reduce
the cost of the catalyst layer. For this reason, chapter 6 aimed to extend the
use of low-pressure RF-ICP treatments to a Ni precursor and form NPs anchored
on a carbon xerogel. It was shown that controlling the carbon functionalization,
NPs oxidation state and morphology were easily achieved by simply modifying
the plasma treatments conditions (gas mixture, transmitted power, etc.). Fur-
thermore, nitrogen-based plasmas were investigated and led to the incorporation
of N atoms into the xerogel. The control over the functional groups grafted onto
the surface of the carbon support, by simply modifying the plasma chemistry,
could be interesting in various applications. Indeed, research demonstrated the
beneficial effect of pyridine-type groups on the ORR catalytic activity.

Afterwards, in chapter 7, both Pt and Ni precursors were degraded in order
to form bimetallic Pt-Ni NPs anchored on graphene sheets. The use of a second
metal allowed to fabricate defective Pt-Ni nanocomposites. This is promising to
lower the content in critical raw materials employed in catalysts for applications
such as PEMFCs. Two strategies were set up to perform the synthesis of the
bimetallic particles : simultaneous and sequential oxygen plasma treatments of
the OM precursors. For the simultaneous treatment, the precursors decomposition
resulted in a rather complex morphology with Pt and Ni forming interconnected
domains, while, for the sequential treatment, well defined and homogeneously dis-
persed NPs were formed at the surface of the support. Thus, different nucleation
and NP growth mechanisms are expected. The simultaneous treatment is believed
to create structural defects at the surface of the support which act as anchoring
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site for the formation Ni and Pt NP that nucleate at the same time. In the case of
the sequential treatment, it is believed that, first, structural defects are induced
and sub-nanometer Ni seeds grow in these preferential anchoring sites. The sec-
ond step then allows Pt to nucleate on the previously fabricated Ni NPs which is
consistent with the morphology observed. However, the electrochemical measure-
ments indicated a rather low catalytic activity for both nanocatalysts synthesized
and further improvements should be performed to increase the attractiveness of
such a material for catalysis applications.

Finally, in chapter 8, special attention was given to the N-doping of a carbon
xerogel by using the low-pressure NH3 or Ny plasma treatments. The E-to-H
transition was determined for both gas mixtures and related to the species in the
plasma by using OES. It was shown that the threshold power was roughly the
same at low pressure for the NHs and Ny plasmas. However, the OES analy-
sis indicated completely different reactive species produced in the discharges, as
expected. These different conditions were believed to affect the carbon function-
alization. Surprisingly, the global chemical composition and N-content derived
from the HR-XPS N 1s core level spectra showed that the incorporation of N
atoms, for the NH3 gas mixture, does not increase significantly while increasing
the transmitted plasma power above the threshold value. Moreover, increasing
the treatment time by a factor of two does not allow to increase significantly the
N-content, reaching up to ~4.5 at.% after 1200 s at 200 W. Furthermore, the
N-doping seems to be more efficient at low pressure; a proposed explanation for
such a phenomenon is the presence of too many species in the plasma sheath at
higher pressure leading to more collisions in that region. It results in a net loss of
energy preventing the interaction of reactive species with the carbon support. For
the Ny treatment, the incorporation of N atoms is sensibly lower compared with
the NH3 plasma under the same treatment conditions and reached ~3.2 at.%.
Regarding the carbon functionalization, it seemed that almost no difference could
be noticed between the two strategies employed. The pyrrolic- and pyridine-N
functional groups contribution to the HR-XPS N 1s signal is almost equivalent. It
was found, only for the Ny treatment, a slightly higher contribution of the pyrrole-
type. However, this result should be confirmed with further studies. In the near
future, it would be interesting to perform several experiments in order to deter-
mine the optimized conditions to graft N functional groups on the surface of the
carbon matrix and confirm the trends observed in this work. Indeed, few studies
demonstrated the effects of pyrrole- and pyridine-N defects in different catalytic
reactions. Therefore, by simply varying the plasma treatment conditions, it could
be possible to incorporate the desired functional groups when looking for a specific
N functionalization related to the investigated application.
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Regarding the results obtained in the present thesis, answers has been replied
to three key questions :

(1) This thesis confirms the proposed explanation given by Laurent-brocq et al.
|164]; the NP nucleation mechanism consists in (i) the creation of structural
defects acting as germination site for the growth of NPs and the grafting
of functional groups at the surface of the support, (ii) the decomposition of
the metallic precursor by chemical and thermal processes followed by seeds
formation anchoring at the previously formed defects, and (iii) the growth
of the NPs.

(2) It has been shown that the methodology employed for the NP synthesis al-
lows to control the morphology, the oxidation state and the homogeneity
at the surface of the fabricated NPs by simply varying the plasma treat-
ment parameters such as the transmitted power, the treatment time, the
gas chemistry, the pressure, etc. This is particularly interesting for various
applications requiring materials with specific characteristics.

(3) The "one-pot" strategy was not efficient to fabricate homogeneously dis-
persed NPs with an important control on the chemical environment. The
original "2-step" approach developed in this work allowed to have a better
control on these characteristics.

In the near future, further developments should be conducted to improve the
nucleation of NPs anchored on the carbon support and, especially, homogeneously
dispersed while avoiding agglomeration. A dedicated study on the "2-step" strat-
egy with other transition metals could be performed. It would also be interesting
to explore alternative materials such as iron particles anchored on N-doped car-
bon support (Fe-N-C) and synthesized by low pressure plasma. Indeed, research
performed in the past few years |77,246,247| indicate that they are promising for
applications in PEMFCs. Moreover, it has been shown that the plasma methodol-
ogy allows to easily incorporate N atoms in the carbon matrix. Therefore, studies
should be conducted to decompose a precursor containing iron and form NPs on
a N-doped carbon support.

As a final word, the present thesis demonstrated that the original approach
based on low-pressure RF-ICP methodology is a versatile, efficient, flexible, fast,
eco-friendly and low-energy consumption tool to fabricate NP supported on carbon
supports or to perform N-doping. Thus, materials investigated and resulting from
the plasma treatments could be useful in numerous applications.



Appendix A

Bright field TEM images of the
Pt/CXG nanomaterials

200 nm
——

Figure A.1: Bright field TEM images of the a) OM1-1, b) OM1-2, ¢) OM2-4
and d) AM2 samples. The non-uniform distributions of the nanoparticles at the
surface is clearly visible in most cases as well as agglomeration.
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Appendix B

High-resolution C 1s and O 1s XPS
spectra of Pt/CXG nanomaterials
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Figure B.1: High-resolution XPS spectra of the C 1s and O 1s elements for the
organometallic Pt(acac)y (OM1, (a,b)) and Pt(cod)(Me), (OM2, (¢,d)) precursors.
The different chemical environments were fitted for all spectra and are shown for
the Os plasma treatments.

143



144

c-C, b

AM C-Hi

N—

Q
~
O
7

10 1s o=C

Jam

C-0

Intensity (a.u.)
Intensity (a.u.)

18.4 at.%

77.5at% :

! AM:2
—— —_ T
| 820at% 3 3 3 i Y 136at% | Voo AV
204 202 200 288 286 284 282 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure B.2: High-resolution XPS spectra of the C 1s and O 1s elements for the
inorganic platinic acid precursor (AM, (e,f)). The different chemical environments
were fitted for all spectra and are shown for the O, plasma treatment.



Appendix C

Asymmetrical shape fitting in XPS

Peak fitting in XPS consists to sum a series of functions, which depends on
numerous parameters, in order to represent as much as possible the experimental
signal. In the literature, the most basic peak shapes are a combination of Gaussian
and Lorentzian functions [177]. The use of these two functions comes from the
photoemission process and various other factors such as instrumental factor and
phonon broadening. However, it was demonstrated that asymmetrical line shapes
are required when fitting pure metallic contributions such as Pt [248]. The most
common way to add an asymmetric peak relies on including tail information which
allows to reproduce the characteristic tail found for metals. The following equation
gives the tail function 7" used in the Avantage software [177] :

T=TMCT+(1—TM).e P=ET (C.1)

where T'M is the tail mixing ratio (which is comprised between 0, for a pure expo-
nential tail, and 1, for a constant tail), CT is a constant tail, D, is the separation
from the peak centre in channels and ET is exponential tail. Considering the
symmetric Gaussian-Lorentzian function, denoted as GL, the final peak function
F' taking into account the asymmetry is given by the following equation

F=H(GL+(1—-GL).T) (C.2)
where H is the peak height.
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Appendix D

XRD diffractogram of Pt/GNP
nanomaterials
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Figure D.1: XRD diffractogram of the GNP-06 sample. The analysis of the
peaks positions indicate the presence of cubic face centered Pt crystallites with
an average size derived from the Debye-Scherrer formula (Equation 4.5) of 9.7 +
1.4 nm. No precursor trace was visible after the plasma conditions explored in

the present case.
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Appendix E

High-resolution Ni 2p XPS spectra
of metal nickel and oxides
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Figure E.1: High-resolution Ni 2p XPS spectra of a) metallic Ni, b) NiO, c¢)
7-NiOOH and d) Ni(OH), (Taken from [233]).
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Appendix F

Ni-Pt phase diagram
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Figure F.1: Ni-Pt phase diagram (Taken from [249]).
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Appendix G

XPS survey spectra of
Pt-Ni/graphene nanomaterials

500k - T1 Ni 2p O 1s C1s Pt4af
2
= 400k
S
o)
A
>, 300k -
‘n
c
)
£ 200k A
(7)) J
(Al
X 100k - J
0 M

T T T T T T T T T T T T 1
1200 1000 800 600 400 200 0
Binding energy (eV)

Figure G.1: XPS survey spectra of the simultaneous (T;) treatment.
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Figure G.2: XPS survey spectra of the sequential (T3) treatment.



Appendix H

Electrochemical characterizations :
sample preparation

Every glassware employed for the analysis was cleaned by immersion in a
H,S0,4:H,05 solution overnight, thoroughly rinsed with ultrapure water (with a
resistivity of 18 MQ.cm), and, once immersed in ultrapure water, brought to a
boil. The electrolytic solutions were prepared from ultrapure water and perchlo-
ric acid (HC1Oy4, 70%, Suprapur, Merck). The electrochemical properties were
measured with an Autolab PGSTAT204 in a three-electrode cell at room tem-
perature. The reference electrode used during the electrochemical characteriza-
tion was a commercial reversible hydrogen electrode (RHE, Hydroflex, Gaskatel
GmbH) connected to the cell by a Luggin capillary filled by the electrolytic so-
lution (HCIOy, 0.1 M). The counter-electrode was a platinum gauze soldered on
a platinum wire. The working electrode was the catalytic layer deposited on the
glassy carbon disk, as explained in the next paragraph.

To measure the electrochemical properties of the catalysts, inks were prepared
first. The ink composition was chosen to obtain a Pt loading on the electrode of
40 gp; cm~2. The right amount of catalyst was crushed in a mortar, then mixed
with ultrapure water, 5 wt.% Nafion solution, and isopropanol. The Nafion over
carbon mass ratio was equal to 0.295, the water/isopropanol volume ratio was
equal to 2.5 and the total volume of ink was equal to 5 mL. In order to blend
it homogeneously, the mixture was then processed in an ultrasonic bath for 15
minutes. Once the ink was homogeneous, 10 L of ink were deposited on a glassy
carbon (GC) disk put in rotation and gently dried with a heat gun during 15
minutes to evaporate the solvents and stick the catalyst on the GC disk. The
catalytic layer deposited on the GC disk composes the working electrode for all
electrochemical measurements.

For the electrochemical measurements, the electrode was immersed in a 0.1 M
HClO, aqueous solution (i.e. electrolyte), which should enable full wetting of

155



156

the metal particles by the electrolyte [250]. To ensure that all the pores were
fully filled, a drop of electrolyte was first deposited onto the catalytic layer, in
such a way that all the layer was covered. Then, the electrode was put under
vacuum in order to outgas the layer by bubbling air through the drop. Once no
air bubbles were visible, the electrode and the drop were put back under atmo-
spheric pressure so that the drop filled the empty porosity of the layer, which
ensured the full wetting of the catalyst. With this wetting procedure, the electro-
chemical measurements were usually steady and reproducible. Applied to other
carbons (i.e. carbon xerogels), this procedure ensures that the platinum particle
utilization factor is close to 100%. Indeed, previous works [250-252] performed on
similar systems showed good consistency between the electroactive surface area
measured after using this wetting procedure and the surface calculated from TEM
micrographs.

Prior to any measurement, the electrolyte was deaerated by Ar bubbling. Then,
the working electrode, i.e. the catalytic layer deposited on the glassy carbon disk,
was immersed in the electrolyte at a fixed potential of 0.4 V vs. RHE. Fifty
voltammetry cycles were then performed between 0.05 V vs. RHE and 1.23 V vs.
RHE at 0.5 Vs~!. Afterwards, three additional cycles were recorded at 0.02 Vs~!
with the same voltage boundaries.
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